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Abstract

The sustainable development of the energy system requires the consideration of local
resource use. This work includes the local resource utilization in the conventional
coupling of energy sectors, especially in the form of waste and water. For this pur-
pose, a model is developed to represent different sectors and consumers in order to
cope with the complexity of this resource utilization. Model extensions describe busi-
ness models for energy communities for improved local energy and resource use as
well as investments in local resource treatment facilities. The introduction of indica-
tors to quantify local sustainable development completes the methodology, which is
applied in several case studies. The results show a high potential in energy recovery
through resource treatment, although from a methodological point of view already
a simplified modelling of sector coupling leads to high complexity and non-linear
relationships in energy system modelling. The establishment of sustainable energy
communities combined with stable business models leads to improvements in local
energy and resource utilization. This also applies to investments in local resource
treatment plants, although the high installation costs of such plants quickly reach
their economic viability limits. Therefore, for local resource treatment strategies,
the right choice of the individual system boundary of the catchment area is crucial
for optimal system efficiency. The sustainability indicators introduced have proven
to be a suitable measure for describing sustainable local development. Resulting
guidelines for sustainability targets and funding instruments could further promote
local sustainable development. Future research priorities for local resource utiliza-
tion in sector coupling could lie in the expansion of the business models presented.
This includes both the number of participants and the geographical extent of the
area to be studied, as well as the time dimension with regard to a possible future
expansion. Furthermore, the increased integration of hydrogen as an energy sector
should be considered in extended analyses.
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Kurzfassung

Die nachhaltige Entwicklung des Energiesystems erfordert die Beriicksichtigung lo-
kaler Ressourcennutzung. Diese Arbeit inkludiert die lokale Ressourcennutzung bei
der konventionellen Sektorenkopplung, speziell in Form von Abfall und Wasser. Dazu
wird ein Modell zur Abbildung verschiedener Sektoren und Konsumenten entwickelt,
um der Komplexitat dieser Ressourcenintegration gerecht zu werden. Modellerwei-
terungen beschreiben Geschéaftsmodelle fir Energiegemeinschaften fiir verbesserte
lokale Energie- und Ressourcennutzung und Investitionen in lokale Behandlungs-
anlagen. Die Einfiihrungen von Indikatoren zur Quantifizierung der lokalen nach-
haltigen Entwicklung runden die Methodik ab, die in mehreren Fallstudien ange-
wandt wird. Die Ergebnisse zeigen ein hohes Potenzial der Energieriickgewinnung
durch Ressourcenbehandlung, wobei methodisch bereits eine vereinfachte Abbildung
der Sektorenkopplung zu hoher Komplexitdt und nichtlinearen Beziehungen in der
Energiesystemmodellierung fithrt. Die Griindung nachhaltiger Energiegemeinschaf-
ten verbunden mit Geschéftsmodellen fithren zu Verbesserungen lokaler Energie- und
Ressourcennutzung. Dies gilt auch fiir Investitionen in lokale Behandlungsanlagen,
wobei durch die hohen Installationskosten solcher schnell die Wirtschaftlichkeits-
grenzen erreicht werden. Deswegen ist bei lokalen Ressourcenbehandlungsstrategien
die richtige Wahl der individuellen Systemgrenze des Einzugsgebietes fiir die opti-
male Systemeffizienz von entscheidender Bedeutung. Die eingefithrten Nachhaltig-
keitsindikatoren haben sich als geeignetes Mafl zur Beschreibung der nachhaltigen
lokalen Entwicklung herausgestellt. Daraus resultierende Richtlinien fiir Nachhaltig-
keitsziele und Forderinstrumente konnten lokale nachhaltige Entwicklung weiter for-
dern. Zukiinftige Forschungsschwerpunkte fiir lokale Ressourcennutzung in der Sek-
torkopplung konnten in der Erweiterung der vorgestellten Geschiftsmodelle liegen.
Dies umfasst sowohl die Anzahl der Teilnehmer und die geographische Ausdehnung
des zu untersuchenden Gebietes, als auch die zeitliche Dimension hinsichtlich einer
moglichen zukiinftigen Erweiterung. Auflerdem sollte die vermehrte Einbindung von

Wasserstoff als Energiesektor in erweiterten Analysen berticksichtigt werden.
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1. Introduction

1.1. Motivation

Rising CO9 emissions lead to all-time high global COg emissions in 2022 (In-
ternational Energy Agency, 2023). The increase is mainly caused by human
actions, including the power, building and transport sectors, manufacturing,
and overconsumption (United Nations, 2021). The emission of COg in com-
bination with other Greenhousegas (GHG) emissions, causes global warming
by increasing the average temperature level by at least 1.5°C. However, it is
more likely that the global temperature will rise beyond this value, leading
to extreme weather conditions in many regions (Intergovernmental Panel on
Climate Change, 2023). Further counter effects can include drought, food in-
security and poverty (United Nations, 2021). Therefore, it should be aimed
to limit the temperature increase to maximum 2°C. However, to reach this
target, net zero CO2 emissions are mandatory (Intergovernmental Panel on
Climate Change, 2023).

The implementation of such goals requires the cooperation of several nations.
Early climate change mitigation actions in the Kyoto Protocol only consid-
ered GHG emission reductions for industrial countries. The Paris Agreement
was established in December 2015, aiming to limit the global temperature
increase to 2°C and achieve net zero global COs emissions by the middle
of the century (Bundesministerium fiir Klimaschutz, Umwelt, Energie, Mo-
bilitdt, Innovation und Technologie, 2022). Actions to reach the goals of
the Paris Agreement are implemented in the European Green Deal. The
deal provides an implementation to achieve climate neutrality by 2050 by in-
cluding actions for energy, circular economy and mobility. Furthermore, the
“Fit-for-55" package was established in the course of the European Green
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1. Introduction

Deal, which aims to reduce GHG emissions by 55 % by 2030 (compared to
1990 levels) (Bundesministerium fiir Klimaschutz, Umwelt, Energie, Mobil-
itat, Innovation und Technologie, 2023).

Reaching the emission reduction targets of the “Fit-for-55” package requires
decarbonization across emission-intensive sectors. The power sector can be
decarbonized by increasing the share of renewable generation technologies
across multiple energy sectors. Therefore, the European Commission intro-
duced the Renewable Energy Directive (RED) in 2009, which became legally
binding in 2021. The RED includes rules to promote investments and reduce
costs for renewable energy generation technologies. Other significant aspects
of the RED are energy efficiency and the transition towards a renewable,
circular energy system that minimizes wasted energy (European Commis-
sion, 2023a). Incentives for renewable energy were further increased due
to the Russian war of aggression on Ukraine, leading to the need for energy
independence of Russia. The European Union (EU) introduced the “REPow-
erEU” incentive that considers further energy efficiency increase, accelerated
renewable energy expansion and energy demand reductions. Transition paths
include the doubling of Photovoltaic (PV) systems and heat pumps, aiming
to reach a share of 45 % renewable energy by 2030 (European Commission,
2022a).

However, more than energy transition is required to fight all climate change
challenges. Energy transition must be accompanied by sustainable develop-
ment. According to the European Commission, 2023b, sustainable develop-
ment is defined as “Meeting the needs of the present whilst ensuring future
generations can meet their own needs”. Moreover, sustainable development
is composed of three fundamental pillars, namely, environmental, economic
and social pillars. Thus, sustainable development policies must address all
three pillars simultaneously. The United Nations (UN) introduced a globally
applicable set of rules for sustainable development: The United Nations Sus-
tainable Development Goals (SDG) (United Nations, 2022). These include
17 goals and 169 targets that address fundamental actions for sustainable
development. The goals consider energy and resource-related activities, but
also social aspects. Therefore, the SDG can be consulted for reaching energy
system climate neutrality while also ensuring resource efficiency.
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1.1. Motivation

The SDG 2030 agenda mainly addresses regional levels. These levels can
promote peer learning and implement sustainable development at the local
level (United Nations, 2023b). Thus, decentralization and integrated energy
system planning can be vital for the increase of renewable energy genera-
tion technologies by offering cost-effectivity and energy reliability (European
Commission, 2020b, Akinyele et al., 2014). Moreover, local energy efficiency
incentives can decrease GHG and reduce the need for generation and grid ca-
pacity expansion (United States Environmental Protection Agency, 2022).

However, local energy system transition must be performed over multiple
energy sectors, rather than only for the electricity sector. This is done by
the implementation of sector coupling. Coordinated sector coupling can pro-
vide opportunities to decarbonize sectors, where GHG reductions are more
difficult to achieve than in the electricity sector. Thus, sector coupling can
lead to circular energy systems by deploying energy-efficient technologies and
using local energy resources (European Commission, 2020a). Sector coupling
considers three perspectives, including sectors like household and industry,
technological solutions such as heat pumps or electric vehicles and infrastruc-
ture for sector interlinking. Sector coupling leads to demand flexibility and
integration of renewable energy (Wietschel et al., 2018, Gea-Bermudez et al.,
2021).

Furthermore, local sector coupling approaches should not only consider en-
ergy but also resource utilization of water and Municipal solid waste (MSW)
(European Commission, 2020a). MSW treatment has a high potential in sec-
tor coupling by using recovered energy from waste treatment processes, while
wastewater has energy recovery potential by the treatment of sewage sludge
(Dlamini et al., 2019, Peccia and Westerhoff, 2015). Resource treatment en-
ergy recovery can also be implemented locally, as local authorities are often
responsible for local resource management and treatment processes (United
States Environmental Protection Agency, 2022). However, not only energy
recovery, but also efficient management and utilization of resources should be
considered in local sustainable development. Resource reduction incentives
by resource recycling, such as material recycling or greywater reuse, can be
further utilized in local sector coupling approaches with resource utilization
(Demirbas, 2011, Zavala et al., 2016).
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1. Introduction

Local energy and resource utilization requires cooperation with consumers.
However, without further incentives, consumers might not sufficiently im-
prove energy and resource efficiency in their operations. Therefore, con-
cepts that promote sustainable behaviour are increasingly established. En-
ergy Community (EC) concepts are one option that aims to promote efficient
and sustainable energy generation and consumption by forming local com-
munities. The EU introduces different business models for ECs, including
Citizen Energy Community (CEC) models for electricity sharing and Renew-
able Energy Community (REC) models for geographically limited renewable
energy sharing '. However, both concepts only consider business models
for energy utilization. Sustainable Community (SC) concepts have a wider
implementation and can also consider local resource utilization, such as wa-
ter conservation and waste recycling (Institute for Sustainable Communities,
2022). According to the definition of Egan, 2004, “Sustainable communities
meet the diverse needs of existing and future residents, their children and
other users, contribute to a high quality of life and provide opportunity and
choice. They achieve this in ways that effectively use natural resources, en-
hance the environment, promote social cohesion and inclusion and strengthen

economic prosperity”.

Waste and water have a high potential for sectoral interaction with energy
system operations (Maldet et al., 2022b). Furthermore, local energy markets
can provide business models and promote decentral generation (Maldet et al.,
2022a, Teotia and Bhakar, 2016). Sustainable energy system operation can
be facilitated by local green investments (Sun et al., 2022), while benchmark-
ing sustainable operations can further encourage performance improvement
(Chung, 2011). Therefore, this thesis provides analyses of resource utilization
in sector coupling, with a particular focus on local energy and resource uti-
lization business models and investments. Moreover, it introduces indicators
for sustainable development that can provide benchmarks for sustainability
improvement. All investigations are performed with a developed optimiza-
tion framework which is further extended in the course of the thesis for the

Y(Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 De-
cember 2018 on the promotion of the use of energy from renewable sources, OJ L 328,
21.12.2018, p. 82-209 n.d., Directive (EU) 2019/944 of the European Parliament and of
the Council of 5 June 2019 on common rules for the internal market for electricity and
amending Directive 2012/27/EU, OJ L 158, 14.6.2019, p. 125-199. N.d.)
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1.2. Research Questions

particular analyses. Section 1.2 presents the research questions that are ad-
dressed by the studies in this work, and Section 1.3 provides an overview of
the structure of the thesis.

1.2. Research Questions

This thesis aims to investigate the opportunities and impacts of local resource
utilization in sector coupling. Four contributions address the objective, each
associated with a particular research question. However, the analyses in the
contributions can also provide results to other research questions than the as-
sociated ones. The contributions are based on four first-author publications
in scientific journals (Maldet et al., 2022b, Maldet et al., 2023c, Maldet et al.,
2023b, Maldet et al., 2023a). The first contribution provides an introduction
to the core objective by giving an overview of the potential of waste and wa-
ter utilization in sector coupling. Furthermore, it introduces the developed
modeling framework that is used in the course of this thesis (Maldet et al.,
2022b). The second contribution presents the application of local resource
treatment business models, aiming to improve operational efficiency (Maldet
et al., 2023c), while the third contribution focuses on local resource treat-
ment investments that enhance the circular economy in the energy system
(Maldet et al., 2023b). Finally, the fourth contribution shows the develop-
ment of UN SDG indicators and applies these indicators in communities and
municipalities to promote sustainable operations and investments (Maldet
et al., 2023a). This section presents the research questions that address the
core objective of this thesis.

Research Question 1. How can resource utilization of waste and water be
considered in sector-coupled energy systems, especially in communities?

The first research question addresses the overall potential of waste and wa-
ter utilization in sector coupling approaches. Waste and water have a high
potential for integration in sector-coupled energy systems. The treatment of
both resources can provide recovered energy to the system. Moreover, the
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1. Introduction

efficient management of resources within the energy system is a fundamental
aspect. However, the assessment of recovered energy implementation and
resource management into sector-coupled energy systems with a variety of
treatment options leads to a complexity increase in the whole system, which
is outlined in the first contribution (Maldet et al., 2022b). Therefore, Re-
search Question 1 focuses on the complexity and particularities of resource
utilization into sector coupling. Furthermore, Research Question 1 addresses
the local aspect of resource utilization. Resources arising in households must
be managed and treated appropriately. Local resource treatment facilities
can provide efficient resource utilization, but also other management options
for consumers’ resource management can be crucial. Therefore, Research
Question 1 also focuses on resource utilization in communities, which is ad-
dressed in contributions two, three and four (Maldet et al., 2023c, Maldet
et al., 2023b, Maldet et al., 2023a).

Research Question 2. How can technology and business model implemen-
tation promote efficient energy and resource-related operations within a com-
munity?

Local resource utilization in the energy system requires the involvement of
consumers. However, without further encouragement, consumers are un-
likely to seek higher efficiency in their local operations regarding energy and
resources. Research Question 2 focuses on local technology introduction that
can promote energy and resource efficiency. Moreover, business models for
local resource utilization in the energy system can encourage consumers to
achieve higher efficiency. Therefore, Research Question 2 addresses oper-
ational improvement by introducing local technologies and business mod-
els. Business models for community operation improvement are addressed
in the second contribution (Maldet et al., 2023c), while business model ex-
tensions are analyzed in the third and fourth contribution (Maldet et al.,
2023b, Maldet et al., 2023a). Local community establishments can strengthen
the community spirit of consumers. Furthermore, technologies and business
models can be provided for whole communities rather than single consumers.
Thus, Research Question 2 provides a specific focus on community operation

improvement.
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1.2. Research Questions

Research Question 3. How can investments in local resource treatment
capacities improve municipal energy supply and circular economy?

Apart from business models and technology operations, additional invest-
ments in local technologies can further promote resource utilization. These
technologies can include local generation and storage capacities, as well as
waste and sewage treatment facilities. Moreover, resource treatment can
provide recovered energy to local communities, providing additional benefits
through capacity investments. Therefore, Research Question 3 targets the
improvement of a transition to a circular economy in the energy system by
local capacity investments. Resource treatment and management are often
the responsibility of local authorities. Municipalities can be responsible for
providing such services to residents. Thus, Research Question 3 addresses
local community formation at a higher level by community establishment
over whole municipalities. The third contribution addresses the impact of
business models on investments in local communities (Maldet et al., 2023b),
while the fourth contribution applies investment decisions in context with
community benchmarking (Maldet et al., 2023a).

Research Question 4. How can energy- and resource-related UN SDG in-
dicators be established and applied in communities and municipalities to pro-
mote efficient operations and technology utilizations?

The previous research questions indirectly address local sustainable develop-
ment, leading to contributions to the UN SDG. However, determining the
contributions to the UN SDG is not applicable due to the lack of simple and
applicable local UN SDG indicators. Therefore, Research Question 4 targets
the development of local UN SDG indicators for communities and municipal-
ities, putting a particular focus on the energy and resource-related UN SDG.
However, the indicator development focuses on the simple applicability of the
proposed indicators. Such UN SDG indicators can provide benchmarking to
local communities, leading to potential operation efficiency improvements
and local technology utilizations. Thus, Research Question 4 also focuses on
community and municipality efficiency improvement by indicator establish-
ment. The fourth contribution presents the development of such indicators
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1. Introduction

and their application in local communities (Maldet et al., 2023a).

Figure 1.1 visualizes the interactions between the research questions. The
four scientific contributions are considered for the elaboration of the research
questions. Research Question 1 addresses the fundamental issues of resource
utilization in sector coupling, while Research Question 2 directly applies the
introduced concepts in community operational analyses. Furthermore, Re-
search Question 3 extends the operational analyses of Research Question 2 to
investment decisions and implements the basic issues of Research Question 1.
Finally, Research Question 4 focuses on UN SDG indicator development and
applies these indicators to community and municipality concepts of research
questions 2 and 3. All of the research questions are addressed by the devel-
opment and extension of an optmization framework, which is established in
the course of this thesis.
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1. Introduction

1.3. Structure of the thesis

The remaining thesis is structured as follows. Chapter 2 presents the state
of the art and literature on the topics addressed in this thesis. It offers op-
portunities for resource utilization in sector coupling, including waste, water
and greywater. Moreover, it focuses on integrating such in current sector
coupling practices. Resource utilization in local communities is discussed
by addressing business models, resource management methods and the im-
pact of capacity investments. Moreover, Chapter 2 provides an overview of
the literature on the quantification of the SDG, with a particular focus on
sustainability indicators and benchmarking. Finally, Chapter 2 presents the
novelties and progress beyond the state of the art in this thesis.

Chapter 3 presents the optimization framework, which is developed for ad-
dressing the research questions. It shows the model methodology and the test
of the model in a testbed. Moreover, the chapter investigates the potential,
relationships and complexity of resource utilization in sector coupling. There-
fore, the testbed investigations provide contributions to Research Question
1. The chapter is based on Maldet et al. (2022b).

The analyses in Chapter 4 extend the modeling framework. This chapter
presents the model extensions to multiple consumer operations and business
model implementations. Therefore, it presents the method of the extended
model and the business models. Furthermore, the chapter shows the frame-
work application in a case study in a local community. Results in Chapter 4
present the impact of resource utilization business models and technology op-
eration on improving community operation efficiency. Moreover, the chapter
discusses service provision opportunities in communities and it discusses the
benefits of local community establishment and business model introduction
in context with local resource utilization. Thus, Chapter 4 contributes to
Research Questions 1 and 2. Work in this chapter is based on Maldet et al.
(2023c).

Chapter 5 further extends the modeling framework to capacity investment

decisions for energy generation and storage technologies and resource treat-
ment facilities. Thus, the chapter presents the framework extension method-

10
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1.3. Structure of the thesis

ology. Furthermore, the modeling framework is applied in a municipal case
study, whereas Chapter 5 presents the workflow and configurations in the case
study. Analyses in the chapter focus on the impact of local technology invest-
ments on energy system operation regarding resource utilization and circular
economy. Furthermore, the results present the impact of different municipal
strategies on assets and municipal operations. Finally, the chapter discusses
the effects of municipal market scopes, energy and resource utilization and
municipality goals based on the results. Therefore, this chapter significantly
contributes to Research Question 3 and addresses Research Questions 1 and
2. Analyses in this chapter are based on Maldet et al. (2023b).

Chapter 6 presents the introduction and application of UN SDG indicators.
Therefore, it provides a review of existing indicators. Based on these indica-
tors, the chapter presents the development of new UN SDG indicators that
are applied in local communities and municipalities. Furthermore, Chapter 6
presents the method and results of the community and municipality case stud-
ies, in which the indicators are applied. The results of the case studies focus
on UN SDG indicators and the application of various policy paths, including
target settings and different incentive schemes for sustainable development.
Chapter 6 also discusses the applicability of the proposed UN SDG indicators
and compares the introduced policy paths. This chapter mainly addresses
Research Question 4. However, it also contributes to Research Questions 1,
2 and 3. Contributions are based on Maldet et al. (2023a).

Chapter 7 presents the synthesis of the results from the chapters 3, 4, 5
and 6. Therefore, this chapter discusses the findings concerning the research
questions, presented in Section 1.2. Furthermore, Chapter 7 presents the
opportunities, upscaling and transferability of the introduced concepts and
results in terms of system perspective. Additionally, this chapter focuses on
the potential strengths and limitations of the method.

Finally, Chapter 8 elaborates on the main conclusions of the thesis and the
outlook on future prospects for research on local resource utilization in sector
coupling.

11
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2. State of the art and progress
beyond

Sector coupling can provide new opportunities for smart operation and pro-
mote green transition while increasing the security of supply (Minster et al.,
2020). Moreover, it can provide flexibility and decarbonization potential to
the energy system (Ramsebner et al., 2021). Literature increasingly analyzes
local resource utilization approaches as opportunities for sector coupling, be-
cause of the increasing relevance in the transition to a circular economy (Di
Vaio et al., 2023). Furthermore, much research addresses the topic of circu-
lar economy regarding the UN SDG. This section presents existing work on
local resource utilization in sector coupling, based on the literature reviews
in the four scientific contributions (Maldet et al., 2022b, Maldet et al., 2023c,
Maldet et al., 2023b, Maldet et al., 2023a).

Section 2.1 provides an overview of existing research on implementing re-
source treatment and utilization into sector coupling practices. Section 2.2
focuses on the increase of local resource utilization operation and improve-
ment by resource treatment capacity investments. Section 2.3 particularly
focuses on the UN SDG in context with benchmarking approaches for local
implementation. Finally, Section 2.4 concludes the chapter with the novelties
and progress beyond the state of research.

2.1. Resource utilization in sector coupling

This section presents resource utilization opportunities, with a particular
focus on energy recovery (Section 2.1.1) and greywater utilization (Section

13
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2. State of the art and progress beyond

2.1.2). Moreover, it focuses on their potential implementation into sector
coupling approaches in Section 2.1.3.

2.1.1. Waste, energy recovery and resource utilization

Apart from sustainable resource use, waste and water can have additional
values in the circular economy through material and energy recovery, as pre-
sented by Tomié¢ and Schneider (2022). Yaman et al. (2020) found that ma-
terial recovery can lead to the highest COg emission reductions. Both waste
and water have a high potential for energy recovery. Various investigations,
such as Thormark (2001), Moya et al. (2017), and Giugliano et al. (2011),
have highlighted the potential of energy and material recovery from waste
treatment. Treatment of resources for energy recovery can reduce waste quan-
tities leading to positive environmental impacts, as stated by Zaharioiu et al.
(2021). Dlamini et al. (2019) and Milutinovié¢ et al. (2017) described waste
energy recovery processes, such as incineration and anaerobic digestion, as
conversion technologies to prevent environmentally harmful landfilling. The
results from Yi et al. (2018) and Chen (2018) have demonstrated that waste
energy recovery may lead to increased COs emissions, while Yaman et al.
(2020) have outlined the potential for GHG reductions. Such contradictions
highlight the complexity of energy recovery utilization, and show that the
implementation of waste and sludge energy recovery depends on the consid-
ered energy system. Regarding water energy recovery, sewage sludge, as a
by-product of sewage treatment, has a similar energy recovery potential to
waste, as the resource can be incinerated or digested to biogas, as investi-
gated by Peccia and Westerhoff (2015). Hong et al. (2009) have shown that
sludge treatment could reduce the overall environmental impact of sludge,
whereas Wang and Nakakubo (2021) have found that the energy recovery
options are dependent on the design of the sewage treatment system. Fur-
thermore, Singh et al. (2020) have found that sludge energy recovery has a
positive impact on energy demand and land-use. However, the moisture con-
tent of sludge can lower the efficiency of sludge energy recovery, as reported
by Quan et al. (2022). It must be considered that, as with waste treatment,
sewage and sludge treatment leads to COq emissions, as reported by Masuda
et al. (2018). Not only can energy be recovered through sewage treatment,

14
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2.1. Resource utilization in sector coupling

but also potable water, as mentioned by Verstraete et al. (2009). Moreover,
Vu et al. (2022) highlighted the water recovery potential of sewage. As waste
and sludge energy recovery is a widely considered topic, different real-life case
studies have been set up in various publications. Amulen et al. (2022) have
designed an energy recovery facility in Uganda, while Medina-Mijangos and
Segui-Amortegui (2021) have analysed the economic impact of an energy re-
covery facility in Spain. The investigations in the mentioned literature have
emphasised the importance of considering waste and sewage treatment in

energy system analyses.

For an efficient treatment of waste and water, preliminary resource man-
agement are mandatory for resource utilization. Waste management should
focus on prevention and operation, including the treatment and disposal of
resources, as reported by Tseng et al. (2018). Zhang et al. (2022) have de-
clared that future waste management developments should promote a tran-
sition from linear to circular management. However, according to Khan et
al. (2022), successful waste management implementations are associated with
challenges such as the improvement of waste collection. According to Corsten
et al. (2013), waste management can contribute to COq emission reductions,
by implementing high-quality recycling and ensuring the energy efficiency
of waste treatment processes. Water management concepts aim to treat
water in all processes as a valuable and limited commodity. According to
Sharafatmandrad and Mashizi (2021), the overall goal of water management
is a sustainable balance between demand and resource availability. The in-
vestigations of Willis et al. (2010) and Zhang et al. (2018) have highlighted
the importance of water management and conservation to address critical
water issues regarding scarcity and sustainability. Aivazidou (2022) have in-
troduced a potential water management framework, while Lee et al. (2022)
have emphasised that such frameworks are dependent on national water poli-
cies. However, not only energy recovery implementation, but also resource
utilization must be considered in holistic energy system analyses.

15
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2. State of the art and progress beyond

2.1.2. Greywater utilization

The efficient resource utilization of water can be achieved through the im-
plementation of greywater, which is defined as wastewater from baths and
laundry. Kitchen and toilet wastewater are excluded, due to their higher
contamination (Department of Water and Environmental Regulation Gov-
ernment of Western Australia, 2022; Nolde, 2000; City of Golden, 2021).
According to Sudarsan et al. (2021), greywater is becoming increasingly im-
portant, due to the depletion of natural water sources. Early concepts of
Christova-Boal et al. (1996) and Al-Jayyousi (2003) in Australia and Jor-
dan have identified greywater as an option for sustainable water use. The
latter highlighted its potential in arid regions. A similar study has been car-
ried out by Mandal et al. (2011) in India, where greywater has emerged as
a feasible solution to overcome scarcity problems. Furthermore, Knutsson
and Knutsson (2021) have developed a simulation model for water and en-
ergy saving which underlined the importance of greywater implementation.
However, Khajvand et al. (2022) have found that greywater utilization is
dependent on the status of greywater within national frameworks. Due to
increasing water scarcity in many countries in the world, Santasmasas et al.
(2013) have reported that potable water should only be used for purposes
where the highest water quality is required. Couto et al. (2013) have carried
out a study in a Brazilian airport, where the use of greywater was sufficient
to cover non-potable water demands, highlighting the potable water saving
potential. Furthermore, the studies of Zavala et al. (2016) and Zhang et al.
(2021) have described rainwater harvesting as an additional opportunity to
generate greywater. However, this is associated with uncertainty, due to a
dependence on statistical rainfall data. Furthermore, rainwater harvesting
is less cost-and energy-effective than greywater recycling, as found by Stang
et al. (2021).

Greywater use has additional benefits, besides water saving. A further benefit
of greywater use is a load reduction at sewage treatment plants, as reported
by Ahmad and EL-Dessouky (2008). However, Radingoana et al. (2020)
have also identified potential environmental and health risks if greywater is
not used with caution. Anuja et al. (2021) have reported that greywater
utilization is highly dependent on quality standards. A particular awareness

16
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2.1. Resource utilization in sector coupling

of greywater as a resource is therefore required, as declared in the studies
of Mourad et al. (2011) and Soong et al. (2021). However, according to
Cureau and Ghisi (2019) and Al-Husseini et al. (2021), greywater is still
the most viable strategy for water-saving and reduction of potable water
consumption.

2.1.3. Sector coupling practices

To include waste and water energy recovery in the energy system, sector
coupling concepts must be implemented. Much of the existing literature in
the field already focuses on sector coupling, such as the study of Wietschel et
al. (2018), in which general perspectives of technology use in sector coupling
have been investigated. Fridgen et al. (2020) have described sector coupling
as a purposeful interaction of energy sectors for increasing the flexibility of
energy demand and supply. Brauner (2022) and Edtmayer et al. (2021)
have emphasised that a further advantage of sector coupling is the effect of
peak load shaving. Moreover, sector coupling implementations require the
interaction of many different sectors and conversion technologies for efficient
operations, according to Mokhtara et al. (2020) and Gea-Bermidez et al.
(2021).

Resource utilization and treatment play fundamental roles in sector coupling
concepts. Waste can be integrated into the energy system in the form of en-
ergy recovery processes, such as incineration and anaerobic digestion (Moya
et al., 2017; Dlamini et al., 2019; Milutinovié¢ et al., 2017). The implemen-
tation of waste in sector coupling has a direct effect on energy infrastructure
planning, as reported by Arnaudo et al. (2021). However, Puttachai et al.
(2021) have found that there is no consistent conclusion on the effect of waste-
to-energy on other energy system operations yet. According to Ohnishi et al.
(2018), waste utilization in the energy system is important for promoting the
transition to low-carbon cities. Energy recovery from sewage treatment can
also be integrated in sector coupling approaches. Schéfer et al. (2020) have
investigated the impact of sewage treatment plant inclusion, and concluded
that the water sector should be included in sector coupling, due to the energy
recovery potential of sewage treatment. Furthermore, the energy demand of

17
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2. State of the art and progress beyond

sewage treatment plants should be considered in this context, according to
Mitsdoerffer (2017). Due to the variety of opportunities for sewage treatment
implementation in sector coupling, Neugebauer et al. (2022) have provided
an overview of the energy recovery potentials of sewage treatment plants.
According to Michailos et al. (2021), the generated profits are dependent
on the techno-economic environment. Wastewater can be coupled with the
thermal energy supply, as stated by Lichtenwoehrer et al. (2021). Additional
energy recovery from sewage treatment can be gained through sludge com-
bustion and anaerobic digestion, as reported by Mills et al. (2014). Sayegh
et al. (2021) and Ni et al. (2012) have identified further potential for heat
recovery from sewage, while Sarkar et al. (2014) and Hadad et al. (2022)
have found potential in using microturbines for sewage flow energy recovery.
However, processes in other energy sectors require water as an additional in-
put, which should also be considered in sector coupling, as reported by Nouri
et al. (2019).

2.2. Implementing extended sector coupling in local
communities

Besides general resource implementation into sector coupling, local resource
utilization can enable further potential for a circular economy. However, local
resource utilization requires the establishment of business models to encour-
age consumers to sustainable use of resources. Section 2.2.1 presents existing
business models for resource utilization. Furthermore, local resource man-
agement is vital for a circular economy. Section 2.2.2 provides an overview
of resource management practices, analyzed in the literature. Finally, Sec-
tion 2.2.3 gives an overview of research focusing on local capacity investments,
which are further required for increasing local resource utilization efficiency.

18
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2.2. Implementing extended sector coupling in local communities

2.2.1. Business models for efficient community operation

Business models for local energy and resource utilization can be implemented
in various forms. ECs provide business models for local energy generation
and consumption and are a widely addressed topic in the EU due to the cor-
responding guidelines . Reis et al. (2021) reviewed existing business models
and found that energy generation, trading and consumption are crucial activ-
ities in EC business models. Hahnel et al. (2020) underlined that community
prices strongly impact trading in an EC. Business models consider not only
consumer involvement but also technology provisions in ECs, such as the work
of Cielo et al. (2021). Franzoi et al. (2021) described ECs as an opportunity
to improve PV self-consumption.

Furthermore, Sustainable Communities (SC) provide community models for
sustainable development. According to Lu et al. (2017) SCs primarily aim
to shift sustainability and contribution to the SDGs to the local level. The
key success factors of SCs were identified by Morris et al. (2018) and these
are government, experience, efficient management and sustainability. San-
tillan et al. (2022) developed a framework for community and infrastructure
planning, providing important guiding principles. Energy implementation in
SCs has a crucial role, but energy-related operations are not promoted by
business models, as in ECs. However, as mentioned by Schoor and Scholtens
(2015), energy in SCs also faces non-technological challenges. Schweizer-Ries
(2008) showed that apart from technical problems, environmental psycholog-
ical effects play a major role in achieving energy sustainability.

Community business models cannot only be established on the community
level, but also on the municipal level. This concept can be similar to busi-
ness models for sustainable cities. According to Battista et al. (2021), local
administration should have more responsibility in energy action plans, while
according to Bibri (2018), the establishment of a sustainable city has a high

! Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 De-
cember 2018 on the promotion of the use of energy from renewable sources, OJ L 328,
21.12.2018, p. 82-209 n.d.; Directive (EU) 2019/944 of the Furopean Parliament and of
the Council of 5 June 2019 on common rules for the internal market for electricity and
amending Directive 2012/27/EU, OJ L 158, 14.6.2019, p. 125-199. N.d.
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2. State of the art and progress beyond

complexity level, leading to the requirement of interdisciplinary design strate-
gies. Thornbush et al. (2013) found that a combined mitigation-adaption
method should be applied in sustainable city planning. Sperling et al. (2011)
reviewed eleven municipal energy plans, finding the need for better coordi-
nation in planning strategies. Wretling et al. (2018) stated that the focus on
municipal energy planning changed toward climate change mitigation. How-
ever, not all municipalities focus on this target. St. Denis and Parker (2009)
found a policy that focuses on energy efficiency rather than renewable en-
ergy expansion. Brandoni and Polonara (2012) found that the coordinator
has a fundamental role in municipal policy setting. However, Johannsen et
al. (2021) stated that municipalities often lack the required planning tools
for complex analyses. Moreover, Anastaselos et al. (2016) found that local
solutions are dependent on consumer’s needs and priorities.

2.2.2. Communal resource management practices

Resource utilization can have a fundamental role in sector coupling, as pre-
sented by Maldet et al. (2022b). Waste and water are highlighted to have a
high potential in energy system operations. Waste and water management
can be crucial for efficient resource utilization, as presented by Khan et al.
(2022) and Aivazidou (2022). Namany et al. (2019) highlighted the impor-
tance of water management in the water-energy nexus. However, resource
management of sludge as investigated by Ding et al. (2021) is not negligi-
ble in resource utilization either. Aside from management concepts, resource
utilization considers resource sustainability according to the UN SDGs. Si
et al. (2022) conducted a survey where they found that residents have strong
intentions to save water and that policy incentives are required for further

promotion.

Resource utilization can be applied in SCs. Gungor and Dincer (2021) and
Babalola et al. (2022) investigated the integration of waste-to-energy recov-
ery and the creation of a circular economy in SCs. Zsigraiova et al. (2009)
outlined the need for efficient waste management in SCs. Water utilization
is a fundamental aspect in SCs. Makropoulos and Butler (2010) investigated
water supply and recycling technologies in SCs, with greywater implementa-
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2.2. Implementing extended sector coupling in local communities

tion being considered as well. Moreover, Sapkota et al. (2015) highlighted
the importance of greywater in their study on rainwater harvesting. Both
infrastructure aspects and social aspects are essential for sustainable water
utilization in SCs, as presented by Seyranian et al. (2015) and Otaki et al.
(2017). Therefore, various business models also consider resource utilization.
Geissdoerfer et al. (2018) established a framework for a comparison of circu-
lar business models, showing that business models have varying complexity.
According to Lewandowski (2016), resource utilization business models can
provide financial, social and environmental profits. The major goal of these
business models is to generate value from resources kept in the loop, as stated
by Urbinati et al. (2017). Ranta et al. (2018) found that cost efficiency is
the key proponent of circular operation business models. According to Rizos
et al. (2016), lack of supply and lack of capital are major barriers to business
model implementation. However, as mentioned by Heyes et al. (2018), micro-
sized businesses can play a significant role in the circular economy, once they
are able to overcome these barriers.

2.2.3. Local capacity investments and technology utilization

Local energy and resource utilization requires technology investment. Wang
and Davies (2018) highlighted green investment as an essential factor for
sustainability in the supply chain. Sun et al. (2022) examined the role of
fiscal decentralization in promoting green investment, with local governments
reinforcing the environmental rules for innovations. Moreover, Liu et al.
(2022) examined an emission reduction due to fiscal decentralization and
renewable energy investment. Stakeholders must perform investments over
multiple energy sectors. Alstone et al. (2015) found a need for innovative
approaches to electricity access in decarbonized energy systems. Yazdanie et
al. (2016) utilize local hydro, solar and waste resources in their study, leading
to increased community self-sufficiency. Siraganyan et al. (2019) proposed
more robust policies to promote renewable energy systems.

Aside from energy investments, municipalities must apply resource treatment

and management practices. Kuznetsova et al. (2019) examined a trend to
decentralized waste treatment plants, while Wang et al. (2021) found green
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investment as an important factor in influencing sustainability. Leigh and
Lee (2019) examined that a transition from centralized water solutions to de-
centralized solutions like rainwater harvesting and greywater utilization can
address urban challenges. Furthermore, Capodaglio et al. (2017) introduced
new development paradigms that can promote local energy and material re-
covery. Therefore, Thiam (2011) found that support mechanisms could in-
crease renewable energy deployment in remote areas. Chen (2021) stated
that open information, integrated knowledge and responsibility are crucial
for circular economy implementation. Reduction of waste and closing mate-
rial cycles is vital, as stated by Mesjasz-Lech (2021). Thus, charging waste
disposal costs should be done based on quantities, according to Alzamora and
V. Barros (2020). However, Periathamby (2011) found that waste manage-
ment structure is site-specific. Moya et al. (2017) compared different waste-
to-energy technologies finding high opportunities to obtain commodities such
as materials and energy. Milutinovi¢ et al. (2017) stated that anaerobic di-
gestion is the best treatment practice from the environmental perspective.
Moreover, Ohnishi et al. (2018) highlighted the importance of waste treat-
ment in the transition to low-carbon cities. Therefore, Alam and Qiao (2020)
analyzed waste treatment practices in a case study in Bangladesh, where
they found high energy recovery potential from waste treatment. A similar
study by Islam and Jashimuddin (2017) found cost-effectivity in waste en-
ergy recovery. Suthar and Singh (2015) examined further waste treatment
energy recovery by compost biomass energy production. Furthermore, Zhang
et al. (2010) investigated the environmental benefits of sludge reuse. Wang
and Davies (2018) and Zhuang and Zhang (2015) found that waste manage-
ment and water management can potentially help in community operations.
Cureau and Ghisi (2019) found water uses such as greywater as an important
alternative to reduce potable water demand. However, according to Piasecki
(2019), financial incentives are required to promote alternative sewage sys-

tems.
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2.3. Quantification and measuring of the UN SDG

Resource utilization business models can promote local sustainable develop-
ment according to the UN SDG. However, measuring the contributions of
such business models and investments requires indicators for the UN SDG.
Section 2.3.1 introduces sustainability indicators, while Section 2.3.2 presents
such application in benchmarking approaches. Moreover, Section 2.3.3 par-
ticularly focuses on indicators for the UN SDG.

2.3.1. Sustainability indicators

Sustainable investment, energy and resource management can contribute to
sustainable development. Bortoluzzi et al. (2021) emphasized the role of
multi-criteria decision processes in achieving sustainable development. How-
ever, indicators must be defined to measure sustainability. Drago and Gatto
(2022) found that the establishment of policies is a crucial aspect of sustain-
ing renewable energy. Gunnarsdottir et al. (2022) examined the need for
robust indicators to develop sustainable policy goals. Ameen and Mourshed
(2019) stated that sustainability assessment should be performed with the lo-
cal context. Analyses from Evans et al. (2009) considered indicators, such as
electricity price, GHG emission, energy and water consumption. Ngan et al.
(2019) found significant indicators in public acceptance and economic perfor-
mance improvement, while Ghenai et al. (2020) introduced environmental,
economic, resource, technology and social as their five key indicators.

Not only sustainability but also energy and resource management should be
assessed by indicators. Kylili et al. (2016) identified the KPI approach as the
most valuable assessment tool. Razmjoo et al. (2019) performed an energy
management assessment based on environmental impacts, renewable energy,
energy access and policy. Moreover, Kourkoumpas et al. (2018) introduced
simple and scalable indicators, including infrastructure energy and emission
reductions. Bertoldi and Mosconi (2020) and Safarzadeh et al. (2020) fur-
ther assessed energy policy indicators concerning energy-saving promotion.
According to Bertanza et al. (2018), waste management indicators should
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consider characteristics of collected waste and environmental performance.
Rodrigues et al. (2018) proposed considering social, economic and environ-
mental indicators in waste management. Bezerra et al. (2022) stated that
better coordination and problem identification are crucial for water manage-
ment. Liet al. (2022) examined water management practices, with low water
efficiency being the most significant factor in limiting sustainable water uti-
lization. Special indicator systems can also be applied in communities and
municipalities. According to Neves and Leal (2010), indicators should be
used at the beginning of the planning process to assess the current situation.
However, Klemm and Wiese (2022) found that not all sustainability indi-
cators are applicable in urban energy systems. Moreover, Braulio-Gonzalo
et al. (2015) found that sustainability concepts vary between regions.

2.3.2. Sustainability benchmarking

The concept of sustainability indicators can be extended to sustainability
benchmarking programs by comparing consumers’ sustainable development
with sustainability indicators. According to Chung (2011), benchmarking
might encourage poorly performing consumers to improve their performance.
Moreover, Roth and Rajagopal (2018) stated that robust benchmarking pro-
grams might improve resource allocation for energy efficiency programs.

Dubey et al. (2017) emphasized that sustainability benchmarking is becom-
ing increasingly crucial in industry. Moreover, Kilkig (2019) stated that
decision-makers can use benchmarking results as a planning tool. Trigaux
et al. (2021) developed benchmarking recommendations for the building sec-
tor with a transparent and user-friendly system being a significant aspect.
Furthermore, Lazar and Chithra (2022) implemented benchmarking systems
for worst and best building performances while Xuchao et al. (2010) devel-
oped a regression-based benchmarking model. Ding and Liu (2020) compared
three benchmarking approaches, and they propose that policymakers should
apply multiple benchmarking tools. Welling and Ryding (2021) identified
life cycle assessment as an effective method for environmental impact mea-
surement, while Hollberg et al. (2019) found that life cycle assessment-based
benchmarks have been used as certification systems on the building level.
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Many existing programs already implement benchmarking for technologies,
communities or municipalities. These include the EU taxonomy for sustain-
ability classification (European Commission, 2022b), the Austrian energy
certificate as a building energy efficiency benchmarking tool (Bundesminis-
terium fiir Finanzen, 2023) and the “e5” program in Austria, which supports
municipalities in sustainable operation and rewards sustainable behaviour (eb
Osterreich (2023)).

2.3.3. Quantification of the UN SDG

Bain et al. (2018) stated that most countries could generate estimates for
SDG6 (clean water and sanitation), while SDG12 (responsible consumption
and production) was less reported. Therefore, Razali et al. (2020) suggested
fostering household waste separation behaviour, while Pujara et al. (2019)
emphasized the importance of minimizing waste landfilling. Moreover, San-
tika et al. (2018) examined energy efficiency measures as an essential aspect
of contributing to SDG7 (clean and affordable energy). According to Hak et
al. (2016), indicators should consider policy relevance, link to the target and
applicability. Therefore, Miola and Schiltz (2019) analyzed three different in-
dicator methods, including mean evaluation, distance measure and progress
determination. Swain and Yang-Wallentin (2020) introduce indicator equa-
tions to identify SDG contribution. Kubiszewski et al. (2022) applied linear
regression to determine indicators, while Mischen et al. (2019) performed a

community assessment to define indicators.

Even though much literature focuses on SDG quantification, the design of
an SDG indicator system requires reference to widely applicable goals and
norms. The UN SDG propose 17 goals with 169 practical actions to reach
these goals (United Nations, 2022). The energy and resource-related goals
are SDG6 (clean water and sanitation), SDG7 (clean and affordable energy),
SDG11 (sustainable cities and communities), SDG12 (responsible consump-
tion and production) and SDG13 (climate action). Moreover, SDG1 (no
poverty) must be considered to keep the financial load on consumers at an
acceptable level. The UN recognized regional economic integration in their
2030 agenda (United Nations, 2023b). They proposed that regional levels can
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provide valuable opportunities for peer learning. Moreover, the 2030 agenda
focuses on the application of sustainable actions for each goal. However, the
number of actions might result in high complexity in the application.

The ISO norm 37120 for sustainable cities and communities (ISO, 2018)
introduces core indicators and supportive indicators to measure sustainable
development. The norm categories energy, environment, finance, solid waste,
wastewater and water and sanitation can be relevant for energy- and resource-
related SDG. According to Moschen et al. (2019), ISO 37120 does not specify
ideal actions for sustainable development regarding the UN SDG. Therefore,
the norm should be seen as an additional sustainability indicator rather than
a direct recommendation for sustainable development according to the UN
SDG.

Furthermore, the Organization for Economic Co-operation and Development
(OECD) proposes an action plan for countries to define actions leading to
UN SDG contributions (OECD Council, 2016). Therefore, they introduce a
set of targets for each UN SDG (OECD Council, 2017). However, the targets
are defined for national policies and are therefore more suitable for national
UN SDG indication. Jossin and Peters (2022) introduced an SDG indicator
system that is applicable in municipalities. They raised 120 indicators, cov-
ering all SDGs. However, like for the UN SDG actions, the proposed actions
by Jossin and Peters (2022) might lead to high complexity.

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

The previous sections showed that much research focuses on sector coupling
and local resource utilization. However, combining resource utilization with
sector coupling approaches is barely investigated, especially on the local level.
Therefore, this thesis provides novelties by performing research on local re-
source utilization in sector coupling, considering the impact on sustainable
development. Therefore, the thesis introduces local business models and
technology investments that promote resource employment and sustainable
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development. The novelties and contributions beyond the state of the art

can be summarized as follows:

i Inclusion of waste and water resource utilization and energy
recovery technologies into a multiple-sector coupling approach.

Much literature focuses on resource treatment energy recovery and re-
source sustainability. However, waste and water are yet to be considered
in multiple-sector coupling approaches. Therefore, this thesis includes
both resources in sector coupling. It considers energy and resource re-
covery of treatment processes. Moreover, it analyzes the interaction
of resource utilization and treatment with other technologies and pro-
cesses in the energy system. Several chapters in this thesis address the
novelty of resource utilization in sector coupling. Chapter 3 provides
general results on sector coupling, while chapters 4 and 5 address local
resource utilization in communities and municipalities. Finally, Chap-
ter 6 analyses the improvement of local resource utilization in sector
coupling by establishing sustainability indicators.

ii Introduction of local sustainable communities and municipal-
ities to extend traditional energy communities by resource
utilization.

ECs are increasingly established in Austria for local energy generation
and consumption. However, processes beyond energy are not consid-
ered in ECs. This thesis mainly focuses on local resource utilization.
Therefore, it extends traditional ECs to local resource utilization mod-
els by forming local sustainable communities (at the household level)
and municipalities (at the municipal level). Chapter 4 extends ECs
at the community level, while Chapter 5 investigates extensions at the
municipal level. Finally, Chapter 6 applies sustainability indicators to
the newly introduced community and municipality concepts.

iii Investigation of energy and resource-related technology and
service provision business models across multiple sectors on
the community level.
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iv

Local resource utilization requires efficient operation of technologies
and services. Moreover, local efficiency improvements require sustain-
able consumer behaviour. Existing work includes various options that
enhance sustainable consumer behaviour. This thesis introduces new
business models for energy and resource-related technology and service
provision across multiple sectors. The business models aim to encour-
age consumers to efficient operations at the local level. Therefore, this
thesis applies the business models in communities and municipalities.
Chapter 4 mainly focuses on the application of different local energy
and resource utilization business models. Therefore, the analyses con-
sider establishing business models in communities, with a specific focus
on operational improvement. Moreover, Chapter 5 applies several of
the introduced business models in municipalities.

Analysis of local energy generation and resource treatment
capacity investment and localization in a municipality at dif-
ferent municipal strategies.

Additionally to business models, investments in local technology ca-
pacity in the form of energy generation and treatment facilities can
promote resource utilization. Much research already focus on local
technology investment. However, the focus is mainly set on individual
energy or resource-related investments. Therefore, this work performs
local investment decision strategies, focusing on the localization of the
technologies and facilities. Furthermore, it applies these analyses in a
municipality, executing different municipal operations and development
strategies. Chapter 5 mainly focuses on local investment decisions in
municipalities. Therefore, studies in the chapter include investments
in different municipal strategies, with a significant focus on circular
economy and technology localization. Moreover, Chapter 6 performs
capacity investment decisions in context with sustainability indicator
application.

Development and application of a UN SDG indicator system
that provides goals and benchmarks for efficient energy and
resource utilization in communities and municipalities.
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According to the UN SDG, sustainable development is a key aspect in
local resource utilization. However, the contribution to particular SDGs
can hardly be measured. Much research focuses on sustainability in-
dicator development, where some work directly refers to the UN SDG.
This work develops new UN SDG indicators for energy and resource-
related SDGs that can emerge as potential benchmarks. Moreover,
it applies the developed indicators in communities and municipalities
and analyzes potential improvement in local sustainable development.
Chapter 6 significantly focuses on the development and application of
UN SDG indicators. Moreover, the chapter’s analyses include investi-
gations of sustainable development improvement by UN SDG indicator
introduction, target setting and policy incentives.

This thesis addresses the research question by performing investigations with
energy system optimization models that also consider the use of resources.
Therefore, it introduces the development of a modeling framework for re-
source utilization in sector coupling. The framework is extended for par-
ticular analyses in the course of the thesis. Furthermore, the framework
addresses the research questions and provides novelties and contributes to
progress beyond the state of the art.
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3. Optimization framework for local
energy sector coupling with
resource utilization

This chapter presents the method, fundamental functionalities and imple-
mentation of the Resource Utilization in Sector Coupling (RUTIS) frame-
work (Maldet, 2022). Contributions of this chapter are based on Maldet et
al. (2022b). Furthermore, it focuses on resource utilization in sector coupling
and the resulting difficulties that might emerge.

Sector coupling is seen as a critical action for sustainability in energy sys-
tems, by reducing emissions in sectors that are more difficult to decarbonize.
Sustainability can be achieved by decreasing the amount of wasted energy
and resources in technological operations and through resource utilization.
Such reductions are expected to lead to an overall increased energy system
efficiency (European Commission, 2020a). Waste contributions to other en-
ergy sectors include incineration for electricity and heat generation, as well as
anaerobic digestion for biogas generation (Kumar and Russel, 2000); however,
the waste must be collected and processed for efficient use. The inclusion of
water into the energy system can be considered from multiple perspectives.
For many electricity generation processes, water is required as an additional
input; for example, hydro power plants, cooling in thermal power plants, and
electrolysis are processes requiring water. Furthermore, electricity is needed
for water treatment processes, such as in sewage treatment plants (Hamiche
et al., 2016). In addition, energy can be recovered from water treatment
processes; for example, through the further processing of sewage sludge by
combustion and anaerobic digestion (Oladejo et al., 2019). The recovery of
water from sewage is another crucial aspect from the perspective of resource
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sustainability. However, the inclusion of waste and water in sector coupling
leads to an increased level of complexity, which must be assessed. There-
fore, this section puts a particular focus on the assessment of the resulting
complexity.

For the elaboration of the research questions, a linear optimization model-
ing framework for resource utilization in sector coupling (RUTIS) (Maldet,
2022) is developed. The model optimizes the flows between the sectors based
on minimum costs in hourly resolution while considering the interaction be-
tween different energy and resource sectors. The model is implemented in
the open energy modelling framework (OEMOF) (Hilpert et al., 2018). OE-
MOF has proven to be the most suitable framework for the investigation
due to the simple implementation of interactions between multiple sectors.
Thus, the RUTIS modeling framework considers an extension and adaption
of OEMOF'.

This chapter presents the modeling framework with all its functionalities and
mathematical equations in Section 3.1. Moreover, the Section presents the
results on waste and water energy recovery potential and resource utilisation
challenges in sector coupling in Section 3.2. Finally, a resumé in Section 3.3
concludes the framework introduction.

3.1. Model framework architecture and functionalities

The main goal of the modeling framework is a certain flexibility in order
to make the framework applicable for all of the research questions. There-
fore, the modeling framework architecture considers a modular implementa-
tion, where all technologies and functionalities are added to the optimization
model as components. Depending on the technology, sectors are assigned
to inputs and outputs of the technology. Moreover, as the elaboration of
the research question requires the interaction between multiple consumers,

!The RUTIS model is implemented in Python and can be used by installing all required
packages. Source and documentation of the model are found in: https://gitlab.com/
team-ensys/projects/maldet_energysystemmodel
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functionalities in the optimization model are assigned to specific consumers.
With the model, it is possible to determine the contribution of resource treat-
ment energy recovery to the overall inputs of the considered sectors. This is
done by evaluation of the flows between the sectors by minimum costs in a
dispatch optimisation. This section presents the detailed modeling workflow
and the model equations.

3.1.1. Model workflow

The presentation of the workflow is fundamental to understand the function-
ality of the model. All steps required to determine the optimum flows are
presented in this section. For the mathematical description of the model, the
variables determined in the optimisation are defined using lower-case letters
and pre-defined parameters with capital letters.

In the first step, the considered energy and service sectors must be defined.
To connect the sectors, conversion technologies are required. Additionally,
storage is implemented. For each sector, input and output sets are defined,
with conversion technology flows allocated to these sets.

mn _ mn m n

Setsector - {xtech,lﬂ xtech,27 s) xtech,n} ) (31)
out _ out out out

Setsector - {xtech,h xtech,Q’ sty 'rtech,m} : (32)

Sectors can also be interpreted as sets.

J = {Elec, Heat, Waste, Water, Sewage, Sludge, Greywater} . (3.3)

After the sectors and technologies are defined, the energy system is built up
in the second step. This includes the conversion technology connections and
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the allocation of operational and purchase costs to technologies. After setting
up the energy system, the optimization is performed by cost minimization.
The results of the model are the dispatched flows between the sectors. An
overview of the workflow is presented in Figure 3.1.

T [technologies sources
min ctotal — minz Z cosM Z C}T::rrhase
1 [ 7

T

Definition of Building up Model with Dispatch of
considered biecti L. E M
Energy and energy system objective Minimum cost nergy, Mass

3 > by adding — | function and > optimization > and Volume
Service Sectors
components constraints Flows
as busses
/ T '\ xout y= feonperston , yin

Ty inputs outputs
At — “max sector _ ector resource  _ gresource in
At § gy~ } xj¢ X y = [t X

Figure 3.1.: Optimization Model Workflow.

3.1.2. Objective function

The objective of the optimization model is to determine the manner of oper-
ation of the energy system components which leads to the least total costs.
The costs consist of conversion, storage, technological Operation and main-
tenance (O&M) costs, as well as the costs associated with external energy
purchases from grids. For grids, there exists a difference between the mod-
elled costs and real incurred costs. The model costs are set at a relatively
high level, compared to the technology O&M costs. By using high model
costs, the decentralized technologies are prioritised in the optimisation pro-
cess. The real costs must be defined, in order to be able to reflect reality in
the results. For evaluation of the incurred costs, real costs, in the form of
procurement costs, are considered.

Conversion technologies can be summarised in sets, where each element has

assigned O&M costs. The inputs and outputs of technologies are considered
as sets, as some have multiple inputs or outputs. Furthermore, specific costs
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are assigned to each input and output. If no costs are incurred, the specific
costs are set to zero.

T = {Heatpump, Battery, PV, ...} (3.4)
zot&M _ Z m w'm + Z out LL‘iOUt VieT (35)
Inputs Outputs

The sources can equivalently be summarised as sets:

& = {Electricitygrid, Gasgrid} (3.6)
Cpurchase o Cpurchase purchase i <
it = G T J € (3.7)

The objective function minimizes the sum of technological O&M (C2&M o)

and external purchase costs (CPUr¢hase) wwhich are incorporated into the total
costs (Ciotqr) (see Equation 3.8). Total costs are considered for the whole

period T

min (e = min Z Z CO&M Z cpumhase (3.8)

t=1 €T JeE

CO2 emissions are considered as additional outputs of some technologies.
For the conversion technologies of the set in Equation 3.4, local emissions
are considered; whereas, for the source emissions in Equation 3.6, pre-chain
emissions in generation and transmission steps are considered. To implement
the CO9 emissions in the model, the set of sectors in Equation 3.3 was ex-
tended with a COs sector. Furthermore, the sets in Equations 3.1 and 3.2
were created for the COq sector. The balance rule of Equation 3.23 was also
applied to the COy sector. However, the output flow set of the CO2 sector
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total

only consists of one variable e;°*, in which all of the CO2 emission inputs

are summed.

total Z eir Vk €& k= FEmissions (3.9)

zEsetm

The COq price is multiplied by the total emissions to obtain the total costs
caused by the emissions:

emzssmns _ Z PCOQ total (310)

The emission costs are considered as additional costs in the objective function.
Therefore, Equation 3.8 is extended using the emission costs, in order to take
into account the influence of emissions in the optimisation, resulting in the
adapted objective function:

min(ctotal,eztended) — min(ctotal + cEmissionS) (311)

3.1.3. Model constraints

The cost minimization is limited by model constraints. Due to the use of
technology in the energy system, technological processing limitations are con-
sidered. The maximum energy that can be processed in each time step At
is limited by the maximum power (P;/"**) of the technology. Similar limita-
tions arise for maximum processed masses (V") and volumes (M/"**), with
maximum flows per time unit. The constraints are described in Equations
3.12-3.14.

quz P e Tt < T (3.12)
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,UZ ¢ Vm(lm )
oo L <T 1
A S A VieT,t< (3.13)

miy M
t v t<T 3.14
Ar S TAr TETHtS (3.14)

As storage is considered in the model, storage equations are also implemented
as model constraints. Some storages, such as waste, are only emptied in cer-
tain time steps. For these technologies, disposal periods (Td“p"s“l) are de-
fined. Such disposal periods are combined together into a set (Pem'odd”posal ),
with a number of elements equal to the disposal actions in the total time steps
T. For all other time steps, no storage output is possible.

. i di I ndi l di l
Perzoddzsposal _ {Tl 15posa ’ stposa i szsposa } (315)

Each set element is calculated using the following equation.

; T
Tddzsposal _ T (3.16)
d- T’interval

The state of charge (SOC) for the storage equations is calculated using the
SOC of the previous time step; the charge, discharge, and standby efficiencies
(n); and the input and output decision variables. In the first time step, an
initial value for the SOC is set.

. ) out
soc; = n* - socy_1 + " at — =L (3.17)
soci—g = SOCst Tt (3.18)
soc; =0 Vte Periodd“pos“l, (3.19)
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2" =0Vt ¢ Period®ros! (3.20)

Furthermore, the conversion equations for each technology are implemented
as model constraints through the technology conversion factor (Feonversion)
in Equation 3.21. Depending on the technology, the conversion factor may

also be time-dependent.

out __ yrconversion in .

Some conversion technologies have additional required inputs from other sec-
tors that are dependent on the primary input (Equation 3.22). Electrolysis,
for example, requires water in a manner depending on the electricity in-
put, in order to generate hydrogen. Such relations are implemented through

additional constraints for technologies with at least two dependent inputs

technology
( inputs )

resource __ paresource in . technology
Ty = I/} xiy VieT, Mnputs 2 2 (3.22)

Finally, a balance rule for all sectors, equating the inputs and outputs of

sectors is implemented. The sets in equations 3.1 and 3.2, in addition to the
sector set in Equation 3.3, are considered in this constraint.

Z Tkt = Z Tt Vk e & (323)

i t
keset] lesety®

3.2. Model application: Testbed for energy- and
resource sector coupling

The proposed modeling framework is applied to a testbed to test the model
functionalities. Moreover, general relationships in energy sector coupling
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3.2. Model application: Testbed for energy- and resource sector coupling

with waste and water are analyzed. This section provides an overview on the
testbed configuration and on the model results for sector coupling, especially
in the form of recovered energy.

3.2.1. Testbed configuration

To address the research questions, a testbed setup in a fictional city in Is-
rael with a population of approximately 12000 was investigated. Israel is a
suitable country for investigation of the research questions, as the decentral-
ized energy generation in Israel is based, to a large extent, on gas (Ministry
of Energy Department of Economics, 2018). As gas conversion technologies
cause moderately high CO9 emissions, investigation of the energy recovery
potential in Israel is crucial. Furthermore, Israel is one of the countries with
the highest level of water scarcity in the world, making investigations re-
garding water scarcity in Israel of utmost importance, according to Juanico
and Salgot, 2022 and Wright, 2019. Figure 3.2 presents the configuration of
investigated sectors and technologies in the testbed.
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Blockheat

Primary

il Gas CHP
Source - Electricity
Grid 4 | -
\J ‘
g Community
Decentral Gas
ROMiGh. Generation | Waste Gas Boiler «—— Grid
- = ) |
v 3 Cvvvy IR l %_;l'
Water | Water —sElectricity —— _  Heat Waste L e
Demand 3 V .
Power to = L * LL ]
L} Water { Heat st ~ vsw:::;:sz \
| sewage | e ‘ | ot Gombustion
Sem— Water
- Waste
saln“n:; Heat || Heating ~. Storage
[ > Filter Y Storage Dem:,‘:
Sewage
Treatment | l —
et Electricity
Demand .
o
cosn?::sn‘:on Water Waste
Heat Demand Disposal
— - Demand
1 , Anaerobic |
Digestion

Figure 3.2.: Configuration of the testbed

The electricity sector considers procurement from the electricity grid and PV
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3. Optimization framework for local energy sector coupling with resource
utilization

generation to cover the electricity demand. Heat is mainly procured from
power to heat, in the form of heat pumps. Battery and heat storages are
further included in these sectors. Gas technologies, such as blockheat gener-
ation, Combined heat and power (CHP) and gas boilers are further considered
to cover the electricity and heat demand. Waste is considered in the sector-
coupled system by MSW and its treatment options. These include waste
incineration for energy recovery of electricity and heat and waste anaerobic
digestion of biowaste for biogas generation. The water sector considers water
procurement from desalination processes, that require electricity as input.
Sewage is treated in sewage treatment plants, whereas treated, recovered wa-
ter can be used for water demand coverage. Furthermore, sludge emerges as
a by-product of sewage treatment. The sludge can be incinerated or digested
to generate electricity, heat and biogas.

The execution of the examination was conducted in several steps. In the
first step, the gas-based energy system in Figure 3.2 was set up using the
RUTIS model. A major focus was placed on decentralized conversion tech-
nologies, which, in the first case study, consisted mainly of gas conversion
and resource energy recovery technologies. All technologies, demands, and
generation units in the setup were scaled and aggregated to the size of the
considered city in Israel. In general, this setup represents the technology and
resource utilization in the city. In the second step, the energy recovery poten-
tial of resource treatment in the setup was assessed. The method presented
in Section 3.1 was applied for this assessment. Additionally, the change in
technology use without resource treatment energy recovery implementation
was determined. Investigations of the CO4 emissions were further conducted
in the second step. Based on this analysis, the inherent complexity of the
processes was identified.

3.2.2. Results - implementation impact of resource treatment
energy recovery

The results presented in this section include the results for energy recovery,
with a particular focus on the relationships between energy recovery and
other energy system operations.

40



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

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

M 3ibliothek,
Your knowledge hub

3.2. Model application: Testbed for energy- and resource sector coupling

Waste and water have non-negligible energy recovery potential, as they can
provide high contributions to electricity and heat generation. The results
with empty waste and sludge storage at the beginning of the year, in addition
to the total costs, can be seen in Figure 3.3.
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Figure 3.3.: Energy Recovery Contribution to Electricity and Heat

The contribution of waste combustion to electricity generation was 5903 MWh
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3. Optimization framework for local energy sector coupling with resource
utilization

and the contribution of sludge combustion was 1325 MWh. Together, waste
and sludge combustion can cover about 52 % of the electricity generation. For
the heat sector, the total contribution was 8261 MWh (22 %). Gas, which is
used at 22 % for electricity and 15 % for heat, can be covered by 79 % through
sludge anaerobic digestion. The total waste is further treated for energy
recovery, and less than 1% of the sludge resources are disposed of without
further restrictions. Regarding the costs, electricity and gas costs mainly
emerged through grid purchasing, with costs between 158 k€ and 193 k€.
Technological O&M costs were low, compared to grid procurement costs.
The cost-intensive processing of sewage sludge is a special case, with costs of
170 k€. However, as its disposal without recovery of energy would also cause
costs, sludge treatment is still the most efficient option. The overall costs of
the gas-based setup for one year were 735 k€.

Moreover, waste and water inclusion into sector coupling results in a high level
of complexity. Therefore, a sensitivity analysis on disposed waste and sludge
was performed to assess the relationships between sectors and technologies
in the sector-coupled system. Figure 3.4 shows the results for the gas-based
setup. The disposed waste and sludge are displayed on the horizontal axis,
whereas the value (in percentage) applies to both resources (e.g., 50% disposal
means that 50% of waste and 50% of sludge are disposed of without energy

recovery).
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Figure 3.4.: Waste and sludge disposal sensitivity analysis

For the setup, the impacts of resource disposal on electricity grid purchase,
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3.2. Model application: Testbed for energy- and resource sector coupling

gas grid purchase, and on gas technologies are presented. The values on the
vertical axis describe the contribution of the technologies and grids to the re-
spective energy sectors, in relation to the total contributions of all technolo-
gies (in percent). Furthermore, the impact on the CO2 emissions is presented.
Until a disposal of 35%, the electricity grid consumption was constant, at
about 8 %. Between 35 % and 90 % disposal, an increase in electricity grid
consumption to 75 % emerged, due to lower electricity generation from waste
and sludge combustion. The gas grid purchase steadily increased with in-
creased disposal. At 75 % disposal, a sharp increase in gas grid consumption
occurred, as not enough sludge can be utilized in anaerobic digestion to cover
the gas demand. Regarding the gas technologies with electricity as output, a
constant contribution until disposal of 50 % was identified. As less gas from
anaerobic digestion was available at higher shares and the remaining gas was
required for heat provision, the electricity generated by gas technologies de-
creased. With additional disposal, increasing gas conversion technologies for
heat provision were required. Recovered heat from waste and sludge com-
bustion could not be utilized, as the heat pumps were already operating at
their capacity limits. Therefore, heat must be provided by gas technologies.
The increased grid purchases and gas-to-heat technological operations led to
increased CO9 emissions with increased disposed waste and sludge. However,
the complex relations in the gas-based setup lead to non-linearity between
energy system technology operations and disposed waste and sludge.

For further analysis, a parameter describing the influence of energy recov-

recovery
ery, Fcomponent )

specific energy system component. This parameter describes the impact of

was introduced, where the component in the index can be a

energy recovery on other energy system operations, with respect to the associ-
ated technologies. Thus, this parameter describes the relationships presented
in Figure 3.4; however, this parameter is only introduced for theoretical dis-
cussion. In a linear relationship, this parameter only depends on the disposed
waste and sludge.

recovery waste,disposed sludge,disposed
I_‘component - f( total ’mtotal ) (324)

In most energy system configurations, a more complex relationship than in
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3. Optimization framework for local energy sector coupling with resource
utilization

Equation 3.24 will occur. Such a relationship can be described with Equation
3.25:

recovery waste,disposed sludge,disposed ~mazx
I‘component - f( total ' 7mtotal ' 7Qi )

T, P02 ) (3.25)

For investigations on the energy recovery potential of waste and sludge in
energy systems, such a relationship must be determined. If this relation is
not available, a detailed simulation of the energy system, with consideration
of all energy sectors, must be performed. However, regardless of the applied
method, the potential assessment of energy recovery is coupled with a high
level of complexity

3.3. Resumé

The results showed that waste and water energy recovery could make sig-
nificant contributions to energy generation in energy sectors. Losses due to
non-efficient treatment planning led to the conclusion that even though there
is a lot of energy recovery potential in waste and water, associated imple-
mentations in real-life might be hindered due to failures in preliminary man-
agement, or in the treatment processes. In future energy system analyses,
waste and water energy recovery should be considered, in order to increase
overall energy efficiency. Therefore, waste and water should be implemented
in sector coupling. Investigations on the energy recovery potential of waste
and water in the energy system involve a high level of complexity. Options
for the analysis include defining general relations for a considered energy
system, or performing a detailed analysis of the energy system. However,
due to the complexity of the connections, an energy system configuration-
dependent analysis might be the more efficient method. However, resource
utilization will have a major impact on energy system operations, as some
resources, such as water, are becoming a valuable commodity. The disposal
of resources without recycling or energy recovery might be declared as unsus-
tainable, or even environmentally harmful. With the developed optimisation
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3.4. Nomenclature

model, the impacts of energy recovery and emissions could be determined
accordingly. The setup testbed could be appropriately processed, as the en-
ergy system operations were performed in the most efficient way. Through
the model’s modular design, the future extension to more conversion tech-
nologies and sectors, as well as its application in other energy system setups,
can be carried out without high effort.

3.4. Nomenclature

Sets
Set™ ... Sector inputs index: n
Setout, Sector outputs index: m
J Set with all considered sectors index: k
T Set with implemented technologies | index: i
E Set with implemented sources index: j
Period®srosal | Set of all disposal time steps index: d
Parameters
T Total time steps h
Ccin Technology input costs € per [2"]
cput Technology output costs € per [z°%
c? urchase Specific purchase costs € per [gPurchase]
pmar Maximum power kW
ymaz Maximum processed volume m?
M Maximum processed mass kg
At Time step h

Z‘ffts froj ;lll Disposal interval h
Tisposal Disposal time step h
7 Storage standby efficiency /
n" Storage input efficiency /
nout Storage output efficiency /
SOCstart State of charge at beginning [sector]
Fponversion Technology conversion factor [zOut /i)
Fpesource Technology resource deployment [gresource | xin]
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3. Optimization framework for local energy sector coupling with resource

utilization
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€

€
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[sector]
kg

kg

€

€

Table 3.1.: Model parameters and decision variables modeling framework
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4. Business models for energy- and
resource utilization in local
sustainable communities (LSC)

This chapter presents the establishment of business models for efficient energy
and resource-related operations. Therefore, it introduces a Local Sustainable
Community (LSC). The analyses presented in this section particularly focus
on resource utilization opportunities that emerge through LSC business mod-
els and providing community services. Methodology and results are presented
based on Maldet et al. (2023c).

Local resource utilization in the energy system requires efficient operation
of technologies and actions by consumers. However, financially oriented
consumers might need more encouragement to perform efficient energy and
resource-related operations. Thus, increasing efficient operations requires in-
centives, such as business models that encourage consumer behaviour. More-
over, the provision of specific technologies and services could provide opera-
tion efficiency increase. The establishment of communities could encourage
consumers for more efficient behaviour, while community technologies and
services could be provided for multiple consumers. Therefore, this section
introduces energy and resource utilization business models in LSCs.

LSCs are a combination of EC concepts and SC concepts. An SC is defined
as a union of people addressing multiple human needs together. Human en-
couragement and natural and financial capital are managed to meet these
needs (Institute for Sustainable Communities, 2022; Egan, 2004). LSC con-
cepts can include energy, resources and other commodities. However, the
formation and implementation of an SC rely on the participants’ incentives
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

because financial benefits are lacking. Local ECs provide financial incentives
and in these communities, energy is jointly generated and shared among the
members. Even though the main objective in participation and formation
should not be financial gain, cost savings can be generated by the provided
incentives . An LSC is a combination of both. In an LSC, energy and
resources are jointly managed. Moreover, business models such as resource
reduction agreements and service provisions are applied in the LSC, thus
providing financial incentives for participation. These business models are
applied to existing technologies and processes. Thus, no investment deci-
sions are considered in LSC business models. Instead, the aim is to improve
existing processes in energy sharing and resource treatment. An overview of
the LSC concept is provided in Figure 4.1.

Renewable Sustainable
Energy‘ Communities
Communities
; 1 e | el
Energy Joint Manage human) Joint
St Generatlo_n needs Services
aring Technologies
Energy Business No ﬂna.r-mial
Models benefits

Joint Resource

Energy
Local Treatment

Sharing

Sustainable
Generation Communities Resource

Joint Sustainable

Utilisaiton

Technologies

Business
Models

Figure 4.1.: LSC definition

A Mixed Integer Linear Program (MILP) of the considered LSC is established
for the analyses. An optimization model on sector coupling in communities

Y(Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 De-
cember 2018 on the promotion of the use of energy from renewable sources, OJ L 328,
21.12.2018, p. 82-209 n.d.; Directive (EU) 2019/944 of the European Parliament and of
the Council of 5 June 2019 on common rules for the internal market for electricity and
amending Directive 2012/27/EU, OJ L 158, 14.6.2019, p. 125-199. N.d.)
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4.1. Methods

with additional resource uitilization is developed in that context. Therefore,
the RUTIS modeling framework, presented in Section 3 is extended to mul-
tiple consumers and business model implementation. The LSC potential is
assessed by comparing the optimization results with and without LSC busi-
ness models.

The core objective of the investigations is to analyze how the introduction of
an LSC can encourage consumers to contribute to local, sustainable energy
system operations. The introduction of LSCs should provide incentives for
sustainable resource utilization. The impact assessment of services on LSC
participants and service providers, also members of the LSC, is another core
objective. This chapter provides an overview on methods for the RUTIS
model extensions to LSC business models in Section 4.1. Furthermore, Sec-
tion 4.2 presents the results on the impact of LSC formation, service imple-
mentation and resource markets. Section 4.3 discusses the significant results.
Finally, Section 4.4 concludes the chapter with a resumé.

4.1. Methods

The method considers resource utilization in sector coupling for multiple con-
sumers. Furthermore, the model functionalities include energy and resource
business models. Therefore, the RUTIS model (Maldet, 2022) which was pre-
sented in Maldet et al. (2022b), was extended to trading and business model
functionalities. This section presents the investigation setup, the method of
the model and the case study.

4.1.1. Investigation setup

The optimization model is applied to the demo site Gemeinschaftlich Wohnen
die Zukunft (GeWoZu) (Verein GeWoZu, 2020) in Waidhofen/Ybbs in Lower
Austria. At this demo site, 33 people live together in 12 households in one
building with the central goal of a sustainable lifestyle through community
formation. The residents use joint technologies. Further implemented ap-
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

plications and technologies in the demo site are investigated by extending
GeWoZu to an LSC to demonstrate the impact of LSC business models.

Specific consumers invest in their generation and conversion technologies,
thus enabling energy sales to the community. Energy trading and resource
reduction efforts are conducted. In the original setup, electric vehicles are
owned by the residents; in the LSC extension a change is applied to commu-
nity ownership and implementation of a carpool. Furthermore, joint resource
treatment and resource energy recovery business models and resource busi-
ness models for waste and water reduction are tested in the LSC.

The basic assumptions of the investigation and demand assumptions for the
consumers are presented in the Appendix. Heating and cooling demand are
evaluated for the whole house and are separated equally among the con-
sumers. Transport demands vary depending on individual data. Changes in
the configuration for specific analyses are explicitly discussed and presented
in Table 4.1.

General model functionalities were presented by Maldet et al. (2022b). The
proposed framework is extended to LSC operations and business models.
The application of the framework in community investigations is presented
in Figure 4.2.

Conversion Technologies

Generation Technologies
External Purhase

Add Binary transport coverage
components to Washing machine demand
consumers
Definition Definition [~™ Model with Add Optimisation
of —> of objective funciton ¥ Addional and
consumers sectors || Add and constraints constraints resultprocessing
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Cooling
Waste LSC Trading
' Water Waterpool
Consumer_12 Sewage Energy recovery
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Figure 4.2.: Model Workflow
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4.1. Methods
LSC model equations

First, the method of basic model functionalities is presented. The model
objective is cost minimization within the LSC.

min(z) = min(c*") (4.1)

The total costs without LSC consist of operational costs and procurement
costs from external sources. These costs depend on technology-specific op-
erational costs and predefined purchase prices of sources. Moreover, costs
emerge due to the disposal of resources, which depend on specific disposal
charges. Sets for consumers, external sources and technologies are defined in
the same way as in the method presented in Maldet et al., 2022b.

CtOt ,noLSC Z( cO&:M + Z purchase cdisposal)) Viel (4'2)

1,0 lzjzlyt 7]7k t 2,95t
jeS leT (ke&
tot,noLSC
ctot,base _ Z Ci?& ,no (43)
teT ieC

Sooma, S ottt ViecleT (4.4)

Inputs Outputs
purchase purchase purchase .
Cikt =11, Tk VieC,ke& (4.5)

Consumers can feed excess electricity into the grid to generate revenues.

feedin feedin feedin .
Tevz FElec,t — HElec t T ,Elec,t Viel (4'6)
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

Basic model assumptions consider several constraints, which emerge due to
technology limitations and input-output relations of conversion technolo-
gies.

T < XM WleT (4.7)

x?;t — lf;)nver51on . x;?& Vl c 7' (48)

Balance rules for each sector are fundamental constraints of the model and
they define the demand coverage of predefined demands for each sector, as
presented in Equation 4.9.

D d,noLLSC . .
Xij?an no — Z xi,j,k,t =+ Z xi,j,l,t Vi S C,j € S (49)
ke& leT

Introduction of the LSC operator

Furthermore, a new market player, which is referred to as LSC operator,
is introduced. The LSC operator manages all relevant processes within the
LSC, such as joint generation technologies, resource management and trading
of energy and resources. Trading in the LSC is indirectly implemented via
the LSC operator. The LSC operator can sell energy to generate revenue, and
consumers can purchase energy from the LSC operator at predefined costs.
This energy comes from LSC generation and conversion technologies, other
consumers and recovered energy from resource treatment. Introducing an
LSC operator reduces complexity because fewer trades between consumers
must be modeled. Transactions take place indirectly via the LSC operator,
thus reducing the number of model constraints. The implementation of an
LSC operator is presented in Figure 4.3.
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Figure 4.3.: Introduction LSC operator

The model methodology changes, as the balance rule for consumers is ex-
tended by LSC purchase and sale.

Demand,LSC __ y-Demand,noLSC LSC2cons cons2LLSC
it = Xijt taige T T (4.10)

The costs for the consumers are extended by LSC purchase costs and LSC

sale revenues.

tot,LSC __  tot,noLSC LSC2cons LSC2cons cons2LL.SC cons2LSC
gt = Cigt ot ige gyt gt I (4.11)

The LSC has its own balance rule, which is implemented as an additional
constraint. LSC inputs are generation and conversion technology outputs, in
addition external procurement and recovered energy, respectively resources.
Variables in the balance rule can be positive and negative, depending on
whether they are sector inputs or outputs.

2LSC _ LSC2
> wpscgee + Y TLscyit+ w0y Ty (4.12)
ke& leT 1eC eC
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

LSC costs consist of procurement costs, conversion technology operational
costs and disposal costs. Costs for consumer purchases and revenues for
consumer sales must also be considered.

own purchase disposal
CLSCjt = Z CLSC,J,l,t + Z €Lsc,j, kt CrLsc,jt (4.13)
leT ke&

total _ cons2LLSC cons2LL.SC
CLSC,jt = CLSC]t+Z$,]t H,]t
ieC
4.14
LSC2cons | HLSCQcons ( )
1,55t 1,5t
ieC

LSC business models which, are introduced in the following sections, provide
various options for consumer encouragement and energy-efficient community

operations.

Energy sharing

The considered energy sectors in the LSC are electricity, heating and cooling.
Consumers can sell energy and purchase energy from the LSC. Trading re-
quires available grid infrastructure. Grid charges arise from grid provision by
external service providers. Tariff and cost assumptions can be found in the
Appendix. For electricity, the purchase tariff consists of energy costs, grid
charges and additional fees.

LSC2elec __ y7LSC2elec,energy grid surcharge
HEleC,t - HElec,t + HElec,t + HElec,t (4'15)

The energy price is dependent on LSC agreements. In the model, the price is
assumed to be equal to the mean value of the electricity purchase tariff and
feed-in tariff.
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4.1. Methods

purchase feedin
HLSC2elec,energy o HElec,t + HElec,t 4.16
FElec,t - 9 ( . )

No grid costs and surcharges are charged for the sale of electricity to the
LSC. Therefore, the sale tariff is equal to the energy price.

elec2L.SC __ 17LSC2elec,energy
HElec,t - HElec,t (417)

Costs for LSC purchase are revenues for the LSC operator and revenues
for LSC sale are costs for the consumers. Only net costs are considered
during the cost optimization. Grid charges and surcharges are considered
external costs. Furthermore, in the electricity sector, combined metering and
charging of power-based prices are assumed for all LSC members and the
LSC operator. The maximum power within the considered time interval is
evaluated.

Z gridpurchase + gridpurchase
ieC qi,Elec,elecgrid,t qLSC,Elec,elecgm’d,t VieT (4 18)

At

max,elecgrid
Prsc

Y

The maximum power is multiplied by a power-based price and the resultant
costs are added to the total costs. The LSC operator pays power-based costs.
Expense sharing depends on the LSC agreement.

power ___max,elecgrid power
CLSC,Elec = PLSC e (4.19)

Similar trading approaches are assumed for heating and cooling. Grid costs
are charged when purchasing energy from the LSC, whereas trading within
a building entails no costs. Prices are dependent on LSC agreements. The
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

following set of equations describes the price assumptions for heating and

cooling.
I C2enerey — ricPeneravenersy 4 #d v e Heat, Cool (4.20)
IIrev2hSC = eersy2LSCenesy v e Heat, Cool (4.21)

In addition to energy trading, resource utilization considerations are a key
part of the LSC business model. The following section presents the models

for waste and water.

4.1.2. LSC water model

Water is added in the LSC business models in the form of common sewage
treatment within the LSC. Investigations that consider the water-energy
nexus from the consumers’ perspective are conducted. Demand coverage
agreements to use water as a sustainable resource are made within the LSC.
The following section describes both concepts.

Sewage treatment chain

Sewage viegvgie as a share of the water demand dg?ter emerging within the LSC

is treated jointly. The treatment chain considers sewage treatment, recovered

water v} and sludge vflz%gg as a by-product.

sewage

Ursct = Z Share®"a8e . d;f?ter (4.22)

ieConsumers
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4.1. Methods

water,LSC __ j-waterrecovery , sewage
rsci =K "ULSC (4.23)
lud.
sludge M ., ,sewage (4 24)
VLSCt = ~ sludge  VLSCit '

p

Sludge is stored and transported to treatment plants, where electricity and
heat can be recovered by sludge incineration and untreated sludge is dis-
posed.

sludgecomb __ sludgecomb sludge sludge .
drscie = 1; “Upscy - Hg Vj € Elec, Heat (4.25)

The LSC operator provides all costs in the sewage treatment chain. Costs
depend on operational costs and the amount of processed sewage and sludge.
In the considered LSC, the treatment plant operators charge only the costs
incurred for the treatment.

sewagechain

s _ Csewagetreat + Cstorage@ludge + Csludgetransport

sludgecomb sludgedisposal (426)
+c +c

The required electricity for sewage treatment must be (virtually) provided
by the LSC operator.

sewagetreat,elec __ j-sewagetreat,Elec  , sewage
drsct =K VLsCit (4.27)

In return, the recovered energy is assigned to the LSC operator on the balance
sheet. The LSC operator can then sell the recovered energy to generate

revenues.
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

Water demand coverage

The LSC members agree to reduce their total water demand dj?**". These
agreements include a limitation of water purchase options. The different
water coverage options are presented in Equation 4.28.

water __ _ pipe,limited water,LSC poolpurchase pipe,excess
di,t = Uit + v + iy + v (4.28)
. ipe,limited . 4. .
Conventional water purchase vf """ is limited to half of the predefined

total water demand D;i’fter. For limited pipeline purchase, conventional water

prices IIPPP&Water are charged. Another option is to purchase water from the

LSC operator (v;”ta ter’LSC) in the form of recovered sewage. The water price is

assumed to be only three-quarters of the conventional water price. However,
LSC water purchase is limited to sewage treatment plant water recovery.

The third option for water procurement is virtual LSC water pool purchase

poolpurchase
it
is implemented as virtual storage. LSC members can reduce their predefined

at half of the conventional water pipeline costs. This water pool

water demand to feed water into the pool and generate revenue based on a
feed-in tariff TTvaterpool,

water __ jywater water2pool
diy " = Dig™™ — vy (4.29)

Water reduction is limited by consumers’ incentives. The limitation is im-
plemented by a limiting factor Ky rp, representing a Willingness for water
reduction flexibility (WFF).

Ayt > DY (1 — Kyprp), Kwrr € [0,0.5] (4.30)

The factor is either predefined or implemented stochastically, based on a
water reduction survey conducted by Beaumias et al. (2009). The probability
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4.1. Methods

is an input for a random generator. It is determined by regression analysis
of the data and is presented in Equation 4.31.

P?”ObWFF =04- 6_6'2'KWFF (4.31)

The final option for water purchase is excess purchase. Twice the conventional
procurement costs are charged for these purchases. The total water demand
is reduced by implementing limited water purchase and the introduction of
water pool purchase are implemented as business models.

4.1.3. LSC waste model

LSC business models aim to use waste as a valuable resource. This section
introduces waste energy recovery models and reduction models. A crucial
consideration is that waste treatment and market models are applied only
within the system boundaries of the LSC.

Waste treatment chain

The waste treatment chain is implemented equivalent to the sludge treatment
chain. All incurred costs are paid by the LSC operator, whereas the recovered
energy is assigned to the LSC on the balance sheet. The waste treatment
chain is presented in Figure 4.4.

The LSC operator needs to shoulder costs for transport and treatment pro-

cesses.

wastechain __ Cwastetransport + Cwastecomb +

wasts Cwastedisposal ( 4 32)

The recovered energy is equivalent to Equation 4.25. The only difference is
that waste is incinerated instead of sludge.
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Figure 4.4.: Waste treatment Chain
Waste market price setting

The implementation of a waste market constitutes a significant portion of
the LSC business model. Consumers can reduce waste and generate rev-
enue through the sale on a market or policy funding. The maximally re-
duced waste amount is either predefined or stochastically (Equation 4.33)
determined based on the survey of FOCUS Marketing Research (2022). It
is described by the Willingness for waste reduction and recycling (WFR)

Kwrg.

Probyrr = —1.1-Kiypp + 82 Kiypr + 0.4 - Kywrr +0.05  (4.33)

The recycled waste is limited by the product of the WFR and the total
consumers’ waste demand D},
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4.1. Methods

m;‘r;cycled < Kwrr - Dxffste7 Kwrr € [070‘4] (4.34)

Revenue from recycling depends on the amount of recycled waste and the
defined waste market price ITVastemarket = The waste market competes with
savings from waste energy recovery. Appropriate market prices are elabo-
rated by creating an equilibrium model of waste treatment cost savings and
recycling revenues. Solving the equilibrium model enables the waste market
price to be calculated by using Equation 4.35. This equation considers the
usable recovered energy nVastecomb - waste heating value H™W%* combustion
efficiencies n}’-vaswcomb, operational costs of heat pump and waste combustion,
electricity grid purchase costs CPEM° and the coefficient of performance of

FElec,grid
the heat pump COP -

wastemarket __ wastecomb waste wastecomb purchase
I = Nusable -H : (nElec " YElec,Grid
wastecomb
+ NMHeat . (purchase + wastecomb = ~O&M ( 4 35)
C' O Pmean FElec,Grid Heat Heatpump .
heatpump
wastecomb wastecomb O&M
_(nElec + NHeat ) ’ Wastecomb)

4.1.4. Model optimization

Total costs, total emissions and other services available in the LSC are pre-
sented in this section to complete the method of the optimization model.

Emissions

Emissions occur as a result of multiple processes in the LSC. The total emis-
sions are determined according to a balance rule where all component emis-
sions are summed up. Emissions are caused by electricity grid purchase,
waste- and sludge transport, incineration, disposal processes and sewage

treatment.
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

tot o elgrid wastetransport
emLSC’,t - Z (emz Elec,t + emi,Waste,t )
ieC
elgrid wastecomb wastedisposal
+ €M 13C Elec,t + €M [SC Waste,t + M1sC Waste,t (436)

sewagetreatment sludgetransport
+ eMmrsc ,Sewage,t + mLSC,Sludge,t

sludgecomb sludgedisposal
te Mmrsc ,Sludge,t + emLSC,Sludge,t

Extensions consider CO» prices and the corresponding emission costs.

cemissions Z HCO2 . emtﬁg%l,’t (437)
teT

Total costs

The total costs consist of consumers’ costs and LSC operator costs. Con-
sumers’ water purchase costs must extend the costs as described in Equation
4.11.

tot,consumers __ total, LSC waterdemand
¢ - Z Z Ci,j,t + ci,Water,t (438)
teT icC jes

LSC costs from Equation 4.14 are extended by power costs and costs within
the sewage and waste chain.

oot ,LSC chower sewagechain wastechain
=Y o+ CLSC,Elec T CLSC +crsc (4.39)
teT jeS

Both are summed to form the total model costs.

Ctot — Ctot,consumers + Ctot,LSC (4'40)
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4.1. Methods

Further LSC services

Several services positively affect the LSC. In the GeWoZu, a business model
for an electric vehicle pool is set up to increase efficiency in the transport
sector. The GeWoZu has multiple modern washing machines with hot water
access and implemented heat recovery. An assessment of both services is
conducted in the analyses of the demo site.

However, services within the building are not the only factors that can pos-
itively impact the LSC. The provision of services from external providers is
investigated further. District heat provision by industry and sewage water
sale for irrigation are examined in this context. The assessment method for
all mentioned services is presented in the Appendix.

4.1.5. Case study

The application of the developed optimization model in the GeWoZu is pre-
sented in this section. The study is structured to ensure that all objectives
are adequately examined.

First, scenarios without LSC and trading are investigated, considering con-
sumer technologies only. Then, energy trading and LSC business models are
gradually introduced. Business model investigations are separated into differ-
ent scenarios. In the first type of scenarios, the omissions of certain services
are analyzed to assess the impact of the services. In the second category
of scenarios, market investigations of waste and water business models with
different consumer behaviours are examined. The final scenarios analyze the
impact and opportunities due to industry services. The workflow of the case
study is presented in Figure 4.5. The available services in the case study sce-
narios are summarized in Table 4.1. LSC Key Performance Indicator (KPI)
are defined for the impact assessment of the scenarios. An overview and the
definition of the KPIs are presented in Table 4.2.
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- Market
LSOC Semce WFF and WFR Industry Services
mission stochastically
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| Mo recovery | i i
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i i i
| Mo flexibility | | Waste market | | Water sale |

Figure 4.5.: Case study

4.2. Results

The main results of the analyses are presented in this section. Section 4.2.1
shows the results on LSC impacts and Section 4.2.2 presents the effects on
the LSC services. Section 4.2.3 and 4.2.4 provide the results for resource

markets and external service provisions.
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4.2. Results

Table 4.1.: Case study scenarios
Scen. Con- Trade LSC Energy Flexi- Indus-
sumer busi- recov-  bility try
tech. ness ery service
mod-
els
No v X X X X X
LSC
No X X X X X X
LSC,
no
tech.
Trading v v X X X X
Base v v v v v X
No v v v X v b'e
energy
recov-
ery
No v v v v X X
reduc-
tion
No X v v v v X
tech.
No wa- Vv v X v v X
ter re-
covery
Market Vv v v v v X
scen.
Industry v v v v v v
service
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communities (LSC)

Table 4.2.: Key performance indicators

KPI Unit Definition

Total Costs € Total costs for LSC

Emissions kgco, Total emissions in
LSC

Electricity grid con- kWh Total procurement

sumption in LSC

Treated waste kg Waste treated for
energy recovery

Waste reduction kg Total reduced and
recycled waste

Water reduction m? Total reduced water
in LSC

Water pipeline pur- m? Limited water

chase pipeline purchase

Water pool purchase m? Purchase from LSC
water pool

LSC water purchase m? Recovered water
purchase

4.2.1. Impact of LSC formation

The results of this section present a gradually established LSC, beginning
with the introduction of the technology and followed by trading and LSC
business models. The introduction of technologies results in a cost reduction
from 23 070€ to 20899 € of 2171 €. Emissions are reduced by about 3t, or
11.5 % each, resulting in emissions of 23 t. However, only consumers who have
their own technologies can gain benefits. The introduction of trading further
decreases the LSC costs by 3266€ (14 %) and the emissions by 7.5t (29 %),
where all consumers profit from technology use. LSC purchase and energy
recovery leads to a total cost reduction of more than 50 % to 8301€ and
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4.2. Results

59 % emission reductions to 10.6t. This result is due to further technology
extension, comparably low resource treatment costs and reduced LSC pur-
chase tariffs. Such cost reductions can be achieved only if treatment plant
operators charge only real incurred costs. With additional waste disposal
costs, costs are reduced to 11 257<€.

Figure 4.6 presents the impact of LSC formation on the electricity sector.
Electricity grid consumption decreases as the washing machine and electric
vehicle demand coverage is transferred to the LSC operator. Moreover, the
demand coverage from the electricity grid drops to 58 % as electricity can
also be procured from PV generation and the LSC. Energy recovery has
a significant impact on the LSC, as 31 % of the LSC electricity and 34 %
of the LSC heat demand can be covered by waste and sludge combustion.
Furthermore, more than 30 % of the LSC electricity is sold to LSC members,
while only 7% is procured from LSC members.

PV 20000KWh
Waste combustion: 878TkWh
Electricity grid: 4593kWh
Sludge combustion: 4333kWh
Elec2LSC: 3020kWh

Battery: 521kWh

Figure 4.6.: LSC operator electricity input share

The heat map in Figure 4.7 shows that the LSC can cover all of the heating
and cooling demand of consumers who do not have their own technologies.
However, heat purchase from consumers is not conducted. Instead it is indi-
rectly implemented by electricity purchase and LSC heat pump operation.
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Figure 4.7.: LSC heatmap

4.2.2. Service implementation in an LSC

The impacts of different LSC services are compared in this section to find the
most effective service in the LSC. Various available services such as resource
reduction, water recovery, consumer technologies and energy recovery are
removed in different scenarios to assess the service impact. The effect on the
KPIs is presented in Tables 4.3 and 4.4.
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Table 4.3.: Service omission: energy and environmental KPI

Scenario Total costs Emissions in Electricity
in € kg grid con-

sumption in
kWh

Base 8301 10549 28031

No tech 10197 12471 37204

No energy re- 10320 11599 43751

covery

No water re- 9050 10549 28031

covery

No reduction 9067 11142 26668

Table 4.4.: Service omission: resource KPIs

Scen. Treated Waste Water Limited Water LSC

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

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

waste recy- reduc- pipeline pool wa-
in kg cling tion pur- pur- ter-
in kg in m® chase chase pur-
in m3 in m® chase
in m3
Base 14769 17 351 288 351 414
No 14769 17 351 298 351 405
tech
No 11764 3010 351 203 351 499
energy
recov-
ery
No wa- 14769 17 351 702 351 0
ter re-
covery
No 14769 0 0 702 0 665
reduc-
tion
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Consumers cannot sell energy to the LSC without their own technologies.
Decreased decentralisation technologies have caused electricity grid purchases
to increase by 9173kWh (32 %) to 37204kWh. The emissions increase by
1.9t or 18 % each, to 12.5t and the total costs increase by 23 % to 10197 €.
With the omission of energy recovery services, waste and sludge lose their
value during treatment. The LSC can thus sell less electricity and heat
thereby leading to an electricity grid consumption increase of 15720kWh
(56 %) to 43 750 kWh and a corresponding emission increase of 1t (9.4 %) to
11.6t. The total costs rise by 24 % to 10 320 €. Non-procurement of recovered
water causes limited pipeline purchase to rise by 414m? to 702m?. Pipeline
purchase prices higher than the recovered water prices lead to additional costs
of 750 € or a 9% increase. However, no excess purchase is required due to the
implemented LSC water pool. A similar cost increase of 766 € occurs with
no reduction and the following omission of the water pool. Total emissions
increase by 5.6 % to 11.1t. However, electricity grid consumption decreases as
more sludge is treated, thereby leading to increased sludge treatment energy

recovery.

As presented in Figure 4.8, omitting energy recovery leads to the highest cost
increase, followed by technology omission. Moreover, technology omission
leads to higher CO4 emissions. No energy recovery has positive effects on the
emissions, as less waste and sludge combustion leads to fewer combustion-
related emissions. However, the impact is still negative compared with the
base scenario. When resources are not reduced, it leads to higher emissions
because more resources are treated. As a result, grid consumption is reduced
in this scenario. The comparison of the scenarios is presented in Figure 4.9.

As a resource, waste is affected by energy recovery omission only. Recycling
and reduction have become more feasible, as garbage has no value in treat-
ment. Water recovery omission produces the same amount of treated sewage
without water recovery options. Therefore, water-related costs are affected

by non-circular water treatment.
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Figure 4.8.: Service omission: costs
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Figure 4.9.: Service omission: emissions and grid consumption

4.2. Results
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4.2.3. Impact of resource markets

In this section, market investigations are further assessed, beginning with
the water market in Section 4.2.3 followed by the waste market in Section
4.2.3. Different WFF and WFR for different consumers are assumed in the
analyses.

Water consumption rights trading

Water market impact is investigated by conducting a sensitivity analysis of
recovered water from sewage treatment. Figure 4.10 presents the effect of the
water market and recovered water on the total costs and pipeline purchase.

10000
600

8000 500

6000

Total costs in €
Pipeline purchase in m?

4000

2000

0
0/no watermarket 0 33 50 95
Recovered water use in %

Figure 4.10.: Watermarket overall impact
With less recovered water, limited pipeline purchase experiences an increase.
The highest costs arise when no water market and water recovery are im-
plemented. Between 0% and 33 % water recovery, the cost decrease has

the highest gradient, because excess purchase with the highest costs is less
needed. The impact on the consumers is presented in Figure 4.11.

The implementation of water recovery positively affects consumers’ costs.

72



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

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

[ 3ibliothek,
Your knowledge hub

4.2. Results

800 05

700

600

v
S
S

:.
8
WEFF

0.2

Water costs in €

w
=4
=3

200
01

1 2 3 a 5 6 + 4 8 9 10 11 12
Consumer

Figure 4.11.: Watermarket consumer impact

However, other factors such as time of use and WFF, also have an impact.
Therefore, consumers with lower WFF can also benefit from water pool pur-
chase.

Waste recycling and reduction markets

The waste market price is decreased in a sensitivity analysis, starting from
the equilibrium price of Equation 4.35 (ITwastemarket—() 1457 € /kg). Less re-
cycling is conducted in situations with lower efficient waste market prices,
as presented in Figure 4.12. Between 0.0857€ /kg and 0.1057 € /kg, waste
recycling increases sharply. At this price, electricity grid consumption and
recycling become more economically feasible than waste combustion in more
time steps. All waste is recycled at the equilibrium price. With nonlinear
decrease of waste recycling and therefore the nonlinear impact on electric-
ity grid consumption, nonlinearities in the costs arise. Rising waste market
prices lead to decreasing costs, as presented in Figure 4.13.
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Figure 4.12.: Wastemarket recycling
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Figure 4.13.: Wastemarket costs

4.2.4. LSC extension: External service provisions

This section presents the impact of exhaust heat and greywater sale ser-
vices.
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4.2. Results

Exhaust heat provision

The exhaust heat scenarios differentiate low-price scenarios with prices of
1ct/kWh and high-price scenarios with 4 ct/kWh. Furthermore, minimum
heat procurement contracts are analysed. The impact on total costs, emis-
sions, electricity grid consumption, and the procured exhaust heat are pre-
sented in Figure 4.14.

50000
Total costs in €

' Emissions in kg

40000 A B CElectricity grid consumption in kWh

Bl Exhaust heat purchase in kWh

I

Base Exhaust Exhaust Exhaust Exhaust Exhaust
Low High CO2price  FixLow FixHigh

Figure 4.14.: Exhaust heat

The utilization of exhaust heat is strongly dependent on the energy price.
COy prices can promote exhaust heat because no emissions are assumed for
the procurement. However, fixed consumption agreements lead to decreased
efficiency. Emissions and wasted heat rise because heat is not required during
the summer. Cost reductions can still be achieved in low-price scenarios,
whereas total costs increase in high-price scenarios.
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

Greywater sale

Different market prices for greywater are assumed in the investigation. The
results of the scenario analyses are presented in Table 4.5.

Table 4.5.: Water sale

Sale price in € per Sold greywater in Total costs in €

m? m?

0.375 97.2 7768
0.75 113 7726
1.125 113.5 7684
1.125/no recovery 337 8780

As the water prices increases, water sale increases. The implementation of
a greywater market generally leads to a cost decrease. However, the sale
is saturated at prices of 75ct/m?® because water sale is feasible in certain
time steps only. Without water recovery, sewage treatment only has value
in sludge energy recovery. All greywater is sold in scenarios without water
recovery because of the comparably low efficiency in the sludge chain.

4.3. Discussion

Building upon the results in Section 4.2, the significant findings of the anal-
yses are discussed in this section. Section 4.3.1 discusses the benefits of LSC
formation to consumers and to UN SDGs United Nations, 2022. Section 4.3.2
outlines the benefits for different LSC members. Section 4.3.3 provides the
impact and suitability of the introduced LSC business models.
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4.3. Discussion

4.3.1. Benefits and suitability of an LSC introduction

LSCs are introduced to provide benefits for consumers and for the environ-
ment. The results in Section 4.2.1 show that LSCs directly affects consumers’
costs and COq emissions. However, the quantity of the benefits depends on
the implemented business models, such as available services, in the LSC.
The positive contributions of the LSC could be examined across all sectors.
Technology demands such as electric vehicles change from being consumers’
responsibility to being LSC’s responsibility. The same applies to resources,
as they are treated cooperatively. The joint demand coverage and resource
treatment lead to a broader variety of generation and demand coverage op-
tions. Available technologies are used more efficiently within the LSC, such
as carpool services for transport demand coverage. Furthermore, introducing
modern technologies such as washing machines with hot water access and
heat recovery leads to more efficient energy use in the LSC. The introduction
of technology further reduces costs and emission. Moreover, washing machine
heat recovery can provide significant inputs to the LSC heat sector. Thus
minor setup improvements can provide non-negligible benefits to the LSC.

Benefits also arise from the perspective of the SDGs. The establishment of
an LSC is directly contributes to SDG goal 11 (Sustainable cities and com-
munities). This contribution is further promoted by LSC financial incentives
that lead to cost reductions. Through such incentives, more consumers could
be encouraged to participate in LSCs. Furthermore, implemented resource
energy recovery can lead to LSC contributions to SDG goal 12 (Responsible
consumption and production). As indicated by the results in Section 4.2.1,
no resources were disposed of, because an LSC gives resources additional
value in energy recovery and recycling. Resource market investigation re-
sults in Section 4.2.3 positively impacted responsible consumption, because
water reduction was always conducted at its limits. The same applies to
waste recycling at sufficiently high prices.

The impact of SDG goal 13 (Climate action) could be examined over all the
results in Section 4.2. Additional LSC services and the introduction of re-
source business models always lead to CO9 emission reductions. Therefore,
the introduction of an LSC with appropriate business models provides a ma-
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

jor contribution to SDG goal 13. Moreover, SDG goal 7 (Affordable and clean
energy) is promoted by the establishment of an LSC. Consumers can benefit
from joint technologies and LSC trading. Even low-income consumers who
do note have their own technologies can access clean and affordable energy
by participating in an LSC. The resources of all consumers are treated for
energy recovery; thus low-income participants also directly impact SDG goal
7. However, clean energy is strongly dependent on the electricity mix. The
introduction of an LSC service leads to decreased electricity grid consump-
tion. Given that renewable sources generate a significant share of energy
within the LSC, the introduction of an LSC positively contributes to clean
energy. Furthermore, scenarios with promoted resource combustion lead to

overall emission reductions.

Finally, LSCs contribute to SDG goal 6 (Clean water and sanitation). Sewage
and sludge are treated for water and energy recovery; thus water is utilized
as a precious resource within LSCs. Therefore, LSCs positively affect the
water-energy nexus. Furthermore, the water demand coverage agreement,
according to Equation 4.28, leads to water reduction. By giving water ad-
ditional value in reduction, LSC formation contributes to SDG goal 6. In
summary, LSC establishment is an efficient process in contributing to the
UN SDGs in decentralized consumer processes.

4.3.2. Benefits for different LSC members

The results in Section 4.2.1 showed that consumers could reduce their to-
tal costs by participating in an LSC. Consumers benefit from the services
and technologies provided in the LSC and also from generating revenues
from waste and water reduction. Thus, the advantage of this situation is
that a sustainable mindset is rewarded by LSC business models. Moreover,
consumers without such a mindset are encouraged to develop a sustainable
perspective. The advantages for consumers participating in an LSC strongly
depend on the available services and business models. The results in Sec-
tion 4.2.2 showed that various services have different impacts on the LSC
operation. Consumers can benefit from cost reduction due to the provided
services, with energy recovery business models leading to the highest cost
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4.3. Discussion

reduction. Services can also contribute to sustainable development, because
they improve the environmental performance of the LSC.

Industry providers benefit from guaranteed revenues by participating in an
LSC, thus offering possibilities for new decentralized plant operators to en-
ter the market, because barriers to entry can be lowered by these guaranteed
revenues. Furthermore, service providers can set up innovative business mod-
els. The results on exhaust heat provision showed that service providers can
generate revenue by participating in an LSC. Business models such as ex-
haust heat sale offer the possibility of selling energy that would otherwise be
lost. This approach allows options to generate alternative values and uses for
resources and energy. Moreover, external LSC participants can profit from
LSC consumers, as indicated by the results on greywater sale. Aside from
receiving financial benefits, service providers can benefit from social and en-
vironmental aspects. Participating in LSCs can give companies a positive
image, showing that they are a consumer-oriented and sustainable business.
However, service providers must still come up with the investment costs,

which might become as an implementation barrier.

Overall, benefits for LSC members are mainly due to the community aspect.
Advantages are gained by loss of comfort, such as water use reduction. How-
ever, actors must be cooperative and ensure that they do not discourage each
other. Thus, the fundamental role of the LSC operator in holding the LSC
together emerges. Finding an operator that takes all the initiatives can be
the primary barrier to establishing an LSC.

4.3.3. LSC business models: Impact and potential
implementation barriers

For the business models under consideration, a distinction is made between
behaviour encouraging business models and service provider business mod-
els. The results in Section 4.2.3 present the behaviour encouraging business
models, as consumer actions are rewarded. Incentives to reduce resources are
applied by giving resources an alternative value in reduction. The business
models for the water market show that water reduction agreements in an
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LSC can lead to cost reductions and more sustainable water use due to the
introduction of an LSC water pool. However, such business models can back-
fire, because consumers must be willing to reduce their demand to provide
flexibility to the pool. Barriers can also emerge in setting up such agreements
with LSC members. The waste reduction business models are only effective
with sufficiently high recycling revenues. Without such revenues, waste recy-
cling is not competitive with the alternative value of waste in treatment and
energy recovery savings. To promote recycling, policy initiatives should set
sufficiently high waste market prices.

The service provision business models as in Sections 4.2.1 and 4.2.2 can
have a positive impact. However, bad agreements or contracts with ser-
vice providers, such as fixed energy procurement agreements, can backfire
and lead to a increased costs (as presented in Figure 4.14). Service op-
tions such as those in Section 4.2.4 can also be generally beneficial for the
LSC, if they allow consumers the freedom of application. Different service
provision models can have varying importance to the LSC, as presented in
Section 4.2.4. The omission of energy recovery has the highest impact on
the total costs. Implemented energy recovery leads to energy and resource
efficiency while providing financial incentives for consumers. The omission of
consumer technologies leads to the second-highest cost increase. Therefore,
an efficient LSC operation requires sufficiently available decentralized tech-
nologies. With regard to the COy emissions, the omission of energy recovery
is slightly less crucial than the omission of consumer technologies, because
of additional emissions from waste combustion. However, emissions are still
lower with implemented energy recovery than without due to the emission-
intensive electricity grid consumption.

The omission of water recovery affects costs in the water sector only and
would not affect the operation of the LSC if no water reduction agreements
were made. If such contracts are in place, then water recovery and an LSC
water pool (and reduction flexibility) are crucial. Otherwise, reduction agree-
ments could backfire and lead to higher costs. However, when different kinds
of LSC business models presented in Section 4.2 are considered, such business
models generally have an overall positive impact on LSC participants.
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4.4. Resumé

4.4. Resumé

LSCs lead to more efficient energy use and resource utilization. Business mod-
els such as trading and service provision can encourage consumers to engage
in sustainable behaviour and could further promote resource utilizsation. In
general, the establishment of an LSC has a positive impact. However, provid-
ing service options and technologies is crucial for cost reductions and energy
and resource-efficient operations in the LSC. Several provided LSC services
have different impacts on the consumers and the environment. Therefore,
before a new service is introduced to the LSC, an impact assessment on con-
sumers and the environment needs to be conducted.

Furthermore, the alternative use of resources has a positive impact on the
LSC. However, alternative options such as reduction and treatment tend to
be in competition and they depend on the considered scope and defined LSC
boundaries. If specific LSC behaviour is to be promoted, then policy actions
such as COq prices, reduction targets or energy efficiency measures need to be
put in place. Apart from that, LSC feasibility depends on agreements such as
those for water reduction and service provider agreements. These agreements
do not necessarily lead to an improvement and can even backfire. Thus, the
LSC is a complex system that requires a detailed impact assessment before
being established.

The developed model provides all necessary applications to investigate the
impact of LSC business models. The case study could be performed appropri-
ately in the demo site GeWoZu, as LSC business models lead to energy and
resource efficiency. Moreover, the modular implementation provided an effi-
cient modeling framework for analyzing the gradual improvement of LSCs.

4.5. Nomenclature

Sets
C LSC consumers index: i
S Sectors index: j
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communities (LSC)
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Heated water volume washing
Heat recovery factor washing
Temperature difference
Specific costs exhaust heat
Maximum exhaust heat power
Water market price factor
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4. Business models for energy- and resource utilization in local sustainable
communities (LSC)

Sut Driven distance vehicle km
gashitot Energy demand washing kWh
gVashheat Energy demand water heating kWh
g ashirecovery Recovered heat washing kWh
gndustryexhaust Exhaust heat industry kWh
cindustryexhaust Cost exhaust heat purchase €
pareywater,sold Greywater to water market m3
pareywater,treated Greywater treated m3
reygreywater;sold Revenues water market €

Table 4.6.: Model parameters and decision variables LSC
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5. Capacity investment, local energy
market and circular economy
establishment in local sustainable
municipalities (LSM)

This chapter presents the extension of the previous analyses on resource uti-
lization in sector coupling to capacity localization and investment decision
modeling. It is based on the paper from Maldet et al. (2023b). Thus, it pro-
vides research on local energy generation and resource treatment investments
in municipalities. The concept of an LSC is extended to a Local Sustainable
Municipality (LSM), where investment decisions and energy and resource
utilization business models are established at the municipal level.

To fulfil the goals of the RED (European Commission, 2023a), the EU estab-
lished the directives 2018/2001 ! and 2019/944 2 introducing legal frameworks
for energy trading in ECs. However, the scope of ECs is wider than com-
munity formation on household level. Local municipal governments could
establish decentralization in communities and emerge as operators for such
communities. Therefore, an LSM establishing a local market on the munici-
pal level is introduced in this chapter.

The local authorities in municipalities operate the LSM, wherein the market

Y(Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 De-
cember 2018 on the promotion of the use of energy from remewable sources, OJ L 328,
21.12.2018, p. 82-209 n.d.)

%(Directive (EU) 2019/944 of the European Parliament and of the Council of 5 June
2019 on common rules for the internal market for electricity and amending Directive
2012/27/EU, OJ L 158, 14.6.2019, p. 125-199. N.d.)
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5. Capacity investment, local energy market and circular economy
establishment in local sustainable municipalities (LSM)

for electricity trading between participants is established. Thus, it is a su-
perordinate market compared with local markets between consumers on the
household level. LSM business models consider services apart from electricity
trading. Resource management, like waste or sewage treatment, is often the
area of responsibility of municipalities. However, resources are only treated
without further advantage gain. Results in Section 3.2.2 proposed using re-
covered energy from resource treatment. LSM operations can have a large
variety of options for energy recovery, with the foremost opportunity to sell
recovered energy to LSM participants at reduced prices. LSM participation
can provide benefits for both municipalities and participants in gaining ad-
ditional revenues for resource treatment and energy procurement at lower
prices. Thus, LSM business models consider both energy operations and re-
source utilization. Therefore, this study analyzes the implementation of such
business models into municipalities.

Introducing local resource treatment facilities with implemented energy and
resource recovery requires extensive infrastructure planning. Moreover, treat-
ment and energy recovery strongly depend on local conditions such as the
number of households, energy demand and potential technology installation
at different sites and locations within the municipality. Therefore, a port-
folio analysis of the municipality, considering investment decisions in energy
generation and conversion technologies, in treatment facilities is performed.
The proposed research on LSM business models is applied to the municipality
Breitenau am Steinfeld, Lower Austria (Gemeinde Breitenau, 2023).

The core objective of the studies is to define the advantage and scope of
the local market on the municipal level, which also considers resource utiliza-
tion. Therefore, the impacts of different resource treatment options and LSM
objectives are addressed. LSM business model investigation in a showcase
municipality should encourage other municipalities to implement sustainable
energy and resource business models. This chapter presents RUTIS model
extensions that address the core objectives. Section 5.1 presents the applied
method in the model extension, while Section 5.2 provides an overview of the
significant results. Moreover, Section 5.3 discusses the significant outcomes
of the results. Section 5.4 gives a resumé of the major conclusions.
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5.1. Methods

The elaboration of the investment decision analyses requires the development
of an optimization framework on sector coupling in municipalities with port-
folio optimization functionalities. Therefore, the RUTIS framework (Maldet,
2022) is extended to investment decisions. This section presents the method
applied in the framework extension.

5.1.1. Optimization modeling framework

The model framework analyses consumer participation in local markets in the
municipality. LSM participants are aggregated in communities, forming their
own local market within the community. While these communities consider
operation apart from energy trading, they are referred to as LSC. Figure 5.1
shows the implementation of LSC markets in a superordinate LSM market.

Local market
LSM
Local Market Local Market
LsSC_1 LsSC_2
Consumer_1 Consumer_2 ’ Consumer_4 Consumer_5
Consumer_3 Consumer_6
Local Market
LSC_n
Consumer_m-2 Consumer_m-1
Consumer_m

Figure 5.1.: LSM and LSC local markets

Decentralized consumer community operations are performed in LSCs while
multiple LSCs can interact in the LSM. Thus LSCs represent consumers in
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5. Capacity investment, local energy market and circular economy
establishment in local sustainable municipalities (LSM)

the LSM optimization model. Consumers are aggregated into four different
LSCs with similar dimensions. Additionally, the fifth LSC with local munic-
ipality facilities is formed and represented in the model. The optimization
model considers investment decisions on decentralized consumer technologies
to cover the LSC energy and resource demands. Furthermore, the model
includes investment decisions on the LSM level, which mainly include facil-
ities for resource treatment. The primary goal of the investment decisions
is determining the location of treatment facilities, while the exact capacity
assessment has a subordinate role. The combination of multiple-sector in-
vestment decisions with community operations and business models results
in a high optimization model complexity and long computing times. There-
fore, an optimization framework approach decouples investment decisions and
operational analyses. Figure 5.2 presents the performed model workflow.

Cost
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Figure 5.2.: Optimization framework workflow

The portfolio optimization is performed with representative clusters of the
data to reduce the model size of the optimization model. Annual input data
must be preliminarily processed. Original input data in hourly resolution
are transformed into 360 clusters, representing the whole year in a shorter
period. Each cluster represents a representative time step of the original
data. The clustering is performed with 30 clusters for each month to consider
seasonal variance. The applied clustering method is a K-means algorithm,
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5.1. Methods

where cluster centers are used as adapted input data for the optimization
model. However, more than clustering is needed to gain appropriate input
data for the operational model. Cluster centers represent mean values and,
required peak capacities for resource treatment are discarded in the cluster-
ing approach, resulting in non-feasible operational models due to insufficient
treatment capacities. Therefore, the cluster centers are weighted with the
maximum value of the input data. This approach provides model workflow
improvements in terms of location determination but decreases accuracy in
exact capacity determination. To limit the overestimation of PV generation,
the clustered generation data are adapted to represent two-week generation
input.

The portfolio optimization is applied to clustered input data. Model results
of the first step yield the required technology capacities with a major focus
on localization. These capacities are provided as inputs to the operational
model in step two together with original, hourly resolution input data.

In the second step, the optimization model is adapted so that no investment
decisions must be performed. Thus the maximum technology operation ca-
pacities are set to the results of model step one. The second step investigates
the detailed LSC operation on the LSM market over a year in hourly resolu-
tion. Operational optimization over longer periods is required due to seasonal
variance and to assess resource planning over a longer period of time.

By performing the two-step optimization approach, capacity locations, ca-
pacity estimations and operations in the LSM can be assessed while keeping
the model size at an acceptable level. Detailed model methodology in the
energy and resource sectors is presented in the following sections.

5.1.2. LSM model equations

LSM introduction and interaction with LSCs include multiple operations such
as energy sharing, joint resource treatment and investment decisions. The
functionalities presented in Figure 5.3 must be considered in the investigation
method.
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Figure 5.3.: LSM operation

LSM model analyses are performed as cost minimization problems with total
costs composed of investment and operational costs, as presented in Equa-
tion 5.1. Investment costs are evaluated in the first modeling step, whereas
operational costs are determined in the operation analysis.

cpetina) (5.1

min(z) = min(c*") = min(cﬁ‘e’pl +c
The model considers technologies investment costs with annuities based on
technology amortization rates N; and weighted average costs of capital WACC
(assumed with 3 %). The annuity factor for each technology «; is calculated
with Equation 5.2.

(1+WACC)NM - WACC
1+ WACCO)N — 1

vieT (5.2)

o) =

The model considers investment costs in the form of maximum capacity x;***
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5.1. Methods

based investment costs C’lmv’var and fixed investment costs for installation or

construction for each technology Clinv’ﬁx. As only a short period of the year
is mapped in the first step of the optimization, the costs must be multiplied
by a weighting factor FY°*" as the ratio of considered timesteps and total
timesteps of a year. The relations are described in Equations 5.3 - 5.5.

C}nv,var =q- Clinv,var . year x}nax VieT (53)
C}nv’ﬁx — - Clinv,ﬁx . Fyear bin}nstall VieT (5'4)
Tcluster
ear __
Y = Tyear (5'5)

Equation 5.6 presents the total investment costs can be calculated by a sum-
mation of investment costs of all technologies.

inv inv,var inv, fix
Cstepl — ¢ +¢q (56)

leT

Operational costs consist of operational technology costs (Equation 5.7) and

costs for external procurement (Equation 5.8) of energy or resource at de-

procure
Hk

fined prices , such as electricity grid procurement or water pipeline

procurement.

teT
Czrocure _ Z Hzrocure Tt Vk € &€ (5.8)
teT

Moreover, revenues can be generated by the sale of energy or resources, as
presented in Equation 5.9.
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5. Capacity investment, local energy market and circular economy
establishment in local sustainable municipalities (LSM)

Tevﬁceedin _ Z H?eedin capy VkeE (5.9)
teT

The model considers environmental aspects of the LSM in the form of CO9
emissions. They are calculated by summation of technology and external
source procurement emissions by calculation with CO factors F¢©? (Equa-
tion 5.10) and monetarized by COg2 prices (Equation 5.11). The emission
costs are counted as operational costs. For the construction of capacities, no
emissions are assumed, as the optimization focuses on environmental perfor-
mance in the operation rather than in the whole life cycle.

ethO2 = Z FlCOQ X+ Z FkCO2 Tt (5.10)
leT ke&
£ = em {02 . 11002 (5.11)

Equation 5.12 presents the summation of all kinds of operational costs to
total operational costs.

operational O&M procure feedin CO2
Cstep2 - Z a + Z Cr - Z revy + Z Cy (512)
leT ke& feF teT

Detailed information on the considered costs differs between sectors. Fur-
thermore, model constraints are defined to describe the LSM system. Both
are presented in the following section.

5.1.3. LSM sectoral costs and constraints

Model constraints consider technology limitations, conversion relations and
storage equations as presented in Maldet et al., 2022b. Moreover, equilibrium
constraints for each sector must be considered, which is dependent on the
available technologies in the respective sector. For balance rules, it must
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5.1. Methods

further differ between LSC balance rule and LSM balance rule. Balance rules
are graphically represented in the Appendix. Furthermore, energy recovery
equations are presented in the Appendix. The goal is always to cover pre-
defined demands. Therefore, sets representing the LSCs and LSM are defined,
with the LSM represented at each LSC position.

Waste sector

The LSM is responsible for waste management. Accruing waste from each
LSC is allocated to the LSM at a particular geographical position. Moreover,
sludge from sewage treatment is counted as waste and must be treated. An
investment decision in waste treatment technologies is performed in each
LSM position. Waste can be incinerated to recover electricity and heat,
whereas 50 % of energy recovery utilization is assumed. Recovered energy is
allocated to the corresponding sectors. However, emissions occur due to the
share of non-biodegradable waste. Therefore, emissions of 0.125kg of COs
emissions per kg waste are assumed independent of the considered waste
treatment option. These emissions are assumed based on IEA Bioenergy
(2003) and the share of biowaste and sludge in the municipality. A further
option for waste treatment is anaerobic digestion. Generated gas can be
incinerated in gas CHP plants or sold on the gas wholesale market. For
gas CHP, an investment decision must be performed. Further options are
limited external disposal and reduction of waste. Reduction is monetarized
by the value of Cialani and Mortazavi (2020). As not all positions must have
waste treatment facilities, waste transport between LSM positions is enabled.
By binary variables, simultaneous transport input and output is disabled to
prevent circular waste flows. This results in the following balance rule for

waste in Equation 5.13

wasteln sludge wastetrans,in
DYEE™ +mi s+ Y mys
neM,n#m
— waste waste )
= Mim,comb,t + M, AD t + M, disp,t (513)

Z wastetrans,out
+ mm7T6d7t + mm,n,t ’
neM,n#m
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5. Capacity investment, local energy market and circular economy
establishment in local sustainable municipalities (LSM)

Water and sewage sector

Similar to waste, sewage from the LSCs is aligned to the LSM at each po-
sition. An investment decision in sewage treatment plants is determined to
assess capacity and position of the facility. Like for waste treatment, sewage
treatment investment by municipalities is financial participation to larger
treatment plants. Electricity is required as an additional input for sewage
treatment and must be provided by the LSM. Outputs from sewage treat-
ment include recovered water (assumption 50 % use of recovered water) and
sludge (as input to the waste sector). Recovered water can be sold to LSCs
waterrecovery

at defined prices II; ;)
treatment plant and LSC.

depending on the distance between the sewage

A certain amount of the water demand can be covered by greywater system
installation. The share of greywater in sewage is assumed with 50 % whereas
kitchen sewage is not considered greywater because of the additional required
efforts to extract food remainings (Eawag Das Wasserforschungsinstitut des
ETH-Bereichs, 2021), (Allen, 2023). Moreover, it is assumed that only 50 %
of the total water demand can be covered by greywater (Christova-Boal et al.,
1996). However, the model must perform an investment decision on greywater
installation, with potential system installation in each household. This results
in a MILP, considering the installed greywater systems as integer variables
it Y™ The integer variable is limited by the number of households
NihouSBhOld in the LSM as presented in Equation 5.14. The total greywater
that can be used is calculated by Equation 5.15, considering the unit volume
of 121/h.

int‘igreywater <N\, ihouseh‘)ld (5.14)

. 4greywater reywater,unit
Vi, greywater,t <int; ey (515)

The remaining water must be covered by pipeline purchase, resulting into the
following water balance rule in Equation 5.16.
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5.1. Methods

. . . . water
Dz,water,t = Vi waterpipe,t T Vi greywater,t + E Ui m,sewage,t (516)
meM

Sewage can be transmitted to other positions to prevent multiple treatment
plant installations. This leads to the sewage balance rule in Equation 5.17.

trans,in _ trans,out
Um,sewage,t — Um,sewagetreat,t + m,n,sewage,t — m,n,sewage,t

neMmn#m neMn#m
(5.17)

Electricity sector

The electricity sector for LSCs considers investment in PV and battery ca-
pacities. Excess generation can be fed into the electricity grid. Moreover,
electricity can be sold at predefined prices to the LSM, like presented in
Equation 5.18.

ElteCQLSM clec2LSM ppelec2LSM v & (5.18)

rev = 4 LSM; t
LSCs can procure electricity at defined prices and efficiencies from the LSM.
Prices and efficiencies are dependent on grid length between the geograph-
ical LSC position in the municipality, represented with purchase of LSC at
position ¢ from LSM at position m. This is presented in Equation 5.19.

LSM2elec

LSM2elec __ Qim,t LSMZ2elec .
ci’m’t — LSM2€1€C ° H27m \V/Z S C, m € M (5.19)
i,m

Procurement prices are lowered by reduced grid tariffs based on the grid sec-
tion, resulting into position-dependent electricity grid procurement electricity
prices.
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5. Capacity investment, local energy market and circular economy
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The LSCs must provide electricity to heat pumps for heat generation if
these are installed. The remaining electricity is procured from the electric-
ity grid, whereas additional emissions for grid procurement are assumed as
0.209 kg/kWh according to Landesamt fiir Umwelt Brandenburg, 2018. This
results in the LSC balance rule in Equation 5.20.

procure out LSM2elec LSM2elec
4i,PVit + G cigrids T Qipatt T Z i mt *Nim
meM (5.20)

_ elec feedin elec2LSM
= Diclect + @G, apt + Gielgrid, T G, LM, ¢

The LSM can sell electricity to LSCs. This electricity can come from LSC
sales to the LSM but also from energy recovery of waste incineration. More-
over, the required electricity for sewage treatment must be provided by the
LSM. However, this only accounts if an investment decision is performed in
the LSM at a certain position. This results in the balance rule in Equation
5.21.

procure elec2LSM elec
dm, PVt T D elgrid,t + ALSCm,t + m,comb,t
qLSMQelec
elec _ 4,M;,l elec
+ 9m,CHPt — LSM2elec + Um,sewage,t
ieC v,m

(5.21)

Heat sector

The internal option for the LSCs to cover the heating demand is the installa-
tion of heat pumps. However, as heat can be recovered from waste treatment,
the analyses must consider district heating installations. The model applies
investment decisions in district heating systems. With district heating ca-
pacity installed, LSCs can procure recovered heat at pre-defined LSM prices
HLSM2heat LSM2heat

at distance-dependent efficiencies 7;",

. The procured heat is
limited by the installed capacity, as presented in Equation 5.22.
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5.1. Methods

4 TSnl\/?heat < qlnstalled (522)

This leads to the LSC heat balance rule in Equation 5.23.

heat LSM2heat LSM2heat heat
Z q; ;mt UA ;mt + qi,HP,t (523)

meM

LSM heat can be generated by energy recovery with waste incineration or bio-
gas CHP. Non-usable heat is considered exhaust heat, resulting in Equation
5.24.

qLSM2heat

heat 1,m,t

Qm,comb,t + qm CHPt LSM2heat + Gm,exhaustheat,t (524)
ieC liymyt

5.1.4. Case study

The LSM business models’ application and optmization framework are tested
in the municipality Breitenau am Steinfeld in Lower Austria (Gemeinde Bre-
itenau, 2023). The municipality consists of 1581 residents living in 730 house-
holds. Moreover, the case study considers public buildings. Table 5.1 presents
the aggregation of residents and public buildings by forming five LSCs. More
detailed information on scenario settings is presented in the Appendix.

For the elaboration of the research questions, the study establishes four dif-
ferent scenario settings in the municipality. The “Trading” scenario setting
considers sensitivity analyses on PV capacity in the LSCs with a special focus
on the impact on LSCs without their own PV installation possibility. Thus
the effect of trading over the local LSM market is analyzed. Scenario setting
“Circular economy” analyzes waste treatment portfolio optimization by con-
sidering waste incineration and anaerobic digestion as significant options. In
the “Greywater” scenario setting, investment decisions in separate greywater
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5. Capacity investment, local energy market and circular economy
establishment in local sustainable municipalities (LSM)

Table 5.1.: Municipality configuration

LSC Residents Households
1 372 163

2 453 230

3 417 200

4 339 137

5 (public) - -

systems and impact on costs and water household are assessed. Finally, sce-
nario setting “Policy and strategy” considers different municipality strategies
by monetarizing targets. Table 5.2 summarizes the scenario settings.

Moreover, KPIs are defined to compare community operations in different
scenario settings. These KPIs are summarized in Table 5.3. The non-local

LSM utilization parameter is defined in Equation 5.25, considering the ratio
feedin
elgrid>
multiplied with its heating value H gYaSte and externally sold gas ggqssale to sum

Maccruing
waste

of fed-in electricity ¢ exhaust heat Gezhaustheat; disposed waste mg;sp

of total electricity dej totq1 and heat demand Djeqe, accruing waste

and total generated gas g5, 4. The total electricity demand is set together

of pre-defined electricity demand D,;, electricity demand for heat pumps q?}E}S

and electricity demand for sewage treatment qglg;gage according to Equation

5.26.

feedi 5t
nonLocal qeelngég + Qezhaustheat + Hgvas - Mdisp 1 gassale (5 25)
g = - .
t accruing gas
del,total + Dhezzt + Hfévas . Dwaste + Qaste AD
elec elec
del,tatal = Del + qdap + QSewage (5'26)
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5.1. Methods

Table 5.2.: Scenario settings

Scenario setting

Description

SC1: Trading

Impact assessment of trading on
local markets

SC2: Circular economy

Waste treatment portfolio opti-
mization

SC3: Greywater

Profitability analysis on sepa-
rate greywater systems

SC4: Policy and strategy

Analysis on different policies
and strategies by monetarizing
objectives

Self-sufficiency policy

Strategy by modeling high elec-
tricity grid procurement costs

Low-emission policy

Modeling of high CO4 prices to
lower emissions

Local-efficiency policy

Keeping energy and resources in
the municipality loop by penal-
izing electricity grid feedin and
exhaust heat

2040 scenario

Scenario setting to give policy
recommendations: COs neutral
electricity mix and COg prices
of 350€/t
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5. Capacity investment, local energy market and circular economy

establishment in local sustainable municipalities (LSM)

Table 5.3.: Key performance indicators

KPI Unit Description

Investment costs € Total costs for tech-
nology investment

Operational costs € Total costs in the
LSM operation

Total costs € Total costs (= sum
of investment costs
and operational
costs)

Total CO9 emissions t Total emissions from
all LSC and LSM
processes

Electricity grid pur- kWh Total procurement

chase from electricity grid

Electricity grid feed- kWh Total electricity fed

ing into the grid

Exhaust heat kWh Non-usable heat
from energy recov-
ery

Non-local LSM uti- - Non-LSM use pa-

lization of energy rameter according

and resources to Euqgation 5.25

Electricity to LSM ~ kWh Total electricity sold
from LSCs to LSM
market

LSM to electricity kWh Total electricity pro-
cured by LSCs from
LSM market

100



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

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

[ 3ibliothek,
Your knowledge hub

5.2. Results

5.2. Results

This section summarizes the results of the scenario settings presented in Ta-
ble 5.2. Each scenario setting is represented by a chapter in this section,
beginning with the trading analyses in Section 5.2.1, followed by the circu-
lar economy results in Section 5.2.2 and results on greywater utilization in
Section 5.2.3. Section 5.2.4 concludes the result section.

5.2.1. LSM technology and market implementation

The results in this section present the impact of PV installation in the LSM
with and without the establishment of electricity trading on LSM market.
Resource utilization is implemented in the form of joint treatment, but recov-
ered energy procurement is exempted. Moreover, the results of a sensitivity
analysis in the same setup with no PV installation by LSC1 and LSC4 are
presented.

PV investment is executed to the maximum possible capacities at all LSM
positions, independent of trading implementation. Introduction of trading
has only a minor impact on the total costs, leading to a cost reduction of
0.25% from 1.568 M€ to 1.564 M€. Emissions decrease by 0.76 % to 650 t.
Electricity grid consumption decreases by 1.2% to 7833 MWh. Electricity
sale from consumers to the LSM market is conducted at 21.3 MWh per year,
while electricity procurement is only performed at 6.3 MWh per year. The
LSM uses the difference for the operation of the sewage treatment plant. The
impact changes in the sensitivity analysis with less PV. Without trading,
the total costs would increase by 8.4 % respectively 139 k€. Electricity grid
consumption rises by 651 MWh (24 %) and the total emissions increase by
136t (17.3%). Introduction of trading over the LSM market leads to a cost
decrease of 96 k€ (5.6 %), an emission reduction of 130t (16.5%) and a grid
consumption decrease of 62 MWh (22.5%). Figure 5.4 presents the total costs
for different PV and trading settings, showing a shift from operational costs
to investment costs with PV installation and a cost increase without LSM
market trading.
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= Operational costs in k€
B Total costs in k€

1600

1400
1200
1000
80
60
40
20 I
0

Trade Less PV Less PV trade
Scenario

Costs in k€
[ o o

o

Figure 5.4.: Comparison of total costs for the LSM setup (PV), trading implementation
(Trade) and the sensitivity analysis without trading (Less PV) and with trading
(Less PV trade)

Compared with the setting with maximum possible PV installation, the sale
of electricity via the LSM market increases by a factor 34 to 725 MWh while
LSM electricity procurement increases by a factor 112 to 701 MWh.

Figure 5.5 presents the sensitivity analysis trading allocation, where LSCs
without their own PV installation benefit from additional local market pro-
curement due to increased purchases from other LSCs. However, the figure
shows that LSCs without PV is not the highest profiteer from trading.
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Figure 5.5.: LSM trading flow allocation for sensitivity analysis

5.2.2. Circular economy in LSM

The setup in the previous section is extended to waste and sewage treatment
energy and water recovery implementation. The analyses focus on treatment
plant localization and treatment portfolio determination. For the compari-
son between different portfolios, the analyses consider a sensitivity analysis
on energy recovery from waste incineration. Moreover, the alternative treat-
ment option of waste anaerobic digestion is investigated as additional setting
adaption.

Energy recovery in the LSM has an impact on treatment facility localization.
Without energy recovery, the installation of treatment plants is conducted
at LSC3, as it is the position with the shortest transportation distance to
other locations. Sewage treatment plant localization has no impact on the
model outcome, whereas with enabled trading, sewage and waste treatment
plants are installed simultaneously. Moreover, trading changes the treatment
plant position from LSC3 to LSC4, as LSC4 has the lowest PV installation
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Table 5.4.: Waste incineration energy recovery sensitivity analysis

Setting Trade, no 20% re- 50% re- 90 % re-
recovery covery covery covery

Battery in 146 119 60 39

kWh

District 0 47 114 205

heat in kW

LSM  elec- 21.2 1.3 0.4 0

tricity sale

in MWh

Total emis- 650 600 532 447

sions in t

Total costs 1.56 1.47 1.42 1.37

in M€

potential compared to the electricity demand.

Different waste incineration energy recovery utilization yields technology in-
stallation differences. Table 5.4 presents the results of the performed sensi-

tivity analysis.

Battery installation decreases, replacing time-flexibility of battery storages
by waste storages. District heat installation increases to use a higher share
of recovered energy. Moreover, electricity sale by LSCs via the LSM market
is minimized. Emissions and total costs decrease with increasingly recovered
electricity and heat, leading to cost efficiency with recovered energy from

waste treatment.

Replacement of waste incineration by anaerobic digestion (“WasteAD”), and
joint consideration of both treatment options (“Portfolio”) have a direct im-
pact on total costs and emissions. Figures 5.6 and 5.7 show the comparison
between the technology installations, emissions and costs of different waste
treatment options; costs and emissions directly correlate in the setups.

Waste anaerobic digestion leads to a cost increase of 32 % and an emission
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Figure 5.6.: Circular economy waste treatment installation at different available waste
treatment options and goals
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Figure 5.7.: Circular economy costs and emissions at different available waste treatment
options and goals
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increase of 12.6 %. Portfolio analyses with competing technologies lead to
waste incineration plant installations only. High gas prices on its wholesale
market do not lead to additional investment in anaerobic digestion plants.
By setting biowaste treatment targets for biogas production (“Portfolio min-
Bio”), 27 % of the waste treatment facility capacities are anaerobic digestion
plants. 61 % are waste incineration capacities, while the remaining 12 % of
waste are reduced which leads to an efficient means of a circular economy.
However, such goals increase the costs by 13.6 % and the emissions by 5.6 %
due to increased electricity grid consumption. Exhaust heat and electricity
grid feedin are reduced with increased use of anaerobic digestion.

5.2.3. Greywater utilization

This section presents the analyses on separate greywater systems. The waste
portfolio optimization setup from Section 5.2.2 is extended to greywater in-
stallation options. Analyses with and without minimum greywater utilization
goals are performed. Such goals are necessary for greywater systems to be in-
stalled due to the high investment costs of separate systems and the efficient
usage of water recovered from sewage treatment. However, without sewage
treatment water recovery, greywater installation is done at 99 households in
the LSM. The same results emerge for minimum greywater utilization goals.
Water procurement from alternative options to pipeline purchase increases
from 27 % to 33 %. Required sewage treatment capacity decreases by 2m? to
7m3 compared with scenarios without greywater utilization. Moreover, waste
incineration capacity decreases by 105kW to 475 kW due to less sludge emer-
gence. This leads to a decrease of district heat installation by 7kW (6.9 %)
due to less recovered heat. Table 5.5 compares the results from SC3 (greywa-
ter utilization) to settings from SC1 (trading without energy recovery) and
SC2 (waste portfolio optimization).

Electricity grid consumption increases by 2% and total costs increase by
2.3% compared with the same setting without greywater goals. However,
fed-in electricity (0.3 %), exhaust heat (7.8%) and total emissions (1.7 %)
decrease. Compared to settings without energy or water recovery, greywater
utilization leads to an improvement in all presented KPIs.
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Table 5.5.: Setup comparison between casual LSM operation without energy recovery, waste
portfolio analysis with energy recovery and greywater utilization

Setting Trade, no re- Waste portfo- Greywater
covery lio utilization

Elec. grid pur- 2114 1609 1642

chase in MWh

Elec. grid 7806 8167 8142

feedin in MWh

Exhaust heat in 0 500 461

MWh

Total emissions 650 523 514

int

Total costs in 1.56 1.43 1.46

M€

5.2.4. LSM policy and strategy

In the final result section, different LSM policies and strategies are com-
pared. The setup considers all waste portfolio options. Results in this sec-
tion present the impact of different policies and strategies on the KPIs and
investments and investigates other impacts in terms of total costs, emissions,

self-sufficiency and local energy and resource utilization.

Policy impact

This section presents the impact of different LSM policies presented in Ta-
ble 5.2. Self-sufficiency and low-emission policies lead to similar results, as
the electricity grid is the strongest source of emissions in the LSM. Thus,
for policy comparisons, low-emission scenarios are considered. The 2040 pol-
icy investigations consider analyses on the same settings as in basic policies,
with only difference of zero-emission electricity mixes and high COq prices.
Furthermore, a scenario with a zero-emission waste anaerobic digestion and
recycling combination is considered in a different strategy. The impacts on
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investments are presented in Figures 5.8 and 5.9. The installed waste treat-
ment plant strongly depends on LSM policies and strategies. Without specific
targets, waste incineration is the installed waste treatment technology.

Low-emission strategies lead to increased incineration plant installations at
various LSC positions to avoid transport of waste. However, this leads to
increased overall waste incineration capacities of 73 %. Local utilization also
leads to additional waste incineration capacities of 47 % to treat waste when
the recovered energy is needed in the LSM. Anaerobic digestion is only uti-
lized in 2040 scenarios if it is possible to make the process emission-free
through additional recycling.

PV installation decreases from 5053 kWp by 70 % to 2161 kWp in the local
utilization scenario to avoid electricity feedin as much as possible. More-
over, the LSM installs additional PV capacity in the low-emission scenario
to prevent electricity grid consumption. Other scenarios consider the max-
imum possible PV installation at LSCs of 7214 kWp without separate LSM
PV generation. Battery investments increase by 88 % in low emission policies
and by 32 % in local-utilization policies. These two strategies thus lead to
the highest increases in battery investments. Strategies with zero-emission
anaerobic digestion lead to additional battery investment due to lower waste
treatment process efficiency. Heat pumps are the main source of heat in all
scenarios. However, installed district heat capacities vary depending on the
employed strategy. Additional waste incineration plant installation leads to
higher energy recovery and thus to increased district heat installation.

Figure 5.10 presents the impact of employed strategies on total costs and
emissions. Low emission policies lead to an emission decrease of 26 % and to
additional costs of 24 % owing to more required investment. Local utilization
strategies lead to sharply rising costs by 49 % but only slightly declining CO2
emissions by 6 %. The 2040 scenarios lead to cost decreases (6.7 %) due to
assumed lower electricity prices and emission decreases (64 %) due to zero-
emission electricity mixes. Low-emission strategies in 2040 are not impacted
due to low emissions in centralized generation technologies. However, a re-
duction in emissions of 96 % compared to standard policies can be achieved
by establishing zero-emission anaerobic digestion technologies. The disad-
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Figure 5.8.: Strategy and policy impact on waste and investments
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5.2. Results

vantage is an accompanying cost increase of 33 % compared to traditional

policies.
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Figure 5.10.: Strategy and policy impact on costs and emissions

Policy comparison

Finally, results in this section present a comparison of the proposed LSM
policies and strategies. Figure 5.11 shows the comparison based on total costs,
total emissions, electricity grid consumption and non-local utilization based
on percentage of impact compared to maximum impact. Grid consumption
represents the self-sufficiency of the LSM.

Only price drops can achieve cost reduction in centralized generation, with
the 2040 scenario being the only setup leading to lower costs. All policies
can achieve emission reduction, although the costs required for reduction
differ. Grid consumption is the lowest for low-emission scenarios, as the
electricity grid is the main source of emissions (except from 2040 scenarios).
The results show a similar local resource utilization for all strategies except
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Figure 5.11.: Policy impact comparison on self-sufficiency and local utilization as percentage
of maximum achievement

for those designed to reach this goal. Particular strategies lead to the highest
local utilization, with a parameter improvement of 50 %. However, costs and
emissions increase disproportionately to achieve the goal.

5.3. Discussion

This section discusses the synthesis of the significant results in Section 5.2,
beginning with a discussion on market scopes of the introduced LSM market
in Section 5.3.1. Building upon that, Section 5.3.2 discusses the impact of
implemented energy and circular economy business models regarding the UN
SDG (United Nations, 2022). Finally, section 5.3.3 provides a discussion of
different LSM goals and strategies.
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5.3. Discussion

5.3.1. Local market scopes

LSM markets emerge as superordinate markets to local markets in commu-
nities, such as LSCs. Results in Section 5.2.1 show a significant operation
on the LSM market. The provided platform for local trading can emerge
as a cost-reduction opportunity for participants by providing options to sell
their excess energy and procure energy from LSM technologies or other par-
ticipants. Furthermore, with LSM introduction, the municipal government
could emerge as a driver for community establishment. Results in Section
5.2.1 did not consider the utilization of resource treatment energy recovery,
leading to a high share of electricity sale of participants via the LSM market.
Thus, the LSM marketplace has similar functionality as a local market in
communities, with the difference being that the LSM has a high electricity
demand for processes such as sewage treatment. Excess electricity can thus
be used in a community where the majority of participants have a surplus of
PV electricity simultaneously.

Moreover, Figure 5.5 shows that the LSM market could be an opportunity
for consumers without PV installation options, as they can benefit from the
procurement of cheaper energy. Community building of people of the same
income classes and thus social exclusion can be prevented by a public market-
place. Even though directives of the EU on ECs demand non-discriminatory
access of consumers to local ECs, consumers might be deterred from insisting

on such laws 3.

The impact of electricity sale on the LSM market changes when energy recov-
ery utilization is implemented. Table 5.4 shows a decline in electricity sold
by LSM participants with an increasing share of used energy recovery from
resource treatment. Therefore, if a municipality can utilize high-capacity
energy generation technologies, the local market changes from providing an
option for electricity sale to provide cheap energy for participants. This leads

3(Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 De-
cember 2018 on the promotion of the use of energy from remewable sources, OJ L 328,
21.12.2018, p. 82-209 n.d.; Directive (EU) 2019/944 of the Furopean Parliament and of
the Council of 5 June 2019 on common rules for the internal market for electricity and
amending Directive 2012/27/EU, OJ L 158, 14.6.2019, p. 125-199. N.d.)
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to an inversion of the energy flows in the LSM. In such cases, the LSM is
more of a centralized energy provision approach implemented in decentral-
ized local markets. Thus, the LSM market has a different scope than local
markets on the community level leading to a distinct division of competen-
cies. Local markets in communities provide more of a socially encouraged
energy sharing for lower energy amounts, whereas LSM markets encourage
decentralization and energy recovery of resource treatment facilities. How-
ever, both markets implemented simultaneously can provide a large variety

of options for consumers to take part in local energy markets.

5.3.2. Sustainable LSM energy and resource utilization

LSM utilization became an opportunity for consumer engagement in sustain-
able operations. Sharing of renewable energy in the LSM can contribute to
sustainable operations, as presented by the results in Section 5.2.1. Results
in Section 5.2.2 show further opportunities for energy recovery utilization.
However, the impact is dependent on the utilized share of energy recovery
(Table 5.4) and the provided waste treatment options (Figures 5.6 and 5.7).
In a fully considered waste treatment portfolio, waste incineration is the
technology to be considered due to its higher efficiency compared to waste
anaerobic digestion. The environmental performance of both technologies
is the same, as the non-biodegradable share of waste leads to emissions in
both technologies due to alternative disposal in anaerobic digestion. With-
out energy recovery, the installation of treatment plants is undertaken at
the site with the shortest distance to other consumers. Trading implementa-
tion changes the site to the location with the highest excess energy. Energy
availability has a higher impact than transport distances. However, it is un-
realistic for each municipality to invest in its treatment facility. Therefore,
the investment should be seen as municipalities’ financial participation in a
multi-municipality treatment plant. Moreover, the required grid infrastruc-
ture for recovered electricity and heat distribution must be installed. Thus,
despite high waste treatment decentralization potential, implementation bar-
riers in supplementary infrastructure availability and high investment costs
might emerge.
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5.3. Discussion

Greywater utilization is not performed from a financial perspective. How-
ever, as water efficiency is increased, greywater can emerge as an opportu-
nity to prevent water scarcity. Therefore, greywater installation could gain
significance from an environmental perspective. Furthermore, technology in-
stallation is dependent on resource utilization. Table 5.4 shows decreasing
battery installation with rising energy recovery share. Waste storages replace
battery storages for time-flexibility in the energy system. Moreover, district
heat installation is crucial to use recovered heat from waste incineration.

From the perspective of the UN SDG (United Nations, 2022), LSM introduc-
tion is a direct contribution to SDG 11, sustainable cities and communities.
Moreover, contributions to SDG 7, affordable and clean energy, emerge by
providing clean energy over a local market. SDG 6, clean water and sanita-
tion, and SDG 12, responsible consumption and production, are addressed by
the implementation of the circular economy business model implementation.
All LSM actions can contribute to SDG 13, climate action, on the municipal
level.

5.3.3. Impact of LSM goals and policies

Results in Section 5.2.4 provide insight into LSM policy impacts. Figure 5.8
shows ineflicient waste incineration facility installation to reach specific mu-
nicipality goals by better-timed operation. Moreover, Figure 5.10 indicates
that LSM strategy employment always leads to cost increases. However,
emissions can be reduced by appropriate strategies. Figure 5.11 shows that
low-emission policies lead to high self-sufficiency in current setups owing to
emission-intensive electricity mixes. However, to reach emission reduction,
the accruing cost increase must be covered. The difference must either be
covered by municipalities or by governmental actions in the form of higher
COgy prices. Furthermore, Figure 5.11 shows that local utilization strategies
are inefficient, leading to high cost and emission increases. Therefore, such
strategies should not be pursued with it.

Future policies lead to emission decreases due to zero-emission electricity
grid procurement, as presented in Figure 5.10. However, the 2040 emission
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5. Capacity investment, local energy market and circular economy
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reduction policies only have a minor impact on the municipal level. Process
efficiency improvement, such as waste anaerobic digestion with alternative
treatment of non-biodegradable waste can provide opportunities for further
emission decrease. However, technology improvement leads to rising costs,
which municipalities must cover. In summary, municipalities must have clear
objectives. Moreover, municipalities must expect increasing costs to be cov-
ered when implementing strategies to achieve specific objectives.

Employed strategies can further be affected by the European legal framework
in the RED (European Commission, 2023a). According to the directive, en-
ergy from waste incineration should only count as renewable by preliminary
removing of fossil share of materials (umweltwirtschaft.com, 2022), as waste
is never incinerated without such share (Vahl, 2022). However, waste treat-
ment plant operators have concerns over energy security (Eijk, 2022). The
LSM analyses indicate significant contributions of waste incineration to total
emissions. These emissions are low compared to emissions from electricity
grid procurement, leading to higher total emissions in the short term by pro-
hibiting waste incineration. Moreover, in contrast to natural gas, waste is a
safely available resource for energy generation. However, future decarbonized
energy systems should consider alternative zero-emission waste treatment op-
tions, immediate omission of waste incineration plants could backfire in terms
of emission reduction and energy security. Therefore, until a phase-out of
fossil fuels in the electricity mix can be achieved, waste incineration could
emerge as a bridge technology.

5.4. Resumé

LSMs could provide a marketplace for the sale of municipality residents’
excess energy and for the procurement of recovered energy from waste treat-
ment. However, the local LSM market is similar to a centralized approach,
implemented in decentralized energy systems due to significant energy gener-
ation capacities from waste treatment. Therefore, the focus of trading should

be set on LSC operations with smaller scopes of communities.
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5.5. Nomenclature

The LSM market should be set up as a higher-level local market with the
provision of decentralized energy and resource treatment to LSM members
at predefined prices.

Planning of waste and sewage treatment facilities should be performed based
on energy availability rather than transport distances. Resource treatment
can be efficiently implemented in LSM business models, with waste incinera-
tion being the most efficient treatment option. It can provide a dispatchable
energy generation option of safely available resources and should thus not
be prohibited until the energy transition is further advanced. Anaerobic di-
gestion can emerge as a treatment option in low-emission scenarios when
emissions from non-biodegradable waste can be avoided in the process. How-
ever, the utilization of energy recovery requires efficient decentralization of
treatment facilities and the availability of grid infrastructure. Greywater sys-
tem installation is uneconomical but could become an option in addressing

water scarcity issues.

LSM low-emission policies can contribute to emission reductions but they
lead to increased costs. Local resource utilization policies are cost-efficient
and environmentally inefficient and should thus be avoided. However, munic-
ipalities must set clear energy and resource utilization goals when adopting
LSM business models and bear costs to reach municipal environmental goals.
As no specific local limitations or constraints in the municipality occurred,
the modeling approach can also be applied to municipalities with similar
scope.

5.5. Nomenclature

Sets

C LSCs index: i

J Sectors index: j

M LSM positions index: m
E External sources index: k
T Available technologies index: 1

T Total timesteps index: t
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Price LSM electricity procurement
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CO3 emissions

FEmission costs

Sludge to waste

Waste transported input

Waste transported output
Incinerated waste

Digested waste

Generated biogas

Externally disposed waste

Reduced waste

Installed greywater systems

Volume greywater systems

Pipeline procured water

Accruing sewage

Treated sewage

Recovered water

Transmitted sewage input
Transmitted sewage output
Electricity sold to LSM

Revenues electricity to LSM
Electricity procured from LSM
Costs electricity procurement from LSM
Efficiency LSM electricity procurement
PV generation input

Electricity grid procurement
Battery input

Battery output

Electricity heat pump

Heat generation heat pump
Electricity grid procurement

Waste combustion electricity
Electric efficiency waste combustion
Waste combustion heat

Thermal efficiency waste combustion
Emissions waste combustion

Usable energy recovery combustion

h

®Z

kWh

kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh

kWh

119



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

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

[ 3ibliothek,
Your knowledge hub
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establishment in local sustainable municipalities (LSM)
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Share biodegradable waste

Binary transport variable

Gas CHP electricity

Gas CHP heat

Electricity demand sewage treatment
LSM heat procurement

Efficiency LSM heat procurement
Exhaust heat

Sold gas at market

Total variable electricity demand
Non local energy and resource use

Table 5.6.: Model parameters and decision variables
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6. Sustainable Development Goals
indicator establishment and policy
impact on targets

This chapter extends the analyses on LSCs in Section 4 and LSMs in Section 5
to specific indications of the UN SDG. The chapter is based on methodology
and results in Maldet et al. (2023a). Therefore, it introduces a UN SDG
indicator system that is applied to the LSC in Waihofen/Ybbs and to the
LSM in Breitenau am Steinfeld.

The 17 UN SDG provide a roadmap for the global implementation of sus-
tainable development. The UN 2030 agenda further describes communities
and local authorities as significant actors in implementing sustainable devel-
opment (United Nations, 2023b). Therefore, this work focuses on the appli-
cation of UN SDG indicators in communities and municipalities, intending
to provide policy incentives for local sustainable development. The UN SDG
consist of goals that depend on social setups but also of plans that sustainable
operations and technology introduction can achieve. This work focuses on the
six energy and resource-related SDG and their interaction with community

and municipality operations and investments.

The UN 2030 agenda includes 169 potential actions for SDG contribution.
Furthermore, much research focuses on SDG contribution and implementa-
tion. However, the majority proposes large sets of indicators and possible
actions, leading to high complexity in the application. Therefore, this work
introduces an easily applicable indicator system for the energy- and resource-
related SDGs. Each SDG is represented by one percentual value to make
the indicators simple and comparable. The SDG indicator definition is per-
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

formed based on a literature review of currently existing indicators. These
are analyzed and adapted for a simple application in communities and munic-
ipalities. The developed indicators are applied to an existing community and
municipality in Austria by developing an optimization model. These analyses
focus on the interaction between community and municipality technology in-
vestment and SDG contribution. Moreover, the studies include SDG impact
assessments of different policy actions. Finally, the applicability and policy
impacts of the proposed SDG indicators for communities and municipalities
are compared. Figure 6.1 presents the workflow in the paper.

S0G classification source 2

SDG classification source n
SDG classification source 1

r
-
\

Comparison

Definition of a new
SDG classificaiton
system for
communities and
municipalities

Application in
municipality

Application in
community

Analysis on
implementation and
applicability

Figure 6.1.: SDG indicator establishment and community /municipality application

The core objectives of the analyses are to define an easily applicable SDG
indicator system that provides incentives for technology investments and sus-
tainable operations and to determine policy implications based on the indica-
tors that can further promote sustainable development. The proposed SDG
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6.1. Methods

indicator system and different policy actions are applied in the community
presented in Section 4 and the municipality presented in Section 5.

Section 6.1 introduces the method for defining the proposed UN SDG in-
dicator system and the indicator application in case studies. Furthermore,
Section 6.2 presents the community and municipality analyses of the indica-
tor applications. Section 6.3 discusses the introduction of the indicators and
the impact of UN SDG incentive schemes. Finally, Section 6.4 concludes the
chapter with a resumé of the significant outcomes.

6.1. Methods

This section provides an overview of existing SDG indicator systems and
proposes a new SDG indicator system applicable to communities and mu-
nicipalities in Section 6.1.1. Furthermore, Section 6.1.2 presents the method
that is applied in community and municipality case studies.

6.1.1. Introduction of an UN SDG indicator system

Communal sustainable development analyses have in common that they focus
on SDG contribution. However, no clear indicators or targets are defined.
Therefore, this section focuses on SDG quantification. The primary focus is
set on energy- and resource-related SDGs. This Section extends the analyzed
UN SDG indicators in Section 2.3.3.

Tables 6.1 and 6.2 present an overview of the energy- and resource-related
SDG indicators that are proposed by the United Nations (2023b), ISO (2018),
OECD Council (2017) and Jossin and Peters (2022). In the comparison,
identified relevant indicators in the proposed systems are considered.
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Table 6.1.: Comparison of different proposed sustainable development indicators, SDG 1, 6 and 7

SDG

UN indicators

ISO 37120

OECD

Jossin and Peters

1: No poverty

Proportion of popu-
lation below poverty
level

Percentage of pop-
ulation living in

poverty

Poverty rate

Gini coeflicient

6: Clean water and

Degree of integrated

Percentage of popu-

Share of population

Drinking water

sanitation water resources lation with potable without wastewater consumption, per-
management, pro- water supply and collection centage of treated
portion of wastewa- wastewater treat- wastewater
ter flows ment

7: Affordable and Renewable energy Percentage of energy Renewable electric- Renewable energy

clean energy

share in final energy
consumption

derived from renew-
able sources

ity share in electric-
ity generation

in energy consump-
tion, municipal
investment in devel-
opment
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Table 6.2.: Comparison of different proposed sustainable development indicators, SDG 11, 12 and 13

SDG UN indicators ISO 37120 OECD Jossin and Peters
11: Sustainable Proportion of solid ISO 37120 is estab- Municipal waste Combination of mul-
cities and communi- waste managed lished for sustain- generated tiple categories in-

ties

able city and com-
munity indication

cluding energy and

12: Responsible con-
sumption and pro-
duction

National recycling
rate, installed re-
newable energy
generation capaci-
ties

Number of recycled
waste, reduced
waste or landfilled
waste

Recycling rate of
municipal waste

resources
Drinking water
consumption, en-

ergy consumption,
waste  generation,
recycling rate

13: Climate action

Total GHG emis-
sions per year

Total GHG emis-
sions per capita

Production  based
CO9 emissions

CO, emissions in
private  household
and municipal facil-
ities

spoyN 19
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

The proposed indicator systems in Tables 6.1 and 6.2 show differences in par-
ticular SDG targets. SDG11 can be widely interpreted, which can be seen
as the sources considered waste management and multiple other energy- and
resource-related indicators. SDG12 is also not strictly limited to waste by all
sources. Moreover, different indicators for the different SDGs are not com-
parable to each other, making an overall comparable indicator system hardly
applicable. Therefore, this paper proposes an adaptation of the proposed in-
dicators in Tables 6.1 and 6.2 to a newly-defined SDG indicator system. The
indicator system is designed to be applicable in sustainable communities and
cities, especially for application in Austria. However, different indicators for
both communities and municipalities are implemented because of their differ-
ent scopes. Furthermore, to make the indicators comparable, each indicator
is defined as a percentual value. A higher value indicates better contribution
to a particular SDG. The goal is to implement an easily applicable SDG indi-
cator system that reflects sustainable development contribution and provides
appropriate incentives.

SDG1 (no poverty) noPovertysci iy equally indicated in communities and
municipalities. It is defined as the cost reduction that can be achieved by
sustainable technology implementation. For providing an SDG1 indicator,

ot compared with Business as usual (BaU) costs

total cost improvement c
ctotBal - for the same community or municipality without sustainable tech-
nology installation are considered. This benchmark is required to provide a

percentual value for the indicator. The target is described in Equation 6.1.

tot,BaU __ ctot
(6.1)
ctot,BaU

inopovertySDG1 _ ¢

SDG6 (clean water and sanitation) éleanwatersncs jg indicated differently in

communities and municipalities. Communities (see Equation 6.2) consider

reduced

i@ and reused water in the form of greywater

the amount of reduced v

greywater

waier.com 11 Telation to the total water demand Dyater,com-
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6.1. Methods

reduced + greywater
-.cleanwaterspag __ _water,com water,com (6 2)
com - .

Dwater,com

The SDG6 indicator for municipalities i¢¢2nwatersncs extends the enumerator

recovered

water,mun’ which can be used for
I

to recovered water from sewage treatment v
water demand coverage. Equation 6.3 presents the indicator.

reduced + vgreywater + precovered
-.cleanwaterspgg __ _water,mun water,mun water,mun (6 3)

mun

Dwater,mun

The SDG7 (clean and affordable energy) indicator is also implemented differ-
ently in communities and municipalities. The indicator §¢2nener8ysnGr con-

siders the share of renewable energy procurement gg:,,,, in relation to the
tot

elcom- Energy procurement includes PV genera-

total energy procurement ¢

tion quom, electricity grid procurement q:}’gcr;gl,

dhgrid
heat,com*
grid procurement, the percentage of renewable energy in the electricity

heat pump heat generation

q,}}e};u com and district heat procurement ¢ For the renewable share of

ren

elgrid
: ren : sl : feedin
and heat mix Fdhg”d are considered. Moreover, electricity feed-in el com 18

subtracted in the enumerator to consider efficient energy utilization and to
facilitate the local use of renewable energy. Equations 6.4 to 6.6 present the

indicator for communities.

ren _ PV ren elgrid HP
qen,com - qel,com + elgrid * qel,com + qheat,com (6 4)
4 pren . dhgrid ~ feedin ’
dhgrid qheat,com el,com
tot _ PV elgrid HP dhgrid
qen,com - qel,com + qel,com + qheat,com + qheat,com (65)
qren
-cleanenergyspay __ 1en,com
Leom — tot (66)
9en,com
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

Municipal SDG7 indicators i¢icaneneraysnar additionally consider recovered
s g wastecomb wastecomb SN :

electricity el mun el-mun from waste incineration (see Equa-

tions 6.7 to 6.9). However, in the enumerator, only the biogenic share of

biogene
waste F,, o0

and heat ¢

exhaust

is counted as renewable. Furthermore, exhaust heat ¢;% ">

is considered in the enumerator to efficiently utilize locally generated heat in

municipalities.

ren _ PV ren elgrid HP
en,mun = 9el,mun + Felgrid “el mun + Qheat,mun

+ Fcli"en dhgrid qfeedin (67)

hgrid qheat,mun el,mun

biogene wastecomb wastecomb exhaust
+ Fwaste ’ (qel,mun + qheat,mun ) - qheat,mun

tot _ PV elgrid HP dhgrid
qen,mun - qel,mun + qel,mun + qheat,mun + qheat,mun (6 8)
+ wastecomb + wastecomb ’
Qel,mun qheat,mun
ren
-cleanenergyspar __ Qen,mun 6.9
Ymun ~ _tot ( . )
Aen,mun

SDG11 is not represented by a single indicator, but rather considers a com-
bination of all other energy- and resource-related indicators. The concept of
communities and municipalities applying an SDG indicator system is auto-
matically a contribution to SDG11. Each indicator is weighted by its con-
tributions, compared to the overall contribution (see Equation 6.10). All
weighted indicator contributions sum up to 100 %, as presented in Equation
6.11.

;SDG k
SDGk M ras Yk €SDG (6.10)
>ieSDGs bold

Y new = 100% (6.11)
keSDG
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6.1. Methods

SDG12 is indicated equally in communities and municipalities by §¢0rsProdspaia

The indicator considers the ratio of reduced and recycled waste to the total
accruing waste, as presented in Equation 6.12.

recycled 4 reduced
-consprodspgi2 — waste waste (6 12)

t Mtotal

waste

Finally, the SDG13 indicator j¢limateactionSDG13 ¢4pgiders the emissions em!°t

tot,BaU

compared with the BaU scenario emissions em of the community or

municipality, similar to SDG1 (see Equation 6.13).

tot,BaU __ tot

em (6.13)
emtot,BaU

iclimateactionSDGw _ em

The paper considers the proposed indicators for further analyses and discus-
sions. Table 6.3 summarizes the developed SDG indicators.

6.1.2. Case studies, materials and methods

The method is applied in the case studies for the community and munici-
pality. The case study parameters are summarized in the Appendix. Both,
communities and municipalities, are analyzed by optimization models, rep-
resenting the energy- and resource-related operations and investments in the
systems. Therefore, the optimization modeling framework “Resource Utiliza-
tion in Sector Coupling” (RUTIS) (Maldet, 2022) is extended to particular
SDG target achievement functionalities. A validation of the model is also pre-
sented in Maldet et al., 2022b. The model implements a cost minimization,
represented in Equation 6.14.

tot) Cprocurement 4 Coperatlonal 4

min(z) = min(c*") = min( cnvest) (6.14)

129



6. Sustainable Development Goals indicator establishment and policy impact
on targets

Table 6.3.: Proposed SDG contribution indicators for communities and municipalities

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

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

[ 3ibliothek,
Your knowledge hub

SDG

Community indica-
tor

Municipality indi-
cator

1: No poverty

Community cost re-
duction compared to
BaU in % (Equation
6.1)

Municipality cost re-
duction compared to
BaU in % (Equation
6.1)

6: Clean water and
sanitation

Percentage of reduced
water and reused grey-
water in relation to
community water de-
mand (Equation 6.2)

Percentage of reduced
water, reused greywa-
ter and recovered wa-
ter from sewage treat-
ment in relation to
municipality water de-
mand (Equation 6.3)

T Affordable and
clean energy

Community share of
renewable energy gen-
eration, excluding fed-
in energy, in % (Equa-
tion 6.6)

Municipality share of
renewable energy gen-
eration, including the
biogenic share of waste
incineration and ex-
cluding fed-in energy,
in % (Equation 6.9)

11: Sustainable cities
and communities

Combination impact
of other SDGs in
communities

Combination impact
of other SDGs in
municipalities

12: Responsible con-
sumption and produc-
tion

Community share of
reduced and recycled
waste to accruing
waste (Equation 6.12)

Municipality share of
reduced and recycled
waste to accruing
waste (Equation 6.12)

13: Climate action

Community emission
reduction compared to
BaU in % (Equation
6.13)

Municipality emission
reduction compared to
BaU in % (Equation
6.13)
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6.1. Methods

Cprocurement

Procurement costs represent the costs for external energy or re-

operational yepregent costs for tech-

source procurement and operational costs ¢
nology operation. Both are multiplied by the amount of procured or operated
energy and resources. Investment costs ¢™°' are considered with annuities
ay, multiplied by the installed technology capacity x;, whereas the capacity
is determined by the optimization. Annuities consider the weighted average
cost of capital WACC and the amortization period of the technologies NN,

Equations 6.15 and 6.16 present the model implementation.

(1+wAce)NM-wACC

AT WACON —1 vieT (6.15)

o] =

c}nvest =2 ClinveSt VieT (616)

Basic model constraints include conversion relations, technology limitation,
balance rules for all sectors and storage equations. Detailed RUTIS model
constraint equations are presented in Maldet et al., 2022b.

The case study applies three different policy paths, where various policy
actions are applied in the community and municipality. All three policies
aim to improve sustainable development and contribution to the UN SDG,
whereas the particular policy actions differ depending on the path. Figure
6.2 presents the workflow of the policy paths.

Path 1 represents strict target setting, where particular SDG contribution
targets must be strictly achieved by technology installation and sustainable
behaviour. Analyses in Path 1 include sensitivity analyses on SDG target
achievements, whereas changes in technology portfolios and total costs are
examined. Sensitivity analysis for a simultaneous increase in all SDG targets
leads to different limits for different SDGs. Thus, if an SDG target is at its
limit, the goal is set to the maximum possible value for the following sensitiv-
ity values. The SDG targets are implemented as additional model constraints.
The dual variables of the constraints are extracted to analyze the impact and
costs of the limitations, particularly target achievement. The constraints are
derived from the indicator system presented in Table 6.3. However, it must
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Figure 6.2.: Case study policy paths
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6.1. Methods

be considered that SDG6 and SDGT indicators are implemented differently
in communities and municipalities. Equations 6.17 to 6.22 present the model
constraint implementation. T'G describes a predefined SDG target and A
represents the dual variables. Terms for water or waste reduction are not
implemented in all analyses and can be considered additional sensitivities.

redtuced + ,Ugretywater
water,com water,com cleanwaterspae . )cleanwaterspae
> TGl ; zclea (6.17)

D water,com

t
,Ureduced + vgreywa er + ,Urecovered

water,mun water,mun water,mun > TGCleanwaterSDGG X )\CleanwatGTSDGe.
Dowat = mun * Nmun
water,mun
(6.18)
qren
en,com
toé > ngloié%nenergywm . Ag})ﬁnenergywm (6.19)
en,com
qren
en,mun cleanenergyspar . ycleanenergyspar
qtot Z TGmun . )\mun (620)
en,mun
recycled + reduced
wasteMtOtal waste > TGCOHSPTOdSDGlz . /\consprodSDG12 (621)
waste
tot,BaU __ tot
em em > TGclimateactionSDG13 . )\ClimateaCtiOHSDGB (622)
tot,BaU — :
em-"-"

The policy actions in Path 2 use the dual variables to create penalties for
actions leading to lower SDG targets. Moreover, technologies that are in-
stalled to avoid penalties can be identified in Path 2. Path 3 considers policy
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

actions in the form of investment subsidies for the recognized technologies.
Additional costs in both paths, namely, penalty costs for consumers in Path
2 and subsidy costs for the funding agency in Path 3, are considered within
the system boundaries, as subsidies are paid by consumers’ taxes. Therefore,
for the evaluation, penalties and subsidies are considered cost loads for the
consumers. Finally, the aim of the analyses is to compare the three paths in
the community and municipality setups.

6.2. Indicator application results

This section shows the application and results of the proposed indicators in
communities (Section 6.2.1) and municipalities (Section 6.2.2). It presents
investigation setups and results of the analyses in regard with the case study

method, that was presented in Section 6.1.2.

6.2.1. Community analyses

The community analyses in this Section present the investigation setup, the
results of the studies for target setting (Path 1) and the results for incentive
schemes (Path 2 and 3). Additional results of the analyses are presented in
the Appendix.

Community investigation setup

The SC GeWoZu (Verein GeWoZu, 2020), consisting of 12 households, is
considered for the community analyses. Consumers in the community are
aggregated. Figure 6.3 presents the investigation setup in the community.

The model performs investment decisions in PV and batteries in the elec-
tricity sector. Excess electricity can be fed into the grid and the remaining
demand is covered by electricity grid procurement. The heat sector considers
investment decisions in heat pumps and district heat connections, whereas
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Figure 6.3.: Case study setup for community analyses

heat can be procured from an external heat source. Potable water is usually

procured from pipelines. However, investment decisions in separate greywa-

ter systems and sensitivities for water reduction are additionally considered

for the water sector. The waste sector includes competition between waste

disposal and recycling, which are implemented with different costs. Similar

to the water sector, waste reduction is considered as sensitivity.
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

Politically driven goal achievement in communities

This section presents the results of the analyses for SDG target policy ac-
tions (Path 1). First, single SDG contribution target sensitivity analyses are
presented, followed by a complete sensitivity analysis on all SDGs.

Without constraints, the total costs can be reduced by 21 % compared to
the business-as-usual (BaU) setup because of the financial benefits due to
clean technology installation. SDG6 (clean water and sanitation) and SDG12
(responsible consumption and production) are not targeted, whereas SDG7
(clean and affordable energy) and SDG13 (climate action) reach 73 % and
42 %, respectively. Thus, even without particular policy actions, clean tech-
nology installation leads to increased SDGT7 contributions and to total cost
reductions. Figure 6.4 presents the target achievement for the energy- and
resource-related SDGs without target achievement constraints. Additionally,
it shows the contribution of SDG11 (sustainable cities and communities).

No Povertyspgi: 15%
Clean Waterspgs: 0%
Clean Energyspez: 54%
Cons Prodspgiz: 0%
Climate Actionspgi3: 31%

o
=]

o
=)

SDG Contribution in %
~ w B w
) =] =3 S

=
=}

No Poverty SDG1  Clean Water SDG6 Clean Energy SDGT  ConsProd SDG12 Climate Action SDG13

Figure 6.4.: Community contribution to SDGs (left) and share of single SDG contributions
to SDG11 (sustainable cities and communities) (right)

Figure 6.5 presents the impact of the sensitivity analysis of SDG6 on the total
costs (represented with SDG1) and on the dual variables of SDG6, comparing
a conventional setup without options for water reductions and the additional
consideration of such.
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6.2. Indicator application results
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Figure 6.5.: SDG1 - no poverty (top) and the dual variable of SDG6 (clean water and
sanitatio)n in dependency of SDG6 contribution targets in the community

A community can only achieve clean water and sanitation (SDG6) improve-
ment by installing greywater systems. However, as the share of greywater
in sewage is limited, SDG6 has its limit at 40 %. The high costs for target
achievement can be seen in SDG1 decreases and the dual variables. Water
reduction of 20% leads to a linear shift of the limit and dual variable and
to lower costs at higher targets. SDG7 (clean and affordable energy) targets
can be achieved by favouring heat pump installation to district heat connec-
tion, as presented in Figure 6.6. Contributions up to 90 % can be achieved.
Moreover, batteries are installed to promote local renewable energy use and
to prevent electricity grid feed-in. The dual variables define the costs for
additional target achievement. They are low compared to SDG 6. How-
ever, target increase from 85 % to 90 % leads to a sharp increase in the dual
variables.

Figure 6.7 presents the sensitivity analysis of SDG12 (responsible consump-
tion and production), where additional recycling leads to higher costs. The

increase can be lowered by promoting waste reduction.

Finally, Figure 6.8 shows a direct correlation between SDG7 and SDG13 (cli-
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6.2. Indicator application results
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Figure 6.8.: Correlation between SDG13 (climate action) and SDG7 (clean and affordable
energy) in communities

mate action). However, at SDG13 contribution targets over 60 %, only SDG7
slightly increases as resource-related operations such as greywater installa-
tion and waste recycling are increasingly implemented, which do not directly
contribute to SDG7.

The simultaneous sensitivity analysis results show that different SDG targets
become active at different limits. According to the Karush-Kuhn-Tucker
(KKT) conditions, a constraint and an SDG target become active if the re-
spective dual variables are not equal to zero. SDG6 and SDG12 are the first
active constraints at 5%, followed by SDG13 at 50 %. Owing the correla-
tion with SDG13, SDGT is the last functional constraint at 90 %. Limits
are similar to the single-goal sensitivity analyses, with SDG6 limit at 40 %,
SDG13 at 70 %, and SDG7 at 90%. As no limit for waste recycling was
assumed, the constraint is not limited in target setting. Detailed results of
the simultaneous sensitivity analysis are presented in the Appendix.
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

Politically driven incentive schemes in communities

This section presents the results of the incentive schemes in the form of
penalties (Path 2) and investment subsidies (Path 3). Detailed results on
Path 2 and Path 3 analyses are presented in the Appendix. Incentive schemes
in Paths 2 and 3 both lead to the same SDG contributions as predefined
targets in Path 1. However, the incentive schemes differ in their impact on
the total costs and in cost-requirement for penalizing or providing incentives.
Table 6.4 presents a comparison between different incentive schemes.

SDG6 improvement leads to the highest incentive costs. Greywater instal-
lation requires 20 % of incentive costs of sewage disposal penalties. The
relations differ in SDG7, where penalties for district heat procurement lead
to lower incentive costs than heat pump investment subsidies. SDG12 incen-
tives are independent of the implementation. Waste disposal penalties au-
tomatically prevent disposal, leading to higher costs for consumers. SDG13
improvement requires comparably high costs. Considering a combination
of incentive schemes leads to higher incentive costs for penalties compared
with investment subsidies. However, a combination of both, penalties and
subsidies, leads to the lowest incentive costs.

6.2.2. Municipality analyses

This section presents the municipality setup, the SDG target setting of the
municipality and incentive schemes for the municipality.

Municipality investigation setup

The analyses are performed in the municipality Breitenau am Steinfeld (Ge-
meinde Breitenau, 2023), Lower Austria, consisting of 730 households that
are aggregated. Figure 6.9 presents the technologies and operations consid-
ered in the municipality. Compared to the community, municipal analyses
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6.2. Indicator application results

munity costs and cost increases in the community

Policy Incentive Incentive Total com- Cost in-

costs in € munity crease in
costsin€ %

No incen- - 0 18723 0

tives

Sewage 10.9€/m3 10064 20701 10.57

disposal

penalty

Greywater 400€/1 2020 20464 9.30

incentive

District 0.038€/kWh 194 18979 1.37

heat  pro-

curement

penalty

Heat pump 400€/kW 506 18875 0.81

subsidies

Waste 0.15€/kg 0 20895 11.60

disposal

penalties

Waste recy- 0.15€/kg 2228 20895 11.60

cling subsi-

dies

CO; price 1.17€/kgco, 8001 20413 9.02

COq price 0.07€/kgroy 697 18771 0.26

Combination - 10650 23184 23.83

penalties

Combination - 5311 23811 27.17

subsidies

Combination - 3011 23161 23.70

half  subsi-

dies, half

penalties

Table 6.4.: Comparison of policy paths 2 and 3 regarding incentive cost volume, total com-
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Figure 6.9.: Case study setup for municipality analyses

additionally consider recovered water from sewage treatment and recovered

electricity and heat from waste incineration.

The analyses are similar to community analyses, with a significant difference
in technology potential and demand scope. Another important change com-
pared with the community is that investment decisions in sewage treatment
plants and waste incineration plants are performed instead of resource dis-
posal. Recovered water from sewage treatment and recovered electricity and
heat from waste incineration can be used within the municipality and can

contribute to SDG target achievement.
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6.2. Indicator application results

Politically driven goal achievement in municipalities

This section presents the results of the SDG contribution target sensitivity
analyses (Path 1) for the municipality. Detailed results of the simultaneous
SDG sensitivity analyses are presented in the Appendix.

Figure 6.10 shows that unlike for the municipality, SDG6 contribution is
at 48 % without constraints due to recovered water from sewage treatment.
SDG7 is at 54 %, SDG13 is at 71% and SDGI12 is not targeted without
constraints. High cost reductions can be achieved by utilizing recovered elec-
tricity and heat from waste incineration. However, the non-biogenic share
of waste limits SDGT7 target achievement, as in the municipal SDG7 indica-
tor denominator, the total share of recovered energy from waste incineration
(biogenic and non-biogenic) is considered.
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Hmm Clean Waterspes: 23%
B Clean Energyspcy: 26%
B Cons Prodsnguz 0%

Bl Climate Actionspgia: 34%
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Figure 6.10.: Municipality contribution to SDGs (left) and share of single SDG contribu-
tions to SDG11 (sustainable cities and communities) (right)

Figure 6.11 presents the sensitivity analysis for SDG6 (clean water and san-
itation) in the municipality.
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Figure 6.11.: SDG1 - no poverty (top) and the dual variable of SDG6 (clean water and
sanitation) in dependency of SDG6 contribution targets in the municipality

The limit for SDG6 is at 70% and can be improved to 90 % with addi-
tional water reduction. The dual variables increase to a constant value when
greywater is needed at targets of 20% and an almost linear cost increase
emerges with additional greywater requirements. Similar to the community,
heat pump installation increases with higher goals for SDG7 (clean and af-
fordable energy) and batteries are installed for higher local clean energy use.
Moreover, PV installation decreases at higher target settings to prevent elec-
tricity feed-in, as owing to waste incineration energy recovery, an already high
amount of excess electricity exists in the municipality. Figure 6.12 presents
the SDG7 sensitivity analysis.

Figure 6.13 presents the sensitivity analysis on SDG12 (responsible consump-
tion and production), where similar increasing costs with increasing waste
recycling can be examined. SDGI13 (climate action) and SDGT7 correlate
linearly, as presented in Figure 6.14. Unlike in communities, no saturation
emerges. The KKT constraints can identify active SDG constraints in the
municipality. Similar to the community, SDG12 becomes active at 5% and
SDG6 becomes active at 50 % because of the implemented sewage treatment
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Figure 6.12.: Municipality heat technology installation (top) and the dual variable (bottom)
of SDG7 (clean and affordable energy) in dependency of SDG7 contribution
targets

water recovery. SDG7 becomes active at 60 %, followed by SDG13 at 85 %.
SDG6 reaches the limit at 70 %; SDG13 at 90 %; and SDGT7 at 95%. SDG12
is not limited because of the assumption of unlimited recycling programs.

Politically driven incentive schemes in municipalities

This section presents the results of municipal incentive schemes, whereas de-
tailed analyses are presented in the Appendix. Similar to the community
analyses, both incentive schemes lead to the same results as SDG target poli-
cies. Table 6.5 presents the applied incentive schemes in the municipality.
For single SDG investment schemes, penalties and subsidies have a similar
relation as in communities. However, for multiple SDG incentives, the allo-
cation changes, as subsidies lead to higher incentive costs than penalties. As
in the previous analysis of communities, combining both incentive schemes
results in the lowest costs.
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Figure 6.13.: Municipality sensitivity analysis for SDG12 (responsible consumption and
production) with and without waste reduction
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Figure 6.14.: Correlation between SDG13 (climate action) and SDG7 (clean and affordable
energy) in municipalities
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6.2. Indicator application results

munity costs and cost increases in the municipality

Policy Incentive Incentive Total com- Cost in-

costs in k€ munity crease in
costs in k€ %

No incen- - 0 1047 0

tives

Sewage 6.92€/m? 244 1169 11.60

treatment

penalty

Greywater 400€/1 134 1169 11.64

incentive

District 0.06€/kWh 28 1084 3.50

heat  pro-

curement

penalty

Heat pump 400€/kW 126 1068 1.98

subsidies

Waste 0.37€/kg 0 1592 52.00

disposal

penalties

Waste recy- 0.37€/kg 554 1592 52.00

cling subsi-

dies

CO; price 31€/kgros 594 1476 40.97

COg price 0.1€/kgroy 55 1054 0.65

Combination - 294 1645 57.10

penalties

Combination - 715 1668 59.30

subsidies

Combination - 154 1600 52.70

half  subsi-

dies, half

penalties

Table 6.5.: Comparison of policy paths 2 and 3 regarding incentive cost volume, total com-
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

6.3. Discussion

This section discusses the significant outcomes of the case study analyses.
Section 6.3.1 provides a discussion on the applicability and scope of the pro-
posed indicator system. Section 6.3.2 compares different SDG policy paths
and the proposed incentive schemes.

6.3.1. Application of the proposed UN SDG classification system

The results in Sections 6.2.1 and 6.2.2 showed that the application of the SDG
indicator system differs between particular SDG to be achieved. Efficient op-
eration and technology installation can influence energy- and resource-related
SDGs. However, policymakers must incentivize communities and municipal-
ities to invest in sustainable development. SDG1 (no poverty) and SDG13
(climate action) require comparison setups. In the proposed method, BaU
configurations were provided as benchmarks. However, for long-term ap-
plicability, it might be more efficient to give community and municipality
benchmarks with broader applicability. This can include comparison with
communities and municipalities of similar scope, particularly providing an

efficiency standard for communities and municipalities as BaU.

The proposed SDG indicators differ slightly between communities and mu-
nicipalities, leading to more sustainable operations in both. The application
of SDGT (clean and affordable energy) targets automatically leads to SDG13
improvement in both, as presented in Figures 6.8 and 6.14. However, the
results showed different implementations and achievable goals in both config-
urations, as communities and municipalities differ in scope. Communities can
improve SDG6 (clean water and sanitation) by greywater system installation.
These are not cost-efficient, and would only be installed with the application
of SDG6 targets. SDG7 can be improved in communities by decarbonizing
heat generation. Municipality analyses introduce water recovery as a direct
contribution to SDG6, and waste energy recovery, which SDGT7 assessed. The
introduction of waste energy recovery leads to a simultaneous improvement
and limitation in SDG7 contribution. Recovered water only improves SDG6
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6.3. Discussion

and has no counter-effect. Furthermore, Figures 6.5, 6.7, 6.11 and 6.13 show
that both, the community and municipality should apply waste and water
reduction. This can increase SDG6 and SDG12 (responsible consumption
and production) improvement while keeping SDG1 at a higher level.

The application of the proposed indicators requires critical implementation
assessment. Figure 6.12 shows that SDG target setting could also affect sus-
tainable technology installation, as PV installation is decreased with higher
SDGT targets in the municipality. Therefore, a critical assessment of the SDG
indicator applicability in specific setups might be necessary to avoid counter-
effects. This assessment is the responsibility of municipal governments and
policymakers, who establish the SDG indicator system. Municipality actions
can include cooperation with large electricity consumers or flexibilities that
can use the excess electricity. Policy actions can establish an indicator adap-
tation for the proposed system, where fed-in electricity is not counted or
less counted for the indicator. However, a general indicator adaptation is
not purposeful, as the impact might be completely different in other con-
figurations with less excess electricity. Therefore, if an indicator adaptation
for the municipality is desired, justification must be made by the municipal

government.

6.3.2. Comparison of policy paths

The method established three different SDG policy paths for the improve-
ment of sustainable development in the community and municipality. The
proposed SDG policy paths introduced in Figure 6.2 all lead to desired SDG
contribution targets, whereas the implementation of the paths differs in their
applied policy actions. In terms of goal achievement, all three paths lead to
the desired SDG goals, but they differ significantly in costs incurred for target
achievement. Proposing strict SDG targets in Path 1 increases costs, espe-
cially for greywater installation. Therefore, the SDG1 indicator is mandatory
for policymakers to have an overview of community or municipality costs.
Moreover, the dual variables of the constraints in Path 1, representing the
SDG targets, are an efficient means to determine costs for SDG achievement.
They can give an insight until which goals the costs do not increase dispro-
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6. Sustainable Development Goals indicator establishment and policy impact
on targets

portionally high, as it can be seen in Figure 6.8. These dual variables can
therefore help in defining penalties for policy Path 2 as they represent the
costs for higher SDG target achievements. The results showed that when the
operation that lowers the SDG contribution can be identified, dual variables
as penalties lead to the desired goal achievement. However, penalties lead
to a direct cost increase for consumers in the community or municipality as
these penalties must be directly paid by the consumers. Path 3 can provide
an alternative, as funding agencies can support communities and municipali-
ties in higher goal achievement through technology investment subsidies. The
technologies, that must be subsidized can be identified in Path 2 by analyzing
which technologies are increasingly installed to avoid penalty costs. Path 3
also leads to the desired goals, but it leads to a high subsidy load for funding
agencies, which consumers indirectly pay in the form of taxes. Thus, compar-
ing incentive schemes according to Paths 2 and 3, as presented in Tables 6.4
and 6.5 is mandatory for policymakers to define such schemes and to identify
to lowest costs incurred for higher SDG targets.

Paths 2 and 3 differ in their impact on the incentive scheme costs, depending
on the desired SDG contribution targets. SDG6 contribution in the form
of greywater installation is not performed without policy incentives. Sewage
treatment penalties lead to higher costs than greywater investment subsidies.
Therefore, investment subsidies should be prioritized for SDG6. Regarding
SDGT7, penalties on district heat procurement are more cost-efficient than
heat pump investment subsidies. District heat penalties are equivalent to
increasing market prices. Thus, incentive schemes to promote heat pumps
might not be necessary for the long-term if district heat prices increase be-
cause of changes in the market. SDG12 can be improved by either recy-
cling promotion or disposal penalizing. However, recycling promotion might
need more information on recycling programs, whereas disposal penalizing
might encourage consumers to look for alternative options to disposal, which
can include participation in recycling programs. Higher COq prices lead to
higher SDG13 contribution. However, SDG13 is also automatically improved
with incentive schemes for SDG7. The results showed that SDG7 incentive
schemes are more cost-efficient than SDG13 penalties while leading to simi-
lar SDG13 contributions. Thus, the promotion of clean energy technologies
should be favoured to emission penalizing. Multiple target achievement in-
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6.4. Resumé

centive schemes vary between communities and municipalities, as presented in
Table 6.4 and Table 6.5. Thus, a scope-dependency of the incentive schemes
could be identified. If only one kind of incentive scheme is established, invest-
ment subsidies should be favoured in communities, whereas penalties should
be favored in municipalities. However, the results for both, community and
municipality, showed that a combination of penalties and investment subsi-
dies leads to the lowest incentive costs while reaching similar SDG contribu-
tion targets. Funding agencies can use penalties to finance at least a share
of the provided investment subsidies. Penalties or investment subsidies for
single SDG targets should be chosen based on the higher cost-efficiency of
the respective incentive scheme. Therefore, the incentive scheme’s definition
must depend on the particular SDG.

6.4. Resumé

SDG contribution can be measured in communities and municipalities by
proposing an appropriate indicator system. Applicability and comparability
of the indicators require a simple and transparent indication. However, the
indicators depend on the scope of the system. Application leads to differences
in technology impact, SDG target costs and SDG target limits. Moreover, in-
troducing SDG targets might lead to decreasing renewable technology invest-
ment. The SDG7 (clean and affordable energy) indicator considers efficient
energy utilization, aiming to prevent excess energy. However, an adaptation
of the indicators for specific setups should be considered, if they can jus-
tify an efficient excess energy utilization. However, a general adaptation of
the SDGT7 indicator can be misleading, as only setups with various energy
generation technologies might experience this effect.

Furthermore, technology portfolios and investments have a high impact on
SDG target achievement. The heat sector significantly impacts the indica-
tors, especially SDG7 and SDG13 (climate action). Increasing heat pump
installation in favour of district heat connection has positive contributions
to SDG7 and SDG13, while leading to only slightly rising costs. However,
sustainable water management, represented by SDG6 (clean water and san-
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6. Sustainable Development Goals indicator establishment and policy impact
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itation), leads to high costs for the community or municipality. The main
option for higher goal achievement is a greywater system installation, which
leads to high investment costs. Thus, SDG1 (no poverty) must be considered
in the indicator system to monitor the financial load of SDG contribution
improvement for consumers.

All introduced policy paths lead to the desired SDG contributions and are
thus applicable. However, the costs for consumers to achieve targets differ
between the paths. A workflow for policymakers can start with establishing
desired SDG targets, followed by defining penalties based on SDG target costs
and defining investment subsidies based on identified sustainable technologies
in the setups. The decision on penalty or subsidy must be performed con-
cerning the single SDGs. Therefore, a critical assessment of all SDG targets
to be achieved is mandatory for policymakers.

6.5. Nomenclature

Sets

SDG Energy- and resource-related SDG index:

T Available technologies index:

Parameters

WACC Weighted average cost of capital %

N, Amortization period for technologies -

Cjnvest Capacity-based costs €/]l]

Dyater,com Water demand community m?

Dyater,mun Water demand municipality m3
clgrid Share renewables electricity grid -
ren 3 3 :

; %?ggéﬁe giare re.newa‘bles district heat grid -
waste are biogenic waste -

Mtotal Total accruing waste kg

T Geanwaterspae SDG6 target community -

T Gleanwaterspae SDG6 target municipality -

T Gleanenergysnar SDGT target community -
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cleanenergyspgr
TGmun
TGconsprodSDG12

TGclimateactionSDG13

Variables

z

Ctot

Ctot,BaU

Clnvest

coperatlonal

Cprocurement

(67

x
reduced
water,com
greywater
water,com
reduced
water,mun
greywater
water,mun
recovered
water,mun
PV
de ,com
elgrid
el,com
HP
qheat,com
dhgrid
heat,com
feedin
de; ,com
PV
de; ;mun
elgrid
el,mun
HP
qheat,mun
dhgrid
heat,mun
feedin
e ,mun
wastecomb
de ,mun
wastecomb
qheat,mun
exhaust
qheat,mun
recycled
waste
reduced
waste

v

(Y

m

e mtot

emtot,BaU

ren
qen,com

6.5. Nomenclature

SDGT target municipality -
SDG12 target -
SDG13 target -
Objective €
Total costs €
Total costs business-as-usual scenario €
Investment costs €
Operational costs €
Procurement costs €
Annuity factor -
Capacity investment 7]
Reduced water community m?
Reused greywater community m3
Reduced water municipality m?
Reused greywater municipality m?
Recovered water municipality m?
PV generation community kWh
Electricity grid procurement community kWh
Heat pump heat generation community kWh
District heat grid procurement community kWh
Electricity grid feed-in community kWh
PV generation municipality kWh
Electricity grid procurement municipality kWh
Heat pump heat generation municipality kWh
District heat grid procurement municipality kWh
Electricity grid feed-in municipality kWh
Waste treatment recovered electricity municipality | kWh
Waste treatment recovered heat municipality kWh
Exhaust heat municipality kWh
Recycled waste kg
Reduced waste kg
Total CO2 emissions kgaoo
CO2 emissions business-as-usual kgcos
Renewable energy community kWh
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on targets

tot
qen,com

ren
qen,mun

tot
qen,mun

7;nopovertySDG 1

7;cleamwaterSD(;6
com

icleanwaterSDG(j
mun

icleanenergySDg7
com

icleanenergySDg7
mun

iconsprodSDGm

iclimateactions])(ng

.SDG,k
Lold
SDG.k
lnew

)\CleanwaterSDGG
com

)\cleanwaterSDGG
mun

)\cleanenergySDg7
com

/\cleanenergySDg7
mun

AconsprodSDG 192

Aclimateactionsn\gm
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Total energy community
Renewable energy municipality
Total energy municipality

SDG1 indicator

SDG6 indicator community
SDG6 indicator municipality
SDGT indicator community
SDGT indicator municipality
SDG12 indicator

SDG13 indicator

Nonweighted SDG indicator
Weighted SDG indicator

SDG6 dual variable community
SDG6 dual variable municipality
SDG7 dual variable community
SDGT7 dual variable municipality
SDG12 dual variable

SDG13 dual variable

Table 6.6.: Model parameters and decision variables

kWh
kWh
kWh
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7. Discussion and synthesis of results

This chapter presents the synthesis of the main findings of this thesis, based
on the results of the previous sections. Section 7.1 provides the relations
between the research questions introduced in Section 1.2 and the results in
Chapters 3, 4, 5 and 6. Furthermore, Section 7.2 presents the synthesis of
the introduced local resource utilization concepts from a system perspective,
focusing on opportunities, upscaling and transferability. Finally, Section 7.3
discusses the strength of the presented concepts and modeling approaches
and identifies potential limitations of the work.

7.1. Findings referring to the research questions

The results in chapters 3, 4, 5 and 6 provide findings to the research questions
in Section 1.2. This section presents the significant findings for each research

question.

Research Question 1. How can resource utilization of waste and water be
considered in sector-coupled energy systems, especially in communities?

The results in Section 3.2.2 indicate significant contributions of recovered
energy from waste and sludge incineration processes to the total energy gen-
eration. However, the utilization of recovered energy strongly depends on
preliminary resource management and treatment, coordinated with the en-
ergy demand. Moreover, the results also show high complexity for waste and
water integration into sector coupling approaches. The impact of resource
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7. Discussion and synthesis of results

utilization depends on multiple aspects, such as technology availability, tech-
nology capacity, environmental goals, costs and COq prices. The complex
interaction dependency leads to non-linear relationships between resource
utilization and other energy system operations. Thus, no globally valid rela-
tions are applicable.

Community establishment can be a further option for local resource utiliza-
tion. The results in Section 4.2.1 showed that business models in local com-
munities can promote resource utilization at the consumer level. Moreover,
the results in Section 4.2.2 presented the highest cost decrease by imple-
menting energy recovery business models in local communities. Thus, sector-
coupled resource utilization in communities is crucial for the corresponding
business model establishment. Furthermore, resource markets, as presented
in Section 4.2.3 can reduce the load on local grids and treatment plants and
provide cost reductions. Thus, resource utilization in sector coupling should
consider not only energy recovery, but also incentives for resource reduc-

tion.

Resource utilization in sector coupling does not only affect energy system
operation, but also capacity investments, as found in Section 5.2.2. Con-
sidering waste and water in sector coupling can lead to different technology
investment decisions and prevent investments in other local generation or
storage technologies. Moreover, indicator establishment, as presented in Sec-
tions 6.2.1 and 6.2.2 can impact resource utilization in the energy system.
The introduced UN SDG targets can promote resource efficiency by defining
indicator targets. Moreover, resource utilization can lead to higher indicator
contributions and thus, to better benchmarks.

Research Question 2. How can technology and business model implemen-
tation promote efficient energy and resource-related operations within a com-

munity?

Business models for local resource utilization can be implemented in various
forms. As indicated by the results in Section 4.2.1, trading leads to cost and
emission reductions. Consumers without their technologies can benefit from
local energy procurement, while prosumers benefit from local excess energy
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7.1. Findings referring to the research questions

sales to other community participants. Local resource utilization business
models can further reduce costs and emissions. However, the implementa-
tion of energy recovery in business models requires cooperation with service
providers that charge the real costs incurred. Therefore, the full potential of
resource utilization business models can only be exploited if all community
participants are committed to joint and fair cooperation.

Results in Section 4.2.2 showed that resource utilization services should in-
clude joint technology provision, resource treatment energy recovery, water
recovery, trading and incentives for resource reduction. The omission of ser-
vices always leads to increased costs and emissions, as the business models
lead to higher technology utilization efficiency and consumer operation effi-
ciency. Resource markets, as introduced in Section 4.2.3 can lead to further
resource reduction. Water consumption rights trading leads to increased
water efficiency, while the highest demand reductions and thus, also cost re-
ductions are performed by consumers who are willing to achieve reductions.
However, this concept still needs agreements between all community par-
ticipants. Waste markets are only economically feasible at sufficiently high
market prices, as they are in competition with waste treatment energy recov-
ery. Furthermore, the results in Section 4.2.4 show that business models can
be improved by cooperation with external service providers, such as indus-
trial exhaust heat providers and farming industries as greywater consumers.
However, the feasibility of the business models depends on contracts, which
can lead to increased costs if these are not set up appropriately.

Business models can also be implemented in the context of investments. Sec-
tion 5.2.1 showed that business models for joint energy and resource utiliza-
tion can promote investments, while business models with energy recovery
implementation in Section 5.2.2 showed higher benefits from resource treat-
ment investments. Business models for joint use of technologies in combi-
nation with indicator application, as in Sections 6.2.1 and 6.2.2 can further
encourage consumers for local energy and resource utilization.

Research Question 3. How can investments in local resource treatment

capacities improve municipal energy supply and circular economy?
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7. Discussion and synthesis of results

The results in Section 5.2.2 indicated circular economy establishment in mu-
nicipalities by local resource treatment investments. The treatment plant
localization depends on energy availability and trading within the municipal-
ity. Without trading and energy recovery, the localization of waste treatment
plants is at the site with the shortest distance to other positions in the mu-
nicipality. Therefore, capacity localization is equivalent to resource transport
minimization. As sewage is transmitted without further assumed costs in the
pipelines, the sewage treatment plant capacity is not exactly specified by the
localization. By implementing trading and energy recovery, the investments
in sewage and waste treatment capacities are performed at the same munic-
ipal location, as recovered energy from waste is directly used in the sewage
treatment plant. Furthermore, trading changes the treatment plant posi-
tion to the site with the lowest local energy generation potential compared
to the demand to be covered at the location. Thus, energy availability and
utilization impact capacity localization more than transport distance.

Furthermore, the results in Section 5.2.2 showed that waste incineration flexi-
bility (in combination with storable waste) replaces battery flexibility. There-
fore, waste treatment can provide additional or alternative flexibility to the
energy system by providing a dispatchable energy source. However, various
implemented waste treatment options have different impacts on local energy
system operations. Without restrictions, waste incineration is the installed
treatment technology due to its highest efficiency. Anaerobic digestion in-
creases costs and emissions, as only energy from biodegradable waste can
be recovered. However, this technology could be promoted by alternative

utilization of non-biodegradable waste in processes, such as recycling.

Section 5.2.3 focused on greywater investments. The results showed that
greywater systems are only installed with particular water efficiency targets
due to the high installation costs and the competition with sludge treat-
ment energy recovery in sector-coupled systems. However, other benefits can
emerge regarding environmental impact, water scarcity and load reduction
on sewage and sludge treatment plants. Furthermore, local strategies and
targets affect capacity investments, as presented in Section 5.2.4. Coordi-
nated investments can contribute to target achievement, but target setting
always leads to more assets than required and thus, to higher costs. More-
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7.1. Findings referring to the research questions

over, the establishment of sustainability indicators, as in Sections 6.2.1 and
6.2.2 affects investments similarly to achieve pre-defined targets, while incen-
tive schemes also lead to different investment allocations than indicated by
the market.

Research Question 4. How can energy- and resource-related UN SDG in-
dicators be established and applied in communities and municipalities to pro-
mote efficient operations and technology utilizations?

Section 6.1.1 presented UN SDG indicators that are defined in the existing
literature. However, most of the indicators consist of large sets of multiple
indicators for each SDG, thus making the indicators complex in their applica-
tion. Measures for the UN SDG in the form of such indicators must be simple
in their evaluation to be applicable in local communities or municipalities.
Therefore, the defined UN SDG indicator system in Section 6.1.1 provides a
set of measures, where a percentual value for each indicator represents each
SDG. Higher percentual values represent higher SDG contributions. The
UN SDGs consists of multiple targets, including goals for energy use, re-
source utilization and environmental impact, and social aspects. Social SDG
contributions in communities and municipalities mainly depend on the con-
figuration of the communes. They cannot be improved by efficient communal
operation or technology utilization. Therefore, the developed UN SDG in-
dicators focused on energy and resource-related UN SDG as indicators and
benchmarks for such can be improved by efficient local energy and resource

utilization.

The analyses in Sections 6.2.1 and 6.2.2 applied the proposed indicators in
communes, showing applicability in both the community and municipality.
Technology portfolios and investments have a high impact on local sustain-
able development. However, the impact differs in the analyses due to different
scopes and available technology capacities in communities and municipalities.
Therefore, implementing UN SDG indicators requires a critical configuration
assessment to avoid countereffects on sustainable investments. Potential in-
dicator adaptions might be necessary, as discussed in Section 6.3.1.

Furthermore, Sections 6.2.1 and 6.2.2 showed that only some SDGs are tar-
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geted without strict goals or incentives. UN SDG targets lead to alternative
use of technologies, leading to market interventions but also to more sustain-
able energy and resource utilization. However, costs for communities and
municipalities increase with UN SDG target setting. Incentive schemes can
further promote efficient operations and technology utilizations without lead-
ing to higher costs for consumers but for the incentive providers. Incentive
schemes in the form of penalties for non-sustainable operations or investment
subsidies in sustainable technologies are assumed to be paid from the same
financial source: penalties directly by consumers and investment subsidies
indirectly by taxes. The impacts of both incentive schemes on the UN SDG
are similar, but they differ in their costs, depending on the particular tar-
geted SDG. Thus for cost efficiency, the decision of either penalty or subsidy
must be performed based on the SDG to be achieved

7.2. Synthesis of the results

The research questions address multiple issues and opportunities for the intro-
duced resource utilization concepts in this thesis. However, it is also crucial
to discuss the impact of local resource utilization in sector coupling from
the system perspective. Therefore, this section discusses the system impact,
beginning with opportunities in Section 7.2.1. Section 7.2.2 addresses the
upscaling and transferability of the analyzed concepts.

7.2.1. Opportunities emerging through local resource utilization

Multiple opportunities arise from local resource utilization in sector coupling.
The results showed that the efficient use of recovered energy can provide ben-
efits to the energy system by transitioning to a circular economy. In systems
with emission-intensive energy generation, waste and sludge incineration pro-
cesses can lower the total COy emission in the power sector. However, the
RED (European Commission, 2023a) proposes to label such processes as non-
renewable due to the non-biogenic share of waste in MSW. According to Vahl
(2022), waste incineration energy recovery can increase energy security. Fur-
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7.2. Synthesis of the results

thermore, the results in this thesis indicated flexibility provision by waste
incineration if the treatment is managed appropriately. Waste and sludge
treatment energy recovery provides a dispatchable energy source, that can
provide flexible energy generation. Therefore, independent of the renewable
energy label, incineration processes can provide energy system flexibility and
energy security, thus they are crucial for current energy systems.

Water scarcity is becoming an increasingly global issue (United Nations,
2023a). The utilization of greywater can provide additional opportunities for
wastewater use and prevent the excessive use of potable water. Moreover, this
thesis showed that greywater system installation can provide further system
opportunities in emission reductions, decreased investments in sewage treat-
ment plants and fewer loads on treatment processes. Therefore, greywater
utilization could provide additional system opportunities by transitioning to

a circular water economy.

Community establishment can lead to further system opportunities through
resource utilization in sector coupling. Conventional ECs do not consider
resource utilization. Moreover, sustainable communities usually do not pro-
vide business models for consumer encouragement. Therefore, by combining
both concepts, additional opportunities can arise. Significant benefits emerge
as consumers can gain an advantage from procuring local energy from joint
generation technologies, other participants and resource treatment. Further-
more, consumers can generate revenues from resource-efficient behaviour. In-
creased efficiency can lead to cost reductions for consumers. Prosumers with
their own energy generation or conversion technologies can further benefit by
selling energy to the community. More opportunities emerge by introducing
energy recovery and resource reduction business models in communities. Ad-
ditionally, external providers can benefit from community participation, as
they can provide innovative services or business models to the communities.
Opportunities emerge for local industries by providing a local value genera-
tion, gaining a positive image and utilization of otherwise wasted energy or

resources.

The results in Section 4.2.2 indicated the lowest consumer costs by consid-
ering local energy recovery. Furthermore, Section 4.2.3 showed benefits by
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7. Discussion and synthesis of results

water reduction agreements. Consumers willing to save water can generate
revenues, while others who cannot save water can still procure such. Wa-
ter consumption rights trading thus decreases the total water consumption
while keeping the necessary restrictions low. Moreover, waste recycling mar-
kets with generating revenues from waste recycling can provide incentives for
other options than waste treatment. However, purchasers must be found on
the market and the market price must be sufficiently high, as recycling mar-
kets compete with energy recovery from waste treatment. Therefore, market
prices must be defined depending on the goal: Reduce the total waste treated
or provide recovered energy to the considered system.

Community establishment over municipalities can lead to additional oppor-
tunities for efficient local resource utilization in the energy system. How-
ever, local market operations in municipalities differ significantly from local
community markets. Municipal investments in treatment facilities and the es-
tablishment of energy recovery lead to trading between municipal community
participants becoming less relevant. Community participants mainly procure
the recovered energy, which is assigned to the municipality. Therefore, energy
recovery utilization in municipalities leads to a similar implementation to a
centralized energy generation provision. The consumers’ opportunities for
resource utilization in local communities can be best employed by perform-
ing trading processes in local communities and procuring locally recovered
energy from municipal communities.

Business models and local investments for resource utilization in sector cou-
pling can provide the highest opportunities by establishing central community
management. Community operators, introduced in Section 4.1.1, and munic-
ipal authorities, presented in Chapter 5, can emerge as such. These operators
can establish local community markets and employ business models for ef-
ficient operation and resource utilization. Moreover, they can provide and
manage the operation of joint generation and conversion technologies. Intro-
ducing such operators can reduce complexity in the community by avoiding
multiple consumer interactions in the communities due to tradings over the

central interface.

Finally, opportunities arise through the contribution of resource utilization in
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sector coupling to sustainable development according to the UN SDG. Water
utilization directly affects SDG6 (clean water and sanitation) and SDG12
(responsible consumption and production). By implementing energy recov-
ery, SDG7 (affordable and clean) energy and SDG13 (climate action) are
addressed. The analyses in this thesis indicated a cost reduction by imple-
menting energy recovery from resource treatment. Therefore, energy recov-
ery implementation contributes to SDG1 (no poverty). By establishing local
resource utilization in communities, the introduced community concepts ad-
dress SDG11 (sustainable cities and communities). The opportunities and
contributions to the SDGs can be further promoted by indicator introduc-
tion. Such indicators can help set SDG targets and encourage sustainable
development through strict goals or incentive schemes. Therefore, resource
utilization in sector-coupled energy system processes, in combination with
the UN SDG, can provide sustainable development beyond energy system
improvement.

Figure 7.1 summarizes the opportunities that arise through local resource
utilization in the energy system.

7.2.2. Transferability and upscaling of the introduced concepts

This section provides an overview of the transferability and upscaling of the
introduced concepts and findings of this thesis. Therefore, it focuses on trans-
ferability and upscaling for resource utilization in sector coupling, business
models in local communities, local investments and the definition and appli-
cation of UN SDG indicators.

Sector coupling approaches should be widely implemented due to their cost
efficiency in a low-carbon transition (Bernath et al., 2021). Resource uti-
lization can provide further benefits. However, the impact of local resource
utilization depends on the configuration of the considered system, making it
only transferable with restrictions. Giugliano et al. (2011) highlighted that
energy recovery leads to higher energetic and environmental impact than
waste management. Therefore, the transferability of energy recovery con-
cepts is crucial. Transferability of the introduced energy recovery concepts
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Figure 7.1.: Opportunities for local resource utilization in the energy system

requires grid infrastructure to exploit its full potential. The infrastructure
requirement can make the concept only applicable in areas with sufficient in-
frastructure. Moreover, the space provision of treatment plants might emerge
as a barrier in certain regions, limiting the transferability of the introduced
energy recovery concepts to areas with sufficient space and grid connection.
Furthermore, installing treatment plants in exposed areas could lead to dif-
ficulties and inefficiencies, as the transport distance of resources might be
too high. However, energy recovery from resource treatment leads to higher
process efficiency and a circular economy. Therefore, implementing energy
recovery potential leads to additional advantages and should be used wher-
ever possible. The findings of the research are thus transferable but strongly
depend on the system configuration, but also on available technologies

Knickmeyer (2020) stated that waste management is a global issue, requiring
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locally adapted strategies. Moreover, water utilization gains opportunities
in local reuse (Angelakis et al., 2018). Thus, the scaling of resource utiliza-
tion concepts in sector coupling is connected with challenges, as the scale
of implementation can be vital. The approaches in this thesis considered
downscaling of resource treatment processes rather than upscaling. Scaling
of local waste treatment facilities is limited, as providing multiple local treat-
ment plants might not be economically efficient. However, the results in this
paper showed high potential if such treatment plants could be locally utilized
in the future. Benefits could emerge if multiple communities or municipalities
jointly invest in local treatment facilities. Sewage treatment plants are often
locally implemented. However, exploiting energy recovery from sludge treat-
ment requires similar decentralization approaches to waste treatment and
therefore may result in similar scaling difficulties. Therefore, upscaling of
all findings is not directly applicable, as the utilization of resources strongly
depends on the considered scale.

Business models are vital to encourage consumers to utilize efficient local
operations and resources. Therefore, it is crucial to reduce the waste of ser-
vices in such communities (Haas et al., 2008). Local business models can
be widely implemented by community concepts such as ECs. However, the
legal frameworks for ECs differ between European countries, leading to dif-
ficulties in transferability (Maldet et al., 2022a). The introduced business
models for resource utilization consider energy recovery and resource reduc-
tion. The transferability of energy recovery business models requires the
availability of such services. Moreover, treatment plant operators must agree
to provide such business models to communities. Furthermore, implementing
energy recovery business models requires grid connection, which can lead to
barriers as not all consumers are connected to district heating grids. Thus,
heat recovery business models are only applicable to communities with dis-
trict heat connections. Waste and water reduction business models require
less supportive technologies and infrastructure. The mainly required devices
for the rollout of such business models in multiple communities are smart
meters for water and waste amount scales. The significant limiting factor
for the transferability of reduction business models might be the mandatory
community participants’ agreements for taking part in such reduction pro-
grams. Consumers not willing to reduce their water demand could reject
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reduction contracts. The problem of the lack of participation in waste re-
cycling markets could be overcome by setting sufficiently high waste market
prices, which could encourage community participants to increase recycling
to generate revenues.

The upscaling of business models depends on various aspects. Critical factors
for the implementation of a circular economy include stakeholder involve-
ment, social relationships and appropriate technology finding (Aguinaga et
al.; 2018). The upscaling might limit the applicability of some of the in-
troduced business models. The results showed that a transition from local
communities to business models in municipalities leads to different commu-
nity operations. Trading was performed less in communities with a larger
scale of implementation. Moreover, resource utilization mainly focuses on
investments in treatment facilities and the exploitation of recovered energy.
Thus, reduction business models might not be applicable to communities
with a higher scale of implementation. However, even though local commu-
nity business models might not be scalable, community scales at higher levels
could lead to the applicability of diverse business models. Thus, particular
designed local resource utilization business models are hardly scalable, but
they can be adapted to the scope of community implementation.

Similar to general resource utilization concepts, local capacity investment de-
pends on the configuration of the considered system. Therefore, the impact
of assets differs in various setups, making the findings on resource utiliza-
tions transferable with limitations. Investment decisions depend on multiple
parameters, including interest rate, costs for power supply and governmen-
tal subsidies (Silveira et al., 2013). Additionally, the capacity investment
depends on current market prices (Fleten et al., 2007). The economic feasi-
bility of technology investment depends on the implemented business models
and thus on opportunities for technology utilization. Implemented energy
recovery can promote investments in infrastructure, such as district heat
connection. However, this is only valid for regions where recovered heat can
be utilized from resource treatment processes. Moreover, strategies of local
authorities in the considered area can affect investments. Policy goals such
as self-sufficiency or local energy and resource utilization directly impact in-
vestment strategies. Various policies might lead to different investments than
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those implicated by market aspects. Furthermore, sustainable development
targets in specific configurations affect investments. The same counts for sus-
tainable development incentive schemes. Thus, findings on investments are
transferable, but they strongly depend on local configurations and strate-
gies.

The scale of the considered configuration strongly affects the investments. A
larger scale increases capacity investments due to higher technology potential
and economies of scale effects. This thesis mainly focuses on local technology
investments, showing potential in local investments for resource treatment
and energy recovery. Investments in sustainable technology are not guaran-
teed to positively affect the environment (Wang et al., 2021). However, in
the analyses of this thesis, investments in resource treatment facilities and
the corresponding implementation of energy recovery lead to benefits for the
considered system, independent of the scale. Therefore, the findings of this
thesis regarding local resource treatment investments are applicable at dif-
ferent scales.

The introduction of sustainability indicators can promote sustainable devel-
opment. Challenges for such indicators arise in potential conflicts between
them (Afshari et al., 2022). Thus, the adoption of multi-criteria approaches
should be considered for indicator development (Klemm and Wiese, 2022).
The goal of the UN SDG indicator establishment was the development of
nationally relevant indicators. However, these indicators are similarly appli-
cable in other developed countries than Austria. Particularities of certain
countries could be further considered in potential adaptations in other na-
tions, leading to a higher level of transferability. Thus, the establishment
of the proposed UN SDG indicator is transferable. The impact of indicator
application differs depending on community and municipality configuration.
Adaptations or exemptions could be implemented in certain configurations to
reach particular targets. However, this does not affect the applicability and
positive impact of the introduction of the UN SDG indicator on sustainable
community and municipality development. The findings for local sustain-
able development with indicator introduction are thus transferable to other

communities and municipalities.
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The developed UN SDG indicators are tailored for local communities and
municipalities. According to Gunnarsdottir et al. (2022), sustainability indi-
cators often reflect critical issues. Thus, the indicators consider potentially
available services and technologies. An upscaling requires the inclusion of ad-
ditional technologies, thus leading to higher indicator complexity. However,
an adaptation and thus an upscaling are possible if additional service and
technology impact can be evaluated.

In summary, the introduced concepts for resource utilization in sector cou-
pling, including business models, investments, and UN SDG indicators, are
transferable. Potential adaptions to local environmental conditions and con-
figurations might be necessary for the implementation of such concepts at
particular sites. Moreover, adaptions could be required for different scales
of performance. However, without unique particularities in certain config-
urations, the findings of this thesis are transferable and can be applied to
different implementation scales.

7.3. Strengths and limitations

This section addresses the strengths and limitations of this thesis’ proposed
methods and approaches. Section 7.3.1 addresses the strengths of the pro-
posed methods. Section 7.3.2 focuses on potential hurdles in the modeling

approaches and concepts for resource utilization in sector coupling.

7.3.1. Strengths in the proposed methods

This section presents the strengths of the proposed methods, in particular

from the modeling framework and resource utilization perspective.

The developed RUTIS modeling framework is established as a modular op-
timization framework. It implements basic functionalities of the OEMOF
framework (Hilpert et al., 2018), with the modular implementation of com-
ponents and functionalities. The framework considers multiple energy sectors
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and resource utilization. Energy systems can be simulated by building the
systems out of RUTIS components, making the framework adaptable and ver-
satile. Multiple analyses can be performed for the same systems by adding
or removing energy system components of the framework or by changing
parameters. Moreover, the framework implements basic technology parame-
ters with possible alterations for particular analyses. The framework can be
extended by adding additional components or functionalities without affect-
ing existing functionalities. Additional functionalities of the RUTIS frame-
work include the consideration and interactions between multiple consumers.
Thus, the framework is applicable for multiple consumer sector coupling in-
vestigations and EC business models can be applied and simulated with the
framework. Further extensions of the framework consider investment de-
cisions. Like other functionalities, investment decisions can be performed
by adding the corresponding components to the energy system, with possi-
ble alterations of investment costs and maximum capacities. Therefore, the
modular approach provides advantages for the implementation of investment
decisions.

Further strengths of the method include the modeling approach. Sector cou-
pling investigations include the implementation of resources, whereas the
model considers resources as additional inputs or outputs of conversion tech-
nologies. The relationships are defined by conversion factors, leading to mul-
tiple input-output interactions by energy system components. Therefore,
the introduced concepts can address the complexity of resource utilization in

sector coupling.

Furthermore, the consideration of multiple consumers allows the application
of business models and the investigation of the impact on consumers. Busi-
ness models for local communities can be extended to waste and water by
additional modeling of resource utilization. The analyzed business models in-
clude energy recovery, greywater utilization and resource management. Thus,
the strength of the approach is the versatile implementation of such business
models and their direct comparability regarding the impact on the energy
system. Moreover, the impact of business models on operational efficiency
can be directly assessed. A further strength of the method emerges in the lo-
calization of resource treatment facilities. The approach provides a simplified
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method for determining the location of such facilities within municipalities
and provides implications for treatment site determinations.

Furthermore, the strengths of the analyses include the consideration of dif-
ferent local market scopes. The research considers various implementations
of local markets and addresses the impact of operations. Thus, the study can
give implications for local market implementation, depending on the consid-
ered scope. The newly introduced concepts of LSCs and LSMs can provide
applicable long-term concepts with a clear definition and implementation.
These concepts can be widely established in communities and municipali-
ties and provide benefits to their participants. Moreover, these community
concepts can extend traditional ECs by resource utilization and provide op-
portunities for local sustainable development.

Finally, a crucial strength of the approach is the consideration of the UN
SDG. The method applies indicators and policy actions to achieve particular
SDG targets. Thus, this research gives implications on actions and policies
for local sustainable development.

7.3.2. Limitations in the modeling approaches

This section focuses on the limitations regarding model implementation and
modeling approaches. The developed model considers functionalities for re-
source utilization in sector coupling. However, due to the complexity, the
particular implementation of the sectors and technologies is limited. The
generation and conversion technologies are kept simple for implementation,
whereas generation technologies are implemented with generation time series.
Technological parameters for conversion technologies are implemented with
conversion factors and input and output limits. However, multiple inputs and
outputs of the technologies are possible. Besides the model implementation,
technology operations are considered as black boxes, lacking the detailed im-
plementation of technology operation and impact assessment. Therefore, the
method limits the analyses to technology interaction analyses. Thus, future
studies considering resource utilization in sector coupling could focus on a

particular impact on technologies in sector coupling.
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Furthermore, not all analyses consider technology investments. Studies that
consider technology investments provide simplifications due to the high level
of complexity in sector coupling with multiple consumer investment deci-
sions. Thus, the investment decisions in the model focus on particular re-
search questions. Simplifications were performed to keep the model size at
an acceptable level. Therefore, future research could apply sophisticated in-
vestment decision methods in sector-coupled energy systems with resource
utilization. Moreover, grid infrastructure is assumed to be sufficiently in-
stalled in all analyses. However, deploying energy recovery infrastructure
could cause loads on the electricity and district heat grids, leading to po-
tential grid extension requirements. Therefore, extensions of the introduced
concepts for energy recovery should consider impact assessments on the grids
at the sites.

Waste is implemented in the form of MSW, being considered as a black box
in the approaches. However, different kinds of waste result in different en-
vironmental impacts and treatment challenges. The moisture of biowaste
can affect energy recovery (Zhao et al., 2014). Moreover, treatment options
can vary between different kinds of MSW. Another area for improvement
is the neglect of waste separation process modelling at treatment sites. In-
vestigations in this work assume that waste is perfectly separated, and the
separation requires no costs, energy or effort. Future research could focus
on more detailed modeling of the waste sector with different kinds of MSW
and detailed models of the waste supply chain. Similar to waste, water and
sewage are mainly considered as black boxes in the model. The model does
not consider energy utilization for water distribution to consumers. More-
over, the model does not include water quality as a parameter, limiting the
water investigations to potable water, sewage and greywater As for waste
treatment, preliminary processes for sludge treatment are not considered in
the approach. Therefore, future research could focus on more detailed model-
ing of the water sector by considering all water supply and sewage treatment
processes. Furthermore, the modelling approaches consider waste and water
implementation in traditional energy sectors. However, the hydrogen sector
emerges as an additional sector, providing new opportunities for the energy
system. Due to the already high level of complexity, the hydrogen sector
was not implemented in the analyses. Future technological model extensions
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could thus consider sectoral waste and water interaction with hydrogen.

Further limitations of the approaches arise in the community analyses. The
model implements particular consumer operations. However, direct interac-
tions between consumers were not modelled but were rather performed over
community interfaces. Thus, detailed analyses of local Peer-to-peer (P2P)
trading were not implemented, leading to potential limitations for detailed
consumer impact assessments. Model extensions could replace community
interfaces with single P2P interaction modeling. Similar assessment limita-
tions emerge in the determination of energy flows. Many analyses for the
communities consider the trading of energy, but also resource rights in com-
munities. Those trades are implemented as virtual energy and resource flows.
Due to missing detailed grid infrastructure modeling and consumer localiza-
tion in some of the analyses, the model does not consider the impact on real
energy flows within grids. Future work could address the effects on energy
and resource flows by performing a second modeling step considering physical
flows.

Finally, limitations arise in the considered scope of community operations.
Community analyses are limited through defined system boundaries. Con-
sumers can interact within a community but are limited in their operations
beyond the community boundaries. Such interactions are not directly ad-
dressed by the modeling approaches. Therefore, future work could focus
on multi-community interactions. The same counts for interactions between
multiple municipalities within a region. Future work could model multiple
municipality interactions, and consider joint resource treatment facilities for
multiple municipalities and analyze the impact of such.
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8. Conclusions and outlook

Resource utilization in sector coupling on the local level can result in cost
and environmental benefits to consumers and energy system operations. This
thesis provides new insights by including waste and water resources in local
sector coupling analyses. This section concludes the findings in this thesis
and presents an outlook on potential future developments in the topic.

The applied method in the analyses included the development of an opti-
mization framework for multiple-consumer sector coupling. This framework
proved to be applicable for the elaboration of the research questions. The
modular implementation of the framework provided flexibility for different
investigations, leading to extension possibilities for addressing particular is-
sues. By considering several energy and service sectors, in combination with
multiple consumer modeling, the framework provided the required function-
alities for analyzing local resource utilization in sector coupling and the ap-
plication of business models. However, the inclusion of waste and water in
sector coupling modeling increases complexity, limiting the detailed sectoral
implementations of technologies and interactions. This complexity could be
decreased by implementing community managers as a central interface for
trading and joint technology implementation. Investment decision considera-
tion could provide further opportunities for the proposed methods. However,
considering investment decisions for multiple sectors and consumers led to
large model sizes. The proposed modeling framework which included clus-
tering of the input data led to significant model size reductions but limited
the approach to capacity localization and estimation.

The results indicated a high potential for local resource utilization in sector
coupling. Waste and water implementation in energy system analyses can
provide significant contributions to the energy system using recovered energy
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from resource treatment processes. However, exploiting the full potential
of energy recovery requires resource management and treatment planning.
Opportunities for local resource utilization emerge through community es-
tablishment. Joint implementation of resource-related processes in local en-
ergy systems could be promoted by the community spirit. The local market
implementation depends on the scope of the communities. Community estab-
lishment enables the implementation of energy and resource-related business
models. The business models resulted in cost reduction for consumers and
in the more efficient local operation of technologies. Moreover, the intro-
duction of water consumption rights trading led to higher water efficiency
and could address water scarcity. However, the implementation requires con-
tracts between multiple community participants that agree on water demand
reductions and higher costs for non-reached targets. Such contracts could
emerge as a barrier and prevent the implementation of water consumption
rights trading. Waste recycling could be promoted by implementing a lo-
cal recycling market for secondary materials. However, these compete with
waste treatment energy recovery business models. Efficiently high recycling
market prices are thus required to encourage consumers to participate in such
markets.

Investments in clean technologies in combination with local resource treat-
ment facilities with the utilization of energy recovery could further promote
system efficiency. Greywater system installation can decrease the load on
local sewage treatment plants and address the increasing issues of water
scarcity in various regions. However, greywater installation requires high
costs for investments and thus, the advantages should be considered from
an environmental perspective rather than a financial perspective. Moreover,
sufficient decentralization could be hindered in implementation due to the
high costs of waste treatment facilities. Therefore, future developments in
waste treatment should consider additional options for local waste treatment
investments to exploit the full potential of energy recovery and to lower the
distances in the disposal chain. Such investments were further affected by
local decisions, where particular strategies always lead to overinvestment and
thus to higher costs. It must therefore be weighed up whether the costs of

achieving the objectives are justified.
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Business models and investments for local resource utilization in sector cou-
pling could promote sustainable development according to the UN SDG. This
could be further encouraged by the introduction of indicators for local UN
SDG contributions. However, most indicators in the literature consider var-
ious and complex indicators for the SDGs. Therefore, this thesis introduced
simple and applicable indicators. The proposed indicators led to additional
contributions to local sustainable development by promoting investment in
otherwise not implemented technologies. However, the application should be
performed regarding particular SDG targets and policies.

Due to the wide range of opportunities, this thesis could only address par-
ticular aspects of local resource utilization in sector coupling. The provided
methodological approaches and the introduced modeling framework can be
extended to exploit new research on the topic. Future research could include
detailed technology modeling in sector coupling approaches. Furthermore,
future research should consider detailed modeling of the waste sector, con-
sidering different shares of waste by addressing particularities of such. The
analyses could further be extended to additional sectors such as the hydrogen
sector. Furthermore, future work could extend or apply new local resource
utilization business models, that can further promote efficient local resource
utilization. Potential future research could also include community exten-
sions, addressing joint treatment facility operations and investments over

multiple municipalities.
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A. Data assumptions for modeling
framework

This chapter presents the Appendix to the framework introduction and anal-
yses in Chapter 3, mainly including the data assumptions for the framework
and the testbed. The setups for the testbed in Israel and the correspond-
ing energy system flows between sectors are presented in this section. The
assigned technological input and output sectors are presented in Table A.1.

To conclude the testbed setup, the assumed data are shortly described. A
total of 560 single-family houses and 200 multi-family houses in Israel were
assumed (Israel Central Bureau of Statistics, 2022). With about eleven
households per multi-family house, this resulted in a total of 2800 house-
holds. Regarding decentralized technologies, a share of 30% of renewable
energy generation and 70 % gas-based generation was assumed (Ministry of
Energy Department of Economics, 2018). In the following tables, the as-
sumed maximum values (i.e., maximum power and maximum flows), as well
as the conversion factors and costs, are summarised for each sector.

The assumptions for the emissions associated to the considered technologies
are summarised in Table A.7.
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A. Data assumptions for modeling framework

Table A.1.: Input and output sector allocation to conversion technologies

Tech Elec Heat Waste Water Gas
PV Gen- Out / / / /
eration

Desali- In / / Out /
nation

Heat In Out / / /
pump

Hot Wa- / In/Out / In /
ter

Waste Out Out In / /
Comb.

Waste / / In / Out
Biogas

Gas Out Out / / In
CHP

Gas / Out / / In
Boiler

Block- / Out / / In
heat

Sewage  In Out / In/Out /
Treat.

Sludge Out Out / In /
Comb.

Sludge / / / In Out
Biogas
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Table A.2.: Framework electricity assumptions

Tech.

Limit

Conversion

Costs

Comm.

Elec. grid

80 MW

/

15 ct/kWh

11 kW per house-
hold, (Global Petrol
Price, 2021b)

PV

1.73 MW

Standard profile

Half of households
with PV

Heat pump

12.6 MW

COP time-series

0.15 ct/kWh

(IEA Heat Pump
Centre, 2011; Nie
et al., 2017)

Battery

0.285 MW

n of 0.95

0.3 ct/kWh

6 % of households,
(Mongird et al.,
2020)

Desalination

150 m?

3kWh/m? elec.

44 ct/m?

(Schiermeier, 2014;
Ghaffour et al.,
2013)

Demand

3400 kWh

(Damari and
Kissinger, 2018)
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Table A.3.: Framework heat assumptions

Tech. Limit Conversion Costs Comm.
Boiler 33 MW n of 0.95, water of  / (Paschotta, 2021)
171/kWh

Heat storage 473 m? n of 0.8 0.05 ct/kWh (Zablocki, 2019;
Ouden et al., 2017)

Demand / 35 GWh / (Qadi et al., 2018)

Table A.4.: Framework waste assumptions

Tech. Limit Conversion Costs Comm.

Storage 1343 m? / / Disposal periods

Stock 51580 m? / / No disposal periods

Accruing / 612kg/year / (Ministry of Envi-
ronmental Protec-
tion, 2019)

Disposal / 1343 m? 0.23 ct/kg (Scott and Watson,
2006)

Combustion 75 MW Ner of 0.35, ngy, of 0.4 ct/kWh (Kleppmann, 2014)

0.4
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Table A.5.: Framework water assumptions

Tech. Limit Conversion Costs Comm.

Demand / 758 520 m3 / (Israel Water Au-
thority, 2011)

Storage 5988 m? / 1ct/m? Basic assumptions

Sewage treatment / Nwater of 0.95, ne; of  4ct/m? (Ayoub et al., 2016;

0.5 kWh/m3 Huber Technology
Waste Water Solu-
tions, 2021)
Sewage sludge / 9.2kg/m3 / Based on sludge
parameters
Sewage heat / 3.5 kWh/m3 / (Cecconet et al.,

2020)

Sludge combustion 2.2MW Ner of 0.35, nyp, of 6 ct/kWh Same as waste com-
0.4 bustion
Sludge disposal / / 23 ct/kg Same as waste
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Table A.6.: Framework gas assumptions

Tech. Limit Conversion Costs Comm.

Demand / 5112 MWh / (Worldometer,
2015)

Grid 1000 MW / / (Global Petrol
Price, 2021a)

Blockheat 6.4 MW Efficiency 0.44 0.3 ct/kWh (Zhang, 2020; Dan-
ish Energy Agency,
2016)

Boiler 31.5 MW Efficiency 0.95 0.1ct/kWh Like waste combus-
tion (higher effi-
ciency)

CHP 31.5 MW Ner of 0.35, ny, of 0.1 ct/kWh Like waste combus-

0.4 tion, (ESC Energy
Solutions Center,
2021)
Anaerobic digestion =~ Waste: 75 MW 0.5 kggas/ke 7ct/kg (Verstraete et al.,

Sludge: 2.2 MW

2009)
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Table A.7.: Framework emission assumptions

Technology Emissions Comment

Elec. grid 0.6 kg/kWh (Lev-On et al., 2017)

Gas grid 0.02kg/kWh (Koppel et al., 2018)

Gas boiler 0.201 kg/kWh (Bundesamt fiir Wirtschaft und
Ausfuhrkontrolle, 2021)

Blockheat 0.201 kg/kWh (Bundesamt fiir Wirtschaft und
Ausfuhrkontrolle, 2021)

CHP 0.201 kg/kWh (Bundesamt fiir Wirtschaft und

Ausfuhrkontrolle, 2021)

Waste combustion

1.1 kg/kgwaste

(IEA Bioenergy, 2003)

Waste disposal

0.382 kg/kgwaste

(Ritchie and Smith, 2009)

Sewage treatment 0.3 kg/m?> (Campos et al., 2016)

Sludge combustion 50 kg/m? (Bundesamt fiir Wirtschaft und
Ausfuhrkontrolle, 2021)

Sludge disposal 1456 kg /m? (Chen and Kuo, 2016)
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B. LSC assumptions and modeling
particularities

This chapter extends Chapter 4 to consumer and cost assumptions, presented
in Section B.1. Furthermore, Section B.2 shows the detailed methodology of
LSC services, including the carpool, washing machine, exhaust heat provision
and water sale.

B.1. Consumer and cost assumptions

Basic assumptions on consumer configuration, technology costs and defined
tariffs are presented in this section. Table B.1 presents the basic technology
assumptions for consumers in the LSC. These assumptions are added to the
optimization model as input parameters. Consumers’ energy and resource
demands must be given as time series input parameters to the model. The
premises, which are based on the household size within the GeWoZu LSC are
presented in Table B.2.

Aside from consumer assumptions, technology assumptions were made. Tech-
nologies are charged their operational costs. Predefined values of the RUTIS
model based on literature research (based on Section A) were assumed for
these costs. In the model extension, different tariff assumptions were made
which are presented in the Tables B.3 to B.6 for all considered sectors in
the case study. As emissions are considered, assumptions for CO2 emissions
must be made which are presented in Table B.7. Grid emission factors are
inconclusive because they vary over time. Basic values from Landesamt fiir
Umwelt Brandenburg (2018) are assumed for the model analyses.

231



B. LSC assumptions and modeling particularities

— 8
®
Q
£ &
- © e}
QO =
£5)s = _|g|g
T A.nM ™ S~ S~ Y~ >~ ~| ~| ~ ~| &» ~ | ™ —
Z
=
=~
2
)
Q o
C I~ ~ | S~ | Y~ >~ | ~| ~| b= ~| b~ ~ | >~ ™
joF
=
=)
0 =}
g
=
2|5 B
2 S o o
m H = I~ ~ | S~ Y~ >~ ~| ~| b~ ~| b~ ~ | >~ ™
<
g| .8
g
=
2
1E
=
Q| B <
ol & = 10
@]
=
|z
= &
=
Y=
> o
A N 0 ~ | ~| & >~ & ~ | >~ ™ ~ | ~| &N
1
Q
Q
o,
e
Q
Q
=
S 9
Za|ls ||| |a| = =]~
i
:
=}
0
g O
o~ || R
O | H|jla|ow|w|w|lo|~|lo|la|l=|—=|~]|3
232
ayroligig usiph Nl e HCCQ ul a|ge|leAe si SIsay) [el0100p SIYl JO UOISIDA _GC_@_\_O U®>O\_QQ® SIVER any a8pajmou InoA

“regBnpian yayiolgig UsIpn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiq AV—@F—HO__Q_M



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

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

M 3ibliothek,
Your knowledge hub

€ec

Table B.2.: GeWoZu demand assumptions

Nr. pers. 1 2 3 4 Source

Elec in kWh 2300 3000 3500 4000 (Weiibach,
2022)

Heat in kWh 2313 3278 4240 5205 (Rosenkranz,
2020)

Cooling in kWh 155 220 284 350 (Vogel, 2018)

Waste in kg 450 900 1350 1800 (Statistisches
Bundesamt,
2022)

Water in m? 42.5 85 127.5 170 (Jedamzik,
2022)
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Table B.3.: LSC Electricity tariff assumptions

Parameter Identifier Value
Energy costs H%?ecff lec,energy 13 ct/kWh
Grid costs HgErligC’t 6.2 ct/kWh
Fiscal charge HSEulfCh Lree 1.8 ct/kWh
Feed-in tariff Hfgfgcu}f 7 ct/kWh
LSC tariff Ty g ieoenerey 10 ct/kWh
Power price LS 35€/kW

Table B.4.: LSC heating and cooling tariff assumptions

Parameter Identifier Value

Heat energy costs H’;}f;%yt 4.0 ct/kWh
Heat grid costs H%ie(rizt,t 4.6 ct/kWh
LSC heat tariff I ponereyenerey 3.5ct/kWh
Cooling energy costs Hgf;lgi' 4.0 ct/kWh
Cooling grid costs Hg:il,t 4.6 ct/kWh
LSC cooling tariff Hgigﬁf nersy,enersy 3.5¢ct/kWh
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Table B.5.: LSC water tariff assumptions

Parameter Identifier Value
Conventional pipeline tariff H%i};etgﬁe 1.5€/m?
Water recovery purchase tariff Iy 1.125€/m?
Water pool purchase and feed-in HWZ‘;ZEOM 0.75€/m?3
tariff
Excess purchase tariff Wedor 3€/m3
Table B.6.: LSC disposal cost assumptions
Parameter Identifier Value
Waste disposal costs Hg[i,sf ;ial 23 ct/kg
Waste transport costs TTansport 0.09 ct/kg
Sludge disposal costs Tgspe ;jl 414€/m?
Sludge transport costs Hgﬁrﬁ;eort 0.09 ct/m?
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Table B.7.: Emission assumptions

Technology

CO5 Emissions

Comment

Elec. grid

0.209 kg /kWh

(Landesamt fiir Umwelt Branden-
burg, 2018)

Waste combustion

1.1 kg/kgwaste

(IEA Bioenergy, 2003)

Waste disposal

0.382 kg/kgwaste

(Ritchie and Smith, 2009)

Sewage treatment 0.3 kg/m3 (Campos et al., 2016)

Sludge combustion 50kg/m3 (Bundesamt fiir Wirtschaft und
Ausfuhrkontrolle, 2021)

Waste and sludge transport 0.125kg/km (Schodl, 2019)

Waste disposal

0.382 kg/kgwaste

(Ritchie and Smith, 2009)
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B.2. Technology modeling

B.2. Technology modeling

Several services were introduced in Section 4.1.4. The method and mathe-
matical equations are described in this section.

Carpool

A set of electric vehicles in the carpool is predefined, representing all avail-
able vehicles in the LSC. A combination of cars cannot cover the transport
demand. Thus, only one vehicle can be used to cover the transport demand of
a consumer per timestep. This approach requires the use of binary variables,
where the model is transformed into a MILP. The binary transport demand
coverage is presented in Equation B.2. The distance covered by a vehicle is
represented by s, ;.

V = Vehicley, Vehicles, ..., Vehicle, (B.1)
Dtransporti = Z bini,v,t * Syt VieC (B2)
veY

Binary sums are required to guarantee that the demand can be covered by
only one vehicle (Equation B.3) and that a car cannot be used for multiple
demands (Equation B.4).

> binguy <1 VieC (B.3)
veY
D by <1 YoeV (B.4)
1€C
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B. LSC assumptions and modeling particularities

As final vehicle constraints, charging and driving need to be blocked at the

same time for each vehicle. The consumed energy is determined by vehicle

energy consumption K energydemand.drive

qzcirtive < bini,v,t Syt Kgnergydemand,drive Yo ey (B.5)
G5E < (1= bingy) - PR2IE yy e Y (B.6)

Washing machine

The GeWoZu has a modern washing machine where the water is heated
electrically within the washing machine as the first option. The second option
for water is to be sourced directly from hot water access. Heat from the
washing machine sewage can be recovered. Electricity, heat and water are
the required inputs for the washing machine while recovered heat and washing
service are the outputs.

The energy demand of the washing machine is set together with a fixed elec-
wash,fix

tricity demand Q) for motor and sensor operation (0.15kWh/cycle),
and from electric qg?esglgeat or thermal heating qﬁiﬁ%ﬁe“ of water. The de-
mand per washing cycle is presented in Equation B.7. The optimizer decides

whether the water should be electrically or thermally heated.

wash,tot wash, fix washheat washheat
qy = (Q; + QBleet "t Qieatt ) (B.7)

The volume of the water in the washing machine must be heated. The

required energy depends on the washing cycle temperature difference AT,

water

o and the density of water p"*°*, Washing tem-

thermal water capacity c
perature time series are assigned randomly. Electric heating in the wash-
ing machine is considered with the efficiency of the internal heating system

pwashheat " The assumptions lead to Equation B.S8.
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B.2. Technology modeling

water wash water ___washheat washheat washheat
P -V " Cy AT = n “4Elec,t + QHeat t (B8)

The recovered energy depends on the temperature difference, the share of
sewage in water, the heated water volume, and the factor K Wash.recovery

h
q:vas JTECOVELY _ QB qreSevase . Vwash X Kwash,recovery AT (Bg)

Exhaust heat provision

External service providers such as industries can sell exhaust process heat to
the LSC at predefined prices. Access to district heat grids is required and
is assumed to be possible in the considered scenarios with exhaust heat pro-

vision. The LSC operator purchases the exhaust heat. Costs are dependent
industryexhaust

on the predefined price in the agreement Il .. and the grid costs
ngid
Heat"®
industryexhaust _ industryexhaust industryexhaust grid
CLSC.Heatt = “(Miear + Urear) (B.10)

The purchased heat is limited by the processing power that provides exhaust
heat.

industryexhaust industryexhaust
qy < Praz e - At (Bll)

On balance, emissions are assigned directly to the process rather than to
exhaust heat. Therefore, no emissions are assumed for procuring exhaust
heat. Service provisions are strongly dependent on the agreement with the
LSC. Contracts that require a minimum purchased heat amount of 3kWh
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B. LSC assumptions and modeling particularities

per time step are investigated in separate analyses, where the provided heat
is limited to 6 kWh per time step. The relation is implemented according to
the constraint in Equation B.12.

3kWh < qindustryexhaust < 6 kWh (B12)

Water sale

Water sale is implemented to ensure that a certain portion of the sewage,
referred to as greywater (Maldet et al., 2022b), can be sold to external con-
sumers for irrigation or other purposes. The amount of sold sewage is limited
to the share of greywater in sewage.

greywater,sold greywater sewage
LSOt < Share VLsC (B.13)

The balance rule for sewage is changed, because not all sewage is treated. This
situation results in competition in savings from sewage energy and resource
recovery and sale of greywater.

sewage __  greywater,sold greywater,treated
Ursct = VLSOt +Vsco (B.14)

For the greywater sale, predefined prices are assumed according to the con-
ventional pipeline purchase price H%I;ilelfe. These are multiplied by different
price factors FWwatermarket 54 different factor assumptions are subjected to
a sensitivity analysis. Revenues depend on the price and the amount of sold

greywater.

greywater,sold __  greywater,sold . pwatermarket pipeline
TeULSC,t - ULSC,t F HWater (B15)
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C. LSM assumptions and sectoral
model equations

This chapter shows the Appendix to Chapter 5. Section C.1 presents the
balance rules for the sectors, that are considered in the LSM in Chapter 5.
Additionally, Section C.2 presents the fundamental assumptions for the LSM
analyses.

C.1. Balance rule representation

In this section, the balance rules described in Section 5.1 are graphically pre-
sented. Furthermore, additional model equations required for understanding
the technical functionalities are emphasized.

Waste sector

Waste is set together of municipal waste and sewage sludge. Emerging waste
is assumed as time-constant input time series. Basic assumptions consider the
incineration of both resources. Electricity and heat can be recovered. How-
ever, it can be assumed that not all energy can be reused in the municipality.
This results in the following waste incineration equations.

elec _ elec waste usable
Aecomb,t = Neomb * Meomb,t Sharecomb (Cl)
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C. LSM assumptions and sectoral model equations

heat __  heat waste usable
Qeomb,t = Neomb ~ Meomb,t Sharecomb (C2)

FCO2 waste

bi
comb * Mcomb, comb 2 (03)

¢ - share, .,

EMecomb,it =

Extensions of waste portfolios consider anaerobic digestion for biogas gener-
ation, as presented in Figure C.1.

LSM External waste disposal
Waste
LSM LSM
Combustion Anaerobic Digestion
Waste Reduction

Heat Electricity

N y
\ 'f"‘

LSM
Gas CHP Disposal of non-biowaste

Electricity  Heat Gas sale
at defined gas price

Figure C.1.: Waste treatment options

Generated biogas presented in Equation C.4 can be incinerated or sold ex-

ternally.
gas _ waste waste biodegradable
QwasteAD,t — MwasteAD,t * ThwasteAD * H1g - share (04)

Incinerated biogas is determined by investment decisions in gas CHP plants.
Relations are similar to Equations C.1 and C.2, with the significant differ-
ence that for biogas incineration, no direct emissions are assumed. However,
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C.1. Balance rule representation

only biodegradable waste can be digested. The share of non-biodegradable
waste must be thermally treated, resulting in the same emissions as waste in-
cineration. Apart from extensions to zero-emission anaerobic digestion with
combined recycling of non-biodegradable waste, the same emissions are as-
sumed for both treatment options.

Waste can be transported between different LSM positions by waste trucks
at defined distance-dependent costs and emissions to prevent treatment at
multiple sites. However, to avoid circular flows of waste, input and output
for waste transport in the same time steps are prohibited by the introduction
of binary-blocking constraints.

wastetrans,out . wastetrans,out waste,max
Myt < by My VYm,ne M,m#n (C.5)

wastetrans,in . wastetrans,out waste,max
Mot < (L =bing, ) Myans Vm,n € M,m #n
(C.6)

Water and sewage sector

Water and sewage are implemented using a circular economy approach. Sewage
from LSCs is jointly treated by the LSM, whereas recovered water can be sold
by the LSM to the LSCs at distance dependent prices. Sludge as a by-product
is assigned to the waste sector. Similar to waste, sewage can be transmit-
ted between different positions to prevent multiple sewage treatment plant
installations. The major difference is that for sewage transmission, no costs
and emissions are assumed due to the pipeline-based transmission system.
Moreover, the implementation of greywater systems is investigated as pre-
sented in Section 5.1.3. The setup for the water and sewage circular economy
implementation is presented in Figure C.2.
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C. LSM assumptions and sectoral model equations

Required Greywater System investment

LSM
Sewage

LSM
Sewage Treatment

Greywater to

Greywater Sale Potable Water

Figure C.2.: Sewage treatment options

Electricity sector

Figure C.3 presents electricity inputs and outputs of the LSCs and LSM.

Grid LSM Hub Grid Purchase
Purchase Purchase Purchase from LSC

T

CHP

/ Sewage

- [f5e _ LSM
"-‘ PV ™ Electricity Ed Battery Electricity ﬁa;::fm
_In:meral\or; |
Plant /
N A . N Was;e or
Sludge
Grid  Electricity  Sale Sale
Feedin Demand to to
LSM LSCs

Figure C.3.: Electricity inputs and outputs

The goal is to cover the given electricity demand for all consumers. Installed

244



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

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

[ 3ibliothek,
Your knowledge hub

C.1. Balance rule representation

PV systems and market procurement from the LSM can provide LSC electric-
ity. The remaining electricity can be procured from the public electricity grid.
Excess electricity can be sold on the LSM market or fed back into the elec-
tricity grid at pre-defined prices. Moreover, battery investment is included
in the analyses. LSM electricity can be procured over the LSM market and
from the electricity grid. Recovered electricity from waste or biogas inciner-
ation is assigned to the LSM. The LSM must provide the required electricity
for sewage treatment. The remaining electricity can be sold to the LSCs at
distance-dependent efficiencies and grid prices. To understand the setting of
efficiencies and prices, Figure C.4 presents the electricity grid setup of the
LSM.

Grid

Grid Grid Esfiregiond
P etamaint2 etamainza
Lmain12 Lmain23
[ o) (=) /
¥ A etay X ¥ etar K~ A etar /
/ / \ &
= l N
| Caridlocal \
| etag| Ly etag| Lp etag| Ly etaz| Ly etag| Lg
el T\ 1sc Lsc tse [ [ Lsc
4 N 2 1 3 5

Figure C.4.: LSM electricity grid

Transformer efficiencies and efficiencies depending on the line length are as-
sumed. Grid tariffs are set based on grid level, differing between local and
regional grid tariffs.

Heat sector

Figure C.5 presents the balance rules in the heat sector.
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C. LSM assumptions and sectoral model equations

LSM Hub
Purchase

District
heat

investment l |

Biogas CHP

LSM
Heat
—
Heat ISE
Pump Heat
Iiru:meration e d r| H
l Plant
Waste or
Siudge Exhaust Sale
Heat heat to
demand LSCs

Figure C.5.: Heat inputs and outputs

Installed heat pumps can generate LSC heat to cover the pre-defined heat
demand. Moreover, investment decisions in district heat connections are
performed. Heat can be procured from local LSM markets if investment
in district heat connection is performed. The source of the procured heat
can be either waste or biogas incineration, as it can be seen in the balance
rule of the LSM. Procurement costs are dependent on grid length, similar to
the electricity sector, without the assumption on the difference in distance-
dependent grid tariffs for heat.

C.2. Consumer, cost and technology assumptions

The different assumptions considered for the input parameters of the con-
sumers are presented in this section. The municipality provided data for the
public facilities and resident statistics. Demand and technology assumptions
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C.2. Consumer, cost and technology assumptions

Table C.1.: Municipality configuration

LSC Electricity Heat in Water in Waste in
in MWh  MWh m? t

1 359 2200 17112 167

2 441 2680 20838 204

3 402 2467 19182 188

4 328 2005 15594 153

5 166 585 1669 136

are taken based on household statistics. For the demand profiles, the ag-
gregations of residents in LCSs presented in Table 5.1 are considered. The
percentual share of household sizes is assumed according to Statistik Austria,
2022. Electricity consumption per consumer is considered based on Gonzalez,
2022, whereas heat consumption relies on the assumptions of Kloth, 2022a.
Annual water consumption is assumed based on Jedamzik, 2022, while ac-
cruing waste input comes from statistics of the considered municipality. This
leads to the demand assumptions in Table C.1.

Technology data are assumed based on the household size. PV generation
profiles are considered based on Osterreichs Energie, 2020 while COP profiles
of heat pumps are taken based on Nie et al., 2017. The maximum technology
capacity assumptions for each LSC are summarized in Table C.2.

Existing waste storage capacities are assumed with 1/12 of the accruing
waste, with potential expansion of 141t. Maximum resource treatment and
gas CHP capacities for investment decisions are assumed to be sufficiently
high to guarantee model feasibility. The same applies to the input parameter
of maximum waste transport mass. Waste transport distance varies between
0.6 km and 2.4km based on geographical distances in the municipality, with
LSC3 having the shortest distance to other LSCs in sum. Transport emis-
sions are directly related to transport distances. For electricity lines, 10 %
losses per 1000 km are assumed, according to Siemens, 2017. Additionally,
transformer losses of 1% are taken based on Belefic, 2022. For heat procure-
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C. LSM assumptions and sectoral model equations

Table C.2.: Municipality technology assumptions

LSC PV in Battery Heat District
kWp in kWh pump in heat in

kW kW

1 1630 1630 1141 1141

2 2162 2300 1610 1610

3 2000 2000 1400 1400

4 1010 1370 1370 1370

5 412 190 400 400

ment, losses of 1% per km are assumed, according to Kavvadias and Quoilin,
2018.

Tariffs for external procurement and LSM market operation are summarized
in Table C.3. Potential electricity prices for 2040 are assumed based on
Ministeére de I'environnement, de 1’énergie et de la mer (2017).

Technology operational costs are considered to have the same values as pre-
sented in Section A. Finally, Tables C.4 and C.5 present the taken investment
costs. Amortization periods are assumed based on Bundesministerium der
Finanzen and Juris Das Rechtsportal, 2023.
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C.2. Consumer, cost and technology assumptions

Table C.3.: Municipality tariff assumptions

Tariff

Value

Electricity purchase

29.7 cent /kWh

Electricity purchase 2040

12.83 cent/kWh

Electricity feedin

7 cent/kWh

Electricity LSM sale

14.35 cent/kWh

Electricity LSM purchase local

18.82 cent/kWh

Electricity LSM purchase re-

20.61 cent/kWh

gional

LSM heat purchase 3 cent/kWh
Water pipeline purchase 1.5€/m?
Water LSM purchase 1.35€/m3
Water LSM purchase at same 1€/m?
position

Waste transport costs 0.23€/kg
Waste disposal costs 1.5€/kg
COy price 30€/t

Gas price low

0.79 cent/kWh

Gas price high

23.7 cent/kWh
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Table C.4.: Municipality investment cost assumptions for energy technologies

Technology Fixed costs Variable costs Amortization pe- Source
riod in years
PV 3500€ 1300 €/kWp 20 (Daniel and Sattl-
berger, 2022)
Battery 900€ 1000€/kWh 10 (Kloth, 2022b)
Heat pump 500€ 945€ /kWh 8 (IEA, 2022,
Tsoukanta, 2022)
District heat con- 350€ 500 €/kW 20 (Bio fernwérme,
nection 2023)
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Table C.5.: Municipality investment cost assumptions for resource technologies

Tech.

Fixed costs

Variable costs

Amortization pe-
riod in years

Src.

Waste combustion 150000€ 5200 € /kg 10 (Convex, 2022)

Waste storage 6200€ 10€/kg 10 (Heimhelden.de,
2023, Kostencheck,
2022)

Sewage treatment 353000€ 70000 €/m? 20 (Samco, 2016, John-

plant son, 2022)

Anaerobic digestion 150 000€ 4000 €/kW 10 (Grebe, 2017)

Gas CHP - 1970 €/kW 16 (Oluleye and
Hawkes, 2020)

Greywater system 6500 € /unit - 15 (Anders bauen und

wohnen, 2023)
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D. SDG indicator model assumptions
and extended case study results

This final chapter of the Appendix presents the data assumptions of Chapter
6 in Section D.1. Furthermore, Section D.2 presents additional results to
Chapter 6, including the results of the policy paths in the community and

municipality.

D.1. Data assumptions

This section provides an overview of the assumptions in the case studies
presented in Sections 6.2.1 and 6.2.2.

The community and municipality’s business-as-usual (BaU) values are de-
termined by separate optimization analyses without sustainable operations
and technology investment. BaU results for the community are 23.77k€ as
total costs and 19.8 tcos for the emissions. For the municipality, BaU results
indicate 2438k€ and 1611 tcoo.

Table D.1 presents the tariff assumptions for both, the community and mu-
nicipality.

Table D.2 presents the technology investment cost assumptions. Amorti-
zation periods are assumed based on Bundesministerium der Finanzen and
Juris Das Rechtsportal (2023). Operational costs are assumed as in Maldet
et al., 2022b. Table D.3 presents the assumed maximum technologies in the
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D. SDG indicator model assumptions and extended case study results

Table D.1.: Tariff assumptions

Tariff Value
Electricity purchase 29.7 cent /kWh
Electricity feedin 7 cent /kWh
District heat purchase 7.6 cent/kWh
Water pipeline purchase 1.5€/m?
Recovered water purchase 1.35€/m?
Waste disposal costs 0.23€/kg
Waste recycling costs IKB, 2023 0.38 € /kg
Sewage disposal costs 2.28€/m?
COq price 30€/t

community and municipality. Technologies were considered based on the case
study sites’ provided community and municipality data.

Table D.4 gives an overview of the energy and resource demands. Demands
were assumed based on household sizes, whereas for the municipality, de-
mands of public buildings were provided by the investigated municipality.
Moreover, the total accruing waste amount was provided for the whole mu-
nicipality.

Finally, Table D.5 presents the emission assumptions. Waste emissions are
adapted, as only the nonbiogenic share of waste leads to emissions. However,
sludge as a by-product from sewage treatment is also incinerated and counted
as biogenic, leading to a higher total biogenic percentage and thus, to lower
waste incineration emissions. Disposal and treatment of waste and sewage
are assumed with the same emissions, as disposal leads to treatment beyond
the system boundaries. Moreover, the share of renewable energy generation
in the electricity grid of 80 % (Wien Energie, 2022) and in the district heating
grid of 33 % (ENBW Fernwérme, 2020) must be considered.
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Table D.2.: Investment cost assumptions with a WACC of 3%

Technology Costs Amortization period Source
in years

PV 1300 €/kWp 20 Daniel and Sattlberger,
2022

Battery 1000 €/kWh 10 Kloth, 2022b

Heat pump 945 € /kWh 8 IEA, 2022, Tsoukanta,
2022

District heat connection 500 €/kW 20 Bio fernwérme, 2023

Waste combustion 5200 € /kg 10 Convex, 2022

Sewage treatment plant 70000 €/m? 20 Samco, 2016, Johnson,
2022

Greywater system 520€/1 - 15 Anders bauen und

wohnen, 2023
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Table D.3.: Technology capacity assumptions in the community and municipality

Technology Community Municipality
PV 30kWp 7214 kWp
Battery 30kWh 7214 kWh
Heat pump 30 kW iherm 5000 kW herm
District heat connection 30 kW 5000 kW
Waste combustion - 800t/h
Sewage treatment plant - 20m?/h
Greywater system 1501 91251
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Table D.4.: Annual energy and resource demands in community and municipality

Sector Community Municipality Sources

Electricity 40.8 MWh 1696 MWh Weifibach, 2022, Gonza-
lez, 2022

Heat 48 MWh 9937 MWh Rosenkranz, 2020, Kloth,
2022a

Water 1405 m3 74197 m? Jedamzik, 2022

Waste 15t 848t Statistisches Bundesamt,
2022

Table D.5.: Emission assumptions for technologies and actions

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

Electricity grid 0.209 kgoo/kWh Landesamt fiir Umwelt Branden-
burg, 2018

District heat 0.188kgrpo/kWh ENBW Fernwirme, 2020

Sewage disposal 0.300 kg e /m? Campos et al., 2016

Waste disposal 0.125kgr0s/kg IEA Bioenergy, 2003

Sewage treatment 0.300 kg /m? Campos et al., 2016

Waste combustion 0.125kgroa/kg IEA Bioenergy, 2003
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D. SDG indicator model assumptions and extended case study results

Table D.6.: Community technology installation impact of SDG Path 1

Sens. PV in Battery Heat District Grey
in % kWp in kWh pump heat in water
in kW kW Sys-

tems in
|

0 30.00 3.65 3.93 13.86 0

5 30.00 3.65 3.93 13.86 8

45 30.00 3.65 3.93 13.86 150

50 30.00 3.65 4.69 13.10 150

70 30.00 3.95 14.47 3.32 150

90 29.86 3.98 14.21 3.58 150

100 30.00 4.00 14.97 2.80 150

D.2. Case study results

This section summarizes the detailed results of the community and munici-
pality analyses for all paths according to Figure 6.2.

D.2.1. Community case study results

This section focuses on the results of the policy paths in the community.

The following tables present the sensitivity analysis for specific SDG target
setting in the community, according to Path 1. Table D.6 illustrates the
impact on technology installation and Table D.7 shows the effects on SDG
contribution targets. Only the relevant sensitivities where SDG targets be-
come active or reach their limit are presented.

Heat pumps and greywater systems are increasingly installed to reach the
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D.2. Case study results

Table D.7.: Community SDG contribution target impact SDG Path 1

Sens. SDG1 SDG6 SDGT7 SDG12 SDG13
in %

0 21 0 73 0 42

) 20 ) 73 ) 42

45 -4 45 73 45 47

50 -5 45 75 50 50

70 -10 45 90 88 70

90 -11 45 90 90 70

100 -11 45 90 100 70

proposed SDG targets. District heating connection is decreased, whereas
other technologies are only slightly affected. Emission reductions are limited
because of the high dependency on the electricity grid, a significant source
of emissions in the community. SDG1 becomes negative at targets of 45 %.
Thus, the costs are higher than that in the BaU case, leading to non-cost-
efficient operation. However, the reduction of water and waste (as additional
sensitivity) can extend the SDG limits and keeps SDG1 at a higher level
while reaching the same targets.

Table D.8 presents the impact of penalty incentive schemes on technology in-
stallation in the community and Table D.9 presents their implications on SDG
contribution targets. COz price extension considers prices of 0.15€/kgcos-
The exact values of the investment schemes are presented in Table 6.4.

Increased sewage disposal costs lead to greywater installation becoming an
economically feasible option and thus to increased SDG6 contribution. More-
over, additional district heating costs lead to heat pumps becoming the dom-
inant heat generation technology. Additional heat pump installation leads to
improvement in SDG7 contribution. Increasing waste disposal costs lead to
full waste recycling (as no limit was assumed), which leads to a maximum
SDG12 target. High CO4 prices increase SDG13. Such prices affect not only
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D. SDG indicator model assumptions and extended case study results

Table D.8.: Community technology installation impact SDG Path 2

Policy PV in Battery Heat District Grey

action kWp in kWh pump heat water
in kW kW Sys-

tems in
|

Sewage 30 3.65 3.93 13.86 67

disposal

penalties

District 30 3.65 10.50 7.31 0

heat

penalties

Waste 30 3.65 3.93 13.86 0

disposal

penalties

COq 30 3.95 14.47 3.32 0

price ex-

tension

Penalty 30 3.68 11.22 6.57 67

combi-

nation

SDG13 but also SDG7 and SDG12. However, all of the penalties lead to in-
creased total costs and thus, to a decrease in SDG1. Incentive schemes that
consider greywater further lead to negative SDG1 contributions and thus to
higher costs than those in the BaU scenario. Therefore, a detailed analysis
on the incentive costs (as performed in Table 6.4) is mandatory for penalty

impact assessment.

Tables D.10 and D.11 present the investment subsidy incentive schemes and
their impact on technology installation and SDG target achievement. COs
price extension considers prices of 0.15€/kgcos-
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D.2. Case study results

Table D.9.: Community SDG contribution target impact of SDG Path 2
Policy SDG1 SDG6 SDGT7 SDG12 SDG13

action in % in % in % in % in %

Sewage -29 29 73 0 43
disposal

penalties

District 19 0 87 0 57
heat
penalties

Waste 12 0 73 100 51
disposal

penalties

COq -20 0 90 50 65

price ex-

tension

Penalty 42 29 88 100 68

combi-
nation

Investment subsidies lead to similar results as penalties. Therefore, invest-
ment subsidies can be an alternative approach to promote SDG contribution.
SDG1 does not decrease, as the investment incentives are not directly pro-
vided by consumers. However, as it must be assumed that the funding agency
provides the investment subsidies from tax revenues, investment incentives
are also indirectly paid by consumers. Therefore, the comparison must be

performed in terms of costs for incentive schemes.

A combination of penalties and investment subsidies also leads to similar
results as those in Paths 2 and 3 in particular while keeping SDG1 at a
higher level than that with penalties alone. Figure D.1 presents the results
of a combined incentive scheme approach in the community.

All three policy paths in the community lead to similar results. However,
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D. SDG indicator model assumptions and extended case study results

Table D.10.: Community technology installation impact of SDG Path 3

Policy PV in Battery Heat District Grey

action kWp in kWh pump heat in water
in kW kW Sys-

tems in
1

Greywater 30 3.65 3.93 13.86 60

invest-

ment

subsidies

Heat 30 3.65 8.88 8.90 0

pump

invest-

ment

subsidies

Waste 30 3.65 3.93 13.86 0

recycling

subsidies

CO2 30 3.68 6.57 11.20 0

price ex-

tension

Subsidy 30 3.68 110.81 6.97 60

combi-

nation

262



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

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

[ 3ibliothek,
Your knowledge hub

D.2. Case study results

Table D.11.: Community SDG contribution target impact of SDG Path 3

Policy
action

SDG1
in %

SDG6
in %

SDG7
in %

SDG12
in %

SDG13
in %

Greywater 22

invest-
ment
subsidies

28

73

0

42

Heat
pump
invest-
ment
subsidies

23

85

95

Waste
disposal
penalties

22

73

100

o1

COo
price ex-
tension

18

80

50

Subsidy
combi-
nation

22

28

87

100

68

Path 1 requires strict policy setting, whereas Paths 2 and 3 require incentive

scheme costs. Moreover, combining penalties and investment subsidies leads

to the most efficient incentive scheme in the community.

D.2.2. Municipality case study results

This section focuses on the results of the policy paths in the municipality.

Tables D.12 and D.13 present the impact of the SDG target sensitivity anal-
yses on technology installation and SDG contribution according to policy
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D. SDG indicator model assumptions and extended case study results

100

.

60

) .
L

No Poverty SDGL  Clean Water SDG6 Clean Energy SDG7 Cons Prod SDG12 Climate Action SDG13
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SDG Contribution in %
&
38
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Cons Prodspgi2: 36%
Climate Actionspgis: 25%

Figure D.1.: Combined incentive scheme for communities

Path 1. Table D.12 includes PV, battery (Bat), heat pump (HP), district
heat (DH), greywater (GW), waste incineration (Inc.) and sewage treatment
(Sew. treat) capacities.

As for the community, heat pump installation increases in favour of district
heat installation. Moreover, PV installation decreases to prevent electricity
excess feed-in electricity. Owing to the implemented waste incineration en-
ergy recovery, the amount of excess electricity in the system is already high
without PV installation. Thus, additional PV installation leads to increased
SDGT contribution in the system. SDG6 can be achieved without greywater
installation due to the implemented sewage treatment water recovery, which
is the significant difference to the community analyses. With the implemented
water reduction, the limit of SDG7 can be extended to 90 %.

The Tables D.14 and D.15 show the penalty (pen) incentive scheme impact of
Path 2. Exact investment scheme values are presented in Table 6.5. Extended
COz prices are assumed at 3.1€/kgqos.

As in the community, sewage treatment penalties increase greywater sys-
tem installation. Moreover, more expensive district heat procurement costs
promote heat pump establishment and waste combustion penalties encour-
age recycling. However, high CO5 prices and greywater installation lead to
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D.2. Case study results

Table D.12.: Municipality technology installation impact SDG Path 1

Sens. PV Bat HP DH GW  Inc. Sew.
in% in in in in inl in treat
kWp kWh kW kW kW inl
0 7214 634 1545 2137 0 579 8025
) 7214 638 1550 2132 0 550 8025
50 7214 754 1588 2094 420 283 7600
60 7195 817 1877 1805 2110 241 5900
70 5098 790 1934 1748 3800 239 4220
85 3172 779 2538 1144 3800 156 4220
90 3993 2663 3311 371 4012 118 4012
95 4005 6459 3444 238 4012 66 4012
100 4044 6639 3457 225 4012 0 4012

Table D.13.: Municipality SDG contribution target impact SDG Path 1

Sens. SDG1 SDG6 SDGT7 SDG12 SDG13
in % in % in % in % in % in %
0 35 48 54 0 71

) 33 48 54 ) 71
50 18 50 56 50 74
60 13 60 60 60 80
70 6 70 70 70 81
85 -4 70 85 85 85
90 -29 70 90 90 90
95 -65 70 95 95 90
100 -68 70 95 100 90
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D. SDG indicator model assumptions and extended case study results

Table D.14.: Municipality technology installation impact of SDG Path 2

Policy PV Bat. HP DH GW  Inc. Sew.
ac- in in in in in 1 in treat
tion kWp kWh kW kW kW inl
Sew. 7214 677 1570 2112 4010 454 4012
treat

pen

DH 7214 749 2455 1228 0 579 8025
pen.

Inc. 7214 807 1537 2145 0 0 8025
pen.

COgy 7214 1189 2952 730 4012 1489 4012
price

ext.

Pen. 7214 880 2635 7047 4012 0 4012
combi.

Table D.15.: Municipal SDG contribution target impact of SDG Path 2

Policy SDG1 SDG6 SDG7 SDG12 SDG13
action in % in % in % in %

Sew. 12 71 55 0 73
treat

pen.

DH pen. 31 48 61 0 83
Inc. 1 48 57 100 74
pen.

COq -29 71 66 21 92
price

ext.

Pen. -20 71 66 100 89
combi.
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D.2. Case study results

Table D.16.: Municipality technology installation impact of SDG Path 3
Policy PV Bat. HP DH GW  Inc. Sewage

ac- in in in in inl in treat
tion kWp kWh kW kW kW inl
GW 7214 677 1570 2112 4012 454 4012
inv.

sub.

HP 7214 727 2211 1471 0 579 8025
inv.

sub.

Rec. 7214 807 1537 2145 0 0 8025
sub.

CO» 7214 744 1911 1771 0 579 8025
price

ext.

Sub. 7214 880 2583 1099 4012 0 4012
combi.

higher costs than in the BaU scenario. Therefore, similar to the community,
detailed incentive scheme costs are mandatory to analyze. Finally, Table
D.16 shows the impact of municipal investment subsidy (inv. sub.) incentive
schemes on technology installation. Table D.17 presents the impact on SDG
target contributions. Both tables show the results according to municipal
policy Path 3. Extended COg prices are assumed at 0.1€/kgcos.

The proposed investment subsidies lead to similar results as those of penalties,
with the difference that the subsidies are indirectly covered by municipal
consumers by tax payments. Therefore, SDG1 is not the only indicator to be
considered. Incentive scheme costs are mandatory to be considered as well.
Figure D.2 presents the SDG contributions of a combined incentive scheme.
Similar to the community, a combination of penalty and investment subsidy
incentive schemes, particularly a combination of Paths 2 and 3, leads to the
lowest costs and is, therefore, the most efficient incentive scheme.
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D. SDG indicator model assumptions and extended case study results

Table D.17.: Municipal SDG contribution target impact of SDG Path 3
Policy SDG1 SDG6 SDG7 SDG12 SDG13

action

GW inv. 71 55 0 73 36
sub.

HP inv. 48 60 0 81 42
sub

Rec. 48 57 100 74 36
sub.

CO2 48 58 0 7 31
price

ext.

Sub. 71 65 100 89 41

combi.
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Figure D.2.: Combined incentive scheme for municipality
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