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of the heating and cooling sector. The scenarios predict a strong
electrification of the heating sector, including the substitution of
gas-based heating systems. The continued operation of the existing natural gas grids in the case of a decrease in demand could increase energy-related network costs and thus grid charges, which
would further increase the attractiveness of electric-based heating
systems. An effect that could trigger or foster the gas phase-out.
In this thesis, network analysis, multi-agent and mixed-integer linear optimization models are introduced to analyse the business dynamics between the retrofit decisions of building owners
and the investment decisions of gas and electricity distribution
network operators. The results forecast a decrease in natural
gas demand in the gas distribution grids for most scenarios in
Germany. In certain configurations, this develops into a self-reinforcing feedback loop that fosters a strong electrification and
triggers the defection from the gas grid in the long run.
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Abstract
In the EU, the heating and cooling sector accounts for 50% of final energy demand. The EU's
current climate protection goals demand a decarbonization of this sector by 80-95% by 2050.
To reach this goal, one major scenario predicts the predominant use of gas-based systems
supplied with CO2 neutral gases to mitigate CO2 emissions. A second scenario foresees a
strong electrification of heating systems through heat pumps powered by renewable
electricity.
Both scenarios have a strong impact on electricity and even more on natural gas
distribution networks: The first scenario requires the conversion of gas grids and heating
systems to the use of renewable gases and hydrogen. The second scenario largely eliminates
the need for gas grids and requires the expansion of electricity grids.
The corresponding impact on business models of electricity and especially gas
distribution network operators (DNOs) would lead to rising and falling prices for the
transport of electricity and gas. The continued operation of an existing natural gas grid in
the case of a decrease in demand would increase energy-related network costs and thus grid
charges, while the ongoing electrification would cause the opposite effect in the electricity
grid.
For building owners, electricity and gas grid charges as part of energy costs influence
investment decisions for new heating systems and heat efficiency renovations. For the gas
grid, rising grid charges could thus influence building owners to move away from gas based
technologies, which would accelerate the defection from the gas grid on the long run.
Most studies on energy systems, building retrofitting or gas and electricity grid
operation neglect these business dynamics. This thesis aims to increase the accuracy of
predictions for the technological transformation of the energy system by looking at the
cause-and-effect relationship between two groups of actors: The gas and electricity DNOs
on the one hand and the building owners on the other hand. The proposed decarbonization
measures in the German building heating sector from 2020 to 2050 form the baseline scenario
to analyse the effects of this dynamic. The thesis considers the building owners retrofit
decisions, the gas and electricity DNOs investment decisions and the interdependencies
between them. Based on a threefold methodological approach, it addresses questions that
are relevant for DNOs, policy makers and energy economists:
First, a model based on data from 58 urban distribution grids in the German city of
Bamberg estimates the resulting grid structure and cash flow for a future decline in gas
consumption. The influence of grid-specific factors and different gas DNO strategies on grid
charges is analysed for different spatial distributions of customer exits. A comparison of the
total costs of grid operation for several scenarios estimates the effects on DNO business
models.
Second, a multi-agent simulation (MAS) is introduced to analyse the interdependencies
between the building owners and the electricity and gas DNO’s investment decisions during
the transformation path for a variation of regulatory, technical and economic conditions. The
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simulation extents the DNO cash flow model with a grid planning routine and introduces a
building retrofit optimization model. Five case studies analyse the transformation path for
different regulatory and technical configurations for a real grid area of the German city of
Bamberg.
Third, a joint mixed integer linear optimization model based on the DNO cash flow
model and the building retrofit model is presented. A sensitivity analysis of 27 type building
collectives and 5 grid topologies estimates the interdependencies between the electricity and
gas DNO’s and the building owners’ investment decisions for a variation of building and
grid specifics.
The results of this thesis are consistent with the trends in the literature, which forecast a
decrease in natural gas demand for most scenarios in Germany: Due to the pronounced
economies of scale in grid-bound energy supply, there is a financial risk for the DNOs and
the building owners in the form of sunk costs if a large number of grid customers leave the
grid. The energy-related grid costs rise and the gas grid infrastructure as well as gas-bound
heating systems will become uneconomical compared to other technologies. This will
motivate more and more building owners to substitute their heating systems and gas DNOs
to postpone investments in gas-bound infrastructure. Dependent on the current regulatory
environment and the building, heating as well as gas and electricity grid configuration, this
might develop into a self-reinforcing feedback loop, fostering a strong electrification of the
heating sector and finally causing gas grid defection.
A related effect of grid defection has been dubbed the “utility death spiral” in context of
photovoltaic self-supply, describing a positive feedback of rising grid charges and a decline
in demand that could become a threat to traditional utility business models in the future.
Lessons learned from electricity grids could also be applied to address this problem in gas
grids. With strong sensitivity to energy retail prices, national taxation, and levies models,
structural changes in the regulatory mechanisms could help to control grid defection.
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1 Introduction1
1.1 Motivation
With the Paris Agreement on climate protection in 2015, the vast majority of all countries
around the world agreed, under international law, to limit global warming to well below two
degrees Celsius [4, 5]. With the entry into force, the abstract goals of the agreement were
translated into national action plans, for example in Germany [6] or superordinate in the
European Union (EU) [7].
The Renewables Global Status Report (GSR) gives an ambivalent assessment of the degree
of achievement of the Paris Agreement in 2018 [8]: On the one hand, the share of renewable
energy generation is increasing worldwide. On the other hand, the speed, with which the
measures are implemented on a nation level is too slow to achieve the climate targets. In this
context, the heating, cooling and transport sectors in particular, which together account for
around 80% of global final energy demand, are lagging behind. The heating sector, which is
analysed from a German perspective within this thesis, accounts for 48% of final energy
demand, of which 27% is generated by renewable sources [8].
In the EU, the heating and cooling sector accounts for 50% of final energy demand, of
which 32% is for industrial process heat applications and 62% for building heat production,
i.e. space heating and domestic hot water generation [9]. According to the EU's current climate
protection targets, the heating sector should be decarbonized by 80-95% by 20502 [8, 9]. In this
context, two macro-trends exist: On the one hand, Irish, British [12–14], Chinese [15, 16] and
North American [17–20] studies predict the predominant use of gas-based systems fired with
CO2 neutral gases in combination with carbon capture technologies to mitigate CO2 emissions.
On the other hand, European [9] and especially German [21–24] studies predict a strong
electrification of the heat generation, by the use of heat pumps, operated with renewable
generated electricity [9, 23]. In this case, the natural gas demand is predicted to drop by 25100% in 2050, whereas the electricity consumption increases (Germany) [21–24].
In both cases, the substitution of the heating systems or a switch of the energy carrier used
is accompanied by energy-saving measures, such as the retrofit of the building envelope. The
literature in the field of building or network infrastructure planning examines different
transformation pathways, but usually neglects the interdependencies between actors:
x
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Building infrastructure: In the past, a number of studies have dealt with the development
of technically and economically optimized CO2-efficient building energy systems [25, 26].
Parts of this chapter are presented in [1–3].

In the period of writing this thesis, the legislative framework in the EU [10], as well as in Germany [11] has
changed. The EU has now defined the target of greenhouse gas neutrality in 2050 and Germany has defined as a
target for greenhouse gas neutrality 2045.
2
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In this context, regulatory incentives and constraints, the market environment, technology
developments as well as socio-economic properties predominantly represent predefined
exogenous variables influencing the specific investement and operational expenses of
heating. In this way, the investment decisions are often steered toward a single
development path, promoting specific heating system technologies, such as gas- or
electricity-based systems that offer advantages for a particular, predetermined market,
technology and regulatory environment. Disruptive feedback effects between the
different actors and system dynamics whithin the supply chain of an energy carrier are
neglected, especially when looking on grid-bound energy supply.
x

Grid infrastructure: Both macro trends presented significantly influence the gas and
electricity grid infrastructure, hence the corresponding business models of the
distribution network operators (DNO). The other way around, the costs of electricity and
gas grid operation have a significant influence on the building investment decision with
regard to heating systems [27, 28]. Current research in distribution grid planning
addresses the novel requirements by developing grid planning and operation
methodologies to simulate power systems across sectors and under high penetration of
renewable generators and interruptable loads [29, 30]. The supply task, i.e., the
georeferenced loads or generators, are currently specified predominantly as exogenous
variables within a scenario simulation, whereby sensitivities are determined based on a
parameter variation [31, 32]. Disruptive feedback effects between the building owners’
investment decisions and the DNOs decisions are neglected: At the economic regulatory
level, literature exists analysing investment and maintenance strategies in the face of
declining or increasing demand, especially in natural gas grids [27, 33]. Here, the grid is
mostly represented by its quantity structure of the assets and the demand scenarios are
given as exogenous variables.

The explanations on the building and network infrastructure optimization show that
endogenous factors, that arise from the interdependence or interaction of the individual actors
during the transformation path, are currently underrepresented in literature.
Research is needed to increase the accuracy of predictions for the technological
transformation path of the entire energy system: The causal cause-and-effect relationships
between the actors – gas and electricity distribution system operators on the one hand and
building owners on the other hand – must therefore be analysed and modelled in order to
identify interdependencies between the different actors. This enables a more detailed
modeling of the cause-effect relationships between the various actors in future energy system
analyses.

1.2 Scope & Research Questions
The future retrofit decisions in building stock are strongly steered by national CO2-related
political and regulatory incentives and constraints in Germany and the EU. On the one side,
this induces a technology change in heat generation where the substitution of fossil fired
heating systems like gas burners by electric heat pumps driven with renewable generated
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energy is fostered. On the other side, this induces a rise in the building energy efficiency where
the number of building insulation measures will increase [23].
Heating applications account for 61% of the natural gas demand on average for the 28 EU
countries [9]. Thus an increase in energy efficiency and the substitution of gas-based heating
systems has a great effect on the future supply task of the electricity and natural gas grid, hence
on both DNO’s business models. With the decrease in fossil fuels, the demand of renewably
generated electricity increases, whereas the natural gas demand decreases. An economic risk
arises for the gas DNO, induced by the business dynamics in the interrelated system between
the investment decisions of the DNO and building owners [1–3]: With an increase in energy
efficiency and a decrease of gas grid customers, a disproportionately long gas grid has to be
operated for a decreasing amount of energy. This pronounced scale effect leads – depending
on the DNO’s strategy and the regulatory environment – to an increase of energy-related costs
for gas grid operation which enhances the gas grid charges [27]. The opposite effect could
occur in the electricity grid when more and more heat pumps are installed: The energy
demand increases disproportionately to the electricity grid costs which has a lowering effect
on the electricity grid charges. An effect that further reduces the attractiveness of gas-based
heating systems in favor of electricity-based ones.
Since the supply task of the gas networks depends strongly on the heat applications of the
buildings, the proposed business dynamics lower the economical attractiveness of the entire
gas grid infrastructure, including gas-based heatings:
When looking at insulation and heating system retrofit measures in building stock at
present, electric heat pumps are economically less attractive than gas burners, especially for
initially installed fossil fuel heating systems [34] (reasons: high power-specific investment
expenses and requirements for the heating circuit temperature [35]). The installation of electric
heat pumps is currently often induced by regulatory constraints, state promotion or socioeconomic aspects [36].
The decline in fossil-fired heating systems initially induced by national legislation could
trigger an increase in gas grid charges in the future due to the proposed economies of scale.
An increase in gas grid charges lead to a rise of energy-related expenses for gas-fired systems
on the side of the building owners. From an economic point of view, the attractiveness of gas
heating systems decreases in the future.
Due to the high sensitivity of operational expenses of gas burners to energy price
fluctuations [2], it is possible, that a price parity for the total expenses for a building retrofit
(heating system, technical building equipment and building surface) between gas-based and
electricity-based solutions will be reached in future. A tipping point in the transformation path
is reached, where a self-reinforcing loop starts, which finally triggers the defection of grid
users from the gas grid and with that the collapse of the whole gas grid infrastructure. A
development that fosters a full electrification of the heating sector [2] (Figure 1).
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Figure 1. Business dynamics under investigation: A self-reinforcing feedback loop between building
energy retrofit decisions and gas and electricity grid charges is postulated which increases the risk of
complete gas grid defection [3]. (R: positive reinforcing loop; link polarities (XÆY): +: when X increases,
Y increases; -: when X increases, Y decreases (and vice versa) [37])

The proposed business dynamics are especially pronounced when analysing urban and
sub-urban residential areas with an existing gas distribution grid like in this thesis: Gas-bound
heatings are increasingly being replaced by decentral heating systems in areas with a high
number of small grid connections, like in residential areas with single-family, terraced and
multi-family housing. In this case, electric heat pumps are economically attractive [21, 23, 31].
In areas with a high load density, such as areas with commercial and mixed use, which are not
the scope of this thesis, heating networks are an attractive option [38, 39].
Most studies on energy systems, building retrofitting or gas and electricity grids neglect
the proposed business dynamics. Where energy system analyses oversimplify these
interdependencies [14, 18, 22, 33], grid charges and the georeferenced energy demand usually
represent exogenous influencing variables in building [34] and grid studies [40–43]. In context
of self-supply due to renewable energy generation in electricity sector, there are studies that
investigate the interdependencies between the investment decisions of the grid operation and
the building owner [44–47]. This thesis extends and transfers the above approaches of the
electricity sector to the field of building energy-efficiency retrofitting and the implications on
gas and electricity distribution grids, whereby five questions are addressed, which are relevant
for DNOs, policy makers and energy economists:
1.

What are political, regulatory, economic and technological as well as building- and gridspecific factors that influence significant changes in the future building heat sector?

2.

How do grid-specific factors influence the cost efficiency of a grid when customers leave
the grid and energy efficiency increases?

3.

How are the interdependencies between the investment decisions of the gas and electricity
DNO as well as the building owners shaped by different strategic patterns and technical,
economic and regulatory factors?
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4.

How are the interdependencies between the investment decisions of the gas and electricity
DNO as well as the building owners influenced by different configurations of building-,
heating- and grid-specific factors?

5.

What are the implications and options for grid operators, regulators and building owners?

1.3 Scientific Contributions & Organization of the Thesis
The work is divided into 5 main chapters: Chapter 2 discusses the state of the art, Chapters
3, 4 and 5 present the methods and case studies of this thesis and Chapter 6 discusses the
conclusions, options and risk for all actors based on the insights found in Chapters 3, 4 and 5.
Methodologically, a threefold approach is presented to address the guiding research
questions 2 to 4 about the business dynamics between the different actors, i.e., policy maker,
natural gas DNO, electricity DNO and building owners. Each part of the own investigations
(Chapters 3, 4 and 5) addresses one research guiding question and formulates sub-questions.
Figure 2 highlights the methodology, the objective, the experimental setup and the
contribution of the three methodolocical parts of the thesis. Figure 3 summarizes the
dependencies of the sub-models and references on the corresponding papers. For the details
of each part, see the corresponding Chapters 3, 4 or 5 in the thesis. The following enumeration
explains the structure of each chapter, names the corresponding research question and
introduces the method:
x

Chapter 2 presents the “state of the art”: The literature review in Chapter 2 sets the
starting point for the investigations of Chapters 3, 4 and 5. Thereby, political, regulatory,
economic and technical influencing parameters on the policy makers, the building and
gas as well as electricity DNO side are analysed, thus answering the research question 1.
Furthermore, methods in the field of building, power grid, gas grid and energy system
optimization are identified.

x

Chapter 3 presents the “complex network & cash flow analysis”: Chapter 3 addresses
research question 2. It is based on the own publication [1]: A decline in gas consumption
in 57 urban German distribution grids is modelled. Thereby, the influence of grid-specific
factors and different gas DNO strategies on grid charges is analysed. The approach is
divided into two parts: First, a complex network analysis is performed to analyse the
functional relationship between grid length and number of customers for different spatial
distributions of customer exits. A functional relationship described by a power function
is found, with an exponent correlated to structural grid parameters. Second, a simplified
DNO cash-flow-model is introduced to investigate the costs of gas distribution network
operation. A comparison of the total costs of operation and resulting grid charges for
several scenarios and strategies estimates the effects on DNO business models. The results
show that the disordered structure inherent to grids typically results in a decline in grid
costs much slower than the corresponding demand, which finally leads to an increase in
grid charges.
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x

Chapter 4 presents the “multi-agent simulation”: Chapter 4 addresses research question
3. It is based on the own publication [2]: A multi-agent simulation (MAS) is introduced to
analyse the interdependencies during the transformation path for a variation of
regulatory, technical and economic conditions. Thereby, Chapter 4 extents the DNO cash
flow model presented by a load flow model for the electricity and pipe flow for the gas
sector as well as a rule-based grid planning routine. In addition a building retrofit
optimization model based on a mixed integer linear program (MILP) is presented. First,
the sensitivities of building retrofit decisions on energy price fluctuations with the singlelevel building model are analysed. Second, four main case studies for a real grid area of
the German city of Bamberg are performed. The results show that an interplay of the gas
and electricity DNO’s strategy as well as the regulatory- and technical-configuration,
determine the decision on the extension, continuation or shut down of the gas grid
infrastructure.

x

Chapter 5 presents the “joint mixed integer linear program”: Chapter 5 addresses
research question 4. It is based on the own publication [3]: A joint mixed integer linear
optimization model based on a simplified DNO cash flow model and a building retrofit
model is presented to analyse the interdependencies between the electricity and gas
DNO’s and the building owners’ investment decisions for a variation of building and grid
specifics. In this context, Chapter 5 integrates the simplified DNO cash flow model
presented in Chapter 3 into the building investment model (MILP) presented in Chapter
4. It validates the resulting joint mixed integer linear optimization model with the results
of the case studies of Chapter 4. The results of the investigation in a real grid area are used
to validate the simulation setup of a sensitivity analysis of 27 type building collectives and
5 grid topologies. The results provide a systematic insight into the interrelated system of
building-, heating system- and grid specific influencing parameters. It is therefore possible
to identify building and grid configurations that increase the risk of a complete gas grid
shutdown and those which should be operated as a flexibility option in a future renewable
energy system.

x

Chapter 6 presents the “conclusions”: Finally, Chapter 6 discusses conclusions, options
and risks for the three key stakeholders the building owner, the gas and electricity grid
operator and the policy maker. The discussion is based on the insights gained in Chapters
2, 3, 4 and 5 and answers the research question 5. It describes the transferability of the
approach as well as linking points for further research.
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Chapter 3
Complex Network & Cash Flow
Analysis
Objectives:
- Relationship between grid length and
gas customer number for a decreasing
demand (different spatial distributions of
customer exits and grid topologies)
- Costs of gas grid operation
for different spatial distributions of
customer exits and grid topologies
Method: Complex network analysis and
cash flow analysis (gas DNO)
Policy and price settings: Germany
Actors: Gas DNO
Timeframe: Yearly, 2019 – 2050
Data: 57 real gas grids in the city area of
Bamberg

Chapter 4
Multi-Agent Simulation

Chapter 5
Joint Mixed Integer Linear Program

Objectives:
- Influence of DNO’s grid charge setting
on building owners retrofit decisions
- Interdependencies between DNO’s grid
charge setting and building owners
retrofit decisions for different regulatory
and strategic patterns

Objectives:
- Characteristics of possible influencing
factors in real grid areas
- Interdependencies of DNO’s grid charge
setting and building owners retrofit
decisions for different building and grid
configurations

Method: Transformation path analysis
based on a MAS (all actors), a MILP
(buildings) and a rule-based model
(DNOs)

Method: Sensitivity analysis based on
joint MILP (DNOs and buildings)

Policy and price settings: Varying
Actors: Gas DNO, electricity DNO,
buildings
Timeframe: Yearly, 2019 – 2050
Data: One real grid area in the city area of
Bamberg (one grid of the 57 of Chapter 3)

Policy and price settings: Germany
Actors: Gas DNO, electricity DNO,
buildings
Timeframe: Yearly, 2019 – 2050
Data: Synthetic grid and building data,
one real grid data for validation
(analogous area as in Chapter 4)

Policy maker

Policy maker

Policy maker

Area scheduler

►Induce decline in customer number due
to regulatory framework.

►Set investment incentives for CO2
efficient technologies.

Natural gas grid DNO

Building owners

►Set investment
incentives for CO2
efficient
technologies.

►Set initial
building, heating
system and grid
properties.

Complex Network Analysis:
►Estimate grid length, when a customer
has left the grid.
►Correlate grid specifics with the rate of
change of the grid length.
Cash Flow Analysis:
►Choose line renewal and closure
measures according to the investment
strategy.

Actor

►Minimize the total costs for heating by
retrofitting the heating system and the
building envelope.

Electricity DNO
►Renew and
maintain the
distribution grid
dependent on the
investment strategy.

Gas DNO
►Renew and
maintain the
distribution grid
dependent on the
investment strategy.

Input and output data

Building owners
►Minimize the total costs for heating by
retrofitting the heating system and the
building envelope.

Gas & Electricity DNO (modeled separately)
►Renew and maintain the distribution
grid.

►

Optimization variables

Measure of an actor

Figure 2. Methodology, actors, objectives, experimental settings and contributions of the three main
parts of this thesis. (MILP: Mixed integer linear program, MAS: Multi-agent-simulation)

As it is described above, the methods and investigations of the three Chapters 3, 4 and 5
are based on each other. They are all the subject of 3 publications. Figure 3 summarizes the
dependencies of the sub-models introduced in this thesis and references on the publications.
Methods introduced in Chapter 3
based on publication [1]:
Complex-network-analysis

DNO cash-flow-model

Simplified DNO cash-flow-model
Methods introduced in Chapter 4 based on
publication [2]:
Building
retrofit model
Methods introduced in Chapter
5 based on publication [3]:
Simplified DNO cash-flow-model

Grid planning
routine

DNO cash-flowmodel

Multi-agent-model
Building retrofit model

Mixed integer linear optimization model

Figure 3. Relationships between the sub-models presented in this thesis and the corresponding
publications. (
: relationship between the submodels of the different publications,
: subparts of
a model or simulation setup of one publication)
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1.4 Tools and Data Basis for the Case Studies
The case studies presented in this thesis are based on syntethic and real grid and DNO
data collected in 2018 for the grid area of the southern German city of Bamberg, i.e. the
corresponding electricity and gas DNO (Figure 4). Corresponding cost parameters concerning
operating resources are based on this real data. The synthetic grid or scenario data used, is
validated with the real grid data.
The physical specifics of the buildings used are assigned to reference buildings (according
to the institute of housing and environment (IWU) in the TABULA project (typology approach
for building stock energy assessment)) [48, 49]. All data shown is alienated in accordance with
data protection regulations [45].
The parameterization of the buildings and heating systems as well as the associated cost
parameters can be found in the Appendix parts A, B, C and D of the corresponding main
Chapters 2, 3, 4 and 5 of the thesis. The following list summarizes the database for building
and grid data as well as software tools. The section “Key Performance Indicators, Constraints
and Data” at the beginning of the case studies of the Chapters 3.3.1, 4.3.1 and 5.3.1provides
additional information.

(b)

(a)

Figure 4. Real grid areas under investigation. (a): Natural gas low pressure distribution grid (b):
Electricity low voltage distribution grid (The grid areas are located in the German city of Bamberg. The
areas of transformer sub-stations (electricity) or pressure regulator stations (gas) are marked in different
colors. The locations of the transformer sub-stations are marked in black. The background map is taken
from [50], illustration based on [3])

x

Data of the natural gas and electricity grid and the corresponding DNOs: The supply
area under consideration comprises 58, respectively 57 (one of the networks has only 1
customer, therefore it was excluded from the analyses) real low pressure natural gas grids
and 323 low voltage electricity grids of the southern German city of Bamberg. The
medium-voltage grid has a length of 277.8 km and the low-voltage grid of 932.7 km. The
high pressure network has a length of 0.7 km, the medium pressure network of 152.9 km
and the low pressure network of 217.7 km. The annual energy demand is 1,315 GWh in

8

the electricity and 859.1 GWh in the gas grid (2018). All buildings in the city area are
connected to the electricity grid but there are areas without a gas grid. There is a special
characteristic in the city area: The old town area is protected as a world cultural heritage
site [50]. As a result, installations on the building envelope (e.g. PV or heat pumps) are
not permitted or are subject to approval. For reasons of transferability, this aspect is
neglected in this thesis. The electricity DNO has a revenue cap of approx. 20 M€ and the
gas DNO has a revenue cap of approx. 10 M€ per year. For the percentage distribution of
the cost components see Table 3. The grid data and business figures are provided by the
DNO: Line and asset data are from the geo-information system; energy metering
information from the energy data management system; and the cost components of the
revenue cap from the cost allocation sheet.
x

Data of buildings, heating systems and technical building equipment: The building
data used correspond to the IWU TABULA type buildings: The single family house (SFH),
the terraced house (TH) and the apartment building (MFH) [42, 43]. The age classes A-K
are distinguished. It is possible to summarize them as follows: A–C are buildings
constructed before the foundation of the Federal Republic of Germany in 1948; D–F are
buildings constructed before the first thermal insulation ordinance (1949–1978); G–H are
buildings constructed according to Thermal Insulation Ordinances 1 and 2 (1979–1994); I–
J are buildings constructed according to Thermal Insulation Ordinance 3 and the First
Energy Saving Ordinance (1995–2009); and K represents buildings constructed according
to the revised Energy Saving Ordinance (2010-). If real network areas are investigated, the
type buildings are allocated to the real buildings in the real grid areas based on the
building type and the usable floor space taken from Open Street Maps (OSM) [50].
The following heating systems are considered: Electrical air-water (AWHP) and groundwater heat pump (GWHP), electric direct heating (EDH), gas (GCB) and oil (OCB)
condensing boiler, pellet burner (PB) and solar thermal plants (STE), with the different
heating system temperatures 90/70, 70/50, 55/45, and 35/28 (°C/°C) corresponding to the
individual building equipment option. If real grid areas are investigated, the heating
systems, the circuit temperatures and the technical building equipment are mapped to the
buildings based on their renovation status and their initial heating system which are
derived based on Open Street Maps [50] and census data (spatial resolution: 100 × 100 m)
[51]. Heating system data and the specific cost parameters are set according to the valid
standards or literature (for a detailed description, see the model descriptions).

x

Software tools: The software-based models in this thesis are created on a Python basis.
The load flow calculations are performed with the python-based open source tool
pandapower [29], the pressure loss calculations are performed with the commercial
software STANET [52] or the python-based open source tool pandapipes [30]. The
optimization models are created with Pyomo [53, 54] and solved with the commercial
solvers CPLEX [55] and Gurobi [56]. The complex network and graph analysis is
performed on basis of the python package NetWorkX [57], where the Scikit-learn library
[58] is used for fitting. For geo-data processing the open source python library Geopandas
[59] is used.
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2 State of the Art3
This chapter presents a literature-based meta-analysis to derive the assumptions for the
applied models and case studies. In the first step (Chapter 2.1), scenarios for gas demand and
electricity demand are presented. Furthermore, the national CO2 reduction targets, national
policy measures for the building sector and implications for the gas and electricity distribution
grid infrastructure are discussed. In the second step (Chapter 2.2), the current building energy
consumption is analysed, trends and influencing parameters on the building renovation
decision are discussed. In the third step (Chapter 2.3), the business model of a gas and
electricity distribution network operator as well as the influence of the supply task and the
network structure on the cost efficiency of a distribution grid are discussed. In the fourth step
(Chapter 2.4), methods for the simulation and optimization of building and network
infrastructure as well as coupled models are discussed. Based on this literature-based analysis,
the case studies, the methods, and their parameterization are selected. The model details are
explained in the respective Chapters 3-5.

2.1 Scenarios for Future Gas Demand and Implications for the
Electricity Sector
The explanation focuses on the situation in Germany and compares it with the
international perspective. In this context, the thesis puts the focus on the gas sector and
discusses implications for the electricity sector: The supply task in the gas sector strongly
depends on heat generation applications [9]. The current gas mix used consists almost entirely
of fossil natural gas. Thus, decarbonization efforts require a conversion of the gas mix or shut
down of the natural gas distribution network infrastructure [27] which both have a great
impact on the gas DNO’s business model.

2.1.1 Decarbonization Requirements for the Building Heat Sector in
Germany
In Germany, the abstract goals of the Paris Agreement on climate protection from 2015 [4,
5] are translated into a national action plan, the Climate Protection Plan 2050, which defines
principles and targets for the individual economic sectors [60]. The medium-term target is to
reduce the greenhouse gas emissions by 55% by 2030 and by 80-95% by 2050 in the long-term
3

Parts of this chapter are presented in [1–3].
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(compared to 1990). For the building sector, this means a 66% reduction and for energy sector,
a 61% reduction by 2030 (compared to 1990). A nearly climate-neutral building stock is to be
achieved by 20504.
In order to convert these abstract goals into an action plan, the Climate Protection Program
2030 (CPP) was enacted in 2019 (Germany) [6]. It translates the targets from the Climate
Protection Plan 2050 into concrete measures, introduces new steering instruments and adapts
existing ones. The individual measures will be realized step by step over the period 2020 to
2030 by means of legislation and support programs. A large number of these measures relate
to heating and cooling applications, which account for a share of approx. 50% of primary
energy demand in Germany [27]. On the one hand, there are instruments that directly
influence energy consumption or the choice, number and depth of retrofit measures in the
building stock, respectively standards for new construction. On the other hand, there are
measures that have an indirect effect on the building sector by setting incentives for other
actors, such as municipalities, grid and plant operators. The following list represents the
selection of 65 measures from the climate protection program (key points paper) [61] that will
have an indirect or direct influence on the use and retrofit behavior in the building sector in
Germany:
Table 1: Measures and classification with regard to the expenditures, requirements and incentives of
the building heat supply of the climate protection program 2030 in Germany

X

X
X
X

X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X

Investment

Operational

Influence on
expenditures*

Requirement

Gradual introduction of a CO2 price (1)
Reduction of state-induced price components in electricity (2)
Further development of energy standards (13), e.g. building energy act [62]
Continuation of KfW support programs for buildings and plants (7)
Tax incentives for energy-efficient retrofit measures (6)
Promotion of serial renovation in the building sector (8)
Support for the renewal of efficient heating systems (9)
Standards for energy consulting for residential buildings (11)
Promotion of electricity self-supply in buildings (48)
Promotion of sector coupling (49)
Reduction or exemption from levies for energy storages (50)
Extension and adjustment of the CHP promotion program (51)
Promotion of conversion and expansion of heating grids (52)

Incentivization

Measures of the key points paper [61] to achieve the climate protection goals
based on the Climate Protection Program 2030 in Germany.
(The measure numbers correspond to the number in the key points paper,
they are highlighted via brackets (#).)

Type of
measure

X
X
X
X
X
X
X
X
X

*: Operational expenditure for heating or investment expenditures for the energy-efficiency retrofit measures in
buildings (KfW: Kreditanstalt für Wiederaufbau (Promotional bank in Germany), CHP: Combined heat and power)

4 In the period of writing this thesis, the legislative framework in Germany [11] has changed: In June 2021, the
German Bundestag passed the amended version of the Federal Climate Protection Act [11]. This law further
tightens the targets of the Climate Protection Plan 2050 and the Climate Protection Program 2030: The law raises
the greenhouse gas reduction target for 2030 to minus 65 percent compared with 1990. By 2040, greenhouse gases
must be reduced by 88 percent and greenhouse gas neutrality must be achieved on a mandatory basis by 2045.
(Note: The amendment to the law is not part of this thesis, as it was passed shortly before submission.)

11

There are also measures that focus on specific sectors, such as the municipality, industry
or agriculture sector: Funding for energy-efficient urban renewal (CPP 10); standards for
energy-efficient buildings of the federal government (CPP 12); investment programs for
energy efficiency and process heat generation from renewable sources in the industrial sector
(CPP 40); Promotion of energy efficiency and the use of renewable sources in agriculture (CPP
33).
Many of the measures do not have a direct impact on expenditures for heating or the
corresponding retrofits but affect technology development or the future specific CO2 emissions
of an energy carrier. The majority of the points in the climate protection program focus on the
electricity sector and promote sector coupling and electrification of the heating and mobility
sector: Promotion of the E-car charging infrastructure (CPP 14); promotion of E-cars (CPP 15);
decrease of coal-fired electricity generation (CPP 47); expansion of the share of renewable
energies to 65% of the annual electricity demand in 2030 (CPP 48); promotion of electricity
generated synthetic fuels (CPP 24).
Measures that promote the use of fossil and renewable liquid and gaseous fuels in
building heat applications are underrepresented. The promotion of the storage and use of CO2
(CPP 61) and the promotion of hydrogen technologies (CPP 59) are notable. In this context, the
national hydrogen strategy (NHS) defines the fields of action which impacts the gas-bound
heat supply in buildings [63]: The promotion of fuel cell heating appliances in buildings (NHS
18); inclusion of hydrogen-ready plants in the KWKG subsidies [64] (NHS 19); the adaptation
of the regulatory framework for gas grids for the conversion and reclassification of gas
networks (NHS 20) and the promotion of sector coupling applications (NHS 21).
In view of the historical development, the measures of the Climate Protection Program
and the recent recently passed Climate Protection Act, increasing energy efficiency and partial
electrification of heat supply in buildings becomes more likely in Germany. Hence, the degree
of electrification of the heating sector depends on the regulatory framework, the infrastructure
costs for energy distribution and generation, and the CO2 emissions of the gas mixture used in
grid-bound gas supply.

2.1.2 Scenarios for Future Gas Demand from a German and
International Perspective
Based on the respective climate policy goals, authors worldwide are conducting studies
on the transformation of the heat sector and thus the future gas demand. The resulting
scenarios differ widely in their characteristics. While forecasts for China [15, 16] or the USA
[17–20] predict an increase in gas demand in the short and medium term, many European
studies for European countries forecast a stagnation in medium- and a decline in long-term,
depending on the predicted technology development path: British and Irish publications in
particular expect carbon-capture technologies, hydrogen and bio-methane to be used to
decarbonize the energy system while retaining gas grids [9, 12–14, 18, 33]. Studies from
Germany [22–24, 65, 66] or north European countries [9, 67], on the other hand, predict a
decline in natural gas demand due to efficiency measures and electrification of the heating
systems. On the long run, there are two extreme scenarios [19], either based on the usage of
biogenic and renewable synthetic gases, in which the gas demand slightly drops due to
efficiency measures, or on an “all-electric” trend making the gas infrastructure obsolete. The
two macro trends are often evaluated as unrealistic extreme scenarios. Consequently, a
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technology mix is predicted as a plausible option. The studies in Germany (Figure 5) confirm
this trend [22, 24, 65, 66, 68–74]: Independent of the projected CO2 emission targets, three
clusters emerge. The two extreme scenarios of a predominantly gas-based (gas decline less
than 25%), or a predominantly electricity-based heating sector (gas decline greater than 70%)
and the technology mix trend, projecting a gas decline of 50-60%. In all scenarios the CO2
emission targets are between 60% and 100%.

Figure 5. Measured and predicted values of the German gas consumption in selected studies. (Numbers:
[cited source].scenario; linearly interpolated between projected years; some scenarios are presented in
[1]; see Table 14 in the appendix part for a scenario description, Sources: [68], [65], [66], [22], [69], [24],
[70], [71], [72], [73], [74]).

The German government emphasizes that the achievement of the climate protection goals
should be “technology-neutral” and “open to innovation” [27, 60]. While the electricity
demand increases in all scenarios due to partial electrification of heating applications, the
question arises whether the gas grid infrastructure can still be operated economically in the
face of a sharp decline in demand. As the gas demand decreases, economies of scale could
rather cause an increase of the gas infrastructure costs relative to demand. This could increase
the price of gas to such an extent that market mechanisms would incentivize a switch from
gas-based heating systems. This represents a tipping moment that could cause the complete
or partial gas grid defection. It increases the likelihood of “all-electric” scenarios and decreases
that of scenarios in which gas is used only to a small extent (e.g. for industrial process gas
applications).
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2.1.3 Scenarios for the Composition of Gases in a Regenerative Energy
System
Based on the forecast decline in gas demand (Figure 5), the future of the natural gas grid
infrastructure is currently being discussed in Germany. On the one hand, the natural gas
infrastructure is expected to play a role as a flexibility option in the future due to the generation
of renewable and biogenic gases. On the other hand, the specific CO2 emissions of the gas
mixture used, as well as the associated energy procurement costs, can inhibit possible
applications in heat generation [27, 75]. As the mixing ratio between methane and hydrogen
increases, so does the cost of the pipeline infrastructure needed to transport it. The scenarios
differ from the transit of methanated hydrogen via its admixture in currently permissible
quantities, to the adaption of the natural gas network to transport any methane-hydrogen
mixtures or the construction of special hydrogen networks [76].
On the one hand, the costs, associated with upgrading the network infrastructure for the
transmission of hydrogen or its conversion to methane, reduce the economic attractiveness of
gas-based solutions. On the other hand, the admixture of renewable and biogenic gas are the
relevant options for decarbonizing the gas sector [75]. The decarbonization efforts in the gas
sector can therefore contribute to the continued existence of the entire gas grid infrastructure
but also endanger it due to feedback effects of the energy-related costs on the economic
attractiveness of gas-bound heating systems.
In order to provide market incentives for the generation of renewable and biogenic gases,
policy measures are being taken at the national level in the area of hydrogen [63] as well as
renewable and biogenic methane production and distribution [77]. This changes the
composition or properties of the transported gas in the natural gas infrastructure in future. In
the short-term, the question of grid compatibility arises in the range of hydrogen mixing ratios
between 0 and 10%. In the long-term (ratios above 10%), the question arises as to what extent
the infrastructure needs to be equipped depending on demand and the technology used [76,
78]. In order to define requirements for the technical equipment of future natural gas grids as
well as heating systems and to evaluate specific CO2 emissions of the gas, a number of studies
investigate the gas composition. They differ in study design and level of detail considering the
gas composition [24, 65, 68, 69, 74, 77, 79–84]:
x

Study design: The authors distinguish between different characteristics concerning the
type of energy (primary, final or useful energy); the underlying scenario for the gas
demand; the considered sectors (mobility, heat or electricity); the assumed transport
infrastructure (pipeline-bound or vehicle-bound transport, local generation and
consumption); as well as the gas origin (fossil, biogenic or regenerative) and the gas
composition (methane or hydrogen).

x

Gas composition: The authors distinguish between conventional fossil methane; biogenic
methane, (from bio-, sewage- or landfill-gas); renewable methane, which is produced
synthetically (e.g. from an electrolysis process with downstream methanization); and
renewable hydrogen, which is produced by means of electrolysis.

Many studies focus on individual aspects or sectors. The different characteristics limit the
comparability of the target scenarios of the studies. In this thesis, the studies are evaluated
based on the following characteristics: No distinction is made for the used transport
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infrastructure. Studies from all sectors are listed. Although some of these focus on individual
ones. Three types of scenarios are distinguished: Those that differentiate between fossil,
biogenic, and renewable methane as well as hydrogen [69, 77, 80, 81] (Figure 6a); those that
differentiate between fossil, biogenic and renewable methane (no clear consideration of
hydrogen or distinction, values are mapped on regenerative methane) [24, 65, 68, 74, 77, 79]
(Figure 6b, x-marker); and those that differentiate between fossil methane as well as biogenic
and renewable hydrogen (no clear distinction between regenerative, biogenic and fossil
methane) [66, 82, 83] (Figure 6b, o-marker). The shown gas shares are calculated by setting the
amount of renewable or biogenic methane or hydrogen in relation to the total gas amount of
the corresponding sector in the respective base year (2050). Therefore, both, the total amount
and each share (gas type) must be clearly stated in the study. For a detailed description of the
scenarios of each source see Table 15 in the Appendix section A.

(a)

(b)

Figure 6. Projections for the composition of the gas mixture in natural gas distribution networks in 2050
(a): Studies that differentiate between fossil, biogenic and renewable methane as well as hydrogen. (b):
x-markers: Studies that differentiate between fossil methane as well as biogenic and renewable gas. omarkers: Studies that differentiate between fossil methane as well as biogenic and renewable hydrogen.
(The sources are analysed with regard to the proportion of biogenic methane, fossil methane and
hydrogen. See Table 15 in the Appendix for a description of the scenarios. Sources: Distinction between
H2, fossil, biogenic and regenerative methane: [69], [77], [77, 80], [81]; distinction between fossil an
regenerative methane: [65], [68], [24, 77], [74, 77], [77, 79]; distinction between H2 and fossil methane:
[66], [82], [83]; Only H2: [84])

In terms of the gas composition in 2050, a heterogeneous picture appears (Figure 6a): Most
scenarios predict a moderate increase of renewable and biogenic methane between 15% and
50% and an admixture of hydrogen between 2% and 15% [69, 80, 81]. [69] considers the
building and industry sector, [80] and [81] the total consumption. Extreme scenarios forecast a
system almost exclusively based on renewable and green hydrogen and methane [77, 80]. In Figure 6b,
the variance is larger: In methane-based development pathways, there is a tendency for
moderate blending or renewable and biogenic methane (25-40%) [24, 65, 68, 74, 77, 79]. In the
hydrogen-based pathways, there is a tendency for higher blending rates between 50% and
100% of renewable hydrogen [66, 82, 83]. Overall, the variance between the predicted scenarios
is large, no macro trend towards hydrogen or methane can be derived. None of the studies
forecast a balanced mix of fossil as well as renewable and biogenic methane and hydrogen.
High decarbonization rates correlate with high blending rates of renewable and biogenic
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methane or hydrogen. A correlation between energy consumption and decarbonization cannot
be directly determined.
According to these results and those of Chapter 2.1.2, high decarbonization rates of the
gas sector are consequently achieved by a decrease in gas demand or the use of renewable and
biogenic gases. As a result, two different macro trends can be derived for the building heat
sector: One forecasting a gas-based world, the other an electricity-based one. The tipping
moment discussed in this thesis is relevant in both scenarios: The feedback effects of
decreasing gas demand on specific gas grid costs or the specific procurement cost of CO2
neutral gases could both increase the gas price. Hence, the economic attractiveness of gasbased solution decrease. With that the risk of deconstruction of the entire gas grid
infrastructure will rise in future. Thus, the likelihood of electricity-based scenarios rises.

2.2 Retrofit and Refurbishment Decisions of Building Owners
The explanation in this chapter focuses on the situation in Germany and compares it with
the perspective on EU level. The discussed topics justify the basics of the building retrofit
investments, respectively the building retrofit model presented in Chapter 4. First (Chapter
2.2.1), influencing factors for investments in building energy-efficiency measures are analysed.
Second (Chapter 2.2.2), the energy use in buildings is analysed to identify the potentials for
energy-efficiency measures considering the future decarbonization requirements. Third
(Chapter 2.2.3), the characteristics of the relevant energy-efficiency retrofit and refurbishment
measures in buildings are analysed to justify assumptions for the building retrofit model as
well as retrofit ratios for the case studies.

2.2.1 Influencing Factors for Energy Retrofitting Decisions
A refurbishment or retrofit represents the process of deploying a strategy to improve the
sustainability of existing assets. It goes beyond maintenance to regain function. Such
modifications involve addition, removal, rearrangement or replacement of plant or building
components [85]. Renovation refers to the modification of an existing component, a retrofit,
the addition or replacement of a component.
These measures are divided into two categories: Standard refurbishment measures that
serve to restore the function and maintain it and energy refurbishment measures that lead to
an increase in the building's energy-efficiency and thus a decreasing useful, final and/or
primary energy demand [86]. In both cases, a distinction can be made between two types of
components, the technical building equipment, which includes all technical systems in the
building, and the building or building envelope parts. Therefore, the depth of refurbishment
determines how many parts of the corresponding system are replaced, newly installed,
renewed or maintained.
The literature states out that the perceived benefit of CO2-reducing measures must always
be greater than the financial and time expenditure caused by the refurbishment from the view
of a building owner [87]. Therefore, in most cases in practice, there is not only one but several
motivations – so called motivational alliances – that induce retrofitting or renovation measures
[86]: Increase financial value, increase aesthetics, increase living climate, save energy, reduce
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energy costs or update technology (Most frequently cited motivations in a survey of private
homeowners (n=1008) [86]). The list shows that a clear distinction between retrofitting and
refurbishment as well as between standard and energy refurbishment is not possible. Stieß et.
al. [86] therefore refer to energy-efficient refurbishment, which is induced by several
influencing factors: The socio demographic situation and psychological factors which
determine the attitude of a building owner to a building retrofit, the occasion, available
resources, the properties of the building and technical equipment as well as environmental
aspects; see Figure 7.
Psychological factors (life style)

Socio demographic situation (life phase)
Occasion:

Attitude towards a building retrofit:

- Purchase

- To the result: Aesthetics, comfort, energy efficiency,

- Extension
- Maintenance

cost, innovation, technology, independence

Resources:
- Knowledge
- Financial situation

- To the process: Effort, inconvenience, clichés

Building and

Environment:

technology:

- Policy

- Initial situation

- Market

- Constructional

Retrofit decision

restrictions

- Technological
- Regional aspects

Figure 7. Influencing factors for the modernization decision in private residential buildings based on
[86].

The factors influencing the decision to refurbish or retrofit listed in Figure 7 indicate a
heterogeneous motivation of the building owners. For the owner, there must be a financial,
visual or moral added value that outweighs the time and financial effort required for a given
measure [86]. The societal goal to reduce CO2 emissions does not directly affect the value of a
retrofit measure without government guidance. A suitable regulatory framework has a
steering effect to motivate building owners to take renovation measures in order to reduce the
useful energy and primary energy consumption in the buildings and lower CO2 emissions.
Appropriate measures in this context are subsidies, requirements or levies and charges.

2.2.2 Energy Use and Heating Systems in Buildings
Heating and cooling applications account for approx. 50% of the final energy demand in
the European Union (EU) (2015) [9]. This includes process heating and cooling (17%), space
cooling (1%), as well as space heating (27%), hot water generation (4%) and others like cooking
(1%). This thesis focuses on heating applications in the residential building sector, which
accounts for 45% of the total final energy demand for heating and cooling in the EU [9].
In households, space heating and cooling (64%), water heating (15%) and cooking (6.1%)
represent 85% of the final energy demand, where only 14% accounts for lighting and
appliances as well as 1% for other end uses in the EU (2018) [67]. In terms of energy products
(carriers) deployed for space heating in residential buildings, gas accounts for the largest share
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with 38%, petroleum products 14%, solid fuels 5%, derived heat 11%, electricity 5% and
renewables and wastes 27% in the EU (2018) [67]. Often, the potential of derived heat is
exploited by heat pumps, which are proportionally powered by renewable electricity. These
space heating from low-exergy heat sources using heat pumps will continue to increase in the
future [23]. This evaluation shows that especially the space and water heat generation offers
great potentials for decarbonization due to the high degree of fossil fuels used and the high
share in the total final energy demand of residential buildings.
In Germany, where 63% of the building energy demand is caused by residential building
stock [88], the regulatory framework induces a decarbonization of the residential heating
sector. This is also evident in the analysis of the heating structure in the building stock (Figure
8b) and even more so in new construction (Figure 8a) for the period 2008 to 2019: In the building
stock, the number of oil-fired heating systems is continuously decreasing, with an annual
decline of -1.6%. The reduction is more pronounced for direct electric heatings (-4.6%). On the
other hand, the number of district heating grid connections (1.0%), as well as electric heat
pumps (6.3%) is steadily increasing, even if their absolute share in the stock is still small (2.4%
in 2019). The share of gas-based systems is high (49% in 2019) and remains at a constant level
(annual change rate 0.15%). Modern gas-based heating systems, such as condensing boilers
(often combined with solar thermal plants), currently meet the legal efficiency requirements
and are economically attractive due to the cost situation in the case of a renovation [36].
This statement cannot be made for new buildings: The share of gas-based systems
installed is gradually declining (annual change rate -4.3%). Here, the regulatory framework
and the cost situation for the investment decision are different due to the initial high efficiency
of the building insulation and technical building equipment, especially the heating circuit [36].
As a result, electric heat pumps (29% in 2019) and connections to district heating networks
(26% in 2019) are significantly more attractive compared to existing buildings.

New residential construction

Residential building stock

(a)

(b)

Figure 8. Development of the heating stock in Germany (a) New residential construction [89] and (b)
Residential building stock [90]. The legend shows the annual rate of change calculated based on a linear
fit from 2008 to 2019. The rate of change is based on the share of the respective heating type in 2019.

18

This evaluation and the literature [36] indicate that the building type, the age of
construction and the renovation status – measured by the specific energy demand – have a
significant influence on the individually installed heating system. In order to create a starting
point for the case studies, the building stock in Germany is analysed based on [88] (2012-16):
x

Building type: 39% of the buildings are one- or two-family houses (15.6 million),
corrosponding to the IWU building types single family (SFH) and terraced house (TH);
24% are multi-family houses (3.2 million), corrosponding to the IWU building type multifamily house (MFH) and 37% of the buildings are non-residential buildings (approx. 3
million).

x

Building age class: Of the total number of buildings, 25% were built before 1948 (age
classes A-C); 37% between 1949 and 1978 (age classes D-F); 13% between 1979 and 1990
(age classes G and parts of H); 21% between 1990 and 2008 (parts of age classes H, as well
as I-J); and 3% after 2008.

x

Specific final energy demand: The average of the area-specific final energy demand is
ௐ
measured as a weighted average over building size and age class. It depicts 228 మ ή for
building classes A-C; 205

ௐ
మ ή

ௐ
ௐ
for class G and parts of H; 97 మ ή
మ ή
ௐ
for buildings constructed after 2008.
మ ή

for classes D-F; 165

for parts of H and I-J from 1990 to 2008; and 50

Since the first thermal insulation ordinance was introduced in 1979, the efficiency has been
steadily increased. Modern buildings constructed after 2008 achieve a specific energy demand
that is 4.5 times lower than those constructed before 1949. Depending on the renovation rate,
the energy efficiency of old buildings is steadily increasing, which is considered in this thesis
(see Chapter 2.2.3).
In summary, the analysis of the current heating as well as the building stock shows that
there are primarily two levers in building energy-retrofitting: Measures in the technical
building equipment concerning the heating system to substitute or reduce the use of fossil
fuels and measures in the building envelope that reduce the absolute end or primary energy
demand.

2.2.3 Energy Retrofit Measures
The relationship between the achievable useful and primary energy savings and the
expenses for an energy-related building retrofit or refurbishment measure defines its costbenefit ratio. The evaluation in Chapter 2.2.2 identifies two main parts of the building offering
options for energy-efficiency retrofits: First, the building envelope and second, the heating
system, together with the technical building equipment. Both categories are further
subdivided into individual components. In the following, types of building components, the
effect of retrofit measures on energy efficiency, the corresponding specific expenses and
typical renovation rates are discussed. For a list of the cost parameters, areas and componentspecific heat transfer coefficients as well as possible technical building equipment retrofit
measures, their dependencies and costs of the case studies; see the Appendix of Chapter 3, 4
or 5.
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Building envelope retrofits:
A renovation of the building envelope or surface is usually associated with an insulation
measure and affects the heat losses, consisting of transmission, ventilation losses as well as
radiation and internal losses and wins [91]. The cost-benefit ratio of a measure scales
depending on the individual initially installed technical building equipment [34]: Physical
building models are used to assess the energy saving potentials, the “benefit” of a measure.
Economic models are used to assess the operational and investment expenses, the “costs” of a
measure. Their combination therefore allows the evaluation of the cost-benefit ratio of
different configurations of retrofit measures [92]. The level of detail of the model determines
which and how the individual building parts are modeled. In single zone building models,
which are frequently used for techno-economic evaluations [25], the building envelope is
modeled in a single zone. The individual building components including roof or top floor
ceiling, facade, windows, floor and door are represented by their physical properties [48].
In this type of model, a renovation measure corresponds to a change or the insulation of
a building part and significantly influences the transmission heat loss. The influence of
radiation and ventilation losses on the total heat losses is small in buildings with low energy
efficiency but increases with the energy-efficiency of the building. In particular, ventilation
losses are significantly reduced in high-efficiency buildings by the use of mechanical
ௐ
ventilation (mainly building age classes K-L, specific final energy demand below 70 మ ή) [88].
For existing buildings with low to medium energy-efficiency (specific final energy demand
ௐ
above 70 మ ή, approx. 92% of the building stock in Germany [88]), the component-specific
cost-benefit ratio of a surface retrofit measure depends on three main technological and
economic factors:
x

Area of the surface parts and area shares: The absolute size of the components as well as
their number and the area shares of all components depend on the building size and its
geometry. These values are significantly influence the calculation of transmission and
ventilation heat losses [91]. The component areas of the IWU type buildings SFH, MFH
and TH used in this thesis differ depending on the building type and construction age (AL) [48].

x

Initial and achievable transmission heat losses: The component specific transmission
heat loss depends on the area and the heat transfer coefficient (U-value) of the building
component. In turn, the U-value depends on the type, geometry and age of a building
component and can be reduced by replacement (windows, doors) or additional insulation
(roof, top floor ceiling, basement ceiling and facade) [36, 91]. The influence of such
measures on the transmission heat loss and thus the heating demand is significant; see for
ௐ
example the U-value of a SFH building: For age class A it depicts 2.6 మ כ (roof) and
drops to 0.15

x

ௐ
మ כ

(roof) for the building age L [48].

Specific retrofit expenditures for building envelope parts: In literature, the expenditures
for an envelope renewal are usually described per component via a linear cost function.
A fix cost parameter depends on the component size (e.g. in square meters) and a variable
parameter additionally on the insulation thickness [34, 92].
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Technical building equipment retrofits:
The energy efficiency of the building envelope has a significant influence on the useful
energy demand, according to which the heating system must be designed. Therefore, it affects
the cost-benefit ratio of the retrofit of the technical building equipment which focuses on
reducing the final and primary energy demand and thus CO2 emissions for heating. This
dependence is evident in an analysis of the building stock: High building energy standards
correlate with a high share of heat pumps (18% of the building stock with a specific energy
ௐ
demand < 50 మ ή, compared to approx. 2% in the stock with a specific energy demand of 100150

ௐ
మ ή



[88]). An effect which is consistent with predictions in literature [34]. For building

investment models, it is therefore important to model this interdependence between building
envelope renovation and the choice of the appropriate heating system.
For the refurbishment of the technical building equipment, several measures can be
distinguished: The renewal or change of the heat generator, the new construction or renewal
of a ventilation system, the installation of a photovoltaic system (PV) or a solar thermal plant
(STE) [93]. Further renovation or conversion measures might be necessary for the change or
renewal of the heating system, such as: The installation or renewal of a hot water tank, a
heating circuit (heating surfaces and pipe system), a chimney; the new construction,
deconstruction or reinforcement of an electricity, gas, or heat grid connection; the construction
or deconstruction of a fuel tank or storage facility; and the development of a possible heat
source (geothermal energy) [34, 92, 94, 95]. The type and selection of these additional measures
depend on the initial and target technical building equipment configuration. The effort
induced by this has a significant influence on the ecological as well as economic efficiency and
thus the cost-benefit ratio of a change or renewal of the heating system [34]. Techno-economic
models should map the combinatorics in decision making in order to cover the financial costbenefit ratio of the measure (see Chapter 2.2.1).
Building and heating system retrofit rates:
In addition to the type of renovation measure, the frequency of measures over time is
decisive for determining the energy demand within a building collective. This is measured by
the renovation rate which indicates the proportion of buildings within a defined area that carry
out a particular measure per year. Figure 9b shows the historical development of the building
component-related refurbishment rate in Germany from 1990 to 2009 [96]: The renovation
rates strongly depend on the building component. The rates are stable over the time horizon.
For heating systems, the renovation rate is between 1.8% and 2.5%. The average value over the
time horizon is 2.3% which corresponds to a technical service life of 43.5 years for heatings.
For the parts of the building envelope, the renovation rate varies between 1.8% and 0.2%
(average 0.76%) over the entire period from 1990 to 2009.
Depending on the scenario, the predicted building component-specific renovation rates
increase in the next decade from 2020 to 2030 (Figure 9c) [97]. Depending on the measure, the
rates vary between 3.0% and 4.0% for heating systems, and between 1.0% and 2.7% for parts
of the building envelope. There is a consensus in literature [24, 66, 79, 97–102] that the
component-independent renovation rate will also increase within the next decades (Germany,
Figure 9a). The median increases in all scenarios of the 9 selected studies from 1.4% in 2020 to
1.8% in 2030 to 2.0% in 2040. (When interpreting the rate, it must be taken into account that it
strongly scales with the regulatory framework, technology development and energy market
conditions of the underlying scenario.)
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(a)

(b)

(c)

Figure 9. Annual renovation rates of different energy-efficiency measures in buildings (Germany). (a)
Component-independent predictions for the renovation rate of selected studies (b) Historical
development of the component-dependent renovation rate [96] (c) Prediction of the componentdependent renovation rate [97] (Boxes of (a): Median and 25%/75% percentiles of the distribution.
Whiskers: +/- 1.5 IQD; sources of (a): [98], [97], [66], [99], [100], [24], [101], [79], [102]).

The analysis shows that the frequency of energy-efficiency renovations in buildings will
increase in the future. In the case of building envelope refurbishments, the focus will be on
reducing the useful energy demand. In the case of the technical building equipment retrofits,
the target will be on increasing the efficiency (reducing the ratio of useful and primary energy
and thus CO2 emissions). The development of the real building stock as well as the modelbased analysis point out that there are interdependencies (i) between the choice of building
envelope and heating system retrofits as well as (ii) between the initial and target status of the
energy efficiency of the building (envelope plus heating system) which have to be considered
in a building retrofit model.

2.3 Business Model of a Gas and Electricity Network Operator
This chapter presents the regulatory fundamentals that arise in a vertically unbundled
energy system due to the monopoly situation for electricity and gas distribution grids. Based
on the fundamental business model, three types of investment strategies for distribution grid
operators are developed. Thus, it is possible to qualify the behavior of a DNO in different
demand scenarios and distinct regulatory regimes. The presentation focuses on the situation
in Europe, in particular Germany. The relationships discussed in this chapter are valid for gas
and electricity networks (unless otherwise stated).
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2.3.1 Distribution Network Operation in a Regulated Environment
In most European countries, the gas and electricity supply are vertically unbundled [103]
which means that the transmission and distribution networks will be operated separately from
other parts of the value chain [104]. The network infrastructure itself is subject to a natural
monopoly: The fixed costs of constructing an energy supply for a given number of customers
or amount of energy are high. In contrast, the marginal costs of distributing additional energy
or connecting additional customers to the grid are low. Due to the particularly pronounced
economies of scale, the total costs of two coexisting networks (ଵ ǡ ଶ ) in a spatially contiguous
area are higher than those of a single network , if a certain amount of good – here energy –
is transported (ଵ  ଶ ) [105, 106] (see Equation (2.1)).
ଵ ሺଵ ሻ  ଶ ሺ ଶ ሻ  ሺଵ   ଶ ሻ

(2.1)

For that reason, it is economically reasonable to ensure the supply of a spatial area via one
network operated by a DNO. In order to control the monopoly situation that arises, in most
European countries the transmission and distribution networks are under public regulation
with the aim of ensuring secure, cost-efficient and stable network operation [103]. The
objective of any regulatory mechanism is macroeconomic welfare maximization. To reach this
goal under full competition, optimal grid charges should correspond to marginal costs. In this
case, each customer pays network charges in the amount of the additional grid costs incurred
by him. As electricity and gas networks are subject to a natural monopoly, grid charges in the
amount of the marginal costs are not sufficient to cover the grid costs. For this reason, network
operators are usually granted concessions for supply areas in which they operate a network
cost-covering. The grid charges then correspond to the average costs – total grid costs per unit
– including a risk-oriented return on capital employed. In this process, the network costs of
each network level are determined and passed on to the grid customer in form of grid charges
[106]. In order to allocate the grid costs to the grid users in a non-discriminatory manner,
various tariff systems are conceivable, each based on a combination of parameters, such as
power, energy, temporal characteristics (e.g. full usage hours), controllability or flexibility
potentials [44, 107]. In order to guarantee a secure, cost-efficient and stable network operation,
different regulatory regimes are applied worldwide. Most of them are based on one of the four
basic models [106, 108]:
x

Cost-plus regulation: The DNO reports the grid costs to the regulator. A fixed profit
margin is applied to the costs. As a result, the DNO has an incentive to set costs as high
as possible and to act economically inefficiently (investment and operation).

x

Rate-of-return regulation: The network operator receives the capital required for
operation from the regulator with a fixed return. As a result, the DNO is motivated to
invest as much as possible (risk of over-investments).

x

Price-cap regulation: The regulator sets a price cap for the DNO. Therefore, the DNO is
motivated to invest as little as possible to increase its profit (risk of under-investments).

x

Revenue-cap regulation: The regulator sets the permissible revenues for the DNO. Hence,
the DNO is motivated to offer as little network service as possible and thereby increase its
profit.
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The list shows that there is a tension between the regulator on the one side and the gas or
electricity DNO on the other side. In reality, the DNO is better informed than the regulator
about the cost and revenue situation in its own network [106]. Due to this information
asymmetry, regulation can mitigate but not completely eliminate, the inefficiencies induced
by the monopoly situation [109]. Purely cost-based approaches lead to the build-up of cost
inefficiencies, a decline in the supply efficiency and an increase in the supply quality. Purely
revenue-based approaches lead to a build-up of inefficiencies in the provision of services, an
increase in supply efficiency and a decrease in the supply quality. In order to reduce
inefficiencies to a minimum and to keep the monitoring effort for the regulator low [106, 108],
most states in the EU complement the regulatory mechanism with an incentive regulation (see
Table 1). The basic idea of the incentive regulation stems back to Beesley, et. al. [106, 110]:
୲  ୲ିଵ ή ሺͳ  

୲ିଵ

െ ୧୬ୢ െ ୣ୬ ሻ

(2.2)

The regulator measures and benchmarks costs and revenues of the DNO in a base year
and defines a development path for a business indicator in a multi-year period. In Germany,
this is the revenue cap ୲ (revenue-cap regulation), see Equation (2.2). The development
path is steered by an efficiency improvement rate, determined in a benchmarking process for
all DNOs  ୣ୬ and the individual company  ୧୬ୢ and the retail price index  ୲ିଵ , for
mapping inflation. The individual DNO is obliged to pass on efficiency benefits only after the
regulatory period, i.e. efficiency benefits within the periods increase its profit which is an
efficiency incentive [106, 110].
Table 2. Regulation mechanisms in selected European countries (data submitted by the national
energy regulator) [103]

Country
Austria
France
Germany
Ireland
Norway
Netherlands

Gas DNO
Regulation
Incentive
Method
Regulation
Price-cap
Yes
Revenue-cap
Yes
Revenue-cap
Yes
Revenue-cap
Yes
Under development
Price-cap
Yes

Electricity DNO
Regulation
Incentive
Method
Regulation
Price-cap
Yes
Revenue-cap
Yes
Revenue-cap
Yes
Revenue-cap
Yes
Revenue-cap
Yes
Price-cap
Yes

Table 2 shows the basic regulatory mechanisms for selected European countries. The
respective national incentive regulation regimes are complex and adapted to individual
circumstances. A direct comparison of details is difficult [107, 111]. In Germany, the regulation
was introduced in 2005 based on a cost-plus-mechanism. In 2009, the system was converted to
an approach based on a revenue cap and supplemented by incentive regulation. The
regulation period depicts five years. The revenue cap is composed by permanent noncontrollable costs, temporary non-controllable costs, controllable costs, efficiency bonus,
inflation factor, sectoral productivity factor, a cost of capital markup, quality element and
volatile costs. The revenue cap of the DNO which is divided into two main components, the
capital expenditures (CAPEX) and operational expenditures (OPEX), is benchmarked in the
base year considering structural parameters of the DNO, the grid and the supply area [103].
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2.3.2 Business Model of a Distribution Network Operator
In Germany, the applied revenue cap regulation which is supplemented by an incentive
regulation. The gas or electricity DNO passes on the accepted annual revenues, consisting of
CAPEX and OPEX, to the grid customer in the form of grid charges. The regulatory authority
grants the DNO a risk-adjusted return on capital which is included in the revenue cap. The
approved costs determine the annual revenue of the company within a regulatory period [27,
104, 112]. The components are listed in detail in the cost distribution sheet5 [113, 114] and can
be aggregated [27, 33], forming a basic concept which is applicable for gas and electricity grids,
see Table 3.
Table 3. Cost components of the revenue cap, dependencies and shares in the city of Bamberg
Considered dependencies

હ۱۾ۯ۳܆

CAPEX

Cost component

Grid
length

Gas
DNO

Electricity
DNO

+

-

9.9

5.1

Calculatory trade tax Ƚୟ୶
ࣷǡऄ
Interest on borrowed capital Ƚେ
ࣷǡऄ

+
+

-

1.3
6.6

0.7
3.9

ୈୣ୮୰

+

-

Operating costs Ƚେ
ࣷǡऄ
હ۾۽۳܆

Energy
supplied

Calculatory return on equity Ƚେ
ࣷǡऄ

Calculatory depreciations Ƚࣷǡऄ
OPEX

Grid age

Share of total costs in
Bamberg* (%)

+

Loss costs Ƚେ
ࣷǡऄ
୮ୋେ

Upstream grid charges Ƚࣷǡऄ
Concession fees Ƚେ୭୬ୡ

15.0

10.3

(+)

33.6

29.8

+

0.0

1.6

+

19.0

34.1

+

14.7

14.7

+: linear positive dependence; -: negative linear dependence; (): dependence not modelled in this thesis; ࣷ: set energy
carrier; ऄ: set time; *: derived from real data of the grid area and the corresponding DNO’s total costs (Bamberg,
2017).

The cost components are reported annually in cost accounting. All components of CAPEX
depend on the sum of the residual book values of all assets necessary for grid operation (e.g.
buildings, vehicles, tools, lines, transformers). Thus, the CAPEX components are functions of
the historical acquisition costs as well as the technical lifetime of each asset which will be
accumulated [113, 114]:
x

Calculatory return on equity હ۳۱
धǡस : The imputed return on equity is calculated using a
fixed interest rate on the residual value of each capitalized asset. It is determined
individually depending on the year of construction of the respective asset as well as the
equity to debt ratio with which it is financed.

x

Interest on borrowed capital હ۰۱
धǡस : Borrowing costs are calculated using the debt
component of the residual value of each capitalized asset together with the borrowing
rate. Analogous to the imputed return on equity, borrowing costs depend on the equity
to debt ratio and the year of acquisition.

5

Cost distribution sheet: This is a cost accounting instrument for DNOs in Germany. In this tabular document,

direct costs are allocated to cost centers. The cost centers are specified by the regulator.
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x

Calculatory trade tax હܠ܉܂
धǡस : The imputed trade tax is calculated based on the profit via a
fixed assessment rate. In case of the DNO it is calculated based on the imputed return on
equity.

x

Calculatory depreciations હधǡस : The imputed depreciation is calculated for each
capitalized asset that is within its technical lifetime, depending on the historical
acquisition costs and the age.

۲ܚܘ܍

With the exception of the operating costs, the components of OPEX can be modeled as a
function of the energy supplied and/or the power purchased in accordance with the grid
charge tariff system. These costs are paid by the customer via the grid charge and passed on
by the DNO to the concession provider (concession fee), the upstream network operator
(upstream grid charges) or an energy supplier (loss costs) [27, 113–115]:
x

Operating costs હ۽۱
धǡस : Operating costs include all purchases that cannot be capitalized as
well as costs for personnel, rent, all maintenance expenses and others. If a constant level
of efficiency is assumed, these depend on the size of the grid or supply area and thus the
DNO.

x

Loss costs હۺ۱
धǡस : The loss costs include the costs of procuring the loss energy incurred in
distributing the energy in the DNO's own grid area.

x

Upstream grid charges હधǡस : The upstream grid charges are the costs of the upstream
network levels passed on via cost rollup. This rolling mechanism allows network levels to
be considered separately from one another.

x

Concession fees હ۱ ܋ܖܗ: The concession fees are to be paid by the DNO to the concession
provider.

ܘ܃۵۱

Table 3 presents the percentage cost components for a real German electricity and gas
DNO and shows the dependency of cost components and the energy, grid length or age
modelled in this thesis. The dependencies indicate that the level of the revenue cap is primarily
influenced by the supply task on the one hand and the strategy of the DNO on the other hand
(in addition to regulatory influences). The following chapter discusses the dependency of the
revenue cap on a change of the supply task. In this context, structural grid parameters are
analysed and possible strategy patterns on the DNO side are introduced.

2.3.3 Transformation of the Business Model in the Course of
Decarbonization
Structural grid parameters
The influence of a changing supply task on the costs of network operation and thus the
business model of a DNO depend on the development of certain structural parameters, such
as the supplied energy or peak power, the number of connection points, the network length
and others [27]. The report on the comparison of efficiency values of the DNOs for the second
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regulatory period in the German electricity sector [116] examines the correlation of a large
selection of relevant structural parameters with the level of total costs of grid operation.
Thereby, the data base is formed by 182 German DNOs.
Agrell, et. al. [116] (2013) found a strong correlation between the total costs of grid
operation (TOTEX) and several selected parameters: The energy (R=0.99), number of grid
connections (R=0.94) and network length (R=0.95) – used in this thesis – correlate strongly with
the TOTEX of the examined DNOs. Both, the network length and the number of grid
connections in turn, correlate strongly with each other (R=0.95). The correlation between
energy and number of connections is also pronounced (R=0.93). This multicollinearity is
evident in all structural parameters, which correlate to a high degree (R>0.9) with TOTEX.
Hence, for the sake of uniqueness, the structural parameters in this thesis are used as follows:
The size of the grid infrastructure (all assets necessary for supply) is measured by the grid
length; the supply task by the energy demand or the number of grid connections (Table 3).
Based on the dependencies discussed and under the premise that the DNO efficiency level
remains constant, the operating costs Ƚେ
ࣷǡऄ scale with the grid length. The CAPEX components
େ ୟ୶ ୈୣ୮୰
(Ƚେ
ࣷǡऄ ǡ Ƚࣷǡऄ ǡ Ƚࣷǡऄ ǡ Ƚࣷǡऄ ) depend on the grid length and the age of the assets, respectively the
historical acquisition costs and the technical lifetime. The other parts of the OPEX
୮ୋେ େ୭୬ୡ
) are a direct function of the energy supplied.
(Ƚେ
ࣷǡऄ ǡ Ƚࣷǡऄ ǡ Ƚ
Development of the supply task
The energy demand or number of grid connections and network length are largely
determined by the number and type of customers and thus the future demand scenario.
Assuming a constant supply efficiency, the DNO itself has an influence on the revenue cap by
lowering or increasing the grid investments and therefore the age of the grid [27]. The analysis
in Chapter 2.1 indicates the differences in the projected supply task between the gas and
electricity sector in the future:
x

Electricity: The supply task is formed by various usage types, such as industrial process
applications, lighting, heat generation and others. Buildings are connected to the
electricity grid independent of any single use. The electricity demand will tend to increase
in the future, as the energy efficiency gains are more than offset by the ongoing
electrification of the heat and mobility sectors. As a result, grids will need to be reinforced
and expanded (see Chapter 2.1). Therefore, energy supplied, grid length and the revenue
cap of the DNO tend to increase.

x

Natural Gas: The supply task depends mainly on heat generation applications. Buildings
are connected to the grid depending on the type of their heating system. For most of the
predicted scenarios (Figure 5), the gas demand decrease is induced by efficiency gains and
the substitution of gas-based heating systems. With customers leaving the grid, grid
length tends to decrease. The DNO’s revenue cap tends to decrease, and the risk of sunk
investments rises.

DNO strategies
The regulatory system will adapt to the basic trend of the supply task, from a mediumterm increase to a decrease in demand [103]. Based on the prevailing demand scenario and
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regulatory framework, different DNO strategies are possible [27, 106]. These strategy patterns
have different effects on the basic parameters of grid-bound energy supply [106]:
x

Security of supply: Ability of a system to maintain supply in the event of an unpredictable
failure.

x

Quality of supply: The probability that the system will fulfill its function at all times
(including reliability and power or gas quality).

x

Efficiency of supply: The economic efficiency of the system or its operation.

Based on the findings of Chapter 2.3.2 as well as 2.3.3 and for reasons of transferability
and complexity reduction, three model DNO strategies are derived for this thesis. These are
defined independently of the prevailing regulatory system by referring to the basic regulatory
relationship: Grid costs equal revenues. These strategies correspond to an ideal-typical
behavior of a DNO in a differently designed regulatory framework: Its optimization goal is to
keep the respective target figure – revenue cap (SRC), age of grid infrastructure (SGV), grid
charge (SGC) – at the initial level within the planning horizon (Table 4).
Table 4. Pursued distribution network operator (DNO) strategies and interpretation of supply quality,
security and efficiency
Decrease in demand
DNO strategy

Stable revenue
cap (SRC)
Stable grid
value (SGV)
Stable grid
charges (SGC)

Explanation

The DNO tries to keep
the absolute revenue cap
on a constant level.
The DNO tries to keep
the mean age of all
assets on a stable level.
The DNO tries to keep
the grid charges on a
stable level.

Increase in demand
Supply

Supply
Quality and
security

Efficiency

Quality and
security

Efficiency

+

-

-

+

0

0

0

0

-

+

+

-

Notes: +: positive effect; 0: stabilizing effect; -: negative effect on the development of supply quality and
efficiency; RC: the DNO’s revenue cap; GC: grid charges, parts of this table are presented in [2].

The ideal-typical behavior induced by the model strategies allow the interpretation in
terms of the regulatory framework for a given demand scenario [106, 108]: As demand
decreases, the SRC strategy corresponds to a DNO's behavior within a cost-plus or rate-ofreturn regulatory framework; the SGV to a revenue-cap approach; and the SGC to a price-cap
approach. As demand increases, the SRC strategy corresponds to a revenue-cap approach and
the SGC continues to correspond to a price-cap approach.
According to the characteristics of the strategy, the effect on supply quality, security and
efficiency is also evident. In this context, the ideal-typical strategies tend to result in "extreme"
DNO behavior (supply efficiency and quality of grid operation). Depending on the strategy
and the demand scenario, the costs and quality of network operation are maximized on the
one hand, or the prices for supply and the quality of supply are minimized on the other hand
[2].
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2.4 Methods in Energy System Simulation and Optimization
This chapter discusses methods currently used in the literature in the field of building
design, analysis, planning and operation of electricity or gas distribution networks and multienergy systems. The literature-based analysis is used to select and adapt the methods applied
in this thesis: The complex network analysis, multi-agent simulation (MAS) and mixed integer
linear optimization (MILP). First, the state of the art in the field of analysing, planning and
optimization of the single actors – buildings and distribution grids – are investigated. Second,
methods for analysing, planning and optimizing multi-energy systems consisting of multi
actors are examined.

2.4.1 Complex Network Analysis in Energy Systems
As explained in Chapter 2.3, grid-based energy supply is subject to a natural monopoly.
In this context, there are two factors which, taken together, lead to the question of how an
increasing or decreasing energy demand influences the network length and thus the network
costs: First, the supply task is changing (Chapter 2.1). The electricity demand is predicted to
increase, due to the increasing electrification. The natural gas demand is forecasted to
decrease, due to the substitution of fossil energy sources. Second, there are pronounced
economies of scale in energy supply networks. The fixed costs of grid operation are high and
the marginal costs of distributing additional energy or customers are low (Chapter 2.2.1). An
effect caused by the structural properties of a power supply network or rather the underlying
graph [106]. Especially in the gas grid, there is the risk of a complete shutdown of the
infrastructure over the next decades, which may cause rising specific grid costs due to these
economies of scale.
In this context, the question of the functional relationship between the number of
customers or the energy supplied and the required line length arises (Question 1). In case of a
strongly decreasing demand, there is a financial risk for grid operators and users which
depends on the development of the grid costs, and with that on the shape of this relationship.
Thus, there is the additional need for graph theoretical or structural descriptors (metrics) to
measure this risk (Question 2). In the area of energy supply network analysis, especially of
power transmission networks, graph theoretical methods have been applied in recent years:
For the location of generators and the minimization of network losses [117]; the economic
transport of energy or the configuration of self-sustainable islands [118, 119]; the injection of
reactive power of photovoltaic systems [120]; and especially to analyse the resilience of grids
[121, 122]. There is a lack in literature when it comes to the evaluation and prediction of the
proposed dependency in natural gas networks:
x

Question 1: While the relationship between grid length and supplied energy is currently
often modeled as linear [27, 47], studies about network connectivity postulate a non-linear
dependency between network length and the number of grid users for different types of
networks [123–128]. Several authors [124, 126–128] have described the relationship
between optimal network length and amount of nodes with a power law approach, where
the exponent k differs with the disorder of the network. P. Hines et. al. [121] provide a
statement on this relation to the load flow in power transmission grids: “The distribution
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of nodal demands (or loads), however, follows a power law: Most buses in the grid serve lower-than
average demand, but a small number of buses serve a relatively large amount of demand.”
Assuming that all customers have the same size (energy demand), this dependency can
be transferred to the number of customers supplied per node: Most buses in the grid serve
lower than the average number of customers, but a small number of buses serve a
relatively large amount of all customers connected to the grid. If this hypothesis is valid,
the exponent k could be determined for different customer exit patterns. Thus, the
relationship between customer number and network length could be described
functionally. In Chapter 3, this hypothesis will be tested on real natural gas distribution
grid structures.
x

Question 2: Several different approaches of graph metrics have been proposed in
literature. Energy supply networks are normally described via undirected graphs [121].
For such graphs different categories are distinguished: On the one hand, there are global
metrics which refer to global properties, such as the distance measures like the diameter
or radius [129] and nodal measures that refer to the properties of a single node of the
graph, such as the neighbor degree or the page rank [129]. On the other hand, there are
descriptors which relate to the unweighted or the weighted graph. Whereby the edge
weights are the network length, energy supplied, impedances [123] or more complex
measures [121]. This thesis analyses a broad selection of different metrics and correlates
them with the exponent k, dealing as a descriptor for the relationship between network
length and number of customers in the grid. The metrics used can be divided into three
classes:
o

Classical structural parameters in grid studies: Parameters considering the
energy supplied, grid length as well as load or customer densities which are
recently used in techno-economic energy system analysis [27, 116].

o

Path and length relations of weighted (length, energy) and unweighted graphs:
Distance and path measures which are used in complex network analysis [124]

o

Global and nodal graph theoretical metrics: More complex global graph
measures like diameter, radius as well as nodal metrics like degree connectivity
or pagerank which are recently used in complex network analysis [57, 125, 130]

Chapter 3 tests the hypothesis, whether the functional relationship between network
length and the number of customers corresponds to a power function. If this is valid, the power
function can be used as a more precise model for the dependence between the network length
and the delivered energy demand, which is currently often modelled linear [27]. In addition,
the exponent k could act as a risk determining parameter with respect to the structural
economic efficiency of a grid and the proposed feedback effect: The grid charges are coupled
with the economic efficiency of a grid and may increase with a decline in demand [27], which
influences the grid users investment behavior regarding heating systems [36].
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2.4.2 Building Energy Retrofit Optimization
In Germany, fossil-fired heating systems (gas and oil) have increasingly been replaced by
electric heat pumps in existing residential buildings. In new construction, the rate of electric
heat pumps increased from 19% to 29% between 2009 and 2019 (Figure 8). The development in
the field coincides with the forecasts from the literature, predicting oil- and gas-based space
heating and domestic hot water generation systems to be substituted by electrical heat pumps,
combined with rising energy efficiency of the building envelope [22, 23, 97]. In view of this
development, the question arises, which influencing factors and cause-effect relationships
determine the building investment decision.
Computer-aided optimization methods provide a tool for determining a target building
configuration based on the initial building configuration and the economic, technical and
market environment. This makes it possible to analyse the impact of differently shaped
influencing factors, such as energy prices or the legal framework, on the decision to construct,
retrofit or refurbish buildings. R. Evins et. al [25] analyse 74 papers, focusing on sustainable
building design in view of optimization goals, methods and building areas:
x

Optimization goals: Various goals are listed, mostly focusing on energy efficiency or cost
issues: Energy consumption (45%), investment expenditures (12%), life-cycle costs (10%),
operational expenditures (9%), comfort (9%), total costs (8%), CO2 emissions (6%)
(proportion of papers using this attribute in [25]). 53% of the approaches are focused on
one objective, 39% of them are focused on multi-objectives (8% WS).

x

Building components: The proportion of building components considered in the papers
corresponds to the influence of the respective component on the final energy
consumption: Building envelope (38%), building form (21%), heating, ventilation and air
conditioning systems (17%), use of renewable energy (16%), measurement and control
systems (7%) and lighting (1%).

Depending on the level of detail and the temporal granularity, simplified analytical
models, detailed building models or building performance surrogate models are used [26,
131]. Therefore, different approaches like scenario, operation and planning models have to be
distinguished [132]. Most models are mathematical optimizations or artificial intelligence
approaches [25, 131]. In most of them, the costs are represented by an economic sub model,
where the load and energy flows are represented by a thermal sub model in combination with
plant models (heating system). Their structure depends on the temporal resolution and the
level of detail [26]. In the case of building retrofit decisions, the initial building equipment
option significantly influences the associated building-specific measure costs for changing the
heating system (options like heating circuit, chimney, domestic hot water storage tank, oil or
pellet storage or a gas grid connection) [133]. Although this aspect is essential for the
assessment of building retrofit decisions in practice, there is a lack in literature.
This thesis investigates the interdependencies between building and grid investments for
different shaped exogenous conditions. As the building’s individual technical and economic
properties significantly influence the investment decision (see Chapter 2.2.1), it is important
to map them in the building retrofit model.
To cover this, an analytical optimization model based on a mixed integer linear program
is developed, which minimizes the investment expenditures for the retrofit of the building
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envelope, the technical building equipment including the heating system and the operational
expenditures including maintenance and energy purchase for a planning horizon
corresponding to the technical lifetime of the heating system. In this respect, the economic
model corresponds to a life-cycle cost approach [25] (see Chapter 4). A simplified single-zone
thermal model is implemented to calculate the annual energy consumption and the building
heat load.

2.4.3 Planning and Operation of Gas or Electricity Distribution Grids
Chapter 2.1.2 states out that the current trends assume a decrease in gas demand between
25% and 100% up to 2050, coupled with risks and changing requirements for gas network
operation and planning. In the electricity sector, an opposing trend is predicted, where the
demand is expected to increase as a result of the increasing electrification of the mobility and
heating sectors. While the future requirements in the electricity sector are captured by a variety
of network planning and operation methods in literature, the consequences for the gas
network have so far only been covered by recent research approaches. The following analysis
explains this need for research and serves to classify the model developed in this thesis.
Currently applied grid planning or operation methods can be subdivided according to
several broad characteristics [132]: (i) the time horizon, from grid operation to operational and
strategic planning; (ii) the network level, from the transmission (electricity) or transport (gas)
to the distribution network level; (iii) the objective, from supply efficiency to supply quality
and supply security; (iv) the level of detail of the physical (energetic assessment, linear load or
pipe flow, complex load or pipe flow) and economic model (level of detail assets), as well as
the geographical referencing; (v) the optimization method from closed mathematical
approaches to heuristic models. The planning and operating studies of electricity and gas
networks have similarities but also differences with regard to these criteria, as the following
explanation shows:
x

Natural gas grid: A lot of work has been done on strategic planning methods for natural
gas grids that focus on long term planning with the aim of finding cost optimal grid
structures for given scenarios [134–136]. Very detailed work has been published on the
planning of gas transmission [41–43, 137, 138] and distribution networks, with a focus on
uncertainties [139] or the interconnection and energy conversion between the power and
gas sectors [40, 140, 141]. The development of methods for the simulation of gas networks
and sector-coupled systems has also gained importance in the recent years [30, 132]. Most
approaches cover the construction, expansion and restructuring of existing network
structures, often with the focus on building up a synthetic gas infrastructure based on biomethane and hydrogen in combination with carbon capturing technologies. However,
there is a lack in literature of how to deal with grid defection or a decreasing gas demand
in natural gas grid planning.

x

Electricity grid: In the electricity sector, the literature reflects a more heterogeneous
picture. The papers range from transmission network to distribution network planning
[142, 143] and from grid operation, to operational and strategic planning issues [144],
dealing with supply efficiency, quality or security [145]. There are approaches that cover
simulation issues [29], planning methods [143, 146] or that focus on specific research
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topics, such as the integration of novel loads, storages or generators, demand side
management [142] or site planning for transformer sub stations [147]. Like in the gas
sector, most approaches deal with construction, reinforcement, expansion and
restructuring of existing network structures. The research is mainly oriented towards the
ongoing electrification and integration decentral renewable generation. In this context, the
topic of sector coupling has recently gained in importance in order to provide the required
flexibility in a renewable energy system [142]. Most approaches are dedicated to technical
issues, costs are mostly considered in the form of CAPEX and OPEX, where the DNO's
cash flow and regulatory issues play a subordinate role.
Recent literature in the field of natural gas or electricity distribution grid planning deal
with grid reinforcement and restructuring in face of the integration of renewable energy
generation. There is a lack in literature when it comes to the evaluation of scenarios with
strongly decreasing gas demand in grid planning or the consideration of the DNO’s cash flow
and the regulatory mechanism in planning approaches. This thesis presents a consecutive grid
planning approach, which considers the annual cash flow under regulatory constraints. The
model includes the calculation of grid charges, which, as an exogenous variable, influence the
building investment decision. Thus, it is possible to embed the model into a multi-agent
environment or a joint optimization model (grid and building) to analyse scenarios in which
the given regulatory environment causes a decrease in gas demand.

2.4.4 Analysis, Planning and Operation of Multi-Energy-Systems
In an energy system with a high share of volatile renewable energy, especially in the
electricity sector, flexibility is required. The storage potential needed can be exploited by
means of sector coupling, which contributes to the decarbonization of the electricity, heat and
mobility sectors [81]. Recent literature in the field of natural gas or electricity distribution grid
planning adopt these requirements. The authors deal with cost or CO2 optimal grid
reinforcement and restructuring in face of the integration of renewable energy generation [41,
43, 137–140]. For that reason, target planning [136, 138] or consecutive multi-stage planning
approaches [41, 42] are developed. Some focus on operational planning, grid or plant
operation problems and the interaction between the different actors on a technical, economic
and market level [142, 146, 148]. Basically two types of methods are applied in literature: The
closed-form mathematical optimization, often based on mixed integer linear models and
heuristic methods, often based on artificial intelligence models, such as an agent-based
framework, applied in this thesis:
x

Multi-agent simulation (MAS): A multi-agent simulation or a multi-agent system
consists of two or more agents or intelligent agents. In such a system, there is no overall
system goal. The system behavior is determined by the local (optimization) goals of each
agent. Although there is no universal definition of the term agent, there is a consensus
that autonomy is the key property [149–152]. According to the definition of Wooldridge
et. al., an agent is a system that is located in a specific environment and can act
autonomously to achieve the specified design goals [152]. An intelligent agent is the
extension of the concept of an agent and refers to an independent entity that is capable of
flexible and autonomous action based on knowledge [151]. In this context, the term
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flexibility is defined in terms of reactivity, proactivity and social capability [152]. The
agent's decision-making process is influenced by various environmental characteristics
classified according to Russel and Norvig [153]: “Accessibility” describes the ability of an
agent to access all other agents; “deterministic” describes whether the cause–effect
relationship of actions of agents is known or not; “episodic” describes relationship between
the simulation time steps; “dynamic” describes the possibility of environmental changes
beyond the control of an agent; “discrete” describes if there is a predetermined number of
perceptions and actions of the environment. The concept of agent-based modeling is
widely used in the literature in the planning and operation of power systems and
generation plants or loads [148–150]. Different forms of heuristics can be implemented for
the single agents based on freely available program libraries [58, 154]. In the field of
planning and simulation of energy systems, the dynamic system behavior and the
interaction between individual actors can be analysed, whereby a decomposition of the
overall problem is possible [149, 150].
x

Mixed integer linear optimization (MILP): Most authors formulate a closed-form
mathematically solvable optimization model based on a programming language [54],
using commercial or non-commercial solvers [55, 56] to solve the problem. Mostly linear
(LP) or mixed integer linear programs (MILP) are used in power system simulation. In
particular, the problems in grid simulation, planning and operation often represent highly
complex combinatorial optimization problems (so-called NP-hard problems). This is due
to their temporal perspective, the graph property of a network and coupled with this, the
combinatory in decision making. A closed-form mathematical solution of the original
optimization problem in finite computation time is not often feasible with available
solvers and computational capacity [145]. Thus, it is necessary (i) to decompose the
original problem into sub problems that can be solved decentral or within a bi- or multilevel approach; (ii) to abstract the problem to reduce the complexity or (iii) to constrain
the solution space by constraints. For this reason, the optimization methods in grid
planning and operation are often modelled in a heuristic [31, 143, 145]. In such models,
closed-form optimization is often applied to solvable sub-problems. In this way, the
overall problem is solved in a decentralized manner, e.g. with a multi-agent-simulation
[148]. In the field of energy system simulation, grids and plants are often represented on
an abstract level in order to get solvable closed-form optimization problems for the whole
energy system. The results are therefore used to understand system behavior or business
dynamics [44] and to define the framework for sub-models at grid and plant level [155].

The most natural gas and electricity grid planning approaches neglect the business
dynamics analysed in this thesis: They focus on restructuring, grid reinforcement or the
integration of renewable feed-ins. Most often, a stable or rising demand is predicted for
electricity as well as natural, respectively renewable gas [40–43]. The supply task – the position
and behavior of a load or generator – is usually a predefined exogenous input variable [136].
On an abstract econometric level, studies exist that investigate the interactions between
investment decisions in buildings and the grid operator usually with the focus on self-supply
[44–47] in the electricity sector. First papers have transferred these approaches to the gas
sector, using an abstract economic grid model: One focuses on the development of the gas
DNO’s business model and the corresponding grid charges in Germany [27]. Another analyses
the costs for grid operation of distribution networks based on the quantity structure of all grids
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in Ireland [29]. Both approaches raise the question of the future of gas networks in a low carbon
energy system by analysing several scenarios with a decreasing demand, where the supply
task is an exogenous input variable. There is a lack in literature when it comes to the evaluation
of the business dynamics between the investments in energy efficiency in buildings and
operation of electricity and natural gas grids in long-term from a techno-economic perspective,
as it is the aim of this thesis.
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3 Analysis

of

the

Influence

of

the

Gas

Distribution Network Structure and Operator
Strategy on Grid Economy in Face of Decreasing
Gas Demand6
3.1 Introduction, Contributions and Research Approach
While an extensive gas infrastructure can be maintained under the assumption of a shift
to renewable gas production even within a scenario of full decarbonization, most long-term
scenarios depict a decrease in gas demand as more likely (see Chapter 2.1). Because of this, a
transformation path of declining gas demand is a relevant scenario for the gas distribution
network operators in many areas worldwide. With customer numbers and individual gas
consumption dwindling, the cost efficiency of the gas grid infrastructure is tending to decrease
[27, 28].
The reason for this can be found in the physical properties of an energy supply network
or the underlying network graph, which are also the reasons why an energy supply network
is subject to a natural monopoly [106, 110]: The fixed costs of network construction for a given
energy demand are high compared to the marginal costs of distributing additional energy.
In energy system analysis, the relationship between grid length and supplied energy is
often modeled linear or neglected [27, 47]. This is at odds with studies of network connectivity
which postulate a non-linear dependence between network length and number of connected
users [124, 127, 128], leading to these economies of scale. Depending on the connection
structure of a network, a decreasing number of users may increase the network length per user
needed to connect all participants. An effect that is also valid for the energy: When customers
leave the grid or the energy efficiency rises, the network length per energy supplied rises.
Dependent on the renewal strategy of the DNO, the energy related revenue cap rises, which
in turn leads to a rise in grid charges. An effect that occurs under the condition that the
operational costs are linear dependent on the energy and the grid length (Figure 10).

6

Parts of this chapter are presented in [1].
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Figure 10. Business dynamics under investigation in this chapter: Grid economy in face of decreasing
gas demand and customer numbers. ((R: positive reinforcing loop; link polarities (XÆY): +: when X
increases, Y increases; -: when X increases, Y decreases (and vice versa) [37])

The DNO’s revenue cap and the grid charges scale with the development of the demand
scenario and the investment strategy. The grid charge development in turn has an influence
on the willingness of network customers to pay depending on their price elasticity. With
regard to heat generation, the substitution of gas-based solutions becomes more attractive with
rising grid charges. This poses not only the risk for DNOs of losing their business model, but
it can also lead to macro-economic consequences, as an unproportional long grid
infrastructure has to be maintained for a decreasing demand of energy.
Several studies address these questions at a macroscopic level [17–20], but there is a lack
in the literature when it comes to the evaluation of such scenarios at grid level [27], especially
for investigations based on real DNO, grid and customer data. As the proposed business
dynamics are strongly dependent on the connection structure of a network, a decreasing
number of users can increase the network length per user. This chapter focuses on the role of
the proposed economies of scale dependent on the network and customer structure in a grid.
Therefore, three sub-questions, coupled with guiding research question 2 (Chapter 1.3) are
addressed:
x

What are economic, technical and political factors that influence the customer
development?

x

What are the grid-specific factors that influence the cost efficiency of a natural gas grid?

x

What are the strategic options for grid operators and regulators, and what are the impacts
on grid users?

The chapter is organized as follows: First, a decline in gas consumption is modelled in 57
urban German distribution grids. Thereby, the influence of (i) grid-specific factors, (ii) the
spatial distribution of customers exits and (iii) different gas DNO strategies on grid charges is
analysed. The approach is divided into two parts: First a complex network analysis is
performed to analyse the functional relationship between grid length and number of
customers for different spatial distributions of customer exits. Second, a simplified DNO cash-
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flow-model is introduced and validated against a mixed integer linear program (MILP) to
investigate the costs of gas distribution network operation. A comparison of the total costs of
operation and resulting grid charges for several scenarios and strategies estimates the effects
on DNO business models.

3.2 Model Description
3.2.1 Complex Network Analysis
The central question about the influence of network-specific factors on the development
of grid costs and, in particular, the relationship between grid length and number of customers,
can be subdivided into further questions: (i) What is the quality of the power function,
describing the relationship between network length and number of customers and how is it
shaped (exponent k) for different spatial distributions of customer exits? (ii) Can generic
statements be drawn on the correlation between network length and number of customers?
(iii) Do metrics or predictors exist to measure the relationship between network length and
number of customers? Figure 11 shows the methodical procedure for answering these
questions in the context of this thesis.
Processing of the low-pressure gas grid data
Demashing procedure for the low-pressure gas grid.
Pipe flow calculation to verify limit violations in pressure losses and flow rates.

Estimation of the functional relationship between grid length and customer number for each seed
of different selection types (sample size of 100 seeds):
Select a customer and delete him, until all customers have left the network. (Based on the selection type)
Determine necessary lines for supply of all customers. Select and delete unnecessary lines.
Estimate grid length, customer number and supplied energy.

Statistical evaluation for the functional relationship between grid length and customer number
(for “random selection” and a sample size of 10,000 seeds)
Hypothesis test for normal distribution.
Analysis of skewness and kurtosis.

Estimation of possible metrics for the relationship between grid length and customer number
based on a correlation analysis
Figure 11. Flow chart of the complex network analysis performed in this thesis to analyse the functional
relationship between grid length and customer number in low-pressure gas grids.
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Processing of the low-pressure gas grid data
The gas grid area under investigation (Bamberg, Germany) consists of a medium-pressure
(MP) and a low-pressure (LP) network. The MD grid is connected to the LP network via gas
pressure regulator stations. Most of the grid customers are connected to the LP network (MD
connections approx. 2500 of approx. 13,300 buildings). The LP network is operated in meshed
topology which is connected across all gas pressure regulator stations. Before performing the
structural network analysis, the low-pressure grid is divided into 58, respectively 57 subnetworks by searching the shortest path from every customer to each regulator station (one of
the networks has only 1 customer, therefore it was excluded from the analyses). Each subnetwork corresponds to a supply area of one pressure regulator station (Figure 4a). In this
way, the LP gas grid is demeshed and the resulting low-pressure grid areas are radial. Six
percent of all lines are connection lines between areas or within areas. These lines are removed
for the analysis. The process of demeshing the network is followed by a load flow calculation
to guarantee a supply within the technical limits (load case corresponds to design case).
Estimation of the functional relationship between grid length and customer number
The objective of this analysis is the estimation of the functional relationship between
network length and number of customers in real gas distribution networks and the
determination of the dependence of this relationship on the spatial distribution of the customer
exits. To analyse this, the number of customers in all grids is scaled consecutively from 100%
(current state) to zero for 7 different spatial distributions of customer exits (“selection types”).
After the exit of each customer, the lines necessary for supply are determined, those not
required are deleted and the resulting grid length, customer number as well as the energy
supplied is determined (Figure 11).
Based on this data, the functional relationship is derived: Several authors [124, 126–128]
have described the relationship between optimal network length and amount of nodes with a
power function where the exponent k differs with the disorder of the network. Therefore, a
power function (Equation (3.1)) is used to estimation the relationship of grid customers ୋ୰୧ୢ
ऄ
, with the exponent k as a measure of the disorder of the
and resulting grid length ୋ୰୧ୢ
ऄ
network. (For every year ऄ in the planning horizon ࣮Ǥሻ The best exponent of the power function
is determined for every grid, selection type and seed by using a non-linear least squares
approach [156]. Customer number, energy supplied and grid length are stored for each run of
values are normalized to their initial values. The
the procedure. Before fitting, ୋ୰୧ୢ
ऄ
coefficient of determination (R²) and the mean squared error (MSE) are used to evaluate the
goodness of the fit [156].
 ऄ Ԗ ࣮ǣ ୋ୰୧ୢ
ൌ  ୋ୰୧ୢ
ऄ
ऄୀ  כቆ
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୩

ቇ 
ୋ୰୧ୢ
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(3.1)

Several different orders, in which single customers leave the grid, are investigated. They
are called “selection types” (Table 5), based on principles of order theory [157]. Some selection
types are deterministic (“Ranked selection”), while others are probabilistic (“Stochastic
selection”). For the stochastic selections, 100 seeds are performed. The ranked selections
represent “worst-case” or “best-case” scenarios where users exit based on their distance to the
station or their impact on grid length. The stochastic or semi-stochastic selections represent
scenarios with a spatially unweighted (“random selection”), weighted (“weighted random
selection”) or heavy weighted (“radial random selection”) distribution of customer exists.
Therefore, the scenarios represent a wide range of development paths and show the impact of
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local clustering of exits. While the “random selection” is used for cost analysis, all other types
are only exploited within the complex network analysis.

Table 5. Selection types for customer exits
Name

Selection type;
Seeds

Shortest path first
Longest path first
Least impact first
Highest impact
first

Ranked selection;
1

Random selection
Weighted random
selection

Radial random
selection

Stochastic
selection; 100

Determination of Customer Exits

Interpretation

Order and drop customers by their path
length to the connection point.

Worst case

Drop costumers by their impact on grid
length. Determine the impact after every
exit.
Select customers exits randomly.
Select customer exits based on a
conditional probability calculated by
building ages and pseudo random
numbers.
Choose a random starting point. Drop
customers by radial distance to this point.
Start with the lowest distance.

Best case
Worst case
Best case
Stochastic selection
Stochastic selection
based on building age
Extreme case of a
weighted stochastic
selection

Statistical evaluation for the functional relationship between grid length and customer
number
The objective of this analysis is to statistically evaluate the fit results for 10,000 seeds across
all 57 networks for randomized customer exits ("random selection"). This evaluation analyses
the median and the dispersion of the exponent k for a specific grid, as well as a possible range
of the value k over all grids for a wide spread of different exit scenarios. In addition, the
question will be answered, whether the values of the exponent k follow a specific probability
distribution. (Preliminary investigations suggest that the values of k follow a normal
distribution.)
After an analysis of the goodness of fit for all grids and seeds, hypothesis tests are
performed to test for normal distribution (D'Agostino-Pearson). The tests are conducted for
the entire sample (n=10,000). The preliminary investigations indicate that the empirical
probability distributions of most of the samples seem to be positively skewed (skewed to the
right). Therefore, in the last step, the skewness and kurtosis of the distributions are
investigated on the basis of Q-Q plots and the skewness and kurtosis values.
Estimation of possible metrics for the relationship between grid length and customer
number based on a correlation analysis
This analysis aims to identify possible metrics that can serve as a measure of the exponent
k for a specific grid area. For this purpose, different types of metrics are identified in a
preliminary analysis (Chapter 2.4.1.). The metrics are distinguished into three classes: (i)
classical structural parameters in grid studies, (ii) path and length relations of weighted
(length, energy) and unweighted graphs and, (iii) global and nodal graph theoretical metrics.
Table 18 in the Appendix Section B2 describes the metrics. The metrics are correlated with the
median and standard deviation of the exponent k of the 7 different selection types of customer
exits (100 seeds). The analysis takes two steps:
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x

Correlation analysis with all parameters selected in the preliminary analysis (n=39) and
selection of two parameters per parameter group (i, ii, iii).

x

Detailed analysis of the selected parameters, determination of suitable predictors and
analysis of the influence of the grid size on the parameters.

3.2.2 Cash Flow Analysis
There are two main questions which will be answered based on the proposed cash flow
analysis: First, how grid-specific factors influence the cost efficiency of a natural gas grid when
customers leave the grid. Second, how the DNO strategy influences the cost efficiency when
customers leave the grid.
To analyse both aspects, an annual cash flow calculation model based on the power
function is introduced and validated against a mixed integer linear optimization model. This
validation process is performed based on a real grid area. Both models map the network
operator's asset base to the line length of the network. The cash flow calculation model
considers the network length as a whole, whereas the optimization model maps each line
individually. Both models, the cash flow calculation model and the mixed integer linear
model, are economic models.
To verify limit violations in pressure losses and flow rates, pipe flow calculations are
performed for all grid areas before the cash flow analysis. After that, a comparison of the total
costs of operation and resulting grid charges for several scenarios and strategies is drawn
which estimates the effects on DNO business models in scenarios, in which all customers leave
the grid from 2018 up to 2050 (Figure 12).
Technical and economic validation of the DNO cash flow model based on one real grid area and a
global scenario, in which all customers leave the grid from 2018 to 2050:
Technical validation based on a pipe flow
calculation, to verify limit violations in pressure
losses and flow rates.

Economic validation of the simplified DNO cash
flow model against a MILP on the basis of a real
network area.

Cash flow analysis for all 57 grid areas based on a global scenario, in which all customers leave the
grid from 2018 to 2050:
Investigation of different shaped spatial
distributions of customer exits on grid charges and
the revenue cap.

Investigation of the impact of different DNO
strategies on grid charges and the revenue cap.

Figure 12. Flow chart of the cash flow analysis performed in this thesis, to analyse the influence of
different shaped DNO strategies and customer exit patterns on the grid charges and revenue cap in face
of a global scenario, in which all customers leave the grid from 2018 to 2050.

Basic economic principles of the DNO cash flow
For transferability reasons, a simplified regulatory approach based on the “revenue-cap”
method, like in Germany and most European countries, is used (Chapter 2.3.1). The cost
components considering all CAPEX and OPEX positions of Table 3 are modeled directly
dependent on the length and age of the grid and the energy supplied. The starting point for
the calculation represents the relative shares of cost components in 2017/18 (Table 3). The
revenue cap of the DNO in the base year is about 10 M€. The model only includes the low-
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pressure stage of the grid. The medium-pressure level will be considered in the cost parameter
୮ୋେ
(upstream grid charges). Other cost parameters are set to the relative shares of the
ऄ
DNO’s revenue cap.
In both models, the term "line" is defined in an abstractly: All assets of the grid and the
DNO are mapped on the grid length. The length-specific capital costs of the lines therefore
represent the length-specific costs of all capitalized assets of the network infrastructure. In the
optimization model, the CAPEX is calculated based on the rest book value, length and
historical investment expenditures of the individual lines. In the simplified cash flow
calculation model the CAPEX is determined by the average grid age and costs as well as the
cumulated grid length of all lines.
The operational expenditures (OPEX) is modeled in the same way in approaches: The
operating costs are modeled as a linear function of the grid length. All other operational
expenditures are dependent on the supplied energy. The grid charges are modeled energy
related

ୋେ
ऄ

in

̀
,
ௐ

directly derived from the revenue cap. Possible strategy patterns of the

DNO regarding the allocation of grid charges on customer groups (e.g., trade, commercial,
residential) are not considered. For detailed structural parameters of the sub grids see Table
17 the Appendix Section B2.
Mixed integer linear optimization DNO cash flow model
The objective of the optimization model is the maximization of the absolute return on
equity over the planning horizon from 2018 to 2050. This corresponds to the maximization of
the CAPEX: The equity interest rate is a parameter which is constant over the planning
horizon. Thus, the cumulative net book value is maximized, when maximizing the absolute
return on equity. This corresponds to the maximization of the CAPEX. The OPEX components
are a function of the supply scenario, as they depend on the grid length or the energy supplied.
Each line is modeled separately with its book value factor  κǡऄ , length κ and
historical investment expenditure κ ୍ . The relation between customers ࣼ and lines ℓ needed to

. The resulting optimization
supply them are considered within a binary status matrix κǡऄ
problem is the scheduling of the line renewal, operation and closure measures within the
planning horizon. The scenario is determined by spatial and temporal customer exits and is
exogenously predefined.
The optimizer selects the measures to maximize the return on equity for every line under
and equity amount େ
for all lines κ in operation
the fixed equity interest rate େ
κ
κ
(Equation (3.2)). The rest book value factor  κǡऄ is a factor between 0 and 1. It corresponds
to the normalized rest book value factor for straight-line depreciation over the technical life
time   of a line. It is a function of the binary decision variables ࣩ࣬
ंǡκ for the operation and
renew as well as ࣝࣷǡκ for the closure of each line. Since the optimization is just used to validate
the cash flow calculation model, the main part only shows an abstracted version of the model.
For a detailed description of the model, see Appendix Section B3.
େ
 ୈ ൌ  େ
κ  כκ   כ

 κ  כκ ୍  כ

κǡऄ

(3.2)

ऄ  ࣮ κ  ࣦ

The DNO's business model is constrained by the regulatory framework: In the basic
concept, the DNO’s revenue cap, consists of the cumulated annual costs CAPEX and OPEX
and corresponds to the revenues from grid charges. Within the optimization, this condition is
formulated as an upper bound (Equation (3.3)):
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(3.3)

In addition to this fundamental constraint, there are other conditions to avoid overinvestment and the closures of lines to which customers are still connected:
x
x
x

Only one renewal per line is allowed within the planning horizon.
Lines have to stay in operation as long as customers are connected to the grid [104].
Lines have to be closed if no customer is connected anymore.

The validation is carried out for one network area (area 18). Within the validation, the
DNO invests according to the strategy “stable grid value” (Table 4). Thus, the DNO tries to
keep the length-dependent average mean age of the lines on its initial value. This forms an
additional lower boundary in the optimization model: The optimizer tries to maximize
CAPEX. The goal of keeping the length-dependent weighted average age on a stable level can
be achieved by introducing a lower age limit corresponding to the initial grid age ୣୟ୬୍୬୧୲ .
The optimizer renews until it reaches this age bound considering all other constraints
(Equation (3.4)).
 ऄ Ԗ ࣮ǣ

σκ  ࣦ κ  כκǡऄ
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σκ  ࣦ κ

(3.4)

Simplified DNO cash flow calculation model
The basic idea behind the simplified cash flow calculation model is to consider the entire
asset portfolio in cumulative form rather than each individual line or asset. The grid is then
, the mean length-weighted age or the corresponding mean
represented by its grid length ୋ୰୧ୢ
ऄ
rest book value factor  ୲ୋ୰୧ୢ and the length-specific historical acquisition costs  ୍ . The
grid length required for the supply off all customers connected to the grid is determined using
the power function (Equation (3.1)). The exponent k is determined before the cash flow
calculation by means of the complex network analysis for a specific scenario. Corresponding
to the respective DNO strategy “stable revenue cap”, “stable grid value” or “stable grid
charges”, the variable of the optimization problem ऄୋ ,  ୲ୋ୰୧ୢ or ऄୋେ is set to a constant
level. (For the strategies “stable revenue cap” or “stable grid charges”, this is only possible
until  ୲ୋ୰୧ୢ does not reach a certain threshold; see strategies description below.) Because
of these simplifications, it is possible to transform the cash flow optimization model into a cash
flow calculation model.
The calculation model takes into account the basic regulatory concept: The DNO’s revenue
and OPEX Ƚଡ଼
, corresponds
cap, consisting of the cumulated annual costs CAPEX Ƚେଡ଼
ऄ
ऄ
ୋେ
to the revenues from grid charges ऄ in every year ऄ of the planning horizon ࣮ (Equation
(3.5)). The energy supplied in the grid ऄୋୟୱ is calculated based on the grid-specific power
function and the scenario (Equation (3.1)):
 ऄ Ԗ ࣮ǣ ऄୋ െ 

ୋେ
ऄ

  כऄୋୟୱ ൌ  ͲǢ    ݄ݐ݅ݓऄୋ ൌ  Ƚେଡ଼
   Ƚଡ଼
ऄ
ऄ

(3.5)

The CAPEX itself is a function of the calculatory return on equity Ƚେ
ࣷǡऄ , the calculatory
ୈୣ୮୰
େ
trade tax Ƚୟ୶
,
the
interest
on
borrowed
capital
Ƚ
,
the
calculatory
depreciations
Ƚࣷǡऄ ,
ࣷǡऄ
ࣷǡऄ
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which are calculated based on the individual rest book value (factor)  κǡऄ and the
historical acquisition costs κ ୍ , as well as the equity κ େ or debt ratio κ େ , the
corresponding interest rates κେ or κେ, or the trade tax rate ୟ୶ as well as the technical
lifetime of the lines   (Equation (3.6)):
 ऄ Ԗ ࣮ǣ
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are a function of the grid length ୋ୰୧ୢ
and the
The operational expenditures Ƚଡ଼
ऄ
ऄ
ୋୟୱ
supplied energy ऄ : The operating costs Ƚେ
ࣷǡऄ are modeled linearly dependent on the grid
୭ୱୱ
length based on  ୖେ . The loss costs Ƚେ
and
ࣷǡऄ are modeled dependent on the loss factor
the energy-specific cost parameter  େ . The upstream grid costs are modelled energy
୮ୋେ
dependent on the parameter ऄ
. Also, the concession fees are modeled energy dependent
େ୭୬ୡ
(Equation (3.7)):
based on ऄ
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An average rest book value factor  ୲ୋ୰୧ୢ is introduced, representing the rest book
ୋ୰୧ୢ
is calculated based on the lengthvalue of whole asset portfolio. Its initial value  ୲ୀ
specific average grid age and standardized based on the technical useful life   (Equation
(3.8)):
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(3.8)

Depending on the selected DNO strategy (Table 4), the grid charges ऄୋେ, the mean rest
book value factor  ୲ୋ୰୧ୢ or the revenue cap ऄୋ are set as variables or parameters for
the annual cash flow calculation. The mean rest book value factor is restricted to values
between zero and one. In every calculation, the energy supplied ऄୋୟୱ , the number of grid
and the grid length ୋ୰୧ୢ
are exogenous parameters determined by the
customers ୋ୰୧ୢ
ऄ
ऄ
scenario and the underlying grid structure, respectively the exponent k. The conditions for the
three strategies are as follows:
x

ୋେ
are set to their initial value. The revenue cap
Stable grid charges: The grid charges ऄୀ
ऄୋ is a function of the energy supplied ऄୋୟୱ , the grid charges ऄୋେ and the grid length.
Based on ऄୋ ,  ୲ୋ୰୧ୢ is calculated. If the energy demand increases, the DNO
increases the renewal rate, which corresponds to an increase of  ୲ୋ୰୧ୢ . If the energy
demand decreases, the DNO decreases the renewal rate, which corresponds to an decrease
of  ୲ୋ୰୧ୢ . If  ୲ୋ୰୧ୢ reaches one or zero, the DNO no longer has a degree of
freedom. In this case, the CAPEX is a function of the grid length. Thus, the revenue cap
and the grid charges only depend on the grid length and energy supplied (Equation (3.9)):
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(3.9)

x

Stable grid value: The mean rest book value factor is set to its initial value and the revenue
cap is calculated. No case distinction is necessary here, since this condition can be met
regardless of the demand scenario as long as a network exists. The revenue cap and the
grid charges are calculated with the mean rest book value factor, which is set to its initial
value (Equation (3.10)).
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ୋ
Stable revenue cap: The revenue cap ऄୀ
is set to its initial value. The grid charges ऄୋେ
as well as the mean rest book value factor  ୲ୋ୰୧ୢ are calculated based on the energy
. If the energy demand increases, the DNO
supplied ऄୋୟୱ and the grid length ୋ୰୧ୢ
ऄ
decreases the renewal rate, which corresponds to a decrease of  ୲ୋ୰୧ୢ. If the energy
demand decreases, the DNO increases the renewal rate, which corresponds to an increase
of  ୲ୋ୰୧ୢ . As for the strategy “stable grid charges”: If  ୲ୋ୰୧ୢ reaches one or
zero, the DNO no longer has a degree of freedom. In this case, the CAPEX is a function of
the grid length. Thus, the revenue cap and the grid charges only depend on the grid length
and energy supplied (Equation (3.11)):
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3.2.3 Model Validation
3.2.3.1 Examination of the Technical Status of the Gas Network
The optimization and the cash flow calculation are purely topological and economic
models. To ensure the validity with regard to the technical conditions, pressure loss
calculations are performed based on the commercial network calculation software STANET
[52]. The two critical parameters are examined to evaluate the technical status (Figure 13): (a)
The pressure level in all house connection points of the 57 sub-grids (n = 9118) in the lowpressure stage for the originally operated meshed topology and the radial topology after
demarcation of the sub-grid areas. (b) The pressure level in all house connection points when
the customers leave the grid from 0% up to 100%. This analysis is performed for all sub-grids.
The spatial distribution of customer exits corresponds to the scenario representing the median
of the 100 simulations of “random selection” with respect to the exponent k.
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(b)

(a)

Figure 13. Simulation results of the pressure loss calculations (technical limits are marked in red) (a)
Pressure level in all house connection points (n = 9118) in low-pressure stage for the meshed topology
and the radial topology (after demarcation of sub-grid areas) (b) Pressure level in all house connection
points for the median of the 100 scenarios of “random selection” for all 57 grids dependent on the number
of customers leaving the grid from 0 up to 75%.

x

Pressure level in meshed versus radial topology (Figure 13a): Before performing the
structural network analysis, the low-pressure grid is divided into 57 sub-networks
corresponding to the supply areas of pressure regulator stations by searching the shortest
path from every customer to each regulator station. The resulting 57 low-pressure grid
areas are radial and represent the “initial grid length” (approx. 6% unnecessary lines).
Since this radial structure has a negative effect on the pressure ratios, the process of
demeshing the network is followed by a pipe flow calculation to analyse the pressure level
in all house connection points in the meshed as well as radial grid. The load case in this
simulation represents the design case, which forms the worst case in view of the pressure
losses and flow velocity. The results show that the operation of the radial grid is possible,
even when the pressure level is slightly deteriorated: Most of the connection points show
a similar pressure level, where the number of violations is comparable for both network
topologies. The number of pressure violation increases from 0.4% in the meshed to 1.0%
in the radial structure.

x

Pressure level as a function of customer exits (Figure 13b): Within the structural analysis,
the radial grid structure and line types of the sub-networks do not change. After a
customer leaves the network, all lines that fall out of use are removed. As a result, the
structural changes triggered by a decreasing number of customers only lead to a decrease
in demand and with that to a decrease in pressure losses and flow velocities in the
remaining lines. To verify this, pressure loss calculations are carried out for the 57 grids.
The spatial exit scenario used corresponds to the median of the 100 seeds “random
selection” in the complex network (median of the exponent k). For this scenario in each
grid, the pressure losses are calculated for a decline in customer number of 0%, 25%, 50%
and 75%. The number of house connection points with a pressure level below 23 mbar
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decreases with the number of customers leaving the grid: 48.1% when no customer has
left the grid, 43.5% for one quarter, 37.5% for one half and 30.1% for three quarter of the
customers. Likewise, the number of pressure violations decreases with the number of
customers leaving the grid. The assumption discussed at the beginning of this paragraph
is thus confirmed: When customers leave the grid, the gas demand decreases, thus
reducing pressure losses in the radially operated network. Since the grid is deconstructed
from the customer to the sub-station in reality, successive sub-trees are removed from the
existing radial structure until the last user leaves the grid. The topology of each sub-tree
remains the same during this process.

3.2.3.2 Proof of Concept of the Complex Network Analysis
This section aims to verify the plausibility of the network analysis and to show the effect
of a different shaped spatial distribution of customer exits on grid length for a specific network
area.
Figure 14a shows the exemplary grid area 18, (total line length: 3.21 km, grid users: 148,
annual gas demand: 1.64 GWh, mean grid asset age: 17.0 years). For this grid, the line length
declines slower than the number of customers: After 50% of the grid users exit the network
(“Random selection”), 71% of the grid is still in operation (Figure 14b). This trend is stable for
different random seeds (n=100) and can be well fitted with a power function (Figure 14c).
(a)

(c)

(b)

Figure 14. Required grid length for declining customer numbers in a low-pressure gas grid. (a) Network
structure of grid area 18 with 100% of customers, (b) with 50% of costumers (exemplary “random
selection”, resulting grid length: 71%, background map in [50]). Blue dots: active customers, black lines:
active lines, red: inactive lines, red dot: pressure regulator station. (c) Distribution of grid length for 100
random exit patterns (“Actual grid length” corresponds to black lines in (b), “Initial grid length”
corresponds to all lines in (b), Blue box: median and 25%/75% percentiles, whiskers: +/- 1.5 IQD, red
crosses: values for an example distribution, red dotted line: power law fit to example data).

The resulting k value (0.43 in the example) describes a deviation from a linear relationship
of grid length and customer number: With a low k value, the DNO needs to maintain a
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proportionally large grid infrastructure in face of a decline in gas demand, as it can be seen in
Figure 14b.
The interquartile distance in Figure 14c indicates the variance of the k value for different
random seeds in one grid. In the area 18, the sensitivity of grid length (and therefore grid costs)
to different exit patterns is low and increases when a large amount of customers have left the
network.
Excursus: Energy supplied versus number of customers
In the simplified DNO cash flow model, the energy and the number of customers form
exogenous predefined input parameters. Both parameters, the energy and the number of
customers are highly correlated (Figure 15) when customers leave the grid. The correlation is
higher, the more the withdrawn energy of the individual customer corresponds to the average
value of the withdrawn energy of all customers. This collinearity can be used for
simplification: The customer decrease can be described only by energy. Therefore, the number
of customers have to be replaced by the energy in Equation (3.1) for the grid length calculation.
(a)

(b)

Figure 15. Correlation between number of customers and energy supplied for 100 random exit patterns
in grid area 18. (a) Scatter plot of all 100 seeds (b) Boxplot of the coefficient of determination of the 100
seeds (Boxes: Median and 25%/75% percentiles of the distribution. Whiskers: +/- 1.5 IQD).

3.2.3.3 Comparison of the Optimization-Based and Simplified Cash Flow
Calculation
In the following, the results of the cash flow optimization for a grid area (area 18) are
compared with those of the simplified cash flow calculation. The DNO operates according to
the "stable grid value" strategy, so the optimizer tries to keep the grid age at a constant level
over the planning horizon. The global gas demand scenario represents a linear decrease from
2018 to 2050 from 100% to 0%. The spatial distribution of customer exits corresponds to the
median (exponent k) of the 100 simulations “random selection”.
Figure 12 shows the results of the DNO’s annual cash flow subdivided by cost
components. The hashed bars visualize the components of the simplified calculation approach.
The unhashed bars illustrate the components of the cash flow optimization. In addition to the
cost components of the revenue cap, Figure 57 in Appendix Section B4 displays the grid charge
development.
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Figure 16. Comparison of revenue caps for optimization (full) and simplified (hashed) cash flow
calculation during declining gas demand in a single gas grid. Loss costs are modeled as 0. (Grid: #18,
DNO strategy: constant grid value, selection type: random selection (mean k value), global scenario:
linear decrease of gas demand 2018–2050).

After calibration, the simplified cash flow calculation model provides valid results and
speeds up the determination of the annual revenue cap, where the errors are systematic:
x

Calibration and calculation time: Like in the optimization model, the energy-based OPEX
components are calculated directly, while the grid length for operational costs is
determined with the power function (Equation (3.1)). CAPEX is also based on grid length
and value in this approach. Instead of cumulating all individual asset book values, a
conversion factor derived from the mean asset age in the grid is used. The specific
historical acquisition costs  ୍ are exploited to calibrate the simplified cash flow model for
the base year on the shares of the revenue cap of the real DNO. This simplification results
in a speed increase of the calculation time by a factor of ~1000 in the cash flow calculations
compared to the optimization.

x

Systematic deviation in the cost components: The resulting initial costs, as well as the
OPEX, match the optimization results well. Since depreciations are modelled as a function
of the cumulated residual book value in each year, these costs are underestimated, while
modelling them based on the initial cumulated rest book value would overestimate them.
Due to the fact that all other parts of the CAPEX are overestimated a little, the first
approach is used.

x

Systematic deviation at the end of the planning horizon: The deviation in the revenue
cap increases from 2018 to 2050. This also affects the deviation in grid charges, which
grows and finally exceeds values above 5% in the range between 2045 and 2050. However,
the scenario and the area considered represent an extreme situation: On the one side, the
number of customers in the area is small (n=148 in 2018). On the other side, the assumed
scenario represents a linear decrease in gas demand of 100% from 2018 to 2050. As a result,
the number of customers in the network drops to 23 by 2045. In this situation, the
differences between the discrete (cash flow optimization) and continuous (cash flow
calculation) model becomes apparent: In the cash flow optimization model, the individual
location of customers in the network is taken into account. A customer exit induces the
deconstruction of the network part necessary to supply this customer. This induces a
fixed-step decrease in energy demand and line length. The simplified cash flow
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calculation models the relationship between network length and number of customers
with the continuous power function, where the exponent k displays the spatial
distribution of customer exits. For small network areas, the deviation of this continuous
model increases due to the influence of discrete line closure measures and customer exits.
The comparison also shows that the effect only leads to strong deviations above 5% for
small customer collectives (n < 23).

3.3 Case Studies
3.3.1 Key Performance Indicators, Constraints and Data
The following enumeration, lists the research questions, the applied methodology, the
experimental setup for each case study, respectively analysis performed:
x

Analysis of the relationship between customer number and grid length for different
spatial exit distributions: In this study, the question will be answered, how the
relationship between grid length and customer number is shaped for different spatial
distributions of customer exits. Additionally, the fit quality is evaluated. First, the grid
length, customer number and energy supplied is determined for every selection type and
grid area (Table 5, for stochastically types 100 seeds are applied, for the ranked types 1
seed). Second, the power function is fitted and the fit metrics are calculated (exponent k,
R², mean squared error (MSE)) for every single seed. This analysis allows the
interpretation of the range of possible scenarios and their probability of occurrence.

x

Statistical evaluation for the functional relationship between grid length and customer
number: In this study, the question will be answered, how the statistic metrics of the fit
itself and the relationship between customer number and grid length are shaped in a big
dataset (“random selection”). First, the fit is performed for all grid areas and 10,000 seeds,
whereby the metrics of the exponent k, the coefficient of determination R² and the mean
squared error are discussed. Second, the frequency distribution of a single grid area (area
18) is analysed. The results imply that the empirical probability density function
correspond to a normal distribution. In this way, the entire dataset (10,000 seeds, 57 grid
areas) is tested for normal distribution (Shapiro-Wilk, D'Agostino and Pearson's). In the
last step, the empirical distribution probability density function of each grid is analysed
with regard to its skewness and kurtosis. Based on this analysis it is possible, to interpret
the probability of possible scenarios. The results provide general statements about the
behavior of the exponent k in different shaped networks.

x

Correlation analysis of possible grid-specific metrics: In this study, the question will be
faced, whether it is possible to predict the relationship between grid length and customer
number via grid-specific metrics. Therefore, in the first step, a correlation analysis is
performed to identify a set of possible predictors. In the second step, the correlations of
the metrics are analysed in detail. The results provide statements about the suitability of
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possible structural grid parameters as risk determining factors in view of grid defection
scenarios.
x

Cash flow analysis on real natural gas grids: In this study, the cash flow calculation is
performed for different spatial distributions of customers exits and DNO investment
strategies to evaluate the impact of the customers as well as the DNO’s decision on the
development of the grid costs measured via the revenue cap and the grid charges. The
global gas scenario corresponds to a linear gas demand decrease from 2018 to 2050 from
100% to 0%. The spatial distributions correspond to the scenario representing the 25percentile, the median and the 75-percentile of the 100 simulations “random selection”
with respect to the exponent k. The DNO strategies correspond to the three strategies of
Table 4, “stable grid charges”, “stable grid value”, “stable revenue cap”. The results cover
insights into the interrelation between the customer decisions to leave the grid and the
DNO’s decisions on grid investments.

3.3.2 Complex Network Analysis of Real Natural Gas Grids
3.3.2.1 Analysis of the Relationship Between Customer Number and Grid Length
for Different Spatial Exit Distributions
This section analyses the influence of different spatial distributions of customer exits
(Table 5) on grid length. The relationship is fitted with a power function (Equation (3.1)). Here,
the exponent k can be seen as a measure of the relationship between the rates of change in the
number of customers and network length. Basically, there are three different ranges of k and
thus the network structure-related development of the DNO’s business model:
x

k < 1: The decrease of grid length
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or the energy supplied. When the length-weighted grid age remains stable (DNO strategy:
“stable grid value”), the revenue cap decreases under-proportionally to the energy and
the resulting network charges increase.
x

k = 1: The decrease of grid length
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In this case, the grid length decreases in proportion to the number of customers or

the energy supplied. When the length-weighted grid age remains stable (DNO strategy:
“stable grid value”), the revenue cap decreases proportionally to the energy and the
resulting network charges remain at the initial level.
x

k > 1: The decrease of grid length
୬ి౫౩౪
ऄ
.
୬ి౫౩౪
ऄసబ

ऄృ౨ౚ
ృ౨ౚ
ऄసబ
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In this case, the grid length decreases over-proportional to the number of customers

or the energy supplied. When the length-weighted grid age remains stable (DNO strategy:
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“stable grid value”), the revenue cap decreases over-proportionally to the energy and the
resulting network charges decrease.
The developments discussed refer to the idealized DNO model. In reality, it represents a
"best case" with regard to the development of network charges, since (i) the line closures take
place immediately after the customer has left the network, and (ii) many cost components of
the revenue cap, such as personnel costs or building rents, behave in a fixed manner in reality
(here they are modelled continuously).
The ratio of network length to the number of customers is largely determined by the
spatial distributions of customer exits. This thesis subdivides them into two main groups
(Table 5):
x

Stochastic selection types: “Random selection”, where the customers are chosen
randomly; “weighted random selection”, where the customers are chosen with a building
age-based conditional probability; and “radial random selection”, where the first
customer is chosen randomly, the following ones are ranked in regard to their radial
distance to this customer. This is corresponded to a heavily weighted spatial distribution.

x

Ranked selection types: “Shortest path first”, “longest path first”, where the customers
are ranked in regard to the path lengths of each customer to the pressure regulator station
(central feeder) at the beginning of the analysis and dropped in the respective order; and
“least impact first” or “highest impact first”, where the determination of the path lengths
and path length related sorting is repeated after each draw of a customer.

Figure 17a shows the results of the analysis of the exponent k of all 57 grids for the 7
different spatial distributions of customer exits. For the stochastic selection types, the mean
values of 100 seeds are illustrated. While the “best case” selections “highest impact first” and
“longest path first” lead to k values close to and above 1, “worst case” scenarios like “least
impact first” lead to a highly nonlinear relationship with k values around 0.2. The “shortest
path first” type shows k values in the range of the stochastic types. In principle, the dispersion
of k is small (25%/75% percentile distance between 0.07 to 0.17) in all scenarios except for the
two "best case" scenarios (25%/75% percentile distance approx. 0.25). Especially the medians
of the stochastic selection types show a small dispersion (mean values of k between 0.4 and
0.6). This is despite the fact that in the “weighted random selection” and the “radial random
selection”, the customers exit the grid in clusters, which increases the probability for the
closure of entire grid sections, resulting in higher k values compared to “random selection”
type.
Exponent k values below 1 indicate a grid structure that is expensive to maintain during
a decline in demand from the DNO point of view, while a large spread of k values for different
selection types could indicate a heterogeneous grid infrastructure with a mix of favorable and
unfavorable customers. The results indicate that k values in the range greater than or equal to
1 are unlikely in real grids. For most spatial exit distributions of customers in the natural gas
distribution network, the grid length decreases under-proportionally to the number of
customers and thus energy supplied (see the conditions of chapter 3.2.3.2). This makes an
increase in grid charges likely in the assumed scenarios.

53

(a)

(b)

Figure 17. Results of the complex network analysis with regard to the power function fit. (a) Dots: k for
ranked and Mean(k) for stochastic selection types of Table 5 for each of the 57 grids with different
selection types of users. (b) R² for ranked and Mean(R²) for stochastic selection types of Table 5 for each
of the 57 grids. (Boxes: Median and 25%/75% percentiles of the distribution. Whiskers: +/- 1.5 IQD).

The results are consistent with network theory: Typical values for the “random selection”
are in the range of 0.4 to 0.5 in this thesis. This consents to general predictions from network
theory, which calculate k values of 1.0 for ordered and 0.33 for maximally disordered networks
[124]. The high fit quality (R2 in Figure 17b) also shows that the assumption – the relationship
between grid length and customer number can be described using a power function – is valid.
The fit quality generally rises with the number of customers, with single outliers for small grid
areas with less than 50 customers.
For the stochastic selection types, the mean value of R² of 100 seeds is presented. An
evaluation of the minimum R² value of the 100 seeds confirms the high fit quality: The median
of min(R²) of all 57 grids of „radial random selection“ is 0.92 (IQD=0.09). The median of
„weighted random selection“ is 0.97 (IQD=0.3) and that one of „random selection“ is 0.95
(IQD=0.05). The evaluation of the mean squared error (MSE) also confirms the fit quality: The
median of all 57 grids is below 0.0025 for all 7 selections. None of the MSE values of a network
is above 0.015 (median, of 100 seed for the stochastic selection types).

3.3.2.2 Analysis of the Relationship Between Customer Number and Grid Length
for a Large Sample of Randomly Spatially Distributed Exits
This chapter statistically analyses the relationship between the number of customers and
network length for a large sample of randomly spatially distributed exits (n=10,000 seeds) in
all 57 network areas. The focus is on the evaluation of the statistical characteristics of the
exponent k and the distribution function (normal distribution).
First, the fit quality and the absolute values of the exponent k are evaluated. Second,
hypothesis tests are performed. Third, the skewness and kurtosis of the empirical distribution
probability density function of each grid is analysed. Fourth, the results are summarized and
findings for the whole grid area are discussed.
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Evaluation of the fit quality and the exponent k
In the first step, the results of the topological analysis are evaluated in view of the fit
quality measured via the coefficient of determination (R² in Figure 58) in the Appendix Section
B5) and the mean squared error (MSE in Figure 59 in the Appendix Section B5): The median
(10,000 seeds) of the coefficient of determination of the single grids (Figure 58) is between 0.94
and 1.0. The fit quality is therefore at a high level for all networks. For small networks (number
of customers smaller than 50) the median of R2 tends to decrease in comparison to larger
networks (number of customers larger than 50).
The analysis of the mean squared error confirms the high goodness of the fits (Figure 59):
The median is below 0.0035 for all networks. The absolute value of the MSE tends to increase
for small networks (n<50), compared to large ones (n>50).
For the coefficient of determination, as well as for the mean squared error, this
circumstance can be explained by the combinatory discussed in section 3.2.3.2: The closure of
a line has a step-fixed effect on the total line length. If a customer leaves the grid in a small
network (n<50 customers), the corresponding individual line deconstruction has a stronger
step-fixed effect on the normalized total network length than in networks with a larger number
of customers. The fit quality thus decreases with the customer number. This effect can also be
seen analysing the exponent k (Figure 18): The median for all networks is between 0.25 and
0.65, whereby the variance of the exponent k increases for small networks.
The results of the analysis show that in small networks, the network length tends to
decrease more with a customer drop than in large networks (see k in Figure 18). The
probability that a significant portion of the network is degraded when a single customer leaves
the grid is higher in small networks with a small number of customers than in large networks
(nب50). As a result, the variance of the exponent k is higher in small networks compared to
large ones. This raises the question of whether it is possible to make general statements about
the relationship between network length and customer numbers for large networks (see
below).

Figure 18. Exponent k (n=10.000 seeds) for randomly selected (“random selection”) customer exits in all
57 grids (Boxes: Median and 25%/75% percentiles of the distribution. Whiskers: +/- 1.5 IQD).
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Hypothesis tests
The question answered in this section is if the empirical distribution function for the
exponent k of the 10,000 seeds of the individual networks follows a distribution function
(normal distribution). For this purpose, hypothesis tests are performed for the single grid area
(area 18) and compared with the tests of all grid areas.
Figure 19a shows the histogram for 10,000 seeds "random selection" for the network area
18 (Figure 14). The median of the exponent k is 4.3, with a small spread (0.35 < k < 0.51).
Visually evaluated, the frequency distribution seems to follow a normal distribution (see also
the fit (red)). This is also the case for all other areas that are not explicitly shown here. (For
discussion of skewness and kurtosis, see below.)
(a)

(b)

Figure 19. Statistical evaluation of 10,000 seeds “random selection” in grid area 18. (a) Histogram and fit
of the normal distribution function [156] (b) Quantile-quantile plot

To verify or falsify this in the following, hypothesis tests for normal distribution are
performed for all grid areas and a sample size of 10,000 seeds. The frequency distribution of
area 18 in Figure 19 and the boxplots of all areas in Figure 18 suggest that the median of most
distributions is shifted slightly to the left, thus the right tail of the distribution is more
pronounced (positive skewness, see below). None of the frequency distributions is sharply
peaked or have a pronounced flat peak, which would indicate an accumulation of values
around the median or in the tails of the distribution (in comparison to a normal distribution).
The D'Agostino and Pearson's test is chosen to test globally for this skewness and kurtosis
property [158, 159]. (Notice: No Shapiro-Wilk test is used because it does not provide accurate
p-values sample sizes larger than 5,000 [156].) The test is performed based on the Python
package SciPy (method “normaltest”) [156].
The statistical test is performed for all grid areas and a sample size of 10,000 seeds under
the following conditions: Significance level α = 0.05; H0 hypothesis corresponds to the
validation of the normal distribution; H1 hypothesis corresponds to the rejection of the normal
distribution; if significance value p ≥ α, H0 applies, otherwise (p < α) H1 applies and H0 is
rejected.
x

D'Agostino and Pearson's test for area 18: For area 18 (n=10,000 seeds) the p-value is
ʹǤ ή ͳͲିଵଶ . As a result, the H0 hypothesis is rejected. The empirical distribution does not
correspond to a normal distribution.
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x

D'Agostino and Pearson's test for all areas: The H0 hypothesis is clearly rejected for all
55 grid areas (two grids excluded, n=10,000 seeds) ߙ ا . The median of the p-values of
all grid areas depict ͻǤͶͻ ή ͳͲିଶଽ, the maximum depicts 0.00026. Thus, it can be stated that
none of the empirical distributions of a grid corresponds to a normal distribution.
Therefore, the distribution should be described via the empirical distribution function.

Notice: The literature discusses the problem that hypothesis tests are oversensitive for
large samples, e.g. the Shapiro-Wilk test becomes imprecise and oversensitive at n > 5,000
[156]. For that reason, the hypothesis tests are also performed for sub-samples determined by
randomized resampling according to the bootstrapping method. The results are not shown in
here, but indicate that the number of rejected H0 theses increases with an increasing sample
size in all of the areas.
Analysis of skewness and kurtosis
To further investigate the deviation from the normal distribution, the skewness and
kurtosis of the empirical distribution functions of the 57 grids are determined for the whole
dataset (sample size 10,000 seeds on basis of [156]) and discussed (two grids with a customer
number below 10 are excluded from the discussion (areas 0, 38)). The skewness and kurtosis
values are compared with the results of hypothesis test for normal distribution and correlated
with the number of customer in the grids:
x

Skewness: In a normally distributed dataset, the skewness value should be about zero.
Values greater than zero imply that there is a pronounced right tail of the distribution
(positive skewness). The other way around, for values below zero the shape of the
distribution has a longer tail on the left side of the distribution (negative skewness) [156].
In the considered dataset all skewness values are greater than zero. In this way, the
empirical probability distributions of the total samples of all grid areas are positive
skewed. There is a weak negative correlation (R = -0.47) between the skewness value and
the number of customers in the grid. Furthermore, the results imply that the samples of
larger networks tend to resemble a normal distribution more than those of small networks.
Comparing the Q-Q-plot of the entire grid area (100 seeds) in Figure 20b with the one of a
single area (18) in Figure 19b strengthens this impression.

x

Kurtosis: The kurtosis value is calculated according to Fisher and Pearson [156]. Datasets
with kurtosis values about zero represents a normal distribution (mesocratic or medium
peak). Values above zero mean that more values than in the normal distribution are close
to the mean (leptokurtic or sharply peaked). Values below one mean that less values than
in the normal distribution are close to the mean (platykurtic or flat peak). In the dataset
analysed, most values are in the range between -0.2 and 0.2 (except 6 values in grids with
less than 150 customers), 16 values are below zero and 41 are above zero. A weak negative
correlation between the customer number and kurtosis is detected (R = -0.22). The
correlation strengthens, for the absolute value of kurtosis (R = -0.39).

Summarizing evaluation
Some statements can be made based on the statistical analysis: None of the samples of the
57 grids is definitely normally distributed. Although, visually assessed most of the
distributions resemble a normal distribution, all are more or less strongly positively skewed.
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The skewness is tending to decrease with network size, measured by the number of customers.
The kurtosis is around zero for most of the networks.
The dispersion of the absolute values of k within a sample or grid (one grid) decreases
with the network size. The dispersion of the absolute values of k between the samples of one
grid (compare the IQDs of the single boxplots in Figure 18) or between different grids
decreases with the grid size (compare the median of the networks in Figure 18). This aspect
becomes particularly clear when analysing the result of the entire low-pressure network of the
city of Bamberg („Random selection“, 100 seeds, cumulated analysis of all grid areas, see
Figure 20a). A comparison between Figure 18 and Figure 20a implies that the value of k tends
towards 0.4 (median of Figure 20a) for large networks, even if this is not a threshold due to the
stochastic behavior. The dispersion (IQD = 0.077) in the histogram (Figure 20a) is even low
compared to the single grid areas (Figure 18). The sample of the whole grid are (with a size of
100 seeds) is even normally distributed (p-value (H0) = 0.73 (D'Agostino and Pearson)).
(a)

(b)

Figure 20. Statistical evaluation of 100 seeds “random selection” in entire low-pressure grid of Bamberg
(all 57 sub grids analysed as a whole). (a) Histogram and fit on the normal distribution function [156] (b)
Quantile-quantile plot

3.3.2.3 Correlation Analysis of Possible Grid-Specific Metrics
This chapter determines possible metrics for the relationship between grid length and
customer number based on a correlation analysis. The investigation is based on the data of the
complex network analysis from Chapter 3.3.2.1, the results of the topological investigation for
the 7 different spatial distributions of customer exits (100 seeds).
In the first step, the correlation analysis is performed with all parameters selected in a
preliminary analysis (n=39). In the second step, selected metrics are investigated in detail. The
parameters are subdivided into three groups, listed and explained in detail in Table 18 in the
Appendix Section B5:
x

Results of the complex network analysis: In the analysis, the exponents k of the 7
different spatial exit distributions are used to measure the nonlinearity between network
length and number of customers (absolute value for "ranked selection", mean value of 100
seeds for "stochastic selections"). To measure the dispersion of the relationship, the
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standard deviation "random selection" (100 seeds) as well as the difference between the
exponent k "highest impact first" and the exponent k "least impact first" are analysed.
x

Classical structural grid parameters: These parameters (n=9) are selected based on a
literature review, with the focus on grid studies in practice [27, 33] and the regulatory
benchmarking process [116]. The parameters include grid length, cumulated and
individual energy demand of customers, grid area, customer number as well as relations
between these parameters.

x

Path and length relations of weighted (length, energy) and unweighted graphs: These
parameters (n=15) are chosen based on the findings of the complex network analysis. For
this purpose, the path lengths from the central feed-in point of an area (gas regulator) to
the individual consumers and the detour factor are evaluated. Based on the individual
path lengths and the statistics of all paths of an area, various metrics are derived. Previous
to the analysis, the graph is simplified: All “unnecessary” nodes with degree 2 are
removed and the adjacent edges are merged into one edge. The edge weights are adjusted
accordingly.

x

Global and nodal graph theoretical metrics: A preliminary analysis has revealed that
several graph-theoretic parameters are relevant for this study (n=6). The diameter and
radius of the graph [129], the page rank [57, 125], respectively its mean value, the variation
coefficient and the weighted average nearest neighbor degree of nodes with degree d=1
[57, 130] are investigated.

Results of preliminary (n=39) and detailed (n=8) correlation analysis
As the complex network analysis shows (Chapter 3.3.2), both, the k values of the 7 spatial
exit distributions in an individual grid area and the k value variability between the grid areas
are markedly different. The results of the correlation analysis with all 39 parameters (Figure
60 in the Appendix Section B5) provides an overview of the impact of the structural grid
characteristics (57 grids) on the absolute value and variability of the exponent k.
Based on the results of correlation analysis of all parameters (n=39), two parameters are
chosen from each group (n=8), which are discussed below (Figure 21): Three classical
structural parameters ( େ୳ୱ୲ ǡ ୋ୰୧ୢ ǡ  େ୳ୱ୲ Ȁୋ୰୧ୢ ); and three with the strongest positive or
negative correlation ( ୋ୰୧ୢ Ȁୋ୰୧ୢ , ሺκሻȀୋ୰୧ୢ ,   ሺ͵ሻ [57, 130]) are correlated with either
ሺ ୖୟ୬ୢ୭୫ ሻ or ൫ ୖୟ୬ୢ୭୫ ൯ (absolute value and variability).
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(a)

(b)

Figure 21. Results of the correlation analysis. (a) Correlation matrix (correlation coefficient according to
Pearson) (b) Selected structural and graph theoretical parameters.

The “number of customers”  େ୳ୱ୲ and the “grid length” ୋ୰୧ୢ are both descriptors for
the grid size. They are highly correlated with each other in the dataset. For that reason, ୋ୰୧ୢ
is used as a normalization factor for the following density parameters, while  େ୳ୱ୲ is used as
a baseline value in the economic analyses for declining grid demand. Both parameters show a
moderate negative correlation with ሺ ୖୟ୬ୢ୭୫ ሻ and ሺ ୖୟ୬ୢ୭୫ ሻ, which suggests that
larger grids tend to a slower but more reliable decrease in grid length, when customers exit
the grid (Figure 22b). This is consistent with the results of Chapter 3.3.2.2.
The parameter “customers per grid length”  େ୳ୱ୲ Ȁୋ୰୧ୢ describes the customer density.
Therefore, it is higher for urban areas. As described for the size, denser grids tend to k values
which are lower and less variable for different seeds of “random selection”.
(a)

(b)

Figure 22. Exponent k for different grid sizes: (a) Mean(k) (“random selection”) and k (“highest impact
first” and “least impact first”) of each grid for different grid lengths; (b) Grid length and customer
number for individual grid areas (Example grid: 18).
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The grid structure is not only dependent on size and density, but also on the branching
pattern of lines, a parameter that is difficult to quantify. Two path relation measures are
evaluated, which are also used as a general measure of network disorder [124]. Before
calculating these parameters, all nodes with a degree of two (i.e., nodes located in the middle
of an unbranched line) are deleted and the properties of the connected lines are merged.
The “sum of all paths”  ୋ୰୧ୢ Ȁୋ୰୧ୢ , which represents the cumulated line distance from
each customer to the regulator station, normalized by grid length is used, as an indicator for
the prevalence of shared assets. Since lines that route gas to more than one user contribute
multiple times to the cumulated path length, this descriptor is high for grids with a high
number of customers connected to single lines (Figure 23).
Even after normalization, a high number of shared assets strongly correlates with both,
grid size and density in the dataset, which could indicate structural differences in grid
planning. It is an even better predictor of lower k values than these parameters ( େ୳ୱ୲ ǡ ୋ୰୧ୢ ǡ
 େ୳ୱ୲ Ȁୋ୰୧ୢ ), since shared lines have to stay in use until the last customer leaves.
(b)

(a)
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Figure 23. Structural parameters for three simplified example grids. Numbers indicate line lengths. (PSum:
Sum of all path lengths, Max(ℓ): Maximum line length of a grid, LGrid: Cumulated grid length)

After the removal of all degree 2 nodes, only nodes of degree 1 and 3 are left, the latter
signifying branches in the grid structure (Figure 23a, little black dot). The parameter   ሺ͵ሻ,
based on graph theory, describes the “weighted average degree” of nodes which are connected
to these branching nodes. It is high in graphs with long and branching connection lines, and
with multiple branches in sequence. The latter is also described as a measure of graph
assortativity. High   ሺ͵ሻ values are strongly correlated with low values of k, while showing
only weak to moderate correlation with the other structural parameters.
The effect of single long grid lines on k can be seen in the “maximum relative line length”
ሺκሻȀୋ୰୧ୢ , which is most common in smaller, low-density grids. While the correlation with
ሺ ୖୟ୬ୢ୭୫ ሻ is only weak, long single lines lead to a high degree of randomness. In this
way such lines determine how exit patterns shape the grid length (strong correlation with
ሺ ୖୟ୬ୢ୭୫ ሻ).
Figure 24 shows in detail how different structural parameters combine with mean and
standard deviation of k in all single grids which are examined. High values of ሺκሻȀୋ୰୧ୢ
are associated with high values of ൫ ୖୟ୬ୢ୭୫ ൯ (Figure 24b), while low values of
ሺ ୖୟ୬ୢ୭୫ ሻ are correlated with high values of  . The evaluation of these two parameters
allows to draw conclusions on the variance as well as the absolute value of k and thus on the
risk of operating a disproportionately long network when customers leave the grid.
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(a)

(b)

Figure 24. Exponent k for different structural parameters: (a) Weighted average nearest neighbor degree
of nodes with degree 3 against sum of path lengths normalized to grid length; (b) Weighted average
nearest neighbor degree of nodes with degree 3 against maximal line length normalized to grid length
(Colors: ݊ܽ݁ܯሺ ୖୟ୬ୢ୭୫ ሻ, Sizes: ൫ ୖୟ୬ୢ୭୫ ൯, Example grid: 18).

3.3.3 Cash Flow Analysis of Real Natural Gas Grids
The complex network analysis in Chapter 3.3.2 shows that the grid structure has a strong
influence on the network length needed to supply a declining number of customers. To
quantify the economic consequences of this for a gas grid DNO, the cash flow is analysed
based on the validated simplified cash flow model. For that reason, a scenario of a linear
decline in customers, respectively energy demand is used (customer number: 100%-0%,
planning horizon: 2018-2050). The cash flow calculation allows a broad examination of how
different DNO strategies and grid structures affect the economic results of declining gas
demands:
x

DNO strategy: To investigate the impact of different DNO strategies, the three introduced
strategies “stable grid charges”, “stable grid value” and “stable revenue cap” are
compared for all grids, using the grid specific value of k, which represents the median of
k of the 100 seeds “random selection”. For the resulting grid charges see Figure 25a: Since
the grid length decreases slower than the number of grid users, the grid charges rise for
all different DNO strategies, but with a large spread among strategies and individual
grids. The grid charges remain below 200% over a long period until 2035, when gas
demand decreases by 55% independent of the DNO strategy. After 2040, the grid charges
(GC)s rise sharply, to 140% in “stable grid charges” and 350% in “stable revenue cap”
strategy in year 2045 (median). The “stable grid charge” strategy, which represents a lower
bound of the possible GC development, cannot keep GCs stable, but at least successfully
limits their rise. This is due to the fact that the DNO can only influence the CAPEX
component of the overall costs via its investment strategy. The OPEX components depend
on the grid length (operating costs) or the annually supplied energy (upstream grid
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charges, concession fee, loss costs) (Table 4). Thus, its development is independent of the
chosen DNO strategy.
x

Spatial exit distribution and grid structure: To simulate different exit distributions, the
DNO strategy “stable grid value” is applied, where the 25%, 50% an 75% percentile of the
grid specific k values of the 100 seeds of “random selection” are compared. For the
resulting grid charges see Figure 25b: The dispersion of grid charges for different exit
patterns within one grid, modeled by a variation in k values (25%, 50% or 75% percentile)
is smaller than the dispersion for an specific exit pattern between different networks.
(Compare the dispersion between the different scenarios 25%, 50%, 75% percentile with
the dispersion between the grids in one scenario.) This is because the k values tend to be
relatively stable for different random exit patterns in an individual network, with larger
differences in k values between grids.
(a)

(b)

Figure 25. Grid charge development for the individual grids (n=57) (a) for different DNO strategies with
grid individual median k values. (b) for different k values for the DNO strategy “stable grid value”
(percentiles of random selection k values, 100 seeds). Dots: individual grids, boxes: median and 25%/75%
percentiles of the resulting distribution, whiskers: +/- 1.5 IQD.

Analysing the total revenue cap (RC) (Figure 26a), the same trend can be observed: The RC
development depends stronger on the DNO strategy than on the exit distribution (exponent
k, compare to Figure 25). The DNO strategy “stable revenue cap” is able to stabilize the RC
until a drop in demand by 45% in 2035, while the other strategies lead to a drop between 35%
to 50%. The dispersion between different exit distributions (Figure 26b) in one network is small,
compared the spread between different networks.
The spread of grid charges among individual grids grows over time and is largest when
there are few customers left (Figure 25). For the revenue cap (Figure 26) however, the highest
dispersion can be seen for the earlier years, which reaches a peak in 2040 (see Figure 26a “stable
revenue cap” strategy).
The results of both Figure 25 and Figure 26 indicate that the grid structure and the DNO’s
strategy can lead to marked differences for the DNO’s business model already in early stages
of grid defection. Where the influence of the individual network structure and the DNO
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strategy on the grid charge development are large, the effect of the spatial distribution of
customer exits within an individual network is small.
(a)

(b)

Figure 26. Revenue cap development for the individual grids (n=57) (a) for different DNO strategies with median
k values. (b) for different k values for the DNO strategy “stable grid value” (percentiles of random selection k
values, 100 seeds). Dots: individual grids, boxes: median and 25%/75% percentiles of the resulting distribution,
whiskers: +/- 1.5 IQD.

Changes in CAPEX result from investments (renewals), annual deprecations and special
deprecation in case of closure. While line replacement increases CAPEX, depreciation reduces
them. The different DNO strategies lead to strongly diverging CAPEX values (Figure 27).
While aiming for “stable grid charges” and “stable grid value” results in a fast or steady
decrease in CAPEX, the “stable revenue cap” strategy increases CAPEX by high investment
into the grid. If, in this case, the network cannot be renewed any further, the revenue cap will
only depend on the length of the network and the number of customers or energy supplied.
Thus, the revenue cap shrinks strongly after 2040, with the grid length. Therefore, the
strategies “stable revenue cap” and “stable grid charges” represent extreme options of possible
development paths. In reality, grid operators would probably generate an increase in the
revenue cap with not only increasing the CAPEX but also increasing the operating costs.
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(a)

(b)

Figure 27. CAPEX development for individual grids (n=57) under different DNO strategies with median
k values. (a) Selected years until 2025; (b) years until 2050. Dots: individual grids, boxes: median and
25%/75% percentiles of the resulting distribution, whiskers: +/- 1.5 IQD.

3.4 Conclusions
3.4.1 Influence of the Grid Structure and the Spatial Distribution of
Customer Exits on the Grid Length
Relationship between customer number and grid length for different spatial exit
distributions
The results of the complex network analysis show that the proposed power function for
the description of the relationship between grid length and customer number is valid: An
evaluation of the coefficient of determination R² of the stochastical selection types (100 and
10,000 seeds) confirms the high fit quality. The results of the exponent k are also consistent
with network theory, that states k values of 1.0 for ordered and 0.33 for maximally disordered
networks [124]. The typical values for the “random selection” in this investigation are in the
range of 0.4 to 0.5, where k tends toward 0.4 for large networks, even if this is not a threshold
due to the stochastic behavior. The dispersion also tends to decrease with the size of the
network under consideration.
Based on the results, it can be concluded (i) that the influence of the spatial and temporal
distribution of customer exits (dispersion of k) on the exponent k tends to decrease for an
increase in grid size; and (ii) that the influence of the grid topology on grid length (variability
of the absolute value of k between different grids) becomes more predictable in this case
(Figure 28).

65

Spatial and temporal
distribution of customer exits

-/+
Exponent k

Grid topology

-/+
Renewal
ratio

+

Energy related grid
costs, when customers
leave the grid

All links and polarities based on a scenario, where customers leave the grid

-/+

Positive or negative link polarity dependent on:
• structural grid parameters for the grid topology
• building parameters for the spatial and temporal distribution of customer exits

Figure 28. Influence of the spatial distribution of customer exits and grid topology on the relationship
between grid length and customer number (R: positive reinforcing loop; link polarities (XÆY): +: when
X increases, Y increases; -: when X increases, Y decreases (and vice versa) [37])

Possible grid-specific metrics
The mean value of the exponent k (ሺ ୖୟ୬ୢ୭୫ ሻ) of 100 seeds randomly selected
customer exits (“random selection”) represents a measurement for the degree of the
nonlinearity between grid length and customer number in grid defection scenarios. Its
dispersion, measured via the standard deviation (ሺ ୖୟ୬ୢ୭୫ ሻ), represents a measure of the
variability of possible defection scenarios or the robustness of the exponent k to different
shaped spatial distributions of customer exits.
The “number of customers”  େ୳ୱ୲ and “grid length” ୋ୰୧ୢ , both descriptors for grid size,
show a moderate negative correlation with ሺ ୖୟ୬ୢ୭୫ ሻ and ሺ ୖୟ୬ୢ୭୫ ሻ , which
suggests that larger grids tend to a slower but more reliable decrease in grid length, when
customers exits the grid. This is consistent to the results of the statistical analysis in Chapter
3.3.2.2.
This thesis proposes the “weighted average nearest neighbor degree” (   ሺ͵ሻ ) as a
possible predictor for the exponent k: High   ሺ͵ሻ values are strongly correlated with low
values of k, while showing only weak to moderate correlation with the other structural
parameters.
The “maximum relative line length” (ሺκሻȀୋ୰୧ୢ ) is proposed as a possible predictor
for the dispersion of the exponent k: The effect of single long grid lines on k can be seen in this
measure. While the correlation with ሺ ୖୟ୬ୢ୭୫ ሻ is only weak, long single lines lead to a
high degree of randomness in how exit patterns shape grid lengths. Therefore, this measure
has a strong correlation with ሺ ୖୟ୬ୢ୭୫ ሻ.
However, the computation of these two predictors is costly. Therefore, it is proposed to
determine the exponent k ("random selection") directly via the presented methodology. By
evaluating the statistics of k, it is possible to determine the financial risk of operating a
disproportionately long network when customers leave the grid.

3.4.2 Grid Costs in Gas Grid Defection Scenarios
The results of the cash flow analysis (Chapter 3.3.3) confirm that the influence of the DNO
strategy on the grid charge development is higher than the impact of the spatial distribution
of customer exits within an individual network. Comparing the exit patterns between the two
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networks leads to a larger spread in network charges compared to the differences induced by
the spatial distribution of customer exits within a network.
This means that the DNO’s scope for action is limited depending on the given network
topology of an individual grid, but an unfavorable spatial distribution of customer exits can
be counteracted by choosing an appropriate strategy: If the DNO increases its investments
(“stable revenue cap” strategy) when the demand is falling, it supports its revenue cap and
thus increases the network charges; if it reduces its investments and thus lowers its revenue
cap (“stable grid charges” strategy), it stabilizes the grid charges (Figure 29).
Energy
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- Mean length weighted

-

grid age

Capital
investment
expenditures

+

+
+

Revenue
cap

Operational
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Links and Polarities dependent on the DNO strategies:
“Stable revenue cap” (SRC)
“Stable grid charges” (SGC)
“Stable grid value” (SGV)
Effects under the assumption that the grid length remains constant.

Figure 29. Influence of the DNO strategy on the renewal ratio and the revenue cap (R: positive reinforcing loop;
link polarities (XÆY): +: when X increases, Y increases; -: when X increases, Y decreases (and vice versa) [37])

3.4.3 Further Research, Limitations and Transferability
The general power-law relationship used here has been described for a wide range of
natural as well as human-made networks. It is therefore also most likely to apply to a wide
variation of energy grids, although redundancy might be an additional relevant factor, which
was not examined here. For the 57 grids, the values of the exponent k for a random exit pattern
(median: 0.4) is in line with the literature [124]. Most of the presented structural parameters
can be generalized to a broad range of different grid infrastructures and are not specific to a
single energy carrier, grid topology or scale. It is assumed that the exponent k can be estimated
for other gas networks with a similar approach, which could also answer the question whether
a certain grid topology is more or less sensitive to a decline in demand.
History shows that the regulatory regime of a country adapts to the respective
technological and economic circumstances [111]. In this way, it can be assumed that the
regulatory system will adapt accordingly during a transformation path with strongly
declining gas demand. As a result, the DNOs will also adapt their strategy, leading to a
changed revenue cap and grid charge development. Here, new work could draw on the
findings of this thesis, by examining the effects of changing regulatory regimes or DNO
strategies within the transformation path. For this, the generic regulatory mechanism used
here can be adapted to specific methods by adjusting the formula relationships and adding
additional cost elements.
An evaluation of the gas demand scenario used for the cost analysis is difficult (linear
decrease from 2018 to 2050 from 100 to 0%): On the one hand, the literature sources (see
Chapter 2.1) show that the decline of the gas demand can also be of non-linear nature, which
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would further increase the economic risk for all stakeholders (DNOs and grid users). On the
other hand, the majority of German studies predict a need for gas in the future energy system
as a flexibility option, whereby renewable gases like bio-methane or synthetic gases produced
by power-to-gas plants substitute the conventional natural gas. Studies agree that gas will
become less important for space heating applications, but will be used for industrial process
heat generation in the future [22, 24, 65, 66, 68–71].
The results of Chapter 3.3.3 imply that the grid charges increase in case of a decreasing
demand. Rising energy prices and grid charges might motivate customers to substitute their
gas-based systems. This could trigger gas grid defection and poses not only an economic risk
for DNOs of losing their business model, but can also lead to macro-economic consequences,
because of the possible need of flexibility options in a highly electrified energy system. These
interdependencies are discussed in the following Chapters 4 and 5.
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4 Transformation

Path

Analysis

of

Interdependencies between Gas and Electricity
Distribution Grid Operation and Building
Energy Retrofit Decisions7
4.1 Introduction and Scientific Contributions
The decreasing gas and increasing electricity demand, which is forecasted for the future
in the area of building heating sector in Germany (see Chapter 2.1), is predominantly steered
by building retrofit or renovation decisions. Dependent on the predicted technology
transformation path, different types of building retrofit measures, like the reinforcement of the
surface insulation or an exchange of the heating system are chosen: On the one hand, British
and Irish publications expect measures to increase building efficiency as well as carbon
capture technologies and synthetic gases to decarbonize the energy system [12–14], which
causes a slightly drop in gas demand. On the other hand, papers from Germany [21–24] predict
a drop of the share of natural gas heating systems by 25%–100% until 2050 due to building
efficiency measures and the electrification of heating systems (see Chapter 2.1 and 2.2).
Independent of the chosen transformation path, it is likely that the gas demand will
decrease, whereas the electricity demand in the building sector will increase. This could lead
to an expansion and reinforcement of the electricity distribution grids [146]. As heat generation
applications account for 61% of gas demand on average for all 28 EU countries, with 46% being
consumed in the residential building sector [9, 160–163], this would sharply reduce the cost
efficiency of gas grids [27] (see Chapter 3).
Depending on the strategy of the DNO and the regulatory environment, this poses a
particular microeconomic (for the DNO and building owners) and macroeconomic risk (Figure
30): Maintaining a disproportionately long network for a lower amount of energy supplied
lead to an increase in energy-related grid costs and thus grid charges [1] (see Chapter 3). As a
part of the energy costs, grid charges thus increase the operating costs of gas-bound heating
systems, which could accelerate the substitution of those plants and energy efficiency
measures in buildings. This could finally lead to gas grid defection, despite its predicted role
as a flexibility option in the future [75]. Thereby, the regulatory framework has a steering effect
on the investment decision of building owner and DNOs, thus the feedback loop:

7

Parts of this chapter are presented in [2].
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x

Investment decisions of the DNO (“renewal ratio” in Figure 30): If the regulatory
framework incentivizes the DNO to maximize its revenue cap in case of a declining
demand (revenue cap regulation), this promotes the increase in grid charges. Conversely,
the application of a price cap regulation has a lowering effect on the grid charge increase,
whereby the quality of supply declines (see Table 4).

x

Retrofit decisions of the building owners (“Political and regulatory triggers” in Figure
30): Taxes and levies affect the price of energy. Market incentives and subsidy programs
have a steering effect on investments in heating systems and building insulation. Legal
restrictions prohibit certain system configurations in the building stock and new
construction (see Chapter 2.2.1).
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Figure 30. Proposed business dynamics: A self-reinforcing feedback loop between the building owners’ retrofit
decisions and the DNO’s grid charge setting. Applicable for the electricity or gas network and corresponding
heating systems. (R: positive reinforcing loop; link polarities (XÆY): +: when X increases, Y increases; -: when X
increases, Y decreases (and vice versa) [37])

Energy system analyses have already dealt with this topic on a macroeconomic level but
have mostly neglected grid-specific characteristics and the corresponding feedback effects [14,
18, 22, 33]. Current planning approaches of electricity or gas grids, especially for distribution
networks, mostly deal with restructuring, network reinforcement or the integration of
renewable feeders [41–43, 136]: There are neither studies that evaluate different gas DNO
business models and investment strategies when customers leave the grid, nor studies on the
evaluation of possible feedback effects of the grid charge setting on building retrofit decisions.
In the context of the sizing and operation of photovoltaic-battery (PV-battery) systems,
interdependencies between investment decisions of grid- and plant-operators in the electricity
sector have been recently discussed [47], often with the focus on grid defection, especially in
the United States [45, 46]. In the face of the predicted decreasing gas demand, this chapter
transfers these considerations to gas and electricity distribution grids with a high degree of
residential buildings, focusing on heating applications. In this context, three sub-questions,
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coupled with the guiding research question 3 (Chapter 1.3) relevant for DNOs, policy makers,
and creators of macro-economic models are addressed:
x

How do electricity and natural gas grid charges impact the choice of type and size of
heating systems as well as the thickness of building surface insulation?

x

How are the building retrofit decisions, including natural gas and electricity grid costs,
influenced by technical, economic and regulatory triggers?

x

How strong is the interdependency between the investment strategy of the DNOs and
building retrofit decisions in scenarios where gas grid customers leave the grid?

x

How are the interdependencies, shaped by different DNO strategic patterns?

The chapter is organized as follows: First, in the methods chapter the research approach –
a multi-agent simulation (MAS) – is introduced, starting with the models of the individual
agents, the building retrofit optimization model and the DNO model and ending with the
overall multi-agent simulation environment. Within a model validation, the results of the
building retrofit optimization (costs and final energy demand) are compared to the literature.
Second, case studies are performed based on of type buildings (see Chapter 1.4) and a real grid
area in the German city of Bamberg:
x
x
x
x

The sensitivities of building retrofit decisions to energy price fluctuations are examined.
The influence of possible regulatory triggers on the building retrofit decisions and the
DNO’s business model is analysed.
The interdependence between the investment decisions of the single actors is investigated.
The influence of different DNO strategy patterns on grid economy are evaluated.

In the last step, the key results, limits and transferability of the approach are discussed. For a
list of the acronyms used in this chapter, see Table 19 and Table 20 in the Appendix section C.

4.2 Model Description
4.2.1 Research Approach
This chapter postulates an interdependence between the investments of building owners
and the electricity and gas grid operator (Figure 30): Due to different triggers, gas-based
heating systems are substituted, which leads to a decrease in demand and thus an increase in
gas grid charges. The increase in electric heat pumps has a reducing effect on electricity grid
charges which further accelerates this development. A self-reinforcing mechanism starts,
which can lead to complete gas grid defection. An issue which is addressed with a multi-agent
simulation (MAS), where the distributed autonomous and independent acting residential
building agents interact with the natural gas and electricity grid, each of which is operated by
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a DNO agent. (For modeling reasons, all assets of the networks are modeled as separate agents,
which are not represented in Figure 31.)
Electricity DNO

Gas DNO
Choose rule-based investments:
Æ Determine investment budget
Æ Choose and apply measures
Æ Calculate energy-based grid charges

Gas
grid charges

Electricity
grid charges

Choose rule-based investments:
Æ Determine investment budget
Æ Choose and apply measures
Æ Calculate energy-based grid charges

Building owners
Minimize the total cost of heating by building
retrofitting the building (for a given investment date):
Gas
consumption

Æ Choose type and size of heating system
Æ Choose surface insulation measures

Political and
regulatory
environment

Electricity
consumption

Constraints and
parameter setting

Set parameters and constraints regarding CO2 emission
targets:
Æ Set taxation and levies
Æ Set energy-efficiency constraints
Æ Set market incentives and subsidies

Figure 31. The interrelated system of the different actors in the multi-agent simulation (MAS), their
objectives and the corresponding degrees of freedom.

The buildings, and respectively their owners (BOs), are represented by a mixed integer
linear program (MILP). The BOs’ objective is to minimize the life-cycle costs of building retrofit
measures focusing on space heating as well as drinking hot water generation under
consideration of investment and operational expenditures. The degrees of freedom are the size
and type of the heating system or the solar thermal system and the surface insulation thickness.
The gas and the electricity network operators act independently, represented by a rulebased model: Renewal, reinforcement and closure measures are chosen considering the
investment budget, which is determined by the strategy of each DNO and constrained by the
regulatory environment. Load and pipe flows simulations are carried out to ensure a supply
within technical limits. Total annual grid costs are summed up in a cash flow calculation and
passed on to customers in the form of energy-based grid charges.
This depicts the main innovation of this chapter: Both, the effects of single actors in the
energy system and the interdependence between them, are measured. On the one side, the
influence of building energy retrofit measures on gas and electricity demand and on the other
side, the impact of the DNO’s investment strategy on grid charges. It is shown that a
combination of different triggers leads to a significant decrease in gas demand and reduces
the gas DNO’s revenues and grid length. This finally leads to gas grid defection in the case of
an unfavorable combination of the gas DNO’s strategy with the building and heating system
configurations.
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4.2.2 Building Retrofit Optimization Model
The main part of the thesis explains the objective function of the optimization model. A
detailed explanation of the constraints, sub-models and the preprocessing procedure is
presented in the Appendix section C, corresponding to the following model components (for
the acronyms see Table 19 and Table 20):
x
x
x
x
x
x

Constraints of the building retrofit optimization model (C2)
Thermal building model – calculation of the building heat load (C3)
Thermal building model – domestic hot water generation and additional heat losses and wins (C4)
Thermal building model – solar thermal model (C5)
Building surface model – calculation of specific building surface investment expenditures and heat
transmission coefficients (C6)
Preprocessing procedure for the calculation of the building individual investment expenditures for
the heating system (C7)

The objective of the optimization is to minimize total expenditures ࣼ (Equation (4.1)) of
one building ࣼ of the building stock ࣤ. These include the capital expenditures for a change of
the heating system ࣼୗ , the improvement of the building envelope ࣼ , the operational
expenditure for maintenance ࣼ and energy procurement ࣼ . The expenditures are
calculated for the expected technical lifetime of the heating system based on annual time steps
t, for each building ࣼ of the area ࣤ.
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ୗ
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ࣼ




ࣼ

(4.1)

For this purpose, the optimizer can choose the surface insulation thickness ࣸ out of the
ா
and the heating system ࣽ
available thicknesses ࣞ, represented by the decision variable ܾࣸǡࣼ
ாௌ
out of the available systems ࣥ, represented by ܾࣽǡࣼ
. A solar thermal plant ः out of the
ௌ்ா
.
available systems ࣭ can be added, represented by ܾःǡࣼ
The building surface is modelled in a single-zone, whereby the design-relevant heat load

ࣸǡࣼ
is calculated based on DIN EN 12831 (German and European harmonized standard) [91].
The insulation measures are evaluated following to Loga, T., et. al. [164], whereby the
component individual parameters are chosen based on literature [34, 92, 94, 95, 133, 165–167],
see Appendix section C.
The investment expenditures for the building envelope (BE) ࣼ depend on the
insulation thickness of the building surface area ࣼ and the equivalent insulation thickness
ୈ  (Equation (4.2)). The optimizer decides whether to retrofit the building surface and can
choose thicknesses between 0 and 30 cm. The cost parameters ࣼ୴ୟ୰ and ࣼ୧୶ are
calculated individually for every building based on the area ratios of the individual surface
parts ऀ and costs [92]: roof, facade, windows, floor and door.

ࣼ

ா
୧୶
ൌ   ࣼ  ڄቀ൫ࣼ୴ୟ୰  ڄୈ
ቁ ܾࣸ ڄǡࣼ
Ǣ
ࣸ ൯  ࣼ
ࣸࣞא
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(4.2)
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The investment expenditures ࣼୗ for the building energy system (BES) are dependent

, which includes transmission and ventilation
on the design relevant building heat load ࣸǡࣼ
losses. (Transmission and ventilation heat losses at a design temperature of -12°C outside and

20°C inside.) ࣸǡࣼ
is a function of the building insulation thickness ୈ as well as the initial
ୗ୧୶
building and usage properties. ࣽୗ୴ୟ୰ represents the variable and ࣽǡࣼ
the fixed part of
ୗ୧୶
ୗ୴ୟ୰
the expenditures. ः
as well as ःǡࣼ
are the expenditures for the solar thermal plant
ୗ
(Equation (4.3)).
(STE) ःǡࣼ
The solar thermal plant is modeled based on [49, 168, 169]. It covers a part of the demand
for drinking hot water ࣼୈୌ, dependent on the choice of the heating system and the type of
the solar thermal plant. All cost components are calculated individually for each building in a
preprocessing procedure based on the initial building equipment and the possible building
equipment options (e.g. chimney, hot water tank, fuel storage).
ୗ
ࣼ

ୗ୧୶
ாௌ

ா
ൌ   ቌ൭ሺࣸǡࣼ
ܾࣸ ڄǡࣼ
ሻ ࣽ ڄୗ୴ୟ୰ ൱  ࣽǡࣼ
ቍ ܾࣽ ڄǡࣼ
ࣽࣥא

ࣸࣞא

(4.3)
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The expenditures for energy procurement ࣼ are a function of the annual energy

and the domestic hot
demand (Equation (4.4)). They are calculated based on the heat load ࣸǡࣼ
ୗ
ୈୌ
water demand ࣼ
, which is reduced by the solar thermal plant ःǡࣼ and ࣼୗ . ࣼୗ represents
parts of the heat load that are not affected by the renovation measures in the model: Heat
distribution losses, auxiliary energy, radiation losses and internal wins. The final energy
demand is determined in consideration of the yearly usage hours ࣼ and the plant
expenditure figure of the heating system ࣽୗ .
େ
ூ௩௦௧
The energy price ࣷǡऄୀऄ
ೡೞ is calculated based on the year of investment ऄ ൌ ऄ
and is discounted with the present-value factor PF. (For PF a distinction is made between
energy procurement  ாே and maintenance  ெ .) The energy price takes into account the
ୋେ
୰୭ୡ
ୟ୶
energy procurement price ࣷǡऄ
, tax ࣷǡऄ
and grid charges ࣷǡऄୀऄ
ೡೞ . The charges represent
the dual variable, making the building owner’s investment decision interrelated to the
investment decision of the DNO’s for grid-bound systems.

ࣼ

ாௌ
ாௌ

ா
ୗ
ௌ்ா
ൌ   ൮ቌ൭൫ࣸǡࣼ
ܾࣸ ڄǡࣼ
൯   ࣼୗ ൱ ܾ ڄ୩ǡࣼ
  ቀࣼୈୌ െ ൫ःǡࣼ
ܾ ڄःǡࣼ
൯ቁ ܾࣽ ڄǡࣼ
ቍ ࣽ ڄ ࣼ ڄୗ
ࣽࣥא

ࣸࣞא

େ
େ
 ڄ ቀࣷǡࣽ
ࣷ ڄǡऄୀऄ
ೡೞ  ڄ

ः࣭א
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(4.4)

ࣷࣝא

݄ݐ݅ݓ
େ
ࣷǡऄୀऄ
ೡೞ ൌ ൝

୰୭ୡ
ୟ୶
ீ
ࣷǡऄୀऄ
ೡೞ   ࣷǡऄୀऄ ೡೞ   ܿࣷǡऄୀऄ ೡೞ ǡ
୰୭ୡ
ୟ୶
ࣷǡऄୀऄ
ೡೞ   ࣷǡऄୀऄ ೡೞ             ǡ
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݂ ࣷ ݎൌ     ࣷ שൌ 
݂ ࣷ ݎൌ   ࣷ שൌ 

The annual expenditures for maintenance ࣼ are influenced by the heating system and
solar thermal plant type and size, modeled via a fixed yearly rate ࣽୗ. ࣼ dependent on the
investment expenditures of the heating system [34] and is discounted via the present value
factor PF (Equation (4.5)).


ࣼ

ୗ୧୶
ாௌ

ா
ൌ   ቌ൭൫ࣸǡࣼ
ܾࣸ ڄǡࣼ
൯ ࣽ ڄୗ୴ୟ୰ ൱  ࣽǡࣼ
ቍ ܾࣽ ڄǡࣼ
ࣽ ڄୗ  ڄ
ࣽࣥא
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ࣸࣞא
ୗ
ୗ୧୶
ௌ்ா
ୗ୴ୟ୰
  ቀ൫ःǡࣼ
 ڄः
൯  ःǡࣼ
ቁ  ڄःୗ ܾ ڄःǡࣼ
ڄ



ः࣭א

ாௌ
ா
ή ܾࣽǡࣼ
, the optimization problem is
Due to several products of binary variables, e.g. ܾࣸǡࣼ
of nonlinear nature. To linearize the mixed integer nonlinear program, an approach according
to [170] is used, whereby the variables are substituted and additional constraints are added.
The decision variables are constrained, so that one retrofit measure of the heating system has
to be performed. The construction of a solar thermal plant and the renovation of the building
envelope are possible options.

4.2.3 Distribution Network Operator Model
Within the multi-agent simulation, the distribution network is represented by a number
of agents corresponding to the assets of the grid including all nodes and edges of the network.
The DNO himself is also represented by an agent. The agents of the network as well as the
DNO are modeled rule-based. The main part of this thesis only represents the structure of the
DNO agent. The details of the structure and interaction of the individual agents within the
distribution network are explained in the Appendix section C (C8 and C9). For a list of
acronyms see Table 19 and Table 20 in the Appendix section C.
The DNO agent has a generic structure applicable to the electricity as well as gas DNO.
One instance is derived for the electricity DNO and one for the gas DNO. The gas as well as
the electricity DNO agent perform several steps within one simulation time step ऄ (Figure 32):
First, the DNO reacts to the building owners’ decisions by planning the grid closure,
reactivation, construction, and reinforcement measures necessary for grid operation within
technical boundaries. Load flow [29] or pressure loss calculations [52] are carried out to check
technical limit values, whereby the voltage drop and load are checked for electricity grid and
the pressure and flow velocity for the gas grid. Second, the DNO determines the investment
budget for renewal measures, based on a cash flow calculation, considering its strategy, cost
structure, energy supplied, grid length and age. Individual renewal measures are chosen with
regard to an age-based renewal strategy [171]. Third, the DNO determines the revenue cap
and the resulting grid charges.
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Load pattern

DNO strategy pattern

Asset & cost pattern

Regulatory pattern

Closure, reactivation, construction and reinforcement planning:
Determine and valuate grid measures based on grid user decisions

Cash flow calculation: Determine investment budget for renewals
Rule-based renewal planning: Determine and valuate grid measures
Cost rollup: Determine revenue cap and grid charges

Figure 32. Simplified flow chart, describing the actions of the gas and power DNO (input variables in
rounded blue boxes, process steps in square boxes, method in bold red and output in black letters).

The revenue cap is split into CAPEX and OPEX and is passed on to the grid users in form
ୋେ
(Equation (4.6), see also Chapter 2.3). The grid charges depend on the
of grid charges ࣷǡऄ
ୌୣୟ୲୧୬
energy supplied for heating applications in the gas grid ࣷୀୋୟୱǡऄ or electricity grid
ୌୣୟ୲୧୬

ࣷୀୣ୪ୣୡ୲୰୧ୡ୧୲

୬୷୲୦ୣ୰

ǡऄ

and other demands ࣷǡऄ

. Both, the energy demand and the grid charges,

are the dual variables of the model [47].
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 Ƚଡ଼
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 ڄ൫ࣷǡऄ

ୈୣ୮୰
Ƚࣷǡऄ Ǣ

୬୷୲୦ୣ୰
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୮ୋେ
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 Ƚେ୭୬ୡ
ࣷǡऄ

(4.6)

This section shows the calculation systematics of the individual cost components of
CAPEX based on electricity lines (ࣷ = electricity). The approach can be transferred analogously
to other grid assets of electricity and gas networks. The model is in line with the cost
components of Table 3 and the simplified cash flow model of Chapter 3.2.2 (it even considers
the individual grid assets).
For all lines in operation κ , the return on equity (Equation (4.7)), the interests on
borrowed capital (Equation (4.8)) and the trade tax (Equation(4.9)) are calculated based on the
individual rest book value (factor)  κǡऄ and the historical acquisition costs κ ୍ as well as
the equity κ େ or debt ratio κ େ , the corresponding interest rates κେ or κେ or the
trade tax rate ୟ୶. For lines in operation within the technical lifetime  , depreciations are
ୈୣ୮୰
calculated based on the initial line age κ୧୬୧୲ and considered via κǡऄ (Equation(4.10)). If a
line is renewed or shut down before the end of its lifetime, the resulting special depreciation
is excluded from the revenue cap [112].

 େ
 ऄ Ԗ ࣮ǣ Ƚେ
 ڄκ େ  ڄ κ  ڄκ ୍  ڄ
ऄ ൌ κ

(4.7)
κǡऄ

κ  ࣦ
 େ
 ऄ Ԗ ࣮ǣ Ƚେ
 ڄκ େ  ڄ κ  ڄκ ୍  ڄ
ऄ ൌ κ

κǡऄ

(4.8)

κ  ࣦ

 ऄ Ԗ ࣮ǣ Ƚୟ୶
ൌ ୟ୶  ڄκ େ  ڄκ େ  ڄ κ  ڄκ ୍  ڄ
ऄ
κ  ࣦ
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κǡऄ

(4.9)

ୈୣ୮୰
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ൌ  κǡऄ
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ͳ
κ  ڄκ ୍  ڄ ǡ
κ
ൌቐ
Ͳǡ

݂  ݎ κ୧୬୧୲  ൏  κ
݂  ݎ

κ୧୬୧୲ 



(4.10)

κ

For the determination of OPEX, the model proceeds as follows (ࣷ = electricity): The
operating costs are modeled linearly dependent on the grid length based on  ୖେ
(Equation(4.11)); the loss costs dependent on the loss factor ୭ୱୱ (Equation (4.12)); the
upstream grid costs dependent on the upstream grid charges  ୮ୋେ (Equation (4.13)); the
concession fees dependent on the corresponding specific costs  େ୭୬ୡ (Equation (4.14)).  େ,
ୌୣୟ୲୧୬
 ୮ୋେ
κ
and  େ୭୬ୡ are modeled directly proportional to the dual variable ऄ
and thus to
the energy supplied.
ୖେ
 ऄ Ԗ ࣮ǣ Ƚେ
 ڄ κ
ऄ ൌ 

(4.11)

κ  ࣦ
େ
 ऄ Ԗ ࣮ǣ Ƚେ
ऄ ൌ ሺ   ڄ
୮ୋେ

 ऄ Ԗ ࣮ǣ Ƚऄ

୭ୱୱ ሻ

ୌୣୟ୲୧୬

  ڄሺऄ

ୌୣୟ୲୧୬

ൌ  ୮ୋେ   ڄሺऄ

 ऄ Ԗ ࣮ǣ Ƚେ୭୬ୡ
ൌ  େ୭୬ୡ  ڄ
ऄ

ୌୣୟ୲୧୬
ሺऄ

୬୷୲୦ୣ୰

  ऄ

୬୷୲୦ୣ୰

  ऄ


ሻ

୬୷୲୦ୣ୰
ऄ
ሻ

ሻ

(4.12)
(4.13)
(4.14)

The DNO's degree of freedom lies in the determination of grid measures. The model
distinguishes between (a) measures necessary for grid operation and (b) measures to maintain
the grid value:
x

(a): The grid length and energy supplied are predetermined by the building owners’
decisions in each year. As the DNO has to guarantee a non-discriminatory supply to all
customers [104], grid measures have to be applied to fulfill the supply task within
technical limits.

x

(b): The DNO has to ensure a reliable and cost efficient supply [104]. Therefore, the DNO
has to renew and maintain the network. An age-related renewal strategy is chosen for the
low voltage and the low pressure grid.

Once the measures necessary for network operation within the technical limits (a) have
been carried out, all lines or pipes are sorted by age and renewed from old to young (b) until
the investment budget is reached. The budget depends on the DNO strategy (strategies
according to Table 4, see Figure 33): The basic idea of all strategies is to keep the respective
target – grid charges, grid age or revenue cap – on a constant level by reducing or increasing
investments according to (b). Measures according to (a) reduce the resulting investment
budget for (b). In extreme cases, when the total investment budget is smaller than the budget
necessary for measures necessary for grid operation (a), no renewals (b) are applied and the
respective target figure (RC, GC, grid age) changes.
തതതതതऄ is limited to
To avoid exotic age distributions, the mean age of all grid assets ݁݃ܣ

the half and double of the individual technical lifetime  [1] (Figure 33): The age limits in
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the planning heuristics of the two strategies "stable grid charges" and "stable revenue cap" are
തതതതതऄ௧    ή
set with regard to the grid operation in scenarios with a decreasing demand (݁݃ܣ
ై
௧

for “stable revenue cap”). In case of an
ʹ for “stable grid charges” and തതതതത
݁݃ܣऄ
ଶ

increasing demand, the limits are reversed. The "stable grid value" strategy does not require
this additional constraint, since the DNO's goal is to keep the average asset age at the initial
level. For the electricity DNO, the "stable grid value" strategy is chosen in all simulations. For
the gas DNO, all three strategies are applied in the analysis.
(a) Stable grid charges

(b) Stable grid value

(c) Stable revenue cap

Start

Start

Start

Regular MAS time
step:

Initialization MAS time
step:
-

-

Determine upper age
constraint:
݁݃ܣ௧ ൌ ܶ ் ʹ ڄ
Calculate initial grid
ீ
charges: ܥऄୀ

Calculate current
grid charges ܥऄீ

Initialization MAS time
step:
Regular MAS time
step:

Initialization MAS
time step:
Determine length
weighted mean age
of the grid:
௧
݁݃ܣऄୀ

Calculate current
length weighted
mean age of the grid:

݁݃ܣऄ

ீ
ܥऄୀ
 ܥऄீ 
?

Yes

No

 ݁݃ܣ௧ ൌ
-

݁݃ܣऄ
Yes

Regular MAS time
step:

Determine lower age
constraint:

Calculate current
revenue cap ܴܥऄ

் ಽ
ଶ

Calculate initial
revenue cap: ܴܥऄୀ

Yes
௧

Calculate current length
weighted mean age of
௧
the grid: ݁݃ܣऄ

-

ܴܥऄୀ 
ܴܥऄ 
?
No



௧

݁݃ܣऄୀ
?

Calculate current length weighted
௧
mean age of the grid: ݁݃ܣऄ

No
௧

݁݃ܣऄ

݁݃ܣ௧
?

Yes

No
-

Sort gas pipes by age
Renew the oldest gas
pipe
Re-calculate ܥऄீ

-

Sort gas pipes by age
Renew the oldest gas pipe
௧
Re-calculate ݁݃ܣऄ



No

݁݃ܣऄ

݁݃ܣ௧
?
Yes

End
End

-

Sort gas pipes by age
Renew the oldest gas pipe
Re-calculate ܴܥऄ

End

Figure 33. Flowchart of the gas DNO’s actions within a time step depending on its strategy: (a) Stable
grid charges, (b) Stable grid value and (c) Stable revenue cap (The flowchart is valid for a decreasing
demand. In case of an increasing demand, the limits of the age bounds are reversed in (a) and (c). The
stable grid value strategy (b) is analogously applied for the electricity DNO).

4.2.4 Multi-Agent Simulation
All buildings, respectively their owners, and all assets of the gas and electricity grid are
modeled via own agents. The technical and economic parameters are propagated from the
grid assets to the DNO via a predefined hierarchy. Vice versa measures are delegated from the
DNO to the respective asset (see Figure 61 and the description in the Appendix section C (C9)).
The agent model determines how the individual grid agents are instantiated and initialized in
a given electricity or gas distribution network and regulates the activation sequence as well as
the communication between the agents. The agency is the total of all agents and includes all
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created grid agent instances, building agents and the scheduler modeled with the Python
package MESA [154]. The proposed agency implements the MESA model class and imports
the MESA scheduler class. New grid agent objects that implement the MESA agent class are
created via the agency class and added to the scheduler.
Table 6 shows the implemented agent types according to [148, 172–175]. Each agent has a
different level of complexity, which is reflected in their element-specific tasks in consideration
of the individual design goals [151, 176]. All agents, even the nodes, lines and pipes of the grid
are reactive. They are triggered by stimuli (input) from their environment and generate actions
(output) [151]. For example, if a gas pipe does not receive a gas demand from its neighboring
node (input), it triggers an event (output), indicating that it can be closed. The main benefit of
this modeling approach is the decomposition and modularization of a complex and dynamic
system or problem, in this context, the interaction between grid assets and buildings [148].
Furthermore, it reduces the effort needed to expand or modify parts of the simulation system,
e.g. a change of the individual agent specific design goals.
The gas or electricity network is modeled as a graph in an undirected tree, in which the
agents are arranged hierarchically [177]. This corresponds to a radial grid structure. The
scheduling method follows a breadth first search (BFS) algorithm in the reverse direction [153].
Conventionally, the BFS traverses a graph from the top to the bottom layer after activating all
nodes of a layer, where the algorithm expands in width until it terminates when all nodes have
been visited. The model presented in this thesis turns this mechanism around: The algorithm
terminates after activating the DNO (for a detailed description of the scheduling and
propagating process within the grid see Figure 61 and the description in the Appendix section
C (C9)).
Table 6. Agent types in the multi-agent simulation MV: medium voltage; MP: medium pressure

Energy carrier

Electricity

Gas

Electricity / Gas

Network operator

1

Interpretation of the
intelligence of agents
corresponding to [149, 151]
yes

Node
Line

121
250

no
no

Transformer
MV-feed-in

1
1

no
no

Network operator
Node

1
99

yes
yes

Pipe
Pressure regulator

195
1

yes
no

MP-feed-in
Building owner

1
129

no
yes

Agent type

Instances in case study

The proposed multi-agent simulation is classified according to Russel and Norvig [153]
(Table 7):
x

Accessibility: Describes the ability of an agent to access all other agents of the network.
In an accessible environment an agent receives complete, accurate and up-to-date
information about them. The more complex an environment is, the more inaccessible it is.

x

Deterministic: Describes if the cause–effect relationship of actions of agents is known or
not. An environment is deterministic, if every action has a single guaranteed effect.

79

x

Episodic: Describes whether the simulation time steps are interrelated. In an episodic
environment, the agent's experience is sequentially divided into atomic episodes. In each
episode, the agent performs an action based on its perception in that episode. Thus, the
actions in each episode are not directly dependent on each other.

x

Dynamic: Describes the possibility of environmental changes beyond the control of an
agent. A static environment remains unchanged, only the agent can change it by its
actions. In a dynamic environment, processes that run outside the agent's control, could
change the environment.

x

Discrete: Describes if there is a predetermined number of perceptions and actions. An
environment is discrete if there is a fixed, finite number of actions and perceptions. On the
opposite, the environment is continuous, if the number of actions tends to infinity or is
persistent over a longer period of time.
Table 7. Classification of the agents and MAS considering [153].

Yes

Accessibility
DNO

Deterministic
Each Agent

Episodic
Whole MAS

Dynamic
Whole MAS

Discrete
Whole MAS

No

All others

Whole MAS

No Agent

No Agent

No Agent

All agents are executed once during a time step starting at the lowest element the
"Building owner" and ending at the highest element the "Network operator". Thus, the
information is propagated from the bottom up, meaning that the network operator follows the
investment decision of the building owners; see Figure 34.
Choose retrofit
measures and
determine grid use

Building
owners

Calculate status

Grid use

Nodes &
edges

Choose grid measures and
calculate grid charges
dependent on the strategy

Choose retrofit
measures and
determine grid use

DNO

Building
owners

Technical &
economic status

ऄ

Availability &
grid charges

ऄ+1
Grid measures &
Technical status

Apply measures &
calculate status

Nodes &
edges

Figure 34. Simplified scheme of the scheduling procedure of the multi-agent simulation for the electricity
or the gas DNO. (black: actors; red: communication between actors (information); blue: action of the
actors; grey: simulation time steps).
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4.2.5 Model Validation
4.2.5.1 Validation of the Distribution Network Operator Model
The DNO cash flow calculation considers all elements of the distribution network with
respect to the CAPEX and OPEX components of the revenue cap, presented in the literature
review in Chapter 2.3.
The grid data and business figures are provided by the DNO: Line and asset data from
the geo-information system, energy metering information from the energy data management
system and the cost components of the revenue cap from the cost allocation sheet. The cost
components of the cash flow model are adjusted to the cost components of the real power grid
and gas grid by means of a calibration calculation (for percentage distribution of the real city
DNO, see Table 3). The results of the DNO’s cash flow in this chapter are compared to those
of Chapter 5 (see 5.2.5.2) which covers the simplified cash flow approach.

4.2.5.2 Validation of the Building Retrofit Optimization Model
The results of the building retrofit optimization are validated for the type buildings used
in this chapter: Single family (SFH), terraced (TH) and multi-family house (MFH) and the age
classes A-J (1900–2009) [48, 49]. For the energy calculation, the results are compared with [49]
and for the cost calculation with [36].
Figure 35a shows the results of the annual final energy demand normalized by the
reference floor area (gas-based solution): For buildings of the age classes A–H, the energy
demand is underestimated by 5% on average; for classes I–J it is overestimated by 6% on
average. The differences are induced by internal and drinking hot water generation losses,
which are modeled according to [178] here.
The findings show that the energy calculation model and its parameterization is valid for
the present study as the deviations are below the level caused by individual user behavior in
terms of room temperature and ventilation [179, 180].
(a)

(b)

Figure 35. Comparison of the results of the model used in the thesis with the literature for selected
building types. (a) For the annual specific final energy demand with the Tabula-Webtool [49]; (b) For the
investment expenditures and annual energy and maintenance expenditures with [36].
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Figure 35b compares the expenditures of the three type buildings for a gas- and an
electricity-bound solution (SFH-E, TH-E, MFH-E), which represent the majority of the building
stock of the case studies in Chapter 4.3. While the end energy demand of the six buildings after
retrofitting is well matched (mean deviation: 5.8%), the cost calculation shows deviations
between −5 and 40%, which is caused by the parameterization of the cost functions. This thesis
uses parameters considering [92], where the authors have analysed costs of building and
heating system retrofit measures for 1117 buildings in Germany. Hinz et. al. [92] show that
there is a great variance between the costs in practice: The standard errors for thermal
insulation systems depicts 6.9% for ࣼ୧୶ and 15% for ࣼ୴ୟ୰ in full costs (facade).
Another reason for the deviations results from different assumptions regarding the
reference floor and surface area of type buildings and the consideration of the initial building
equipment options (e.g., gas grid connection, oil tank or heating circuit temperature). The
thesis models these equipment options by adjusting the parameters of the cost functions of the
individual measures based on the individual initial building equipment options in the
preprocessing procedure. In this context, the results obtained here are valid for analysis.

4.3 Case Studies
4.3.1 Key Performance Indicators, Constraints and Data
The following enumeration lists the research question, the applied methodology, the
experimental setup as well as the measurands for each case study and analysis performed:
x

Sensitivities of building retrofit decisions (Chapter 4.3.2): This case study faces the
question of how electricity and natural gas grid charges influence the choice of building
and heating retrofitting measures. For that reason, the retrofit decisions of 609 different
type building and heating system configurations are analysed for a variation of electricity
and gas prices.

x

Analysis of possible triggers for a decline in gas demand (Chapter 4.3.3): This case study
answers the question of how building retrofit decisions and thus the natural gas and
electricity grid costs are influenced by technological and regulatory triggers and shaped
by the individual initial building insulation status and heating type. Therefore, several
trigger types are investigated: Taxation and levy systems; grid charge models; regulatory
energy efficiency constraints; state market incentive and subsidy programs; technological
development; initial building insulation status, heating type and date of investment.

x

Interdependencies between the DNO’s grid charge setting and building retrofit
decisions in face of decreasing gas demand (Chapter 4.3.4): This case study addresses
the question of how interdependencies between the DNO’s investment decisions and
building owners’ retrofit decisions are shaped in scenarios with a decreasing gas demand.
For that reason, the communication of grid charges from DNO to the building owners
during the multi-agent simulation is interrupted, so that building owners decisions are
ீ
ீ
ൌ ܿࣷǡऄୀ
(in every year ऄ of the simulation). The
based on the initial grid charges ܿࣷǡऄ
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results are compared with those of the simulation in which the building owners decisions
ீ
ீ
ൌ ܿࣷǡऄୀऄ
are based on the grid charges of the year of building renovation ܿࣷǡऄ
ೡೞ .
x

Influence of DNO strategy patterns on grid economy in the face of decreasing gas
demand (Chapter 4.3.5): This case study faces the question of how a change in the
investment strategy of the gas DNO influences the choice of building retrofit measures,
the gas grid costs and the cost efficiency of the gas grid in scenarios with a decrease in gas
demand. Therefore, the three main strategies (see Table 4) are compared.

In every simulation (except the sensitivity analysis in Chapter 4.3.3), the initial insulation
status, heating type and date of investment of all buildings are varied within 100 seeds: The
initial building age class and heating system largely determine the date of investment and the
choice of the renovation measure. As the age and the types of heating systems and buildings
are heavily weighted in the dataset, scenarios with a variation (100 seeds) of the date of
investment (I), the initial building age class (B) and the initial heating system (H) are analysed
in all case studies. In this context, the initial gas and electricity grid is reconfigured when
varying the initial heating systems.
Except for the sensitivity analysis (Chapter 4.3.3), all other case studies refer to a part of
the grid area of the German city of Bamberg (Figure 36a), whose data is explained in the
following: The 129 buildings are supplied via a 2987 meter long low voltage grid with an
average age of 29.3 years and a 2432 meter long low-pressure grid with an average age of 29.5
years (Figure 36c). Both grids are connected to the upstream medium voltage, i.e., the pressure
grid. The corresponding connection points are the medium to low voltage (MV/LV)
transformer and the medium to low pressure (MP/LP) regulator station, which are both
modeled by a feeder. The buildings are assigned to reference buildings (according to the
institute of housing and environment (IWU) in the TABULA project (typology approach for
building stock energy assessment)) based on their energy consumption, floor space and type,
which are taken from Open Street Maps [48–50]. The average reference area of the buildings
is 137 m² and the average specific heating demand is 208 kWh/(m²·a), with 67% gas-bound,
20% electric and 13% oil-bound heating systems (Figure 36b). The heating circuit temperatures
and building equipment are mapped to the buildings based on their renovation status and
their initial heating system based on Open Street Maps [50] and census data (spatial resolution:
100 × 100 m) [51].
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(a)

(b)

(c)

Figure 36. Electricity grid, gas grid and heating structure of the city area under investigation. (a)
Electricity and gas grid in the investigation area (color bar represents the specific heat demand (end
energy) of the buildings in kWh/(m²*a)); (b) number and types of buildings and heating systems in the
area (building types: TH: terraced house, SFH: single family house, MFH: multi-family house; age
classes: A–K corresponding to [49]); (c) age and length of the gas pipes and electricity lines in the area.
(Data alienated in accordance with data protection regulations [181]. The background map is taken from
[50])

4.3.2 Sensitivities of Building Retrofit Decisions to Energy Price
Fluctuations
4.3.2.1 Concept of the Case Study
This study analyses the price sensitivities of building energy retrofit decisions to
electricity and natural gas prices, respectively grid charges (no regulatory or policy constraints
set in the building retrofit model). Therefore, the retrofit decisions of 609 different building
and heating system configurations are analysed for a variation of electricity and gas prices.
The energy prices are varied by +23% and −12% for electricity and +25% and +50% for gas
from the initial point and combined in nine price scenarios. The price changes correspond to
a change of grid charges in the electricity sector of −50% and +100% and in the gas sector of
+100% and +200%. These non-equidistant price levels are selected as the relationship between
demand and grid costs is of non-linear nature (Chapter 3), whereby the change rates differ
between gas and electricity. The initial point of investigation is set to the German average
prices for electricity (30.85 ct/kWh) and gas (6.34 ct/kWh) for a medium-sized residential
building (energy consumption electricity: 3,500 kWh/a, gas: 5,556–55,554 kWh/a) [79]. The
study focuses on residential type buildings in Germany [48]:
x

Buildings: The type buildings single family house, terraced house and multi-family house
(SFH, TH, MFH) are analysed. For this analysis the building age classes are summarized:
A–C are buildings constructed before the foundation of the Federal Republic of Germany
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in 1948; D–F are constructed before the first Thermal Insulation Ordinance (1949–1978);
G–H are constructed according to the Thermal Insulation Ordinances 1 and 2 (1979–1994);
and I–J are constructed according to the Thermal Insulation Ordinance 3 and the First
Energy Saving Ordinance (1995–2009) [61].
x

Heating systems: The following heating systems are considered: Electrical air-water
(AWHP) and ground-water heat pump (GWHP), electric direct heating (EDH), gas
condensing boiler (GCB), oil (OCB) condensing boiler, pellet burner (PB) and solar
thermal plants (STE), with the different heating system temperatures 90/70, 70/50, 55/45,
and 35/28 (°C/°C), each chosen corresponding to the individual building equipment
option.

The entire building population (n = 609) is created by combining the properties: Building
type (n = 3), age (n = 10), heating system (n = 6) and heating circuit temperature (n = 4), where
technically impossible combinations are discarded. For the technical parameters of the
building surfaces and the heating systems see the corresponding Appendix section C.

4.3.2.2 Results of the Case Study
The results of the analysis of building retrofit decisions for the 609 type buildings in nine
price scenarios are expressed as shares of the total sample (Figure 37b) or mean values of a
part of the sample (Figure 37a).
Figure 37a shows the specific final energy demand for single and multi-family buildings:
When electricity and gas energy procurement expenses are high, insulation measures are
increasingly chosen (20% of the buildings for G:9.48/E:38.07; 8.3% for G:6.34/E:27.24), primarily
in older buildings (71% are applied in age classes A–C for G:9.48/E:38.07). Since insulation
measures are expensive compared to other energy efficiency measures, their energy price
sensitivity is small. In reality, they are mostly applied at the end of the technical lifetime of the
respective part of the building envelope, or if they are needed due to regulatory restrictions
[97].
Condensing boilers are increasingly being chosen in buildings of the age classes A–C and
D–F, whereby the decision is sensitive to energy price variations (Figure 37b): With a rising
gas price, condensing boilers are substituted by oil-based systems or supplemented with solar
thermal plants. Current regulations inhibit this trend in Germany [62]. Due to their high initial
energy efficiency, heat pumps are becoming more attractive for G–H and I–J class buildings,
often supported with solar thermal energy when electricity prices are high. The attractiveness
of heat pumps depends strongly on the parameterization of the annual COP: This study uses
the specifications of the Federal Office for Export Control for the market incentive program in
Germany [182] and adapts them for different heating circuit temperatures [183]. Lowering the
heating circuit temperature increases the efficiency of heat pumps, but this is associated with
costs, so it is not often chosen (e.g., 15% of the buildings for G:6.34/E:27.24).
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(a)

(b)

Figure 37. Building retrofit optimization results for a planning horizon of 31 years for nine gas and
electricity price scenarios. (a) The mean specific end energy demand (kWh/(a·m²)) for building age
classes (A–J) and two selected building types single (SFH) and multi-family houses (MFH). (b) The share
of buildings using a certain energy carrier (gas, electricity, pellets or oil) and a solar thermal plant (STE).
(Prices: (G: ct/kWh / E: ct/kWh); The price scenario (G:6.34/E30.85) on the vertical axis represents the
current price scenario in Germany. It is mapped on two axes in the plot, for reasons of comparability of
the scenarios. This results in 10 axes.)

The results imply that fluctuations in energy prices influence the investment decision for
heating systems and surface renovations depending on the building age: With rising electricity
and gas prices, insulation measures and solar thermal systems are increasingly chosen. Gas
burners are more sensitive to energy price fluctuations than electric heat pumps because of
their lower efficiency and their low investment expenses compared to their operational
expenses. The attractiveness of electrical heat pumps increases with a rising building energy
efficiency and annual COP. Conclusions can be drawn for the building stock in the city area
under investigation in the following case studies (Chapters 4.3.3, 4.3.4 and 4.3.5): For the initial
energy price level, gas and oil condensing boilers in combination with solar thermal systems
are increasingly being installed (77% of the buildings belong to building age class D–F, 17% to
G–H, and 6% are younger, with 80% being terraced houses, 15% single family houses, and 5%
multi-family houses).
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4.3.3 Analysis of Possible Triggers for a Decline in Gas Demand
4.3.3.1 Concept of the Case Study
This case study analyses the influence of different technological and regulatory triggers
on the interdependent system between the building owners’ (BO) investment decisions and
the investment strategy of the electricity and gas grid operator. In this context, it will also be
analysed, how a differently shaped individual initial building insulation status and heating
type affects the decisions. Therefore, eight types of triggers are distinguished:
x

Taxation and levy systems: There is a wide range of different taxation and levies and
systems. The study focuses on CO2 pricing as the German government has passed a law
in 2019 that sets a CO2 price of 25 €/t in 2021, rising to 65 €/t by 2026 [184].

x

Grid charge models: In Germany, DNOs can reduce the electricity grid charges for
interruptible grid users down to 20% of their regular value [113]. The study sets a value
of 25% for the area under investigation. These reductions cause revenue shortfalls for the
DNO, which in reality are passed on to the regular grid charges. Due to the size of the
investigated grid areas, this would cause unrealistic high grid charges. Therefore, this role
up mechanism is neglected here.

x

Regulatory energy efficiency constraints: In Germany, regulatory constraints for new
constructions and retrofits are listed in the Energy Saving Regulation [185], which will be
tightened in the future [6]. This thesis sets the initial final energy demand and CO2
emissions as an upper bound in all simulations. Additionally, two scenarios are modeled,
where the limit is tightened and the target primary energy demand is set equal to the
useful energy demand, which is calculated based on the Energy Saving Regulation [185]:
o In simulation 3, 100% of the buildings have to perform a surface insulation
measure and change their heating system to obtain the target.
o For simulations 8–10, the thesis obliges only 66% of buildings to retrofit their
envelope and heating system. 34% can freely choose the kind of measure to reach
the efficiency target of [185]. This represents a surface renovation ratio of approx.
2%, corresponding to a technical lifetime of the surface of 50 years often used in
literature (see Chapter 2.2).

x

State market incentive and subsidy programs: The thesis considers the situation in
Germany: For building envelope renovations, there is a state subsidy program, which on
average subsidizes about 30% of investment expenditures [186]. For heat pumps, there is
a market incentive program with an average subsidy rate of 40% [187].

x

Technological development: The efficiency of heat pumps is highly dependent on the
coefficient of performance (COP), which is predicted to increase by about 25% in the next
decade [35].

x

Decentralized energy generation: In recent years, heat pumps have increasingly been
combined with photovoltaic plants and battery storage systems. This thesis does not
examine PV-battery systems, as it focuses on the effects in gas grids.
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x

Initial building insulation status, heating type and date of investment: The initial
building age class and heating system largely determine the date of investment and the
choice of the renovation measure. As the age and the types of heating systems and
buildings are heavily weighted in the grid area, the study analyses scenarios with a
variation (100 seeds) of the date of investment (I), the initial building age class (B) and the
initial heating system (H). Hence, the initial gas and electricity grid is reconfigured when
varying the initial heating systems.

First, in simulations 1–6, the influence of each of these triggers (Table 8, marked in grey)
is analysed. Second, the triggers are combined, generating two sensitive but opposing
scenarios with a high probability of occurrence in Germany: Simulation 7 induces a high
proportion of gas-based solutions in the future system, while simulation 8 induces an
increased substitution of gas-based heatings by other systems. Third, in simulations 9–11, the
influence of a variation of the initial building age classes (B) and heating system types (H) is
evaluated (marked in blue). These results are compared with simulation 8, since the same
combination of triggers is used. The date of investment (I) is varied for each building in 100
seeds in all simulations. Every building performs one retrofit during the planning horizon
from 2020 to 2050, which corresponds to a lifetime of the heating systems of about 31 years;
see the Appendix section C for additional information and the parametrization.

no
no
no
no
no
yes
yes
yes
yes
yes
no

Heating types (H)

0%
0%
0%
0%
yes
0%
0%
0%
0%
0%
0%

Building age-class
(B)

0%
0%
0%
yes
0%
0%
0%
yes
yes
yes
0%

Parameter variation
(100 seeds)
Date of investment
(I)

0%
0%
0%
yes
0%
0%
0%
yes
yes
yes
0%

Reduced el. grid charges
(25% of regular value)

no
no
yes
no
no
no
no
yes
yes
yes
no

Improved heat pump
efficiency (ࢼ + 25%)

no
no
100%
no
no
no
no
66%
66%
66%
no

El. heat pumps
(40%)

Surface (30%)

0€/t
65€/t
0€/t
0€/t
0€/t
0€/t
65€/t
65€/t
65€/t
65€/t
0€/t

State
subsidizatio
n

Heating

Base-Case
CO2-Pricing
Efficiency-Constraint
Promotion
HP-Efficiency
Reduced-GC
Combination 1
Combination 2
Combination 2 (I, B)
Combination 2 (I, B, H)
Base-Case (I, B, H)

Energy
efficiency
constraint

Surface

1
2
3
4
5
6
7
8
9
10
11

Simulation name

CO2 pricing

Simulation number

Table 8. Scenarios under investigation (in all simulations: DNO strategy: “stable grid value”; seeds per
ீ
ீ
simulation: 100; grid charges of each year are communicated from DNO to buildings (ܿࣷǡऄ
ൌ ܿࣷǡऄ
ሻ; HP:
heat pump)

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

no
no
no
no
no
no
no
no
yes
yes
yes

no
no
no
no
no
no
no
no
no
yes
yes

In the case studies in Chapters 4.3.4 and 4.3.5, the triggers are set corresponding to
“Combination 2” (simulation: 8) because of:
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x

Objective of the analysis: The thesis focuses on the evaluation of building owners’ and
electricity and gas DNO’s strategies in transformation paths with a decreasing gas
demand.

x

Probability of occurrence: In simulation 8, each trigger is chosen correspondingly to the
situation in Germany. There will be CO2 pricing in the future. There are subsidization
programs, reduced electrical grid charges and energy efficiency constraints. The retrofit
rates for heating systems and building envelopes are in line with the actual development
in Germany.

4.3.3.2 Results of the Case Study
The analysis of the eight trigger scenarios and the building type variations is split into
three sub-sections, the building retrofit decision, the resulting energy demands and the grid
costs.
Investment decisions of building owners
The results concerning the insulation measures (Figure 38b) support the findings from
Chapter 4.3.2: The optimizer does not select an insulation measure, if the choice of the measure
type is not constrained and the energy saving constraints can only be achieved by a switch of
the heating system (simulations 1, 2, 4–7). In this case, heat pumps come into play and
substitute surface insulation measures (compare simulations 3 and 8). To generate scenarios
with a surface renovation rate corresponding to the situation in Germany, the buildings must
be obliged to a surface insulation measure as in simulations 3 (100% of the buildings) and 8–
11 (66% of the buildings).
(a)

(b)

Figure 38. Comparison of the heating system and building insulation status for different trigger
configurations. (a) Mean value of the shares of heating system types for each simulation in 2050 (129
buildings and 100 seeds) compared to the initial value for a variation of the date of investment (I) and
additionally the building and heating types (I, B, H) (in addition: Solar thermal plants). (b) Specific
annual heating demand of 129 buildings in each simulation. (Variation of the initial parameters: Building
age classes (B); heating system types (H); date of investment (I); boxes: median and 25%/75% percentiles
of the resulting distribution; whiskers: +/- 1.5 interquartile distance (IQD), grey line: initial values).

89

Figure 38a shows that inefficient electrical direct heatings are mostly substituted by gas
condensing boilers (simulations 1–7). Due to the high initial connection rate to the gas grid
(approx. 67%), the grid charges and with that the operational expenditures of gas-based
heating are comparatively low. As gas grid connections are available in many buildings, the
investment expenditures for gas burners are also low. With a drop of initially installed gas
heatings, their usage is significantly reduced in target systems; compare simulation 8 and 10.
This is mainly caused by two aspects: First, the initial gas grid charges are higher when the gas
demand is low like in simulation 10, which makes gas-based solutions unattractive (see next
section). Second, a reduction of the heating circuit temperature, which is necessary for the most
buildings in the investigated area when switching to an electrical heat pump in simulation 8,
is associated with higher costs compared to the renewal of the gas burner. The results for
"Combination 2" hardly differ with a variation of the building age class (simulations 8 and 9).
Resulting gas and electricity demand
Figure 39 illustrates the transformation path of the natural gas demand for the projected
years: Figure 39a for different triggers (simulations 1–6) and their combinations (simulations
7–8), Figure 39b for the variation of the initial building age and heating types.
In the area under investigation, gas is only used for heating applications. Therefore, a
substitution of gas burners induces an increase (simulations 1, 2, 4–7) or decrease (simulation
8) in gas demand. Although in simulation 3 in 2050 approx. 90% of the heating systems are
gas-based, one can see a drop of about 55% in demand, which is induced mostly by surface
insulation measures and solar thermal plants.
A comparison of simulations 8–10 shows that the initial building age and heating system
configuration in a certain area have a significant influence on the investment decision of the
individual building owner and with that on the future supply task. A lower initial house
connection rate in the gas grid increases the risk of a complete gas grid defection: While in
simulation 8, the initial gas grid connection rate is 67%, in simulation 10, it depicts on average
20%. (The gas grid connection rate varies in simulation 10 as the allocation of heating systems
to buildings varies between seeds. The given value corresponds to the average of 100 seeds.)
The lower the initial connection rate of customers to the grid, the higher the initial grid charges.
High initial gas grid charges increase the operational expenditures of gas burners, which
reduces their attractiveness in simulation 10. This effect can also be seen when comparing the
“Base-Case” scenarios (simulation 1, 11). With a decreasing gas grid connection rate, the
development of gas grid charges is therefore significantly more sensitive to economic,
regulatory and technical triggers.
When analysing the electricity demand, another picture can be drawn, since heating
applications cover only a part of the supply task. For that reason, the substitution of electric
direct heating systems causes a decrease of 35%-60% from 2020 to 2050; see Figure 62 the in
Appendix section C (C11).
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(a)

(b)

Figure 39. Relative gas demand in projected years for (a) different triggers and their combinations and
(b) a variation of building age classes and heating systems. (Dots: individual seeds; boxes: median and
25%/75% percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).

Resulting gas and electricity grid charges
As the gas demand rises, the grid charges decrease (simulations 1, 2, 4–7). As the gas
demand decreases, the effect reverses (simulations 3, 8), but is more pronounced (see Figure
40a). This is due to the non-linear relationship between the number of customers and the
network length [1, 27]: The decrease of the gas demand over time is slower than the decrease
of the line length, leading to an increase in grid charges. In simulation 8, the initial grid length
drops by about 20% from 2020 to 2050, whereas the demand drops by about 70% (median). In
simulation 10, the line length drops by about 52%, while the demand drops by about 90%. In
both cases, an unproportionaly long grid has to be operated. This leads to a rise in energyrelated OPEX, while the length-related CAPEX remains at a stable level in the DNO strategy
“stable grid value”.
In the electricity sector, this effect would be even more pronounced, since the line length
cannot be reduced as the demand for heating applications decreases because buildings are
connected to the electricity grid independent of heating applications. However, the heating
demand represents only a part of the supply task in the electricity sector, so that the decline in
demand is not as distinct as it is for gas. As a result, the effect on electricity charges is less
pronounced; see Figure 62 in Appendix section C (C11).
With a lower house connection density, the increase of gas grid charges is more
pronounced (see Figure 40b): While the triggers, which are set in “combination 2” induce a
rise in the median of the grid charges of about 227% for the initial building age and heating
system configuration until 2050 (simulation 8). The grid charges grow up to a median of 500%
of their initial value when varying the building and heating system configuration (simulation
10). It can therefore be stated: The lower the house connection rate in the gas grid, the more
sensitive is the substitution of gas-bound heating systems to grid charges.
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(b)

(a)

Figure 40. Relative gas grid charges in projected years for (a) different triggers and their combinations
and (b) a variation of building age and heating systems (values bigger than 10 are set to the
corresponding median (n = 19 for simulation 10)). (Dots: individual seeds; boxes: median and 25%/75%
percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).

4.3.4 Interdependencies Between the DNO’s Grid Charge Setting and
Building Retrofit Decisions in Face of Decreasing Gas Demand
4.3.4.1 Concept of the Case Study
This case study analysis the interdependencies between the decisions of the gas and
electricity DNO and the building owners. For that reason, the communication of grid charges
from DNO to the building owners is interrupted during the multi-agent simulation, so that
ீ
ீ
ൌ ܿࣷǡऄୀ
building owners investment decisions are based on the initial grid charges ܿࣷǡऄ
(simulation 8c and 10c). The results are compared with those of the simulation 8 an 10 in which
the building owners decisions are based on the grid charges of the year of building renovation
ீ
ீ
ܿࣷǡऄ
ൌ ܿࣷǡऄୀऄ
ೡೞ .
Table 9. Scenarios under investigation (in all simulations: DNO strategy: “stable grid value”; seeds per
simulation: 100; triggers are set corresponding to “Combination 2”; for every building one retrofit is
performed during the planning horizon)
Simulation
number
8
8c
10
10c

Simulation name
Combination 2 (I)
Combination 2 (I) (constant
GC)
Combination 2 (I, B, H)

Grid charges in building
model
Natural gas
Electricity
ீ
ீ
ܿࣷǡऄ
ൌ ܿࣷǡऄ
ீ
ீ
ܿࣷǡऄ
ൌ ܿࣷǡऄୀ
ீ
ீ
ܿࣷǡऄ
ൌ ܿࣷǡऄ

Combination 2 (I, B, H)
(constant GC)

ீ
ீ
ܿࣷǡऄ
ൌ ܿࣷǡऄୀ
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Parameter variation

Date of investment (I)
Date of investment (I);
Building age class (B);
Heating type (H)

This thesis focus on the situation in the gas sector, where the two dual variables are
considered and their development during the planning horizon is analysed: The grid charges
as a measurement of the sensitivity of the grid costs to the given supply task during the
transformation path and the annual gas demand as measurement for the sensitivity of building
retrofit decisions to the costs of grid operation.
By measuring the feedback effects between the building owners and the electricity and
gas DNO the question, whether grid costs are a trigger element that could accelerate the
decline in gas demand and influence the technology transformation path of heating systems
can be answered.

4.3.4.2 Results of the Case Study
The study compares simulations where the gas and electricity grid charges are set to their
ீ
ீ
ൌ ܿࣷǡऄୀ
during the whole planning horizon, with those in which they are set
initial value ܿࣷǡऄ
ீ
ீ
to the value of the corresponding year ܿࣷǡऄ
ൌ ܿࣷǡऄୀऄ
. In this case, the building owners retrofit
decisions are based on the year of renovation ऄ ூ௩௦௧ .
Figure 41 shows the gas and electricity demand for the initial building and heating system
configuration (I) and its variation (I, B, H) in projected years: There is a drop in electricity
demand (Figure 41b) in all scenarios (simulations 8, 8c, 10, 10c). The drop is more pronounced
ீ
in simulations 8c, 10c, compared to
when building owners have to decide based on ܿࣷǡऄୀ
ீ
simulations 8, 10, where they decide based on ܿࣷǡऄୀऄ
ೡೞ . This is counterintuitive, as the
ீ
ீ
ൌ ܿࣷǡऄୀ
electricity grid charges increase over the planning horizon. However, in case of ܿࣷǡऄ
the building owners decide based on the initial gas and electricity grid charges. In this way,
the total costs of gas-based systems are also relatively low in simulations 8c and 10c, which
accelerates the substitution of electricity-based solutions (EDHs) by gas-based ones. This result
identifies the gas grid charges as a triggering element, even for decisions regarding electricitybased heating solutions.

(a)

(b)

Figure 41. Relative demand in projected years with a comparison of two scenarios. The building owner’s
ீ
ீ
ீ
investment decision is based on grid charges of year 0 ܿࣷǡऄ
ൌ ܿࣷǡऄୀ
versus grid charges of year ऄ ܿࣷǡऄ
ൌ
ீ
for (a) natural gas and (b) electricity. (Dots: individual seeds; boxes: median and 25%/75%
ܿࣷǡऄ
percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).
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Figure 41a shows that the gas demand decreases for the initial building and heating
ீ
system configuration (simulations 8, 8c), which is even more pronounced in case of ܿࣷǡऄ
ൌ
ீ
ܿࣷǡऄ
(simulation
8).
Simulations
10
and
10c
represent
the
results
for
the
variation
of
the
ೡೞ
initial building and heating system configuration: The gas demand rises in simulation 10c in
ீ
ீ
ீ
ீ
ൌ ܿࣷǡऄୀ
and decreases in simulation 10 in the case of ܿࣷǡऄ
ൌ ܿࣷǡऄ
the case of ܿࣷǡऄ
ೡೞ .
This is due to the fact that the initial gas grid charges are relatively low, whereby these
increase when customers leave the network. In simulation 10c the building owners decides
ீ
ீ
ൌ ܿࣷǡऄୀ
), which make gas-based systems attractive
based on these low initial grid charges (ܿࣷǡऄ
during the whole planning horizon, compared to simulation 10. Since the initial gas grid
connection rate is low in simulation 10 (depending on the seed), the gas demand increases for
new connections, which results in relative demand above one (see Figure 41a, simulation 10c).
As the total costs of gas-based solutions are more sensitive to energy price fluctuations
than electric heat pumps, the low gas grid charges increase the attractiveness of the gas-based
solutions (simulation 8c, 10c). The results of Figure 41 the development of the gas and
electricity demand depicts the gas grid charges as a tipping element,
x which triggers the decrease of the gas demand during the planning horizon and finally
leads to gas grid defection in some seeds in simulation 10 on the one side,
x and causes the substitution of the oil- or electricity-based heating systems by gas-based
ones, which finally leads to an increase in gas demand for the majority of the seeds in
simulation 10c.
The resulting grid charge development for gas (Figure 42a) and electricity (Figure 42b)
underlines the findings of Figure 41: Electricity grid charges rise in every simulation, a
ீ
ீ
ൌ ܿࣷǡऄୀ
(Figure 42b). An
development, which is even more pronounced in the case of ܿࣷǡऄ
increase in gas grid charges occurs in simulations 8, 8c, and 10. A decrease can be seen for
several seeds in simulation 10c, due to the increase in gas demand in this scenario (Figure 42a).
(In simulations 8c and 10c the grid charges are calculated by the DNO, but not communicated
to the building owners.)
(a)

(b)

Figure 42. Relative grid charges in projected years calculated by the DNO with a comparison of two
ீ
ீ
scenarios. The building owner’s investment decision is based on grid charges of year 0 ܿࣷǡऄ
ൌ ܿࣷǡऄୀ
ீ
ீ
ൌ ܿࣷǡऄ
for (a) natural gas (values bigger than 10 are set to the
versus grid charges of year ऄ ܿࣷǡऄ
corresponding median (n = 19 for simulation 10)) and (b) electricity. (Dots: individual seeds; boxes:
median and 25%/75% percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).
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The results show that gas grid charges are the dominant variable in the system: On the
one hand, the supply task in the gas sector reacts more sensitively to the investment decisions
of building owners than the supply task in the electricity sector. On the other hand, life-cycle
costs of gas-based heating systems react more sensitively to energy price fluctuations than
systems based on electric heat pumps. This is due to the fact that electric heat pumps are highly
efficient (annual COP around 3) by coupling ambient heat into the process of space heating.
The development of the gas grid charges finally influences both, the electricity and the natural
gas sector.

4.3.5 The Influence of DNO Strategy Patterns on Grid Economy in Face
of Decreasing Gas Demand
4.3.5.1 Concept of the Case Study
This case study analyses the impact of a change in the investment strategy of the gas DNO
on the choice of building retrofit measures of the building owners (measured by gas demand),
the gas grid costs (measured by grid charges) and the cost efficiency of the gas grid (measured
by the revenue cap, grid length and age) in scenarios with a decrease in gas demand (scenario:
“Combination 2”). Therefore, the three main strategies of Table 4 – “stable grid charges” (SGC),
“stable grid value” (SGV), “stable revenue cap” (SRC) – are compared for the gas DNO.
According to the ceteris paribus condition, the strategy of the electricity DNO remains the
same in all simulations (“stable grid value”).
Table 10. Scenarios under investigation (in all simulations: Seeds per simulation: 100; grid charges of
ீ
ீ
ൌ ܿࣷǡऄ
ሻ; triggers
each year are communicated from gas and electricity DNO to buildings owners (ܿࣷǡऄ
are set corresponding to “Combination 2”; for every building one retrofit is performed during the
planning horizon)
#

Simulation name

8gc

Combination 2 (I) (SGC)

8gv
8rc

Combination 2 (I) (SGV)
Combination 2 (I) (SRC)

10gc

Combination 2 (I, B, H)
(SGC)
Combination 2 (I, B, H)
(SGV)

10gv
10rc

Parameter variation

Date of investment
(I)

Date of investment
(I); Building age
class (B); Heating
type (H)

Combination 2 (I, B, H)
(SRC)

Gas DNO strategy

Electricity DNO
strategy

Stable revenue cap
(SRC)
Stable grid value (SGV)
Stable grid charges
(SGC)
Stable revenue cap
(SRC)
Stable grid value (SGV)

Stable grid value
(SGV)

Stable grid charges
(SGC)

#: Simulation number

The study focuses on the situation in the gas sector and sets the triggers according to
“Combination 2”. In simulations 8gc, 8gv and 8rc, the date of investment (I) of the buildings
are varied and compared to simulations 10gc, 10gv and 10rc, where additionally the initial
building age types and heating system types (I, B, H) are varied (Table 10). The results can be
used to determine the effects of differently shaped regulatory systems on the DNO business
model and the efficiency and quality of the gas supply.
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4.3.5.2 Results of the Case Study
With regard to the comparison of the three DNO strategies, this thesis focuses on the
situation in gas grids. Furthermore, the gas DNO strategy is varied and the same strategy for
the electricity DNO in all simulations is used. In addition, the results for the natural gas sector
are discussed.
The main part of the thesis only discusses the effect on the gas grid and the corresponding
DNO. For the results of the electricity grid and the corresponding DNO, see the Appendix
section C (C12) (electricity demand in Figure 65; grid charges in Figure 66; revenue cap in
Figure 67).
Development of the gas demand and the corresponding grid charges
(a)

(b)

(c)

(d)

Figure 43. Relative gas demand and gas grid charges with a comparison of different gas DNO strategies
(a) gas demand for a variation of the date of investment (I); (b) gas demand for a variation of date of
investment, building age type, and heating system type (I, B, H). (c) gas grid charges for a variation of
the date of investment (I); (d) gas grid charges for a variation of date of investment, building age type,
and heating system type (I, B, H) (values bigger than 20 are set to the corresponding median: (simulation
#/number of seeds bigger than boundary), (#16/8), (#10/12), (#17/15)). (Dots: individual seeds; boxes:
median and 25%/75% percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).
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Figure 43 shows the decrease in gas demand for the initial building and heating system
configuration (I) (Figure 43a) and its variation (I, B, H) (Figure 43b). The gas grid costs drop
slower than the corresponding demand, which leads to an increase in grid charges (Figure 43c
and Figure 43d). Whereby, the rate of change of grid charges depends on the DNO’s strategy.
The rate increases from the SGC via the SGV to the SRC strategy. The difference in grid charges
finally leads to more investment in gas-based solutions for the SGC compared to the SRC
strategy. This effect is visible in the results: The drop in gas demand is more pronounced for
simulation 8rc compared with 8gc (a difference of the median of approximately 5% in 2050 in
Figure 43a, b). For a variation of the initial building and heating configuration (10gc, 10gv,
10rc), this can lead to complete gas grid defection in some cases (Figure 43b). The probability
of occurrence for this scenario is higher in the long term when the DNO acts according to the
SRC or SGV compared to the SGC strategy.
When comparing the gas grid charges of the initial building and heating configuration (I)
in Figure 43c and its variation (I, B, H) in Figure 43d, it becomes clear that an interplay of an
unfavorable DNO strategy (SRC) and a low initial house connection density to the gas grid
can lead to a sharp increase in grid charges in 2050: A factor of 6.19 (median) can be seen in
simulation 10rc, compared to 2.55 in simulation 8rc. In both cases, a change in strategy has a
strong impact on network charges, which in turn can save the DNO’s business model in the
long run: For the SGC strategy, the median is 2.32 in simulation 10gc and 1.51 in simulation
8gc (2050).
Consequences for the gas DNO’s business model
In the following, the consequences for the DNO’s business model are discussed based on
the revenue cap, grid length and grid age development (Figure 44): Induced by the declining
customer number, demand and grid length, the revenues decrease in all scenarios (Figure 44a).
An effect, which is more pronounced for the SGC than for the SGV and SRC strategy. The
decline goes along with a shift in CAPEX and OPEX caused by an interplay of the gas DNO’s
and building owners’ decisions: The OPEX is a function of the energy supplied (Figure 43) and
the grid length (Figure 44b). It therefore depends mostly on the building owner’s investment
decisions. The CAPEX is a function of the grid length and age. It therefore depends mainly on
the DNO’s investment strategy and primarily determines the differences in revenue caps
(Figure 44a). For CAPEX and OPEX development see Figure 68 in the Appendix section C
(C12).
The change of grid length induced by line closure and new house connection measures is
determined by the building owners’ investment decisions. The remaining degree of freedom
of the DNO decision is the determination of the renewal ratio, i.e., the choice of individual
renewal measures. Lowering this ratio, as in the SGC strategy, leads to an increase of (lengthweighted) grid age (Figure 44c). Increasing this ratio, as in the SRC strategy, induces the
opposite effect: The DNO tries to keep its cost base at the initial level. In this case, revenue
shortfalls due to the loss of customers are compensated with an increase in the renewal ratio.
As a result, the grid charges are relatively high in the SRC strategy compared to the other
strategies. In turn, customers are increasingly replacing their gas-fired heating systems.
Therefore, more and more house connections and supply pipes are being shut down, which
reduces the grid length (Figure 44b). Furthermore, the SRC strategy increases the risk of
stranded investments, as the high revenue cap values are induced by CAPEX and thus the
fixed assets. As the probability of occurrence for pipe shut downs is higher in the SRC strategy,
even the risk for a shutdown of relatively new pipes rises, compared to the other strategies.
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Besides this CAPEX related effects, the relative OPEX of the SRC strategy in 2050 (0.33) is lower
than in the SGC strategy (0.53).
(a)

(b)

(c)

Figure 44. Relative values in projected years with a comparison of different gas DNO strategies for (a)
revenue cap of the gas DNO; (b) gas grid length and (c) length-weighted average grid age of the gas grid.
(Dots: individual seeds; boxes: median and 25%/75% percentiles of the resulting distribution; whiskers:
+/- 1.5 IQD).

As the decrease of grid length over time is slower than the decrease of the gas demand,
the energy-related OPEX rises independently of the DNO strategy. This finally leads to a rise
in grid charges in all strategies (Figure 43). In the SGC strategy, it is possible to compensate
the disproportionately rising costs in relation to the grid length by lowering the CAPEX to a
certain extent, whereas the SRC strategy in particular allows these costs to rise. The results
confirm the feedback effect of the DNO strategy to the building owner’s decisions:
x

SRC: Due to the rise in grid charges, gas-bound systems are increasingly being
substituted, resulting in a risk of a self-reinforcing feedback loop, which in turn leads to
an increased decline in the energy demand as well as network length. This triggers the
closure of the entire gas network in the extreme case, but enlarges the risk of stranded
assets for the DNO in all cases.

x

SGC: The initial disadvantage concerning the lower cost base for the DNO resulting from
a disproportionate decline in the CAPEX becomes less pronounced during the planning
horizon. This is because the grid length, supplied energy and with that the OPEX are
higher compared to the SRC strategy. In the long run, this strategy can help to secure the
DNO’s business model and reduce the risk of a complete shutdown.
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4.4 Conclusions
4.4.1 Interdependencies Between the Investment Decisions of Building
Owners and the Gas and Electricity DNO
This simulation model provides three main innovations:
x

DNO model: The approach integrates a cash flow calculation and a grid planning
heuristic into one DNO model. This enables the assessment of the implications of different
DNO strategic patterns on grid measures and grid charges.

x

Building retrofit model: The model integrates multiple investment decisions – the retrofit
of the building envelope, the heating system and the installation of a solar thermal plant
– in the building. It takes into account the combinatory in the retrofitting of technical
building equipment, which significantly influences the investment decision.

x

Multi-agent simulation: The results of the case studies with the joint multi-agent
simulation provide new insights into the interrelated system between building owners’
and the DNO’s investment decisions.

The key insights into the interrelated system between building owners’ and the DNO’s
investment decisions can be subdivided into three groups:
x

Technical, economic and regulatory triggers: A comparison of simulations 1-8 shows that
individual triggers only slightly influence the investment decision of the building owners.
But the combination of economic, regulatory and technical triggers induces the
substitution of gas-bound heating systems, mostly with electric heat pumps. A
comparison of "Combination 1" and "Combination 2" shows that the obligation of building
owners to renovate their heating system and envelope has a significant influence on the
choice of heating system (“Combination 2”: 66% of buildings in the period from 2019 to
2050 corresponds to an envelope renovation rate of 2.1%). Future energy efficiency
barriers in terms of primary energy demand or CO2 emissions have a strong steering effect
towards electricity-based heating systems: They limit the solution space or make building
retrofit configurations based on fossil-fired systems economically unattractive.

x

Grid Charges: The results show that the gas grid charges are a tipping element for both,
the development in the gas sector and in the electricity sector (heating applications). Due
to the sensitivity of building owners’ investment decisions to gas price fluctuations and
the sensitivity of gas grid charges on gas demand, there is a high risk that a self-reinforcing
feedback loop starts, which accelerates gas grid defection (Figure 45). Thereby, the level
of the initial gas grid charges significantly influences the risk. In this context, grid areas
with a small amount of gas grid connections and a building stock, for which general
renovations are probable, are critical.
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x

DNO strategy: In the SRC strategy, the rise in grid charges induces an increasing
substitution of gas-bound systems, resulting in a risk of a self-reinforcing effect. Whereas
the SGC strategy, which is economically less attractive for the DNO in the short-term,
helps to secure the DNO's business model in the long-term and reduce the risk of a
complete shutdown.
Technical, economic and regulatory triggers

-

+
Building energy
efficiency

Number of
gas boilers

+
Number of
electric heat pumps

+ +

+
R

Gas demand

-

-

Effects on electricity
consumption and grid charges
not illustrated.

Gas
grid charges

Figure 45. Identified cause–effect relationships: A self-reinforcing feedback loop between the building
owners’ retrofit decisions with regard to gas-based heating systems and the gas DNO’s grid charge
setting, which is initially induced by endogenous economic, technical and regulatory triggers.(R:
positive reinforcing loop; link polarities (XÆY): +: when X increases, Y increases; -: when X increases, Y
decreases (and vice versa), see [37].)

4.4.2 Further Research, Limitations and Transferability
In order to guarantee transferability of the results, the case studies in this chapter uses
IWU-type buildings [48, 49]. The date of investment (I), the initial building age classes (B) and
the heating system (I) are varied probabilistically in 100 seeds, which constitutes a
representative sample size for the analysis in the case studies 4.3.3, 4.3.4 and 4.3.5. Therefore,
the solution space for the building stock is limited: The date of investment between 2020 and
2050 (n = 31); the building age classes between 1958 and 2015 (classes E–K, n = 7) and the
possible initial heating systems to EDH, GCB, OCB, PB and AWHP (n = 5), each combined
with the corresponding technical building equipment. Taking into account the number of
buildings in the area (n = 129), this resulted in a number of possible combinations (population
size) of 3,999 for simulations (I), 27,993 for simulations (I, B) and 139,965 for simulations (I, B,
H). For simulations (I), a representative sample size of about 94 seeds is estimated (margin of
error = 0.1, standard deviation = 0.5, confidence level = 95%, population size = 3,999).
The assumptions for the costs within the building investment model represent a medium
case compared to the literature [92]. The applied interest rate has a significant influence on the
operational expenses and thus on the optimization result in the building. In the case studies, a
present value factor of 18.3 (corresponding to e.g. 4% interest rate and 33.5a calculation period)
is applied for energy, which presents a conservative estimation. A present value factor of 31
(corresponding to e.g. 0.5% interest rate and 33.5a calculation period) is applied for
maintenance. In this context, the present value factor could be seen as a weighting factor for
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the energy and maintenance expenses in the building owner’s investment decision (see
Chapter 5.3.4). If it is high, the energy price, and that the grid charges, enters with a high
weight in the calculation of the building renovation. If the present value factor is low, the
energy price enters with a low weight in the calculation of the building renovation.
Where the assumptions for the costs within the building investment model represent a
medium case, the DNO model for gas and electricity underestimates the cost base compared
to reality:
x

The grid charges for upstream grid levels (Ƚ୮ୋେୋ ) are assumed to be constant during the
planning horizon in both, the electricity and gas sector. In reality, these charges would
also change with the demand.

x

The operating costs for the electricity and gas grid are formulated as linearly dependent
on the grid length and independent on grid age. As they include components such as
personnel costs and rents for buildings, they are stepped fixed costs related to the grid
length in reality. As a consequence, they will follow a change of the grid length with a
delay [1].

x

Costs for line closure measures of house connections in the gas grid are currently valued
at 0 € per measure, as they can currently be allocated to the customer.

In summary, the simulation underestimates the costs of grid operation and thus the grid
charges. The results of this chapter indicates that the amount of the grid charges and with that
the feedback effect is strongly dependent on the building and heating system stock and the
grid structure. Dependencies which will be investigated in the next Chapter (Chapter 5).
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Energy

Retrofit

Decisions8
5.1 Introduction, Contributions and Research Approach
The case studies of Chapter 4 offer some new insights into the interrelated system between
building owners’ and the DNO’s investment decisions, focusing on technical, economic and
regulatory triggers and the role of the grid charges and the DNO’s investment strategy. The
results indicate that the transformation path is strongly steered by national CO2-related
political and regulatory instruments. On the one hand, this triggers a technological change in
heat generation, as fossil-fired heating systems such as gas burners are substituted by more
efficient systems such as electric heat pumps. On the other hand, this causes an increase in
energy efficiency, which further enhances the attractiveness of heat pumps. It is shown that a
switch in the DNO’s strategy can mitigate this trend but not stop it. Under the given regulatory
framework and DNO strategy, the revenue cap in the gas sector and with that the grid charges
are strongly dependent on the demand scenario and therefore on the building and heating
system stock of the area under investigation. Both, the initial heating- and building system
configuration and the grid charges influence the willingness of network customers to pay.
Depending on their price elasticity, the substitution of gas-based solutions becomes more
attractive as an alternative renewal with rising gas grid charges (Figure 46). Chapter 5 extends
the analysis of Chapter 4: It systematically investigates the influence of the initial building and
heating system as well as the gas grid configuration on the building owner’s investment
decision and on the cost efficiency of a gas grids and the corresponding sensitivities for type
grid and building areas.

8

Parts of this chapter are presented in [3].
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Exponent k
Building heating efficiency
status
Building insulation status

Grid renewal

- +

Energy demand per
customer

Buildings per line meter

+
+

Grid customers per
line meter

-/+

+ -

Grid
charges

- -/+
+
+

Building size

Grid connection ratio

ratio

Energy demand per line
meter

Cost allocation of the DNO’s
revenue cap

Causal links and polarities
Dominating links for the initial grid charges
Dominating links for the grid charge development
Positive or negative link polarity

Figure 46. Dominating paths in the proposed business dynamics in view of the grid charges: The fixed
costs of grid operation and therefore gas grid charges decrease with the load and connection density.
This depicts a characteristic of a supply area that determines the initial grid charges and, together with
the grid topology (exponent k) as well as the DNO's investment strategy, also the grid charge
development and with that the building owner’s investment decision.(R: positive reinforcing loop; link
polarities (XÆY): +: when X increases, Y increases; -: when X increases, Y decreases (and vice versa) [37])

Most energy systems, building retrofit or grid planning studies neglect proposed business
dynamics, concerning grid and building specific characteristics:
x

Building sector: Investigations concerning the future transformation paths of the building
stock are usually based on models for the optimization of energy-efficient building design
[25]. They analyse how the technological development is steered by technological and
market trends or regulatory and political instruments like CO2 pricing, energy efficiency
requirements or technology promotion. Electricity and natural gas grid charges are
predetermined exogenous variables, hence interactions between individual actors and the
circumstances at local grid level are neglected [14, 18, 22, 33].

x

Grid sector: Most natural gas and electricity grid planning approaches, especially on
distribution grid level, focus on restructuring, grid reinforcement or the integration of
renewable feed-ins [40–43]. The supply task – the position and behavior of a load or
generator – is a predefined exogenous input variable [136].

x

Grid and buildings: There are studies that investigate the interactions between
investment decisions in buildings and investment decisions of the grid operator in the
electricity sector mostly with the focus on self-supply [44–47].

Chapter 5 transfers these “grid and building” approaches to the gas sector and extends
the analysis of Chapter 4 and Chapter 3, addressing the proposed research gap: Chapter 3
focuses on the development of the gas DNO’s business model and the corresponding grid
charge development in scenarios with a decline in gas demand. Chapter 4 examines the
feedback effect between actors in a specific network area and analyses the impact of variations
in the regulatory and political framework and DNO strategies. Building energy efficiency and
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heating systems are assigned probabilistically in this study. Chapter 5 systematically examines
the influence of building and grid specific parameters on the investment decisions of the
individual actors, the interaction between them and the consequences for the transformation
path based on a sensitivity analysis. Thereby, it addresses four questions, relevant for DNOs,
policy makers and energy economists:
x

What are the building-, heating- and grid-specific factors that influence significant
changes in the energy supply infrastructure, such as gas grid defection?

x

How are these building-, heating- and grid-specific influencing factors pronounced in real
urban grid areas?

x

How are the endogenous variables (gas demand, gas grid charges) shaped within the
transformation path and influenced by different configurations of the exogenous variables
(building type and age, heating system configuration, grid topology)?

x

Which configuration of exogenous factors (building type and age, heating system
configuration, grid topology) results in an equilibrium between construction and
replacement of gas-based heating systems, fosters gas-based systems or triggers the selfreinforcing feedback loop, which finally could cause gas grid defection?

To answer these questions, Chapter 5 presents a mixed integer linear program (MILP):
The building stock, consisting of the individual single buildings and their owners that want to
minimize their total costs for heating by renovation, is modeled based on the building retrofit
optimization presented in Chapter 4. The electricity and a gas DNO is modelled based on the
DNO cash flow model presented in Chapter 3. The MILP optimization model is validated
against the multi-agent simulation of the real grid area presented in Chapter 4. The subsequent
case study (Chapter 5.3.4) presents a sensitivity analysis: First, the key influencing factors are
identified. Second, a structural analysis examines their characteristics for the southern German
city of Bamberg to define the simulation setup. Third, the sensitivity analysis of 27 type
building collectives and 5 gas grid topologies is performed.

5.2 Model Description
5.2.1 Research Approach
This chapter investigates the feedback effects of the grid charge increase on the building
retrofit decisions of the building owners. Therewith, the focus is on the analysis of sensitivities
of these interdependencies with respect to building-, heating- and grid-specifics. Therefore, a
linearized mixed integer nonlinear program (MINLP) is introduced: The optimization
problem is to minimize the total cost of heating in all buildings in an area by retrofitting the
heating system and the building surface. This optimization problem is constrained by the
electricity and gas DNO’s strategic decisions. The respective DNO renews and maintains the
grid in order to ensure supply reliability. Hence, it adjusts the grid charges depending on the
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energy supplied, network length and grid investments to keep the grid age at the initial level
and guarantee a stable supply (corresponding to the “stable grid value” strategy of Table 4).
The other way around, the building retrofit decisions fix the demand of electricity and gas as
well as the corresponding grid length (Figure 47).
Political and regulatory environment
Set parameters and constraints regarding CO2 emission targets:
Æ Set taxation and levies
Æ Set energy-efficiency constraints
Æ Set market incentives and subsidies

MINLP: Building stock model

Parameters & constraints

Minimize the sum of total costs of all buildings:

Building j
Gas demand,
grid length

Minimize the total cost for heating through retrofitting
(for a given investment date):

Electricity demand,
grid length

Æ Choose type and size of heating system
Æ Choose surface insulation measures

Constraint:
Gas DNO

Constraint:
Electricity DNO

Set length weighted average grid age on the initial Gas
grid
value:
charges
Æ Determine and apply grid investments
Æ Determine the revenue cap and grid charges
based on demand and grid length

Electricity Set length weighted average grid age on the initial
grid value:
charges
Æ Determine and apply grid investments
Æ Determine the revenue cap and grid charges
based on demand and grid length

Figure 47. The modelling approach: A mixed integer linear optimization approach following a
Stackelberg game [188], where the leader is represented by a building retrofit optimization model and
the follower by the gas and the electricity DNO.

The interrelated system of building owners and distribution network operators represents
a conflicting situation due to the opposing objectives of the actors: Under the given regulatory
framework and strategy pattern, the gas DNO’s revenue cap is strongly dependent on the
demand scenario. Linked to this, the grid charges scale, which – depending on the price
elasticity – influences the willingness of grid customers to pay. The results of Chapter 4
indicate that the initially (via external triggers) induced reduction of gas demand leads to an
increase in gas grid charges, which makes the substitution of gas-based solutions more
attractive during the transformation path.
The demand scenario and thus the business model of the gas DNO is mostly characterized
by heating applications. While in the short-term, a monopoly situation prevails in which the
gas DNO sets the price (grid charges) at which the building owners purchase energy, in the
long-term, the gas DNO's business model is determined by the building owners’ investment
decisions. As a result, in a long-term view and the current situation in the natural gas grid,
rising grid charges lead to a break-up of the monopoly situation.
In a collapsing monopoly, as it is proposed for the gas grid, the optimization problem
corresponds to a hierarchically structured bi-level problem. The building owners’ decisions in
the upper level are constrained by the DNO optimization problem in the lower level. Both
problems are connected through an equilibrium in volume and price, related to Stackelberg
games in microeconomic [188]: The sum of the buildings represents the leader that anticipates
the energy price for one year, optimizes its strategy accordingly and fixes the amount of
supplied energy. The DNO represents the follower, which adjusts the grid charges for the
transportation service in order to clear the market for the transported energy. If the lower level
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problem is linear, it can be integrated in the upper level by replacing it with its primal and
dual constraints as well as the strong duality theorem by modelling a mathematical program
with primal and dual constraints (MPPDC) [44, 47, 189].
In this case, the supply task, i.e. the required grid length and the energy supplied, is
determined by the decisions of the building owners. For the chosen strategy in Chapter 5
(“stable grid charges”), the DNO can achieve its target – to keep the length weighted grid age
at the initial level – for all time steps independent of the building owners’ decisions (as long
as the grid exists). Due to this non-conflicting situation, the bi-level is reduced to a single-level
approach [189]: The length weighted grid age is set to the initial level for the planning horizon
and the DNO problem is replaced by its central equality constraint – cost equals revenue – in
order to integrate it into the building optimization problem.

5.2.2 Building Retrofit Optimization Model
The basic assumption of the model is that all the building owners want to minimize their
total costs for heating. To reach this goal, each building owner performs one building and
heating system retrofit during the planning horizon from 2020 to 2050. In this context, the date
of investment of each building is a predefined exogenous variable. On this date, the building
owner must renew or change the heating system and has the opportunity to reinforce the
building insulation, install a solar thermal system (STE) and lower the heating circuit
temperature. All cost components and technical parameters of the building equipment options
required for the respective heating system, such as a chimney, a fuel store or a hot water tank,
are calculated individually for each building or heating in a preprocessing procedure. The
optimization as well as the preprocessing procedure for a single building is presented in
Chapter 4. The model presented here is an extension of the optimization model presented in
Chapter 4: It considers the whole building stock of a grid area by minimizing the sum of the
total costs of the individual buildings. The political and regulatory constraints are set
corresponding to the scenario “combination 2” of Chapter 4.3.3. The parameterization of the
model is also corresponding to Chapter 4. For a list of acronyms used, see Appendix section
D. The model will not be presented in detail again (see Chapter 4.2.2). In the following, only
the objective function and the cost components are explained.
The objective is to minimize the sum of the total costs of all buildings ࣤ which perform a
retrofit in the year ऄ of the planning horizon ࣮ (Equation (5.1)).




ൌ
ࣼࣤא


ࣼ

(5.1)

Within the retrofit decision of a single building ࣼǡ the model considers the capital
expenditure (CAPEX) for a change of the heating system ࣼୗ , the improvement of the
building surface ࣼ , the operational expenditure (OPEX) for maintenance ࣼ and energy
procurement ࣼ (Equation (5.2)). The OPEX is calculated for the technical lifetime of the
heating system (33.5 years) based on annual time steps. The calculation interest rate for the
building owners is set to 0.5% for ࣼ, respectively 4% for ࣼ (analogous to Chapter 4). This
results in a present value factor PF of 18.3 ( ࣼ ), respectively 31 ( ࣼ).
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(5.2)

x

܋म۰۳ : The investment expenditure for the building envelope retrofit ࣼ (Equation (4.2)) is

a function of the insulation thickness ୈ
ࣸ and the building surface area ࣼ , calculated
based on the different surface parts ऀሾʹሿǤThe building surface is modelled in a single
is calculated based on DIN EN 12831 (German
zone. The design-relevant heat load ࣸǡࣼ
and European harmonized standard) [91]. The optimizer can choose an additional
insulation between 0 and 30 cm. The cost parameters ࣼ୧୶ and ࣼ୴ୟ୰ are calculated
individually for every building based on the area ratios of the individual surface parts

ࣼǡऀ and the corresponding costs [92]: roof, facade, windows, floor and door.

x

܋म۰۳ ܁: The investment expenditure for the building energy system ࣼୗ (Equation (4.3)) is

ୗ
a function of the building heat load ࣸǡࣼ
and the size of the solar thermal plant ःǡࣼ
[2].

represents the design-relevant heat load [91], including transmission and ventilation
ࣸǡࣼ
losses. The available heating systems are an air water heat pump (AWHP), a gas
condensing boiler (GCB), an oil condensing boiler (OCB), a pellet burner (PB) and an
ୗ୧୶
electrical direct heating (EDH). ࣽୗ୴ୟ୰ , ࣽǡࣼ
are the corresponding specific cost
parameters. In addition, the optimizer is able to install a solar thermal system (STE) and
ୗ୧୶
ୗ୴ୟ୰
lower the heating circuit temperature to increase the efficiency. ः
and ःǡࣼ
are
the corresponding specific cost parameters (STE).

x

܋म۳ ۼ: The expenditure for energy procurement ࣼ (Equation (4.4)) is a function of the

, the domestic hot water demand ࣼୈୌ , the size of the solar
building heat load ࣸǡࣼ
ୗ
thermal plant ःǡࣼ
and the additional wins and losses ࣼୗ , as well as the plant
expenditure figure ࣽୗ, the annual usage hours ࣼ, the costs for energy procurement in
େ
the year of investment ࣷǡऄୀऄ
ೡೞ and the present value factor for energy procurement
  [2]. The additional heat losses and wins ࣼୗ include heat distribution losses,
auxiliary energy, radiation losses and internal wins [190, 191]. They are not affected by the
େ
retrofit. The specific cost parameter ࣷǡऄୀऄ
ೡೞ is calculated based on the energy
୰୭ୡ
ୟ୶
procurement price ࣷǡऄ
, tax ࣷǡऄ
and grid charges

x

ୋେ
.
ࣷǡऄୀऄ ೡೞ

܋म ۻ: The operation expenditure for the maintenance of the building energy system ࣼ
(Equation (4.5)) is determined based on a fixed yearly rate ࣽୗ dependent on the

ୗ
and ःǡࣼ
) as well as the present
heating system and solar thermal plant type and size (ࣸǡࣼ
value factor for maintenance   [2].

The model constrains the number of measures for one building considering the heating,
the solar thermal plant and the building surface. Hence, the optimizer can choose a building
surface insulation measure, has to replace the heating system and can choose a solar thermal
plant.
In addition, the parameters and constraints are set corresponding to the situation in
Germany (analogous to simulation 8 “combination 2” of Table 8 in Chapter 4). The energy
efficiency constraint is modelled analogous to Chapter 4. This results in a retrofit rate for the
building envelope and heating system corresponding to the literature: The literature covers
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renovation rates of about 3.3% for heating systems and about 2-3% for building envelope
retrofits. This corresponds to a technical lifetime of the heating system of about 30 years and
of the surface of about 40-50 years [97] (see Chapter 2.2.3). The model sets the date of
investment of each building in order to reach this heating retrofit rate (approx. 3%).
Additionally, the model obliges 66% of buildings to retrofit their envelope and heating system.
This corresponds to an envelope retrofit ratio of approx. 2%.

5.2.3 Distribution Network Operator Model
As the regulatory regime differs from country to country [103], the model uses a basic
approach corresponding to the revenue-cap regulation currently applied in most European
countries, especially in Germany [103] (analogous to Chapter 3 and 4): The annual ऄ
(OPEX) and capital expenditures Ƚେଡ଼
(CAPEX) are added up for each
operational Ƚଡ଼
ࣷǡऄ
ࣷǡऄ
ୋେ
energy carrier ࣷ and passed on to grid customers in form of energy-based grid charges ࣷǡऄ
,
ୌୣୟ୲୧୬

depending on the energy supplied for heating ࣷǡऄ
Equation (5.3).
ࣝ א ࣷ ǡ ऄǣ Ƚେଡ଼
 Ƚଡ଼
െ
ࣷǡऄ
ࣷǡऄ

ୋେ
ࣷǡऄ

ୌୣୟ୲୧୬

 ڄ൫ࣷǡऄ

୬୷୲୦ୣ୰

and other demands ࣷǡऄ

୬୷୲୦ୣ୰

  ࣷǡऄ

൯ൌͲ

; see

(5.3)

All components of CAPEX and OPEX are modelled corresponding to Table 3 (analogous
to Chapter 3 and 4): The CAPEX is divided into interest on equity Ƚେ
ࣷǡऄ and borrowed capital
ୈୣ୮୰
ୟ୶
Ƚେ
ࣷǡऄ , trade tax Ƚࣷǡऄ , and depreciations Ƚࣷǡऄ . These components are modeled dependent on
the grid length ୋ୰୧ୢ
ࣷǡऄ , age and the corresponding technical lifetime (based on the normalized
mean rest book value of all assets ࣷǡऄ ). The OPEX is divided into operating costs Ƚେ
ࣷǡऄ ,
୮ୋେ
modeled dependent on the grid length, loss costs Ƚେ
and
ࣷǡऄ , upstream grid charges Ƚࣷǡऄ
ୋ୰୧ୢ
concession fees Ƚେ୭୬ୡ
ࣷǡऄ , modeled dependent on the energy supplied ࣷǡऄ .
The literature provides several models for the analysis of the DNO’s cash flow, some of
them consider each grid asset [2] (like it is presented in Chapter 4), others analyse the asset
base in a cumulated approach [1, 27, 47] (like it is presented in Chapter 3). This optimization
approach considers the asset base in a cumulated way, according to Chapter 3. The results are
compared to Chapter 4 for validation. The model is applicable to gas as well as electricity
DNOs. The model does not consider the individual grid assets. The grid is represented by its
ୋ୰୧ୢ
length ୋ୰୧ୢ
ࣷǡऄ and the corresponding age ࣷǡκ . The age is expressed by the cumulated rest book
ୋ୰୧ୢ
ୋ୰୧ୢ
value ࣷǡऄ of all fixed assets. ࣷǡऄ is calculated based on the length-specific historical
investment expenditures ࣷୋ୰୧ୢ , the grid length ୋ୰୧ୢ
ࣷǡऄ and the average residual book value
factor ࣷǡऄ according to Equation (5.4).
ୋ୰୧ୢ
ࣝ א ࣷ ǡ ऄǣ ࣷǡऄ
ൌ  ࣷୋ୰୧ୢ  ή  ୋ୰୧ୢ
ࣷǡऄ  ή  ࣷǡऄ 

(5.4)

The initial average rest book value factor ࣷǡऄୀ is calculated depending on the
technical life κ  and the length-weighted average grid age, which itself depends on the
length ୪ࣷǡκ and age κ ୍୬୧୲ of each line (Equation (5.5), calculated in a preprocessing step).
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 ࣷ Ԗ ࣝǡ ऄ ൌ Ͳǣ ࣷǡऄୀ

σκ ࣦא୪ࣷǡκ ή κ ୍୬୧୲
ࣷǡऄ
ൌͳെ
κ 

(5.5)

Equation (5.6) shows exemplarily, how the interest on equity Ƚେ
ࣷǡऄ is calculated for the
େ
whole grid based on the equity interest rate େ
ࣷ and the equity ratio  ࣷ . The other CAPEX
components are calculated analogously based on the network length ୋ୰୧ୢ
ࣷǡऄ and the average
residual value factor ࣷǡऄ . The calculation of the OPEX components is analogous to
Chapter 4 (Equations (4.11) - (4.14), operating costs for the cumulated line length).
େ
େ
ୋ୰୧ୢ
ࣝ א ࣷ ǡ ऄǣ Ƚେ
 ή  ୋ୰୧ୢ
ࣷǡऄ ൌ   ࣷ  ή   ࣷ  ή  ࣷ
ࣷǡऄ  ή  ࣷǡऄ 

(5.6)

Depending on the scenario – for a rising or falling demand – and the respective design of
the regulatory regime – from cost- to price- to revenue-based approaches – different objectives
for the DNO are desirable [2, 104]. The goal of a DNO with a tendency of a decreasing demand
– like in the gas sector – is to maintain its business model as long as possible. Therefore, it tries
keep the target value at a constant initial level during the planning horizon [27, 106]: While
maintaining the revenue cap to the initial level (corresponding to cost-based or revenue-based
approaches; “stable revenue cap” strategy of Table 4) leads to an increase in supply quality
and a decline in supply efficiency, the opposite effect occurs when keeping the grid charges
on the initial level (corresponding to price-based approaches; “stable grid charges” strategy of
Table 4). For increasing demand, both effects are reversed.
This chapter uses an approach where the DNO keeps the grid age, represented by the
mean rest book value factor ࣷǡऄ on the starting level to ensure a constant quality of
supply, independent of the demand scenario [104] (Equation (5.7)). This strategy corresponds
to the “stable grid value” strategy of Table 4.
ࣝ א ࣷ ǡ ऄǣ ࣷǡऄ ൌ  ࣷǡऄୀ

(5.7)

5.2.4 Joint Optimization Model
Relationship between energy supplied, customer number and grid length
According to the cost approach of this thesis (Table 3), the DNO’s revenues depends not
only on the cost allocation between CAPEX and OPEX but also on the energy supplied as well
as the grid length and age [2, 27]. Where the energy demand is directly dependent on user
behavior and the building owners’ investment decisions, the grid length depends indirectly
on these decisions: The location and size of grid users – the so called supply task – determines
the grid length [1] (see also the measure types presented in Chapter 4.2.3). Thus, from the
DNO’s point of view, the grid length, energy supplied and customer number are exogenous
variables, determined by the building owners’ decisions.
The proposed approach uses an abstract grid model based on the power function
and
presented in Chapter 3.2.1 to represent the dependency between grid length ୋ୰୧ୢ
ࣷǡऄ
customer number ୋ୰୧ୢ
of
the
grid
for
the
energy
carrier
ࣷ
(electricity
or
gas)
and
the
time
step
ऄ
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ऄ. In this context, the grid length ୋ୰୧ୢ
ࣷǡऄ is an abstract measurement, which represents all assets
necessary for grid operation (Equation (5.8)).

ୋ୰୧ୢ୫ୟ୶
ࣝ א ࣷ ǡ ऄǣ ୋ୰୧ୢ
כቆ
ࣷǡऄ ൌ  ࣷ

୩
ୋ୰୧ୢ
ࣷǡऄ
ቇ
ୋ୰୧ୢ୫ୟ୶
ࣷ

(5.8)

represents the customer number when every building is connected to the grid
ୋ୰୧ୢ୫ୟ୶
ࣷ
is the corresponding grid length. The exponent k is a measure of the disorder of
and ୋ୰୧ୢ୫ୟ୶
ࣷ
the network [124, 126–128] (see Chapter 3.2.1). It describes the non-linearity between grid
length and customer number. The results of Chapter 3 assume typical values for k in 57 real
grids in the range of 0.4 to 0.5 for randomized exits. The optimization model linearizes the
power function via a linear piecewise formulation [170]. In this context, four grid points are
set, whereby their positions are estimated with a least-square-fit [156] (see also Chapter 5.2.5).
The resulting linear formulation is integrated into the building model.
is not only determined by heating
The energy supplied in distribution grids ୋ୰୧ୢ
ࣷǡऄ
ୌୣୟ୲୧୬

୬୷୲୦ୣ୰

. There are also other demands ࣷǡऄ
applications ࣷǡऄ
are not affected by building retrofits (Equation (5.9)).
ୌୣୟ୲୧୬

ࣝ א ࣷ ǡ ऄǣ ୋ୰୧ୢ
ࣷǡऄ ൌ  ࣷǡऄ

(exogenous parameter), which

୬୷୲୦ୣ୰

  ࣷǡऄ

(5.9)

This aspect comes into play in the electricity grid: Over the entire planning horizon, all
buildings are connected to the electricity grid – independent of the building owners’ retrofit
decision –, as electricity is used for several different applications (e.g. lighting). As a result, the
electricity grid length remains at the initial value. In the residential areas under investigation,
the entire gas demand is responsible for heating applications, so the number of customers
ୋ୰୧ୢ
varies with the building investment decision. Therefore, ୋ୰୧ୢ
ࣷୀୋୟୱǡऄ and ࣷୀୋୟୱǡऄ as well as
ୋ୰୧ୢ
ࣷୀ୪ୣୡ୲୰୧ୡ୧୲୷ǡऄ are dependent on each building owner’s investment decision, where
େ
ୋ୰୧ୢ
ࣷୀ୪ୣୡ୲୰୧ୡ୧୲୷ǡऄ is stable during the analysis (Equation (5.10)). ࣷୀୋୟୱǡࣽ is a binary matrix that
ୖୣ୫ୟ୧୬ୋ୰୧ୢ
assigns an energy carrier ࣷ to each heating system ࣽ. ࣷୀୋୟୱǡऄ
represents the number of
customers, which performs no building retrofit in the year ऄ or which grid connection does
not depend on the retrofit decision (exogenous parameter).
େ
ாௌ
ୖୣ୫ୟ୧୬ୋ୰୧ୢ
 ࣷ ൌ ǡ ऄǣ ୋ୰୧ୢ
   ࣷୀୋୟୱǡࣽ
ܾࣽ ڄǡࣼ
ࣷୀୋୟୱǡऄ ൌ  ࣷୀୋୟୱǡऄ
ࣼࣥאࣽ ࣤא

(5.10)

Integration of the DNO into the building model
Both, the electricity and gas DNO set their investment ratios in order to keep the average
asset age of the grid on the initial level (DNO strategy: “stable grid value”, see Table 4). For
this purpose, the variable ࣷǡऄ is set to the initial level ࣷǡऄୀ for each year in the
planning horizon.
Under the condition that the grid length ୋ୰୧ୢ
ࣷǡऄ represents an exogenous variable in the
calculation of the DNO’s revenue cap and the mean residual book value factor forms a
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constant ࣷǡऄୀ , the DNO optimization problem is reduced to an equality constraint
(Equation (5.11)) – according to the relationship of Equation (5.3). This constraint is integrated
into the building model for the gas and the electricity sector.

େ
ୟ୶
େ
ࣝ א ࣷ ǡ ऄǣ ൭ሺେ
 ͳሻ ή େ
ࣷ ή  ࣷ ሻ  ቀሺ ࣷ
ࣷ ή ࣷ ቁ 

ͳ
൱ ή ୍ࣷ ή ୋ୰୧ୢ
ࣷǡऄ ή ࣷǡऄୀ 
ࣷ

ୖେ
ୋ୰୧ୢ
ࣷǡऄ ή ࣷ
୮ୋେ

൫ࣷ

 ࣷେ୭୬ୡ  ࣷେ ή
െ

ୋେ
ࣷǡऄ

୭ୱୱ
൯
ࣷ

ୌୣୟ୲୧୬

 ڄ൫ࣷǡऄ

ୌୣୟ୲୧୬

ή ൫ࣷǡऄ

୬୷୲୦ୣ୰

  ࣷǡऄ

୬୷୲୦ୣ୰

  ࣷǡऄ

(5.11)

൯

൯ൌͲ

The components of the revenue cap are split in CAPEX and OPEX:
x

The components of the CAPEX depend on the grid length ୋ୰୧ୢ
ࣷǡऄ in year ऄ, the historical
acquisition costs ୍ࣷ and the mean rest book value factor ࣷǡऄ , which is set to its initial
େ
value ऄ = 0: The return on equity Ƚେ
ࣷǡऄ is a function of the equity ratio  ࣷ and interest
େ
େ
rate  ࣷ . The interests on borrowed capital Ƚࣷǡऄ are dependent on the debt ratio େ
ࣷ and
ୟ୶
interest rate େ
ࣷ . The trade tax Ƚࣷǡऄ is a part of the return on equity, calculated based on
ୈୣ୮୰
ୟ୶ . The depreciations Ƚࣷǡऄ are dependent of the reciprocal technical lifetime of the

grid assets ࣷ Ǥ

x

The OPEX consists of the operating costs Ƚେ
ࣷǡऄ , dependent on the grid length as well as on
୮ୋେ
େ୭୬ୡ
the upstream grid charges Ƚࣷǡऄ , the loss costs Ƚେ
ࣷǡऄ , the concession fees Ƚࣷǡऄ , again
୮ୋେ

depending on the respective specific costs ࣷ
the energy supplied.

, ࣷେ, ࣷେ୭୬ୡand losses

୭ୱୱ
ࣷ

as well as

Additional constraints are necessary for linearization and the mapping of the problem to
the situation in Germany:
x

Upper and lower limits for the grid charges: The grid charges are limited downwards (0
̀
)
୩୦

x

as well as upwards (100

̀
).
୩୦
ୌୣୟ୲୧୬

ୋେ
Constraints due to linearization of products of continues variables ሺ ࣷǡऄ
ࣷ ڄǡऄ
ሻ: To
linearize these products of two continuous variables, the energy is discretized [44] and the
resulting product of a binary and continuous variable is substituted via an additional
variable and four constraints considering [170].

Procedure for the analysis of transformation paths
Due to the reduction of complexity, the optimization is carried out for single years. To
simulate a planning horizon of several years, the results from year ऄ are set as input values for
year ऄ+1 (Figure 48). Hence, the transformation path for a given planning horizon is analysed
by stringing together several optimizations. A single building ࣼ takes an investment in the year
ऄ ൌ ऄ ூ௩௦௧ , when its heating system has reached its technical lifetime.
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Results of year t = Input of year t+1

Building
stock

ऄ
Grid
charges

Energy,
Length

DNOs

Building
stock

ऄ+1

Grid
charges

…
…

Energy,
Length

DNOs

ऄ+2

ऄ+࣮Planning

Figure 48. Analysis of the transformation path: The simulation performs the optimization for each year
in the planning horizon. The results from the year ऄ are set as input data for the year ऄ+1. The year of
investment of a single building is determined with a binary parameter.

5.2.5 Model Validation
This chapter validates the optimization model presented based on the real grid area of the
German city of Bamberg, which is analysed in Chapter 4. In this context, two main questions
are addressed: First, the results with regard to the building retrofit decisions of the multiagent-simulation (Chapter 4) are compared with those of the mixed integer linear program
(Chapter 5) for a planning horizon from 2020 to 2050. Second, the characteristics of the
endogenous variables, relevant for the gas and electricity grid operation, are compared
(variables: demand, customer number, grid length, revenue caps and grid charges).
The multi-agent-simulation (MAS) in Chapter 4 uses a similar building retrofit model, but
a more detailed grid and DNO model. Compared to the MILP model presented here in
Chapter 5, the MAS considers the economic and technical properties of the individual grid
assets. By comparing both models, it is possible to validate the simplified grid model used
here in Chapter 5 with regard to the power function fit (customer number and grid length)
and the gas and electricity DNO’s characteristics (grid charges, energy demand, grid length,
revenue cap). It is also possible to compare the feedback effect on the building owners’
investment decisions (heating system type, insulation status).

5.2.5.1 Building Retrofit Decisions
The whole thesis uses IWU type buildings, where the insulation status of the buildings,
the building types and the corresponding heating systems. In this way, the houses in the real
grid area under investigation are assigned to type buildings (see Chapter 4.3.1). The initial
building stock (n=129) in the area under investigation is characterized by terraced houses of
the age classes F and G (n=95) and single-family houses of the age class E (n=11). The buildings
are primarily equipped with gas (n=86) and oil burners (n=17) or electric direct heatings (n=26)
(Figure 49a).
A comparison of the optimization results in 2050 shows only minor differences between
the selected building retrofits of the two simulations (the joint MILP (Chapter 5) in Figure 49c
and the MAS (Chapter 4) in Figure 49b): 5.4% (n=7) of the building owners choose a divergent
heating system configuration (heat generation unit and the heating circuit); 0.8% (n=1) of the
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building owners choose different insulation thicknesses (difference greater than 5cm); 0.8%
(n=1) of the building owners choose a solar thermal system of a varying size. These differences
are due to three reasons:
x

First, the joint MILP restricts the solution space by limiting the types of insulation
thicknesses and solar thermal systems in order to reduce the computing time, compared
the MAS.

x

Second, the joint MILP maps the interdependency between the two actors within a time
step: Both problems are integrated into one optimization, the building owners’ retrofit
decisions and the DNO’s investment decisions. In the MAS, both problems are modelled
independently from each other. The optimization or action of the agents is performed
individually. The interaction of the agents is scheduled via the MAS before and after the
action of a single agent. As a result, the original optimization problems of both actors
(building and DNO) are decoupled within a time step.

x

Third, there is an additive error in CAPEX due to the simplifications in the joint MILP,
compared to the MAS, which could be compensated adjusting the historical acquisition
expenditures. As this is a validation and not a calibration, the adjustment is waived (see
below Chapter 5.2.5.2).

(a)

(b)

(c)

Figure 49. Buildings and heating systems in the area under investigation: (a) Initially installed systems
(2020) (b) Optimization results of [2] (Chapter 4) (2050) (c) Optimization results of this thesis (2050)
(Labels: heating system type forward / return flow temperature in °C. Initially installed heatings:
Heating system types do not correspond to the real status in the area. Data alienated in accordance with
data protection regulations [181] (Initially installed building heating systems are swapped between the
buildings for the picture.). The background map is taken from [50].)

From the results of both simulations, some general trends can be derived (for this area
under the assumed regulatory constraints):
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x

Electric direct heatings are mainly substituted, without exception due to the energy price
and the regulatory constraints, by electric heat pumps (25 out of 26 systems in the MAS).

x

Energy prices and the regulatory constraints lead to an increased substitution of oil (8 of
17 systems in [2]) and gas burners (27 of 86 systems in the MAS).

x

Mostly, insulation measures in the range of 10-20 cm are chosen. In those cases, oil and
gas burners (84% of the buildings with insulation measures in the MAS) become more
attractive than heat pumps (16%).

x

Solar thermal systems are only installed in a small number of buildings (n=6), mainly in
apartment buildings (4 out of 6 buildings in the MAS).

5.2.5.2 Gas and Electricity DNO’s Business Model
The relationship between grid length and number of customers is modelled using a power
function. To validate this simplification for the city area, the exponent k is derived from the
results of MAS (see Figure 50b, green curve). After fitting (k=0.36), the function is piecewise
linearized. The breakpoints are selected so that the sum of the error squares is minimized
(Figure 50a).
The comparison of the MAS and the linearized model show only minor differences: Due
to the properties of the potency function, the length is systematically a bit underestimated
(Figure 50a), but not significant. Consequently, this leads to an overestimation of grid charges
in scenarios where grid customers leave the grid. Based on the results of the MAS, another
observation can be made (Figure 50b): Energy-saving measures increase the disproportionality
between the length of the grid and the energy supplied (compare the red and the green line as
well as the corresponding exponents k).

(a)

(b)

Figure 50. Measured, fitted and linearized values of grid length, number of customers and energy
supplied by comparing the results of the multi-agent simulation and the joint optimization. (a) Grid
length and customer number as implemented in the joint optimization model (b) Grid length, customers
number and energy demand, to illustrate the additional impact of energy saving measures and
renewable generation (R2: Coefficient of determination, MSE: Mean squared error)
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The validity of the simplified grid and DNO model is assessed by comparing the gas and
electricity demand (Figure 51a), grid charges (Figure 51b), grid lengths (Figure 51c) and
revenue cap (Figure 51d) development of the two simulations, the joint MILP with the MAS.

(a)

(b)

(c)

(d)

Figure 51. A comparison of selected results for the area under investigation between the multi-agent
simulation and the joint optimization model. (a) The annual gas and electricity demand (b) The annual
gas and electricity grid charges (c) The electricity and gas grid length in the corresponding year (d) The
annual gas and electricity DNO’s revenue cap (Mean squared errors calculated based on the values
normalized to the maximum the MAS).

In the case of electricity and gas demand as well as the gas grid length, the error is small.
The absolute value of the revenue cap and the grid charges in the gas sector are overestimated
in the joint optimization model. This additive error is due to the simplifications within the joint
optimization model and comes from an overestimation of the CAPEX, which itself is induced
by the cumulative modelling of all asset with the mean rest book value ࣷǡऄ . This
systematic error can be compensated by adjusting the specific cost parameter ୍ࣷ of the lines
(historical acquisition costs) of the DNO. As a result, the revenue caps and grid charges for gas
and electricity of the two simulations would coincide at the starting point of the simulation.
To show the differences between the two models, they are parameterized identically. The
adjustment of ୍ࣷ described above is omitted from the model validation and sensitivity
analysis.
Based on the results of both simulations, some general trends for the interdependencies
between the actors can be observed: The gas demand decreases, induced by energy-saving
measures and the substitution of gas-based systems (Figure 51a). Consequently, the grid
charges increase by 134% from 2020 to 2050. This corresponds to an increase of the gas
procurement price of 36% (joint optimization model, Figure 51b). Depending on the type of
the building and the initial building equipment, this can increase the total costs of the gas-
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based retrofit solution to such an extent that heat pump solutions appear economically more
attractive. As a result, the rate of change in gas demand over time increases from 2035 up to
2050 compared to the period 2020-2035.
The observed increase in grid charges is mainly induced by the disproportionately low
decrease in grid length (Figure 51c) in relation to energy: By 2050, the gas demand will
decrease by approx. 70% and the grid length by approx. 10%. As a result, a disproportionately
long grid has to be operated. The resulting costs for network operation are passed on to the
grid charges, which is why the revenue cap of the gas DNO decreases almost linearly (Figure
51d). The decrease in electricity demand in this grid area is induced by the change of the
initially high number of electrical storage heaters and energy-saving measures in the
buildings, also resulting in an increase in grid charges.

5.3 Case Studies
5.3.1 Key Performance Indicators, Constraints and Data
The core case study of Chapter 5 is the sensitivity analysis (Chapter 5.3.4). It investigates
the influence of a switch of one input variable on the target variable. Before performing the
sensitivity analysis, possible influencing parameters are identified on the basis of literature
(Chapter 5.3.2) and the range of these parameters is qualified for the natural gas and electricity
grid area of the German city of Bamberg (Chapter 5.3.3). The following paragraph explains the
basics of the sensitivity analysis.
Conception of the sensitivity analysis
The sensitivity analysis investigates the interdependencies between building and DNO
decisions in a transformation path from 2020 to 2050. It focusses on the influence of building
and grid characteristics on natural gas and electricity consumption for a regulatory
environment corresponding to the situation in Germany (see “Combination 2” in Table 8).
The analysis considers different scenarios, each represented by a type building collective.
For each scenario, the effect of a change in the grid topology, expressed by the exponent k, on
the gas and electricity demand is assessed for selected years in the development path.
According to the ceteris paribus condition, the exponent k represents the independent input
variable. The sensitivity analysis thus evaluates the influence of a shift of this input variable
on the target variable (the standardized natural gas or electricity demand in 2050). Whereby,
all parameters except the input variable are constant over the entire analysis within a scenario
[192]. For a detailed description of the assumptions and simplifications in the validation and
sensitivity analysis part see the Appendix section D, for the acronyms used D1, for the
conception of the analysis D2.
The building collective, representing one scenario, consists of 31 buildings. All buildings
are of the same building type (classes: RH, SFH, MFH) and age class (classes: B: 1860-1918, G:
1979-1983, K: 2010-2015), according to the German residential building typology [48]. The
heating types are set to generate three scenarios for the connection ratios of buildings to the
natural gas grid (classes: 100%, 75%, 50%). The building density is kept stable in all scenarios
(0.04 1/m); see Table 11.
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Table 11. Type building and heating system stock *
Building types

TH, SFH, MFH (one type per scenario)

Buildings per line meter (1/m)

0.04

Connection ratio gas grid

1

0.75

0.5

Gas customers per line meter (1/m)

0.04

0.03

0.02

Initial heating
system (Share
of systems in
the building
collective)**

Building age classes
AWHP

B

G

K

B

G

K

B

G

K

0.00

0.00

0.00

0.00

0.00

0.23

0.00

0.00

0.48

GCB

1.00

1.00

1.00

0.74

0.74

0.77

0.52

0.52

0.52

OCB

0.00

0.00

0.00

0.10

0.10

0.00

0.26

0.26

0.00

PB

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

EDH

0.00

0.00

0.00

0.16

0.16

0.00

0.23

0.23

0.00

90/70

70/55

35/28

90/70

70/55

35/28

90/70

70/55

35/28

Heating circuit temperature
(forward and return flow in °C)

* The values are justified in Chapter 5.3.3. ** The technical building equipment options are selected (chimney,
heating circuit, hot water production, etc.) corresponding to the building age class and the heating system (see [2]
and Table C.1).

The building ages and heating systems from Table 11 are as follows:
x

Age class B represents buildings constructed before the foundation of the Federal
Republic of Germany in 1948. Age class G represents buildings constructed according to
Thermal Insulation Ordinances 1 and 2 (1979–1994) and age class K represents buildings
constructed according to the revised Energy Saving Ordinance (2010-).

x

The initial heating system types (AWHP: air-water heat pump, GCB: gas condensing
boiler, OCB: oil condensing boiler, PB: pellet burner, EDH: electrical direct heating) are
assigned to the buildings depending on their age class. The efficiency ratios are selected
corresponding to Table 27. The technical building equipment options (heating circuit
characteristics, chimney, gas connection, etc.) are set corresponding to the type of heating
system and the age class of the buildings. Three heating system configurations are
distinguished corresponding to different connection rates of the buildings to the gas grid
(classes: 100%, 75%, 50%).

The combination of the three building types, age classes and connection rates to the gas
grid results in 27 type building collectives, each of which is considered as a scenario in the
sensitivity analysis. The number of years in the planning horizon corresponds to the number
of buildings in the type building collective (n=31). Building renovations are equally distributed
over the planning horizon. So, one building is renovated every year. Thereby, the renovations
of buildings with different heating systems are equally distributed over the planning horizon.
The building-specific year of investment is listed in Table 33 in the Appendix section D.
Real grid data
To verify the assumptions and to estimate the ranges for the parameters of the sensitivity
analysis, 58 real low-pressure natural gas grids and 323 low-voltage electricity grids as well as
open source building data [50, 51] of the southern German city of Bamberg are analysed; see
Figure 4a for the natural gas grid and Figure 4b for the electricity grid area.
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5.3.2 Identification of Influencing Parameters
This section provides a literature-based answer to the question, which building-, heating-,
and grid-specific factors significantly influence the transformation of the energy supply
infrastructure and may foster non-gas-based systems. The results are used to select important
parameters and scenarios for the structural grid (Chapter 5.3.3) and sensitivity analysis
(Chapter 5.3.4). Therefore, the investigation defines five classes of parameters: (i) state
regulatory environment, (ii) grid charge models, (iii) market, technology and environmental
conditions, (iv) building, usage and ownership characteristics as well as (v) DNO and grid
characteristics, concerning the different actors’ policy, DNO, building and market as well as
technology and environment. For each of these factors, sub-types are identified. Table 12
covers the description and interpretation of these sub-types and the literature sources used for
parametrization. In addition, it explains whether a parameter is set as a target variable or as
an input variable, or is used for scenario generation within the sensitivity analysis.
Table 12. Influencing factors taken into consideration in the sensitivity analysis *
Influencing
factor / actor
State
regulatory
environment /
policy

Sub-types, definition and literature used for
scenario generation, parameter variation

Consideration in sensitivity
analysis (objective variable,
scenarios, input parameter)

- Taxation and levy systems: E.g. trade tax, CO2
tax, CHP or renewable resources levy [60, 184].
- Energy efficiency constraints for the building
heating system or the surface [60, 62, 185].
- State market incentive and subsidy programs:
E.g. for energy efficiency measures in heating
and building retrofit sector [182, 186].

- Objective variable: ---- Scenarios: One scenario
considering the situation in
Germany [2].
- Sensitivity parameter: ----

Grid charge
models /
policy

- Energy- and/or power-based grid charges or
other models [44].
- Exceptions for systemically important facilities:
E.g. reduced grid charges for interruptible loads
[113].

- Objective variable: Relative
grid charges
- Scenarios: One scenario with
yearly energy-based grid
charges.
- Sensitivity parameter: ----

Market,
technology
and
environmental
conditions

- Increased efficiency of existing or new systems:
E.g. the COP of electrical heat pumps [35].
- Fluctuations of system or energy carrier prices:
E.g. CO2 footprint of the used energy carrier [193].
- Climate and weather conditions in the grid area.

- Objective variable: ---- Scenarios: One scenario
considering the situation in
Germany [2].
- Sensitivity parameter: ----

Building,
usage and
ownership
characteristics
/ building

- Building usage type and socio-economic
characteristics of the owner [86, 194].
- Building age class and insulation status of the
surface [48].
- Technical building equipment options including
the heating system [195].
- Decentralized energy generation: E.g. solar
thermal, PV or CHP systems [47].

- Objective variable: Relative
cumulated annual energy
demand
- Scenarios: Various residential
type buildings collectives, with
different demand and
customer densities [49];
variation of the interest rate on
energy procurement.
- Sensitivity parameter: ----

(grid
regulation see
DNO)
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DNO and grid
characteristics
/ DNO

- The age of the total fixed assets of the grid [27].
- Grid topology: Relationship between the
customer number and the grid length [1].
- Cost allocation (CAPEX and OPEX) of the DNO
[27].
- Strategy of the DNO [2, 27].
- Design of the regulatory mechanisms: E.g.
depreciation periods, cost or price based
regulation, quality benchmarking [27, 103].

- Objective variable: ---- Scenarios: Two grid age
scenarios, in which the DNO’s
strategy is to maintain the grid
age on a stable level (SGV).
- Sensitivity parameter: Various
topology configurations.

* The citations are set in relation to the parameterization used in this thesis.

5.3.3 Analysis of Selected Structural Parameters in Real Urban Grid
Areas
This section answers the question, how building-, heating- and especially grid- specific
influencing factors are shaped in real urban grid areas of the German city of Bamberg (2019).
Therefore, 58 natural gas and 323 electricity distribution grids are investigated. The results are
used to define the scenarios and parameter settings for the sensitivity analysis (Chapter 5.3.4).
The section analyses selected structural parameters which have a high influence on the grid
economics [1]:
x

The number of customers supplied as well as the grid length serve to classify the size of
the investigated gas and electricity grid areas.

x

The energy demand and the number of customers per line meter are used to classify the
demand or customer density.

x

The average annual energy consumption of buildings provides information on the
average customer size.

x

The exponent k describes the grid topology and serves as a measurand for the relationship
between the number of customers and the grid length needed for supply. In this analysis,
the exponent k represents the median of 10,000 simulations in which the customers are
randomly removed from the grid one after the other. The exponent k is estimated for every
gas grid (n=58) and simulation (n = 10,000); corresponding to Chapter 3.3.2.2.

Natural gas grid areas
Figure 52 shows the results for the gas grids: The median of the grid length is 4,225m and
the median of the number of customers is 146. The average energy consumption differs
between 27,000 kWh (0.25-quantile) and 53,000 kWh (0.75-quantile), induced by a fluctuating
connection density of the buildings to the gas grid as well as their size and energy efficiency.
The number of customers per line meter (connection density) is between 0.026 1/m (0.25
quantile) and 0.04 1/m (0.75 quantile). This means, the distance between buildings connected
to the gas grid is between 25m (0.75-quantile) and 38m (0.25-quantile). This range corresponds
to literature [27]: Adoption for high-density areas 0.048 1/m and low-density areas 0.021 1/m.
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Based on these results, the values for the sensitivity analysis are determined: The building
density is set to a fixed level (0.04 1/m) and the heating system configuration of the building
stock is varied in three scenarios, whereby 50%, 75% or 100% of the buildings are connected to
the gas grid. This corresponds with connection densities of the buildings to the gas grid of
0.02, 0.03 and 0.04 1/m. These values reflect the situation in the real grid area of Bamberg.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 52. Box plots of structural parameters estimated for all natural gas grid areas (n=58) in the German
city of Bamberg in 2019. (a) Number of grid customers per area (b) Mean annual energy demand per
customer in all areas (c) Grid length per area (d) Annual energy demand per line meter and area (e)
Customer number per line meter and area (connection density) (f): Median exponent k for 10,000 seeds
randomly distributed exits in all grid areas; see Chapter 3.3.2.2 (Dots: individual grid areas, boxes:
median and 25%/75% percentiles of the resulting distribution, whiskers: +/- 1.5 IQD)

The energy demand per line meter in the grid area is between 872 kWh/(m*a) (0.25quantile) and 1,753 kWh/(m*a) (0.75-quantile). In a comparable study [27], the variation is
higher: 5,760 kWh/(m*a)
for high-density areas, 840 kWh/(m*a) for low-density areas. In the sensitivity analysis, a
similar wide range of values is chosen: In the case of an apartment building stock of building
age class B (MFH-B), a 100% connection rate results in an energy demand per line meter of
approx. 4,800 kWh/m and of approx. 400 kWh/m in case of a single-family house stock in the
age class of K (SFH-K) with a connection ratio to the gas grid of 50%.
The exponent k describes the relationship between the number of customers in the grid
and the network length. It varies between 0.377 (0.25-quantile) and 0.443 (0.75-quantile) for the
real gas grid areas. The dispersion of the value depends on the network topology and the
order, respectively the distribution of the customer exits. For the structural analysis in this
chapter, the customer exits are chosen randomly. The analysis in Chapter 3.3.2.1 shows, that
larger or smaller values of k are possible in case of weighted exit distributions. Therefore, the
exponent k is varied as an input parameter in the sensitivity analysis from 0.2 to 1.0 in 0.2
steps.
Electricity grid areas
The electricity and gas grid areas are not congruent, also their characteristics differ
(compare Figure 52 and Figure 53): The number of electricity grids (n=323) is significantly
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higher than the number of the gas grids (n=58); the grid length of the electricity grids (1351 m)
is smaller than the grid length of the gas grids (4225 m, 0.50 quantiles); the number of
customers in the electricity grids (n=32) is smaller than the number of customers in the gas
grids (n=146, 0.50 quantiles) and the median of the energy demand of a customer in the
electricity grids (15,301 kWh/a) is also lower than in the gas sector (36,725 kWh/a).
The customer number per line meter in the electricity grids is 0.032 1/m (0.50 quantile).
This is comparable to the level in the gas grids 0.033 1/m (0.50 quantile), although the
dispersion in the electricity grids is higher than in the gas grids (IQD electricity 0.027 1/m, IQD
gas 0.0141/m).
Considering both, the similar number of customers per line meter and the difference in
the single customer's energy demand, the electricity grids has a lower energy demand per line
meter (474 kWh/(m*a)) compared to the gas grids (1085 kWh/(m*a), 0.50-quantile). Whereby,
the dispersion is higher in the electricity than in the gas sector.

(a)

(b)

(c)

(d)

(e)

Figure 53. Box plots of structural parameters estimated for all electricity grid areas (n=323) in the German
city of Bamberg. (a) Number of grid customers per area (b) Mean annual energy demand per customer
in all areas (c) Grid length per area (d) Annual energy demand per line meter and area (e) Customer
number per line meter and area (connection density) (Dots: individual grid areas, boxes: median and
25%/75% percentiles of the resulting distribution, whiskers: +/- 1.5 IQD)

5.3.4 Sensitivity Analysis for Type Building Areas
The sensitivity analysis addresses two questions: (i) How are the endogenous variables
(gas demand and gas grid charges) influenced by different configurations of the exogenous
variables (building type and age, heating system configuration and grid topology)? (ii) Which
configuration of exogenous variables results in an equilibrium between construction and
replacement of gas-based heating systems, fosters gas-based systems or triggers the selfreinforcing feedback loop, which finally could cause gas grid defection?
To answer these questions, different scenarios for a building collective (n=31) are
simulated, varying the building types (n=3), the building age classes (n=3) and the initial
heating system configuration (n=3) (period: 2020-2050). For each scenario (type of building
collective), the simulation is performed for 5 grid topologies, represented by the exponent k
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from 0.2 up to 1.0 in 0.2 steps. In all simulations, the gas and electricity demand in 2050 is
measured in relation to 2020 and the heating system stock is discussed for 2050. In a last step,
it is investigated how the sensitivities depend on the initial grid age and the interest rate for
energy procurement.
Influence of the building and grid configuration on the gas and electricity demand
Figure 54 shows the dependency of the relative gas demand on the grid topology (data
points) for different type building collectives (lines). For the electricity demand, see Figure 69
in the Appendix section D (D3). One data point represents the gas demand (2050 compared to
2020) of one simulation (the same building, heating and grid configuration):
The gas demand decreases in all type building collectives (building types: TH, SFH, MFH;
age classes: B, G, K), particularly in areas with terraced and single-family housing and a low
ratio of buildings connected to the gas grid (connection rates: 50%, 75%, 100%). With regard to
the connection rate, a dependence of the gas demand to the network topology (value k) can be
observed: The decrease in gas demand is higher for lower values of k. An effect that occurs in
all scenarios, but is more pronounced when the initial connection rate of buildings to the gas
grid is low (compare k=0.2 and k=1.0 in Figure 54a with Figure 54c). The results suggest that
two interrelated aspects are of interest (both are consistent with the results from Chapter 4.3):
x

Initial connection rate of buildings to the gas grid: The risk of a complete gas grid
defection increases with a decreasing initial connection rate of buildings to the gas grid,
building size (SFH, TH) and a decreasing exponent k (compare Figure 54a, b and c). In
this context, it is important to note that the grid charges are calculated individually for
each building collective. Therefore, they are low in areas with multi-family housing
compared to terraced or single-family housing and dependent on the connection rate of
building to the grid: The grid charges of the transportation grid are taken into account by
୮ୋେ
, which is defined globally for all areas. The grid
means of a fixed cost parameter ࣷ
charges of the distribution grid are calculated individually based on the characteristics of
the grid and the energy demand. Since grid length and age of the distribution grid are
defined globally, the grid charges vary between the building collectives depending on the
energy demand of the individual areas. This corresponds to the methodology used in
practice [27]. As the building stock in real grid areas is much more heterogeneous, the
dispersion of grid charges between areas is less pronounced in reality than between the
type collectives used in this thesis.

x

Grid topology: The exponent k, which describes the network topology, can also be seen
as a predictor for the risk of gas grid defection: For smaller values of k, the
disproportionality between grid length and energy supplied rises. In this case, the risk of
a grid charge increase rises, when customers leave the grid. This effect fosters the
attractiveness of a substitution of gas-bound systems. The effect weakens the higher the
connection rate of gas customers or energy consumption per line meter.
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(b)

(a)

(c)
Figure 54. Sensitivities of the future gas demand (2050 relative to 2020) to the grid topology for different
building types and heating system configurations, where (corresponding to Table 11) initially a different
number of buildings are connected to the gas grid. (a) 50% (b) 75% (c) 100% (Length-weighted mean grid
age in all simulations: ͲǤͷͲ ή   ; Interest rate on energy procurement in the building investment model
in all simulations: 4% (  = 18.3))

Two opposing mechanisms can be observed in buildings with initially installed gas
burners, especially in areas where a low amount (50% or 75%) of small buildings (SFH, TH)
are connected to the gas network (Figure 55): On the one hand, the initial gas grid charges and
thus energy-related expenditures for gas burners are on a high level. This makes new
construction of gas burners unattractive in buildings that do not initially have a gas grid
connection or gas-based heating.
On the other hand, buildings which initially use gas burners tend to renew them, as long
as the energy-related expenditures remain below a certain threshold. In case of an initial
installed gas burner, a substitution of it is linked to a change of the energy carrier for heating
and a retrofit of the technical building equipment. This increases the investment expenditures
and lowers the attractiveness of a gas burner substitution.
An effect which concerns buildings that switch to gas as well as from gas, so there is an
interrelation between both mechanisms, the initial building and heating configuration and the
grid configuration: In areas with a low connection rate (50%, 75%), the non-gas-supplied
buildings of the age class K have initially installed heat pumps, those of the age classes B and
G oil burners and electric direct heatings. Each system is linked to the corresponding technical
building equipment option. In case of a direct electric heating, the installation of a gas
condensing boiler is associated with a retrofit of a gas grid connection, a chimney and a heating
distribution network as well as radiators. In the proposed model, the corresponding expenses
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are partly independent and partly dependent on the size of the building (reference floor area).
Consequently, the weight of the additional investment expenditures for the technical building
equipment in the investment decision is higher in small (SFH and TH) compared to large
(MFH) buildings. In MFH buildings, the investment and operating expenditures for the heat
generator are higher weighted (compare Figure 55a, b and c).
On the one hand, this makes the substitution of an existing gas burner unattractive as long
as the energy-related expenditures do not rise above a certain threshold. On the other hand,
even for low energy-related expenditures, switching to gas burners is prevented by high
investment expenditures for retrofitting the technical building equipment in some cases (e.g.
for initially installed electric direct heatings).

50%

(a)

75%

(b)

100%

(c)

Figure 55. Selected results of the sensitivity analysis: Building age specific initial heating system
configuration (2020) and final heating system stock (2050) for a fixed exponent k (k=0.6) as well as
different type areas and initial connection ratio of buildings to the gas grid. (a) 50% (b) 75% (c) 100%
(Length-weighted mean grid age electricity and gas in all simulations ͲǤͷͲ ή   ; Interest rate on energy
procurement in the building investment model in all simulations  = 4% (  = 18.3))

An additional aspect can be observed which concerns the renovation of the building
envelope: Corresponding to the expected technical lifetime of the building envelope of about
47 years, in 66% of the buildings the building envelope is renovated within the planning
horizon. The discussed cost situation concerning the technical building equipment motivates
building owners to take insulation measures when renewing their gas heating systems,
especially in areas with small buildings (SFH, TH). Even in other type building collectives
(MFH), surface retrofits are often combined with the installation of a gas burner, especially in
buildings with initially installed gas burners.
This can be seen by comparing Figure 54a with Figure 55a (type: MFH-K, 50% connection
rate, k=0.6): The number of gas systems remains unchanged, but the gas demand drops by 42%
from 2020 to 2050, induced by insulation measures and the use of solar thermal systems. Thus,
for certain MFH type collectives, the relative gas demand decreases (compare Figure 54a, b, c,
types: MFH-B and MFH-G) with an increasing number of gas-based systems (compare Figure
55a, b, c).
In this context, it is important to note that the grid charges are calculated individually for
each building collective. Therefore, they are lower in areas with multi-family housing than in
those with terraced or single-family housing: The grid charges of the transportation grid are
୮ୋେ
, which is defined globally for all
taken into account by means of a fixed cost parameter ࣷ
areas. The grid charges of the distribution grid are calculated individually based on the

125

characteristics of the grid and the energy demand. Since grid length and age of the distribution
grid are defined globally, the grid charges vary between the building collectives depending
on the energy demand of the individual areas. This corresponds to the methodology used in
practice [27]. As the building stock in real grid areas is much more heterogeneous, the
dispersion of grid charges between areas is less pronounced in reality than between the type
collectives used in this thesis.
Influence of the grid age and interest rate on the building investment decision
In the following, the sensitivity analysis is extended by varying two parameters that have
a major influence on the development of the natural gas demand, namely the initial lengthweighted network age on the gas and electricity DNO side [27] and the interest rate for energy
procurement expenditure on the building owner side:
x

The initial length-weighted grid age has a major impact on the DNO’s CAPEX, with that
on the level of the grid charges. The investigation varies the base setup (electricity and gas
grid age of ͲǤͷͲ ή   ) to a grid age of ͲǤͷ ή   and repeats the sensitivity analysis
(Figure 56a).

x

The level of the interest rate for energy procurement expenditures significantly influence
the building owners’ investment decisions. The energy procurement expenditures are
modelled as an annually constant expenditure series for the technical lifetime of the
heating system (33.5 years) and an interest rate of 4% (  =18.3). The investigation varies
the rate of the base setup to a rate of 0.5% (  =31) and repeats the sensitivity analysis
(Figure 56b).

(a)

(b)

Figure 56. Sensitivities of the future gas demand (2050 relative to 2020) to the gas grid topology for
different building types and a heating system configuration, where 50% of the buildings are initially
connected to the gas grid. (a) Length-weighted mean grid age electricity and gas ͲǤͷ ή  ; Interest rate
on energy procurement in buildings  =4% (  = 18.3) (b) Length-weighted mean grid age
electricity and gas ͲǤͷͲ ή   ; Interest rate on energy procurement in buildings =0.5% (  = 31)

Figure 56 shows the results of the analysis of a change in the grid age (Figure 56a) and
interest rate (Figure 56b) for the energy procurement expenditures. The connection rate of the
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buildings to the gas grid in both simulations is 50%. Figure 70 in the Appendix section D (D3)
shows the sensitivities of electricity demand to changes in the interest rate and grid age.
x

Grid age: An initial grid age of ͲǤͷ ή   (Figure 56a) results in a higher gas consumption
and a lower dispersion compared to the basic setup (Figure 54a), especially for small
values of k and the type areas TH-K and SFH-K. This effect occurs as long as the optimizer
tries to keep the initial grid age constant but reverses as soon as it tries to reduce the grid
age to the level of ͲǤͷͲ ή   by increasing the investments, as it is assumed in other
studies [27].

x

Interest rate in the building retrofit decision: A reduction of the interest rate for the
expenditures for energy procurement (Figure 56b) has the opposite effect than it is seen
for the grid age: The dispersion increases and scenarios in which the gas grid is totally
defected become more likely (compare with Figure 54a). With a decreasing interest rate,
the weight of the energy-related expenditures in the investment decision increases. As a
result, an increase in grid charges has a stronger effect on the building owner’s investment
decision. Hence, the interest rate represents a weighting factor for energy-related
expenditures in the building investment decision. In reality, a reduction of the interest
rate corresponds to investors who put more emphasis on the operating expenditures than
on the investment expenditures [86]. In this case, the risk for gas grid defection increases.

5.4 Conclusions
5.4.1 Interdependencies Between the Investment Decisions of Building
Owners and the Gas and Electricity DNO
The analysis and case studies presented in Chapter 5 provide a central innovation in
modelling: The Chapter introduces a single level mixed integer linear program with which the
retrofit decisions of building owners and the investment decisions of electricity or gas DNOs
can be evaluated in an integrated way, i.e. with the mutual dependencies between the different
actors. This goal is achieved by (i) transforming the central DNO optimization problem
considering the annual cash flow to an equality constraint, (ii) mapping the relationship
between grid length and energy supplied in the grid to a validated power function fit and (iii)
integrating the whole sub-model into the original building retrofit optimization model. The
validation of the transformation path analysis for a real grid area based on the results of
Chapter 4 shows that the joint optimization model provides high quality results.
The results of the transformation path analysis, presented in Chapter 5 confirms general
trends for the building sector from the literature and Chapter 4 (considering the situation in
Germany) [23]: (i) Electric direct heating systems are substituted without exception, (ii) energy
prices and the regulatory conditions lead to an increased substitution of oil- and gas-based
systems by electrical heat pumps and (iii) in case of building insulation, oil and gas burners
become economically more attractive.
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In addition, the results of the transformation path analysis offer some new insights into
the interrelated system between gas and electricity grid investments and building owners’
retrofit decisions: As the gas demand decreases, induced by energy-saving measures and
heating system changes in buildings, the gas grid charges rise, which makes the substitution
of gas-fired heating more attractive and thus accelerates the decrease in gas demand.
Therefore, the results of the sensitivity analysis for 27 different type building collectives
and 5 different network topologies show that the transformation path strongly depends on the
building, heating system and network configuration. Whereby, two trends can be observed,
each depending on the individual configuration of the building and heating stock:
x

On the one hand, gas-fired systems are currently attractive for building owners in areas
with apartment housing (MFH) and a high density of buildings connected to the gas grid.
This is because the initial grid charges are low and the investment expenditure for the
technical building equipment for the installation of a gas condensing boiler (heating
circuit, chimney and gas connection) are low in relation to the absolute investment
expenditure in case of MFHs. From a DNO's point of view, the economic viability of the
gas network in these areas is secured for the medium-term future, even if the demand for
gas is declining.

x

If, on the other hand, the heating energy demand decreases in areas with single-family or
terraced housing (SFH, TH) with a low rate of buildings connected to the gas grid, the
grid charges which are initially at a high level, rise sharply, further reducing the
attractiveness of gas-based systems. For these areas in particular, the long-term question
at a political level is, whether it is economically reasonable to operate a gas network. For
areas where this is not the case, the respective federal policy should provide building
owners as well as DNOs incentives to substitute gas-bound heating systems and
deconstruct the gas grid infrastructure. In areas in which the operation of the gas network
is economically viable in the future, due to the energy demand and network structure, the
increasing grid charges to be borne by the individual grid user should be socialized. This
reduces the risk of a complete gas grid defection and helps to maintain the gas grid. In
particular, as the natural gas infrastructure can serve as a flexibility option in a future
renewable energy system [75]. The conversion of the grid charge system is a suitable
option to maintain or shut down the grid infrastructure at a local level [47].

5.4.2 Further Research, Limitations and Transferability
The simplified grid model presented in Chapter 5 can be used in macroscopic studies
where many sub-networks have to be modeled, often lacking detailed information: In the
presented optimization, the grid is only determined by its age, the exponent k, the grid length,
customer number and the DNO’s cost parameters. Thus, it is possible to integrate the cash
flow DNO model into energy system models, without having detailed knowledge about the
underlying grid or supply task. Therefore, it helps to improve the quality of studies that
currently neglect the grid topology or model the dependency between the energy demand and
grid length linearly [33].
The insights gained in the sensitivity analysis on specific building structures can be used
in practice to reduce economic risks (sunk costs) in relation to grid renewal measures: In a first
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step, it is possible to cluster the building stock within a grid area according to the presented
characteristics. In a second step, critical areas with a high risk of gas grid defection can be
identified and investment roadmaps adapted. Furthermore, the approach has to be extended
for industrial and commercial areas with particularly high load density. Therefore, heating
grids have to be integrated in the model, as they are economically attractive in a high densely
in building stock [196, 197].
The model does not consider the usage of renewable gases and hydrogen in the future
energy system (assumption in the thesis: CO2 footprint in grid-bound gas supply remains
unchanged on the initial level). A reduction of the CO2 footprint would raise the attractiveness
of gas-bound systems, especially in areas with a high density of gas grid connections and small
buildings (due to the ratio of investment expenditures for the technical building equipment
and the heating). An effect which has to be further analysed in the future.
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6 Conclusions,

Options

and

Risks

for

the

Stakeholders9
At last, this chapter discusses the conclusions, options and risks for the three key
stakeholders building owners, gas and electricity grid operator and policy maker which are
analysed in this thesis. The comments are based on the results of the Chapters 2, 3, 4 and 5.

6.1 Building Owners
Due to the current regulatory framework in Germany, the gas price is forecast to increase
in the future, while the opposite trend is expected for the electricity price [61]. This will
motivate building owners to increasingly switch from gas-based to electricity-based heatings
in building stock and install electricity-based heatings in new construction.
In this “decreasing gas scenario”, the current regulatory environment in Germany
incentivizes gas DNOs to pursue a “stable revenue cap” strategy during the next years to
maintain the business model as long as possible [116]. The results of Chapter 3 predict that this
strategy could become non-sustainable after a 30%-40% decrease in gas demand, which would
lead to a significant increase in grid charges and thus gas procurement costs for grid users.
Dependent on the current regulatory environment and the building, heating as well as gas and
electricity grid configuration, this might develop into a self-reinforcing feedback loop,
fostering a strong electrification of the heating sector and finally causing gas grid defection:
x

9

Regulatory environment: The results of Chapter 4 indicate that the decrease in gas
demand is initially triggered by taxation and levies, energy-efficiency constraints or
market incentives and subsidies: In the existing gas grid and building and heating system
configuration, gas-fired heatings are predominantly used in the investigated area.
Insulation measures and electric heat pumps appear unattractive, from a purely economic
point of view. The development is changing when the solution space is limited or steered
by triggers. Most single triggers, like CO2 pricing, an increased heat pump efficiency,
government subsidies or a reduction of electricity grid charges have a minor influence on
the building owners’ decisions to substitute gas burners. The application of an energyefficiency constraint shows large effects on this decision. Dependent on the design of the
energy-efficiency constraint, electrical heat pumps, solar thermal plants and surface
insulation measures come into play. These results indicate that gas grid charges are a
trigger element for retrofit decisions: For some building and heating configurations, the

Parts of this chapter are presented in [1–3].
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development of gas grid charges triggers a significant decrease in gas demand. In the
worst case, this could lead to complete gas grid defection.
x

Building, heating and grid configuration: The results of Chapter 5 for the 27 different
type building collectives and 5 different network topologies show that the transformation
path strongly depends on building, heating system and network configuration for a given
regulatory framework and DNO strategy: On the one hand, gas-fired systems are
currently attractive for building owners in areas with apartment housing (MFH) and a
high density of buildings connected to the gas grid. The initial grid charges are low in
these areas and the investment required to retrofit the technical building equipment when
switching to a gas burner is comparably low in MFHs. On the other hand, the heating
energy demand is low in areas with single-family or terraced housing (SFH, TH). If in
addition the rate of buildings connected to the gas grid is low the initial grid charges are
on a high level. In this case the grid charges react more sensitive to gas heating
substitutions compared to the first case (MFH area). This aspect increases the risk of a gas
grid defection in SFH and TH areas.

Under the current political CO2 emission targets and the CO2 footprint of the natural gas
supply, a financial risk for building owners arises when choosing a gas-based heating system,
especially in areas with single-family or terraced housing and a low connection density of
buildings to the gas grid: Future CO2 prices are predicted to rise over the next decade. The
results of the thesis indicate that also the gas grid charges tend to rise in the future. This in
turn increases the energy-related expenses for gas burners. Furthermore, it is possible that
fossil-fired plants will be banned during their lifetime [62].
Facing this financial risk, customers can postpone investments in heating systems, invest
in energy efficiency measures or combine gas-based systems with others such as electrical heat
pumps or replace their heating systems with non-gas-based technologies. The building owner
can reduce the risk by making him or herself less dependent on grid-bound energy supply
through improved building insulation measures, self-generating systems or efficient heating
systems, such as heat pumps.
These desolidarization efforts can already be observed in practice and are part of studies
[47] that are so far mostly focused on the situation in the electricity grid. The results of these
studies have shown that prosumers with a high degree of self-sufficiency tend to stay
connected to power grids for the opportunity to sell surplus energy. While decentralized home
production of synthetic gas, e.g., by small-scale electrolysis, is not common today, this factor
might grow in importance in a global scenario of renewable gas production [34].

6.2 Gas and Electricity Distribution Network Operators10
From a DNO point of view, this thesis identifies several factors that together could lead
to a high economic risk in the natural gas grid, due to a decrease in demand: The nonlinear
development of grid costs described by low k factors (Chapter 3) can result in a strong
The discussion focuses the situation in the natural gas distribution grid. The effects on the electricity distribution
network are explained at the appropriate point in the section.

10
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discrepancy of grid charges, especially when a small amount of customers still remain in the
grid. In this situation, the results show a strong variability of grid costs depending on the
electricity and gas DNO’s strategy as well as grid, building and heating configuration. This
could put an early strain on single grid areas due to rising grid charges and the
interdependencies in the investment decisions:
x

Grid structure: The results of Chapter 3 identify risk-determining factors for individual
gas grid areas: The age structure of the grid, the network topology represented by the
exponent k, the cost structure of the DNO and the correspondent investment strategy and
the individual retrofit decisions of the building owners. Stranded investments are a
relevant risk factor when customer exits occur in areas which were not predicted by the
DNO. While the cash-flow analysis in Chapter 3 assumes customer exits to be randomly
distributed, the results of the MAS in Chapter 4 indicate that customer exits – induced by
a substitution of a gas-based heating – are more or less clustered in a grid area. The
prediction of these exits offers the possibility for the DNO to control parts of the grid costs
and reduce the risk of stranded investments.

x

DNO strategy: The results of the case studies of Chapter 4 show that the disordered
structure inherent to grid-based infrastructure leads to an increase in length-related gas
grid costs, i.e., grid charges in scenarios with a strong decrease in gas demand. A change
of the DNO’s strategy can only counteract this effect to a limited extent. The short-term,
more profitable gas DNO strategy “stable revenue cap” increases the risk of a closure of
the entire gas network in the long-term due to the feedback effect via grid charges. A
strategy that is less profitable for the DNO (”stable grid charges”), but more in public
interest, contributes to the long-term maintenance of the gas grid infrastructure. As
discussed in Chapter 2.3, the presented DNO strategies correspond to the behavior of a
DNO in a differently designed regulatory environment. The policy makers have the
option to adopt the regulatory framework to the future situation in the gas sector. In this
way, a decision on the future of the gas grid infrastructure taken at macroeconomic level
could reduce the economic risks (see Chapter 6.3).

x

Gas and electricity grid operation: The results of the case studies in Chapter 4 show the
postulated feedback loop not only between the gas DNO and the building owners. There
is also an interdependency between the gas and electricity DNO’s revenue caps due to the
competition between gas burners and electrical heat pumps. In this context, the gas-based
heating systems act as a trigger element for the tilting effects on the DNO’s cost base. An
electricity and gas distribution network operator can use this knowledge to steer
investments in the direction of the gas or electricity grid. Furthermore, the DNO could
incentivize building owners to install gas-based systems in certain grid areas. In addition
to the adaptation of the investment and operation strategy of the gas and electricity grid,
this could help to maintain the gas grids for some areas.

x

Grid-, building- and heating-configuration: The results of Chapter 5 show that gas-fired
systems are currently attractive for building owners in areas with apartment housing and
a high density of buildings connected to the gas grid. From a DNO's point of view, the
economic viability of the gas network in these areas is secured in the medium-term, even
if the demand for gas is declining. This changes in areas with single-family or terraced
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housing with a low amount of buildings connected to the gas grid. In these areas, the longterm macroeconomic question could be raised, how to guarantee a stable supply quality
and efficiency in grid defection scenarios. The proposed segmentation of supply areas
with regard to grid-topology, building- and heating-stock could help to secure the
existence of economically viable gas grid areas. This development could be supported by
regulatory subsidies for decommissioning measures on both, the grid and the building
side for such areas.
The complex system of interdependent actors and effects make detailed predictions
difficult. For this analysis, different assumptions for the DNO parameters are made, which has
an impact on the results. In the following, the three most influencing assumptions are
explained:
x

Upstream grid charges: The rise of grid charges in face of decreasing demand will
probably affect all stages of the gas grid, not just the low-pressure stage described in this
thesis. This would also lead to an increase in upstream grid charges. In this thesis, the
upstream grid charges are considered to be constant. Assuming that the upstream grid
charges increase at the same rate as the grid charges in the cash-flow analysis of Chapter
3, the revenue cap is raised by 10% in 2035 (mean value of the revenue cap of the 57 grids
for the DNO strategy “stable grid value”).

x

Operating costs: The operating costs are modelled as a linear function of the grid length.
In reality, these are incremental step-fixed costs that also depend on grid age and energy
supplied [27]. If these remain at a stable level until 2035 in the cash-flow analysis of
Chapter 3, the revenue cap increases by 20% (mean value of the revenue cap of the 57
grids for the DNO strategy “stable grid value”).

x

Costs of line closure measures: The costs of the closing, decommissioning and extraction
of gas lines, are considered to be 0€ in this thesis. In reality (for the city DNO under
investigation), the costs of the closure of a house connection are between 500€-2500€,
depending on individual circumstances. It is assumed that the costs per measure are
oriented towards the lower cost limit: In a scenario with a strong decrease in gas demand,
there is an overcapacity of personnel and measures can be partially coordinated. With
500€ closure measure costs, the revenue cap thus increases by 1.6% in the base year 2017
and by 2.6% in 2035 (mean value of the revenue cap of the 57 grids for the DNO strategy
“stable grid value”).

The DNO's scope is limited within a regulatory framework in which it acts as an economic
subject. Regardless of the regulatory framework, the DNO could analyse the building and
heating system stock of a grid area to cluster it with respect to the risk for a decrease in gas
demand. In this way, the proposed segmentation of supply areas (Chapter 5) with regard to
grid-topology, building- and heating-stock could help to secure the existence of economically
viable gas grid areas. Based on this, the DNO could develop its future investment roadmap to
reduce the risk for stranded investments. Furthermore, it is useful to analyse the risk and
return of possible grid measures, where the future investment decisions of the building owner
determine its grid usage and thus the risk for the grid operator. The investment theory offers
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methods such as portfolio [198–200] or real options analysis [201, 202], which enable the
selection of risk- and return-optimal renewal measures under uncertainty.

6.3 Policy Makers11
The results of this thesis are consistent with trends in the literature (Chapter 2.1), which
forecast a decrease in natural gas demand for most scenarios in Germany (Chapter 2.1). Due
to the pronounced economies of scale in grid-bound energy supply (Chapter 2.3), a financial
risk arises for the different actors, when a large amount of grid customers leave the grid: The
energy-related grid costs rise and the gas grid infrastructure as well as gas-bound heating
systems will become uneconomical compared to other technologies. This represents also a
macroeconomic risk, as numerous studies assume that gas-bound technologies are needed as
a flexibility option for energy systems with a high penetration of renewable energy [22, 24, 65,
66, 68–71].
The general problem of grid defection has been the topic of previous studies that focus on
renewable power production, where the growing availability of residential PV systems and
storage technology confronts utility businesses with the threat of grid defection. This effect is
called the “utility death spiral” and predicted as a possible positive feedback of rising grid
charges and a decline in demand, which could become a thread to traditional utility business
models [47, 203, 204]. Lessons learned from electricity grids could also serve as a model for gas
grids. With the strong sensitivity to energy retail prices, national taxation, levies models or
constraints as well as structural changes of or adjustments in the regulatory mechanism could
help to control grid defection:
x

Taxation, levies and constraints considering building retrofits: The results of Chapter 4
show that the use of single triggers, such as regulatory constraints, levy systems or state
subsidy programs, mostly favor individual types of measures or systems but contribute
only little to the overall goal of CO2 reduction. This effect can be mitigated by designing
state measures technology-neutral, without a pronounced steering effect for specific
building envelope measures or heating systems. The formulation of reduction targets for
primary energy demand or CO2 as well as the introduction of levy and subsidy systems,
such as CO2-pricing, represent such technology-neutral alternatives.

x

Structural changes of the regulatory mechanism of grids: History shows that the
regulatory regime of a country adapts to the respective technological and economic
circumstances [111]. As a result, DNOs will also adapt their strategy, leading to changed
revenue cap and grid charge developments: In scenarios with a decreasing gas demand,
an adequate DNO strategy can contribute maintaining the gas grid infrastructure; see the
results of the case studies of Chapter 4 “stable grid charge”. But, according to the actual
incentive regulation system in Germany, DNOs apply the “stable revenue cap” or the
“stable grid charge” strategy with which they increase both their cost base but also their
business risk through stranded investments in the long-term (in scenarios with a decrease

The discussion focuses the situation in the natural gas distribution grid. The effects on the electricity distribution
network are explained at the appropriate point in the section.

11
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in gas demand). Changing the basic regulatory mechanism from a “revenue-cap”
approach to other methods such as the “price-cap” or “rate-of-return” approaches and
adjusting the corresponding incentive regulation could help to maintain the gas grid
infrastructure and its system-useful flexibility potentials. In this context, it is possible to
change the regulatory regime cross-sectoral, e.g., by introducing an energy carrierindependent infrastructure charge.
x

Adjustments in the regulatory mechanism: The question for every single gas grid is,
whether it is needed as a flexibility option in the local energy system [69] and whether its
future demand is ensured. If not, a stepwise shutdown with regulatory support could
guarantee a stable supply within the transformation; if so, appropriate business incentives
for gas DNOs could reduce the risk of grid defection [22, 29]. Adjusting the existing
regulatory framework can help DNOs to reduce the long-term economic risk in grid
investments. This ensures the maintenance of the gas grid infrastructure in areas of high
predicted future gas demand and motivates to selectively deconstruct areas where this is
not the case (following explanation focuses on the situation in Germany):
o

Change of the capitalization strategy: Measures in the network to maintain the
function are subdivided into renewal and maintenance measures. Renewal
measures are capitalized, while maintenance measures aren’t. A changed
capitalization strategy reduces the fixed capital and thus the risk for stranded
investments. It increases the operating costs and on the long-run decreases the
asset base, with that the return on equity [27, 112].

o

Adjustment of the deprecation period: From the DNO’s point of view,
shortening the depreciation period of lines has the same effect like a change of the
capitalization strategy, but lowers the risk of a decreasing asset base in the longterm. However, the amount of depreciation that can be recognized in the RC
should be adjusted. In this context, the regulator could expand the possible range
of depreciation periods for gas network assets.

o

Recognition of special depreciations for closure measures: Currently, special
depreciations induced by closure measures within the useful life of assets are not
subject to regulation [112]. If this was the case, it would reduce the risk of sunk
investments on DNO side but increase the costs of grid operation. In addition,
network operators would not be motivated to select their investments in line with
the risk resulting from sunk investments.

o

Recognition of costs for deconstruction measures: In urban areas, gas pipes are
usually laid under pavements or roads. After closing a line, it is economically
reasonable that it remains underground until the surface has to be opened up by
other construction measures. In Germany, this is regulated in detail in the
concession agreement conducted between the DNO and the concession grantor
[205]. This often obliges DNOs to deconstruct grid infrastructure which is closed.
At this point, adjustments in the concession agreement would help to defer
deconstruction activities to coordinate this with other activities.
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o

Change of the grid charge model: The problem of grid defection has been the
topic of previous studies in the field of renewable power production and selfsupply in the electricity grid [47, 203, 204]. These studies propose different grid
charge models from power-based to energy-based to hybrid models and analyse
their influence on the grid user behavior. These approaches could be transferred
to the gas grid sector, so the current grid charge model could be changed.
Furthermore, a joint infrastructure charge for grid-bound supply is conceivable.
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Appendix
A Appendix for Chapter 2
A1 Parametrization
Table 13. Nomenclature of formula symbols and parametrization
Parameter

Description [unit]

C

Grid costs [€]

Q

Transported energy in a grid [kWh]
Efficiency improvement rate of an individual DNO [-]

୧୬ୢ
ୣ୬


Efficiency improvement rate of all DNOs [-]
Retail price index of the year ऄ [-]

୲

୲
Ƚେ
ࣷǡऄ

Revenue cap of a DNO in the year ऄ [€]
Imputed return on equity [€]

Ƚୟ୶
ࣷǡऄ
Ƚେ
ࣷǡऄ

Imputed trade tax [€]
Interest on borrowed capital [€]

ୈୣ୮୰
Ƚࣷǡऄ
Ƚେ
ࣷǡऄ
Ƚେ
ࣷǡऄ
୮ୋେ
Ƚࣷǡऄ
Ƚେ୭୬ୡ

Imputed depreciations [€]
Operating costs [€]
Loss costs [€]
Upstream grid charges [€]
Concession fees [€]

A2 Additional Information
Table 14. Scenario description of Figure 5
Source

Scenario description

[68].1

Scenario
number
1

Business as usual

Decrease in CO2 emissions in the
scenario (relative to 1990)
80%

[68].2

2

Electrification 80

80%

[68].3

3

Electrification 95

95%

[68].4

4

Power to X 95

95%

[66].1

1

Current policy

80% - 95%
80% - 95%

[66].2

2

Business as usual

[22].1

1

No focus

80%

[69].1

1

Electrification 95

95%

[69].2

2

Technology mix 95

95%

[65].1

1

Electrification 100

Greenhouse gas neutrality

[65].2

2

Technology mix

Greenhouse gas neutrality
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[24].1

1

Current policy

Not specified

[24].2

2

Climate protection 80%

80%

[24].3

3

Climate protection 95%

95%

[70].1

1

Reference scenario

61%

[70].2

2

80% path

80%

[70].3

3

[71]

95% path

95%

Historical development

Not specified
80%

[72].1

1

Power to X 80

[72].2

2

Power to X 95

95%

[72].3

3

Reference scenario

Approx. 60%

[73].1

1

Electrification 80

80%

[73].2

2

Technology mix 80

80%

[73].3

3

Electrification 95

95%

[73].4

4

Technology mix 95

95%

[73].5

5

Reference scenario

Not specified

[74].1

1

Reference scenario

Approx. 57%

[74].2

2

Base scenario

82% - 83%

Number

Source

Table 15. Scenario description of Figure 6

Scenario name

1

Revolution

2

Evolution

[69]

[81]

[77]

[77,
80]**

[24,
77]**

[74,
77]**

1

60% CO2 reduction

2

85% CO2 reduction

3

90% CO2 reduction

1

80%-Gas mix

2

95%-E-Methane

3

95%-H2

8

THGND H2+

9

THGND CH4+

4

KS80

5

KS95

6

LfS-Bs

Measurand and focus of the study

Distinction
between
hydrogen and
methane*

Distinction
between
regenerative or
biogenic and
fossil methane*

End energy demand of biogenic,
fossil and regenerative methane and
hydrogen in industry and building
sector.

Yes

Yes

End energy demand of biogenic,
fossil and regenerative methane and
hydrogen.

Yes

Yes

End / Primary energy demand of
biogenic, fossil and regenerative
methane and hydrogen.

Yes

Yes

Yes

Yes

No

Yes

No

Yes

End / Primary energy demand of
renewable and fossil gas in 2050 in
mobility sector (no distinction
between hydrogen and methane).
End / Primary energy demand of
renewable and fossil gas (no
distinction between hydrogen and
methane).
End / Primary energy demand of
renewable and fossil gas (no
distinction between hydrogen and
methane).
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[77,
79]**

7

[83]

No

Yes

End energy demand of renewable
and fossil gas (no distinction
between hydrogen and methane).

No

Yes

No

Yes

Yes

No

Yes

No

Yes

No

Electrification

2

Optimized energy
system

1

Green gas

1

Trend scenario

2

Target scenario

1

SZEN-16 "TREND"

End energy demand methane and
hydrogen in mobility sector.

2

SZEN-16 "Climate
2050"

End energy demand methane and
hydrogen in mobility sector.

3

SZEN-16 "Climate
2040"

End energy demand methane and
hydrogen in mobility sector.

4

SZEN-16 "TREND"

End energy demand methane and
hydrogen in heat sector.

5

SZEN-16 "Climate
2050"

End energy demand methane and
hydrogen in heat sector.

6

SZEN-16 "Climate
2040"

End energy demand methane and
hydrogen in heat sector.

7

SZEN-16 "TREND"

End energy demand methane and
hydrogen in electricity sector.

8

SZEN-16 "Climate
2050"

End energy demand methane and
hydrogen in electricity sector.

9

SZEN-16 "Climate
2040"

End energy demand methane and
hydrogen in electricity sector.

[66]

[82]

End / Primary energy demand of
renewable and fossil gas in 2050 (no
distinction between hydrogen and
methane).

1
[65]

[68]

THGND

1

TREND-17

2

Climate-17 MEFF

3

Climate-17 HEFF

End energy demand of renewable
and fossil gas (no distinction
between hydrogen and methane).
End energy demand of renewable
and fossil gas (no distinction
between hydrogen and methane).

Primary energy demand gas and
hydrogen.

*Distinction of different gas mixtures made or not made in the study. ** Primary and secondary source.

B Appendix for Chapter 3
B1 Parametrization
Table 16. Nomenclature of formula symbols and parametrization
Parameter
ࣩ࣬
ܾंǡκ
ࣝ
ܾࣷǡκ
ୋେୋ
ऄ

ܴܨܸܤκǡऄ

Description [unit]
Variables

Value

Renewal of line ℓ in year ं (Binary decision variable of the optimization model)
Closure of line ℓ in year ࣷ(Binary decision variable of the optimization model)
Grid charges gas in year ऄ [€/kWh]
Rest book value factor of line ℓ in year ऄ as a function of the binary decision variables
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ܨܸܤܴܯ௧ீௗ
ܣऄǡκ

Mean rest book value factor of the whole grid in the year ऄ
Age of line ℓ in year ऄ as a function of the binary decision variables [a]

்
κ

Binary variable indicating whether a line is within its technical lifetime (function of the binary
decision variables)

ୋ୰୧ୢ
ऄ

Power law function
Number of grid customers in year ऄ

ୋ୰୧ୢ
ऄୀ
ୋ୰୧ୢ
ऄ

Number of grid customers in year ऄൌͲ
Cumulated line length of the grid in year ऄ [m]

ୋ୰୧ୢ
ऄୀ
k

Cumulated line length of the grid in year ऄൌͲ [m]
Exponent of the power law function

MSE
R2

Mean squared error of the power law fit
Coefficient of determination of the power law fit

ߙऄா

Cost components of the revenue cap
Capital expenditures [€]

ߙऄைா
ߙऄா

Operational expenditures [€]
Imputed return on equity [€]

ߙऄ

Interest on borrowed capital [€]
Imputed trade tax [€]

ߙ ்௫

ߙऄ
ߙऄை

Imputed interest on borrowed capital [€]
Operating costs [€]

ߙऄ
ீீ
ߙऄ

Loss costs [€]
Upstream grid charges [€]

ߙऄ

Concession fees [€]
Parameters of the DNO cash flow calculation

ܧऄீ௦
κ ୍

Supplied energy in year ऄ [kWh/a]
Historical acquisition expenditures of line ℓ [€/m]

Scenario specific
214*

κ
κେ

Line length of line ℓ [m]
Interest rate equity capital of line ℓ

Line specific
0.0691*

κ େ
κେ

Amount of equity capital of line ℓ
Interest rate borrowed capital of line ℓ

0.4*
0.035*

κ େ

Amount of borrowed capital of line ℓ
Trade tax rate

0.6*
0.1365*

Technical lifetime of a line [a]
Planning horizon [a]

40
33

ୟ୶
 
 ୪ୟ୬୬୧୬
୮ୋେୋ
ऄ
ऄେ୭୬ୡ
େ
୭ୱୱ

ୖେ
κ ୍୬୧୲
ܣெூ௧
࣬
 ंǡऄ
 ࣩ ऄǡκ

Specific costs for upstream grid charges [€/kWh]

0.01

Specific costs for concession fees [€/kWh]
Specific lost costs [€/kWh]

0.002
0.008

Loss factor
Specific operating costs [€/m]

0
10.71

Line age at the begin of planning horizon [a]
Length-weighted average age of the grid [a]

Line specific
Grid specific

Additional parameters of the DNO cash flow optimization model
Status matrix for renewal measure ं in year ऄ
Status matrix for operation of line ℓ in year ऄ
Status matrix for closure measure ࣷin year ऄ

 ࣝࣷǡऄ

୨ǡऄ

Energy demand of building ࣼ in year ऄ [kWh]


κǡऄ

Status matrix of line ℓ in year ऄ

Building and scenario
specific
Line and scenario specific

ࣼ Ԗ ࣤ

Indices and sets
A building ࣼ of all buildings ࣤ connected to the grid

κ Ԗ ࣦ
ऄ Ԗ ࣮

A line ℓ of all lines ࣦ in the grid
A year ऄ within the planning horizon ࣮

142

Year of the renewal measure ं of all possible years ࣬ within the planning horizon ࣮
ं Ԗ ࣬
Year of the closure measure ࣷ of all possible years ࣝ within the planning horizon ࣮
ࣷ Ԗ ࣝ
*Same values applied for all lines ℓ. Values are chosen on basis of local conditions in Bamberg, Germany (grid and
DNO properties as well as regulatory aspects).

B2 Structural Grid Parameters
Table 17. Structural parameters of the grid areas
Grid

Length / m

Number of
Customers

Annual Energy Demand / MWh

Length Weighted Average Initial Age / a

0

480

4

233

15.1

1

2270

40

2235

33.1

2

2390

79

2224

28.3

3

1140

22

2496

36.1

4

2620

82

4529

31.4

5

4220

90

1581

22.4

6

7680

266

6787

35.8

7

4460

124

8828

20.7

8

8630

299

8032

34.6

9

5590

174

4877

25.7

10

650

17

2335

29.0

11

5200

191

5445

27.1

12

3660

69

3625

22.9

13

8080

229

6524

24.5

14

1830

44

1575

29.9

15

2430

75

7457

29.1

16

5510

166

2284

20.4

17

4590

189

3889

28.6

18

3210
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1638

17.0

19

4270

167

5633

22.7

20

2870

126

3009

29.1

21

980

31

1444

28.7

22

5650

212

4550

25.1

23

3620

127

4540

30.7

24

1510

61

2708

26.1

25

2150

36

2185

16.9

26

6390

152

5660

21.6

27

9510

247

7060

26.4

28

5890

209

4286

26.2

29

2990

64

4046

22.0

30

4440

205

5229

33.6

31

2550

130

2690

35.9

32

5650

228

7193

25.5

33

5140

234

8473

30.9

34

7680

245

9616

23.4

35

4660

199

9029

29.2

36

7520

363

19092

29.9

37

5070

180

13916

30.8

38

500

8

136

14.3

39

3810

129

3322

21.3

40

8110

258

13229

31.3

41

7300

227

6336

35.1

42

10080

390

16786

27.2

143

43

4200

131

4694

27.0

44

4960

181

4626

21.4

45

3030

100

2583

28.6

46

2390

76

2133

26.3

47

6940

281

14294

28.9

48

1600

101

3822

33.0

49

3290

193

8625

32.1

50

470

23

1538

35.8

51

6300

276

17462

28.7

52

5550
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8993

29.5

53

2790

56

4012

19.5

54

10760

481

20192

31.5

55

11960

507

21045

33.3

56

1350

31

1024

21.5

B3 Mixed Integer DNO Cash Flow Optimization Model
The objective is to maximize the earnings before interests and tax. The degree of freedom
represents the scheduling of renewal measures within the planning horizon, which influences
 κǡऄ :
  ൌ  κ େ  כκ େ   כ

  κ  כκ ୍  כ

(6.1)

κǡऄ

ऄ  ࣮ κ  ࣦ

Subject to:
x

Costs equal revenues within every year ऄ of planning horizon:
୮ୋେ
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Length-weighted mean age of grid for all lines under operation bigger or equal to the
initial mean age for every year in planning horizon, where the line age κǡऄ is a function
of chosen renewal measures:
 ऄ Ԗ ࣮ǣ


 κ  כκǡऄ
 כκǡऄ െ ሺୣୟ୬୍୬୧୲  כ
κ  ࣦ

 κ ሻ   Ͳ

(6.3)

κ  ࣦ

The rest book value factor  κǡऄ is a function of the binary decision variables ࣩ࣬
ंǡκ for
operation and renew as well as ࣝࣷǡκ for closure of each line, where the sets ℛ and ࣝ represents
࣬
the years of the planning horizon in which a renewal or closure measure is possible.  ंǡऄ
,
 ࣝࣷǡऄ are binary matrices that determine whether a line is operated, dependent on the
chosen measure ं or ࣷ.  ࣩ ऄǡκ is a binary matrix that determines whether a line ℓ is within
its technical lifetime. Before optimization, the relation between each customer ࣼ and line ℓ is

determined within a topological analysis. It is modeled via a binary matrix κǡऄ
Ǥ  κǡऄ
represents the substitute of the following relationship:
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 κ Ԗ ࣦǡ ऄǣ 
ൌ



൭ࣩ࣬
ंǡκ

כ

ࣩ
ቀ൫ऄǡκ

 כ൫ͳ െ

κǡऄ

࣬
 ंǡऄ
൯

࣬
࣬
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൯ ቁ
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െ

ࣝ
ࣝ
 ࣩ࣬
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(6.4)

ࣷ  ࣝ 
ࣩ
࣬
࣬
࣬
  כቀ൫ऄǡκ
 כ൫ͳ െ  ंǡऄ
൯  ࣩ  כऄǡκ ൯   ൫ंǡऄ
ं  כǡऄ
൯ ቁ൱

The rest book value for a line under operation, before renewal can be described by:
ࣩ
ऄǡκ
ൌ  ͳ െ

   ୧୬୧୲
 

(6.5)

The rest book values for a line under operation after renewal can be described by:
࣬
ंǡऄ
ൌ  ͳ െ

κǡऄ and


κ

െ
 

(6.6)

are functions of chosen renewal measures. They can be described as follows:
 κ Ԗ ࣦǡ ऄǣ

κǡऄ ൌ 

 ୍୬୧୲
࣬
࣬
 ࣩ࣬
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κ ൌ

ࣩ
࣬
࣬
 ࣩ࣬
ंǡκ  כቀ൫ͳ െ  ंǡऄ ൯   כऄǡκ    ंǡऄ  ቁ
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ं  ࣬

Additional constraints, regarding the choice of measures are necessary:
x

One renewal until closure is allowed (lines must at least to be operated):
 κ Ԗ ࣦǣ

ࣩ࣬
 ंǡκ
ൌͳ

(6.9)

ं  ࣬

x

One closure measure is allowed during planning horizon:
 κ Ԗ ࣦǣ  ࣝࣷǡκ  ͳ
ࣷ  ࣝ

x

(6.10)

A closure measure is only allowed if no more customers are supplied:

 κ Ԗ ࣦǡ ऄǣ  ࣝࣷǡκ  כ൫ͳ െ  ࣝࣷǡऄ ൯  כκǡऄ
ൌͲ

(6.11)

ࣷ  ࣝ

x

Lines have to be closed when no customer is connected anymore:

 κ Ԗ ࣦǡ ऄǣ  ࣝࣷǡκ  כ൫ͳ െ  ࣝࣷǡऄ ൯   κǡऄ
െͳൌͲ

(6.12)

ࣷ  ࣝ

ࣝ
The bilinear term ࣩ࣬
ंǡκ  ࣷ כǡκ is substituted to transform Equation (6.4) into a linear model
[170]. Where an additional constraint is necessary in order to exclude renewals after
shutdowns (not shown here).
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B4 Validation of the Simplified Cash Flow Calculation

Figure 57. Comparison of grid charges for optimization (full) and simplified (hashed) cash flow
calculation during a declining gas demand in a single gas grid. (Grid: #18, DNO strategy: constant grid
value, selection type: random selection (mean k value), global scenario: linear decrease of gas demand
2018–2050)

B5 Additional Graphics of the Complex Network Analysis

Figure 58. Coefficient of determination R² (n=10.000 seeds) for randomly selected (“random selection”)
customer exits in all 57 grids. (Boxes: Median and 25%/75% percentiles of the distribution. Whiskers: +/1.5 IQD).
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Figure 59. Mean squared error (MSE) (n=10.000 seeds) for randomly selected (“random selection”)
customer exits in all 57 grids. (Boxes: Median and 25%/75% percentiles of the distribution. Whiskers: +/1.5 IQD).
Table 18. Parameters of the correlation analysis
Parameter

Unit

Parameter

Description, Literature source

Group*
 ୌ୧୦ୣୱ୲ ୧୫୮ୟୡ୲ ୧୰ୱ୲

1

(1)

k value for “highest impact first” selection type of one grid.

 ୭୬ୣୱ୲ ୮ୟ୲୦ ୧୰ୱ୲

1

(1)

k value for “longest path first” selection type of one grid.

ሺୖୟୢ୧ୟ୪ ሻ

1

(1)

Mean value of k for 100 seeds “radial random selection” of one grid.

ሺ ୣ୧୦୲ୣୢ ሻ

1

(1)

Mean value of k for 100 seeds “weighted random selection” of one grid.

ሺୖୟ୬ୢ୭୫ ሻ

1

(1)

Mean value of k for 100 seeds “random selection” of one grid.

 ୗ୦୭୰୲ୣୱ୲ ୮ୟ୲୦ ୧୰ୱ୲

1

(1)

k value for “Shortest path first” selection type of one grid.

 ୣୟୱ୲ ୧୫୮ୟୡ୲ ୧୰ୱ୲

1

(1)

k value for “Least impact first” selection type of one grid.

 ୌ୧୦ୣୱ୲ ୧୫୮ୟୡ୲ ୧୰ୱ୲

1

(1)

Difference of k values “highest impact first” and “least impact first” of one

1

(1)

Standard deviation of k for 100 seeds “random selection” of one grid.

ୋ୰୧ୢ

m

(2)

Grid length of a grid.

 ୋ୰୧ୢ

kWh / a

(2)

Cumulated annual energy demand of a grid.

െ   ୣୟୱ୲ ୧୫୮ୟୡ୲ ୧୰ୱ୲
ሺ ୖୟ୬ୢ୭୫ ሻ

grid.

ሺࣼ ሻ

kWh / a

(2)

Average energy demand of customers of a grid.

ሺࣼ ሻ

kWh / a

(2)

Standard deviation of the customer’s energy demands in a grid.

ሺࣼ ሻ

kWh / a

(2)

Maximal energy demand of a customer in a grid.

 ୋ୰୧ୢ Ȁୋ୰୧ୢ

kWh / (a * m)

(2)

Cumulated energy of a grid area normalized to grid length.

 େ୳ୱ୲ Ȁୋ୰୧ୢ

1 / (a * m)

(2)

Number of customers in a grid area in relation to grid length.

 େ୳ୱ୲

1

(2)

Number of customers in a grid area.

ୋ୰୧ୢ

m²

(2)

Area size of a grid.

ሺࣼ ሻ

m

(3)

Longest path of a grid.

ሺࣼ ሻ

m

(3)

Shortest path of a grid.
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1

(3)

Average value of the detour factor of a grid (detour factor: path length

1

(3)

Standard deviation of the detour factor of a grid.

ሺሻ
normalized with linear distance).
ሺሻ
ሺࣼ ሻ

m

(3)

Average value of all paths lengths of a grid.

ሺࣼ ሻ

m

(3)

Standard deviation of all paths lengths of a grid.

1

(3)

Sum of all paths from user to regulator station normalized to the grid

1

(3)

Standard deviation of path lengths normalized to sum of the path lengths

1

(3)

Shortest path normalized to sum of the path lengths in a grid.

ୋ୰୧ୢ Ȁୋ୰୧ୢ

length in a grid.
൫ࣼ ൯ Ȁ ୋ୰୧ୢ

in a grid.
൫ࣼ ൯ Ȁ ୋ୰୧ୢ
൫ࣼ ൯ Ȁ ୋ୰୧ୢ

1

(3)

Longest path normalized to sum of the path lengths in a grid.

൫ࣼ ൯

1

(3)

Variation coefficient of the path lengths in a grid.
Variation coefficient of line lengths in a grid (of simplified graph**).

ሺκ ሻ

1

(3)

ሺκ ሻ

m

(3)

Average line length (of simplified graph**).

ሺሻȀୋ୰୧ୢ

1

(3)

Maximal line length normalized to the grid length (of simplified graph**).

m

(3)

Sum of shortest paths between every nodes of the graph normalized by

ሺሻ
the squared customers number (weights = line lengths) [206].
1

(4)

Mean value of page rank [57, 125]. (weights = line lengths; dumping factor

1

(4)

Variation coefficient of the page rank.

1

(4)

Weighted average nearest neighbor degree of nodes with degree d [57,

1

(4)

Weighted average nearest neighbor degree of nodes with degree d [57,

1

(4)

Diameter of the graph, which represents its maximum eccentricity. The

ሺሻ
d = 0.85)
ሺሻ
  ሺͳሻ

130]. (d = 1)
  ሺ͵ሻ

130]. (d = 3)

ୋ୰୧ୢ

eccentricity of a node v is the maximum distance from v to all other nodes
in G [129].

ୋ୰୧ୢ

1

(4)

Radius of the graph, which represents its minimum eccentricity [129].

* (1): Results of the complex network analysis, (2) Classical structural grid parameters, (3) Path and length relations
of weighted (length, energy) and unweighted graph, (4) Global and nodal graph theoretical metrics. **The
simplified graph represents the graph where all unnecessary nodes with degree 2 have been removed and the
adjacent edges have been united into one edge.
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Figure 60. Correlation matrix of all considered parameters and the results of the complex network
analysis (correlation coefficient according to Pearson [156]).

C Appendix for Chapter 412
C1 Parametrization
Table 19. Nomenclature of formula symbols and parametrization of the gas and electricity DNO
Parameter

12

Value

Description [unit]

Gas
Electricity
Cost components of the revenue cap of the corresponding DNO (gas or electricity)

ா
ߙࣷǡऄ
ைா
ߙࣷǡऄ

Capital expenditures gas or electricity [€]
Operational expenditures gas or electricity [€]

ா
ߙࣷǡऄ

ߙࣷǡऄ

Imputed return on equity gas or electricity [€]
Interest on borrowed capital gas or electricity [€]

ߙ்ࣷ௫

Imputed trade tax gas or electricity [€]

Source

Not all data from chapter 4 are presented in the appendix. For the supplementary data, please refer to the

Supplementary Part of [2].
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ߙࣷǡऄ

Imputed interest on borrowed capital gas or electricity [€]

ை
ߙࣷǡऄ

ߙࣷǡऄ

Operating costs gas or electricity [€]
Loss costs gas or electricity [€]

ீ
ߙࣷǡऄ

ߙࣷǡऄ

Upstream grid charges gas or electricity [€]
Concession fees gas or electricity [€]
Parameters

κେ
κ େ

Interest rate equity capital of line ℓ
Amount of equity capital of line ℓ

0.0691*
0.40

0.0691*
0.40

[27]

κେ
κ େ

Interest rate borrowed capital of line ℓ
Amount of borrowed capital of line ℓ

0.035*
0.60

0.035*
0.60

[27]

ୟ୶

Trade tax rate
Technical lifetime of a pipe (line); pressure regulator
(transformer) [a]
Planning horizon [a]

0.14*

0.14*

45; 45**

40; 30**

31

31
0.025*

 
 ୪ୟ୬୬୧୬
୮ୋେୋ
ऄ

Specific costs of upstream grid charges [€/kWh]

0.0030*

ऄେ୭୬ୡ

Specific costs for concession fees [€/kWh]

0.0023*

0.011*

େ

Specific lost costs [€/kWh]
Loss factor

0.0080*
0.00*

0.044*
0.026*

Specific operating costs [€/m]

5.0*
0*
[kWh/
(m²·a)]

7.9*
25*
[kWh/
(m²·a)]

୭ୱୱ

ୖେ
୬୷୲୦ୣ୰

ࣷǡऄ

κ ୍୬୧୲
κ ୍

Any other energy in year ऄ in gas or electricity grid
[kWh/a] (calculated based on the reference floor area)

[113, 114]

Variables
Line age at the begin of planning horizon [a]*

κ

Historical acquisition expenditures of line ℓ [€/m]*
Line length of line ℓ [m]*

ܣெூ௧
 κǡऄ

Length-weighted average age of the grid [a]
Rest book value factor of line ℓ in year ऄ as a function of the binary decision variables

ୋେ
ࣷǡऄ
ୌୣୟ୲୧୬

ࣷǡऄ

Grid charges gas or electricity in year ऄ [€/kWh]
Energy for heating applications in year ऄ in gas or electricity grid [kWh/a]
Indices and sets

ࣼ Ԗ ࣤ
κ Ԗ ࣦ

A building ࣼ of all buildings ࣤ connected to the grid
A line ℓ of all lines δ in the grid

ऄ Ԗ ࣮
ࣷ Ԗ ࣝ

A year ऄ within the planning horizon ࣮
An energy carrier ࣷ of all carriers ࣝ
Investment expenditure for new construction of grid assets
0.25 MVA
67000*



Investment expenditures
transformer substation
MV/LV [€]



Investment expenditures
electrical lines [€/m]





ୋ

0.4 MVA
0.63 MVA

74000*
83000*

NAYY 4x50 SE
NAYY 4x120 SE

114*
114*

NAYY 4x150 SE
Investment expenditures pressure regulator station [€]

Investment expenditures
gas pipes [€/m]

114*
20000*

40 ST
80 ST

63*
163*

100 ST
150 ST

209*
287*

200 ST
25 PE 100 SDR 11

360*
40*

50 PE 100 SDR 11
90 PE 100 SDR 17

79*
200*
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* Values are chosen on the basis of local conditions in Bamberg or the DNO (Germany 2019).; ** Typo in [2], values
have been corrected in this thesis.

Table 20. Nomenclature of formula symbols and parametrization of the building retrofit model
Parameter

Description [unit]

Value

Source

Components of the expenditures

ࣼ

ࣼ

Total expenditures for heating within the technical lifetime of the heating system [€]
Investment expenditures for the building insulation retrofit [€]

ୗ
ࣼ

Investment expenditures for the change of the heating system and technical building
equipment [€]


ࣼ

ࣼ

Expenditures for energy procurement over the technical lifetime of the heating system [€]
Expenditures for maintenance over the technical lifetime of the heating system [€]

ࣼ
ࣼ

ࣸǡࣼ

ࣼୗ
ୗ
ःǡࣼ

ࣼୈୌ
ࣽୗ
ःୗ
ࣽୗ
େ
ࣷǡࣽ

ࣼ୴ୟ୰

ࣼ୧୶

Parameters
Building surface area [m²]
Annual usage hours of the heating system [h]

Corresponding values are shown
in Table 26 below, based on [48,
49, 185]

Design-relevant building heat load (heating system)
(thermal ventilation and transmission losses) [kW]
Heat load for: Radiation losses, internal wins, heat
distribution losses, auxiliary energy [kW]
Heat load thermal solar plant [kW]
Heat load for domestic hot water generation [kW]
Specific annual expenditures for maintenance of the
heating in percent of the investment expenditure [-]

Thermal models are shown below,
based on [34, 49, 91, 164, 168, 169,
178]

Specific annual expenditure for maintenance of the solar
thermal plant in percent of the investment expenditure [-]
Plant expenditure figure of the heating systems
Energy carrier of the heating system (Binary decision
parameter)
Specific variable investment expenditures for a building
surface retrofit [€/(m²·cm)]
Specific fix investment expenditures for a building
surface retrofit [€/m²]

Calculation is shown below; the
corresponding values are shown
in Table 25, Table 26, Table 28,
Table 29, based on [48, 49, 92, 185]

ୈ
ࣸ

Insulation thickness [cm]

0–30

ࣽୗ୴ୟ୰

Specific variable expenditures for the heating system
[€/kW]

Calculation is shown below; the
corresponding values are shown
in Table 23, Table 24, Table 27,
Table 29 below, based on [34, 48,
49, 92, 94, 95, 133, 178, 182, 183,
191]

ୗ୧୶
ࣽǡࣼ
ୗ୴ୟ୰
ः

ःୗ୧୶
େ
ࣷǡऄ

Specific fix expenditures for the heating system [€]
Specific variable expenditures for the solar thermal plant
[€/kW]
Specific fix expenditures for the solar thermal plant [€]

Specific annual energy related expenditures (tax + procurement + grid charges) [€/kWh]
Electricity [€/kWh]
0.0761*
[165]

୰୭ୡ
ࣷǡऄ

Specific energy
procurement costs

ୟ୶
ࣷǡऄ

Energy related taxes and
duties

Natural gas [€/kWh]

0.0313*

Oil [€/l]

0.506

Pellet [€/kg]
Electricity [€/kWh]

0.231*
0.1602*

[167, 209]
[165]

Natural gas [€/kWh]

0.0164*

[165]

151

[165]
[166, 207,
208]

େ
ࣷǡऄ

ࣷ


ࣷ

ୌ

Specific CO2-emissions per
energy carrier [kg/kWh]

Heating value

Primary energy factor

Oil [€/l]

0.169

[166, 207,
208]

Pellet [€/kg]
Electricity (linear decrease
to 0.103 in 2050)
Natural gas

0.016*

[167, 209]

0.462

[60, 210]

Oil
Pellet

0.294
0.023

[211]

Natural gas [kWh/m³]
Oil [kWh/liter]

11.42
11.27

[212]
[212]

Pellet [kWh/kg]
Electricity

5.27
1.8

[213]

Natural gas
Oil

1.1
1.1

Pellets

0.2

0.202

[34]

ࣼ ౪

Initial annual end energy demand of a building

ࣼ୧୬୧୲

Initial annual CO2 emissions of a building
Upper bound for the annual primary energy demand considering the energy efficiency
constraint


ࣼ ుు


ࣼ ుు






ா
ܾࣸǡࣼ
ாௌ
ܾ୩ǡࣼ
ௌ்ா
ܾःǡࣼ
ୌୣୟ୲୧୬
ࣷǡऄ
ீ
ܿࣷǡऄ

Upper bound for the heat load considering the energy efficiency constraint
Present-value factor maintenance
Present-value factor energy procurement

31
18.3

Variables
Building surface retrofit ࣸ in house ࣼ (Binary decision variable)
Heating system ࣽ in house ࣼ (Binary decision variable)
Solar thermal plant ः in house ࣼ (Binary decision variable)
Energy for heating applications in year ऄ in the gas or electricity grid [kWh/a]
Grid charges gas or electricity in year ऄ [€/kWh]

ࣸࣞא

Indices and sets
An insulation thickness standard ࣸ of all standards ࣞ

ऀ࣪א
ँ ऀ࣫ א

Surface part ऀ of all building surface parts ࣪
A sub-part ँ of all sub-parts ࣫ of a building envelope part ऀ

ࣽࣥא
ࣷ Ԗ ࣝ

A heating system type ࣽ of all heating system types ࣥ
An energy carrier ࣷ of all carriers ࣝ

ः࣭א
ࣼ Ԗ ࣤ

A solar thermal plant ः of all available types and sizes ࣭
A building ࣼ of all buildings ࣤ connected to the grid

ࣽܥுௌ

Parameters of the supplements (derivations and tables)
Investment expenditures for heating surfaces and pipe system (per RFA) [€/m²]

ࣼ

ࣼ

ࣼ
ࣼ
ȟࣼ
ࣼ
ୗ
ࣼǡऀ
Ԃ୳୲

Transmission heat loss [W/K]
Transmission heat loss [W/K] (Transmission)
Transmission heat loss [W/K] (Ventilation)
Heat transmission coefficient [W/(m²·K)]
Heat transmission coefficient for thermal bridges [W/(m²·K)]
Initial heat transmission coefficient [W/(m²·K)]
Heat transmission coefficient of a building surface part [W/(m²·K)]
Outdoor temperature [°C]

Ԃ୍୬
ȟ ୬୭୫
ࣼ

ࣼǡऀ

Indoor temperature [°C]
Design relevant temperature difference outdoor versus indoor [°C]

ୗ
ँ

Area of a sub-part of a building surface component [m²]

Building surface area [m²]
Area of a building surface component [m²]
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Reduction factor of the solar thermal plant [–] (reduction of the energy demand for DHW
generation)

ୗ୰ୣୢ
ः

ୗ
୷୧ୣ୪ୢ
ୈୌ
ࣼࣽǡः

Area of the solar thermal plant [m²]
Annual average solar yield [kWh/(m²·a)]
Capacity of the domestic hot water tank [liter]

* Typo in [2], values have been corrected in this thesis.

C2 Building Retrofit Optimization Model: Constraints of the Optimization Model
The number of measures per category in each simulation is constraint:
x

The optimizer can choose a building surface insulation measure:
ࣤ א ࣼǣ  
ࣸǡࣼ  ͳ

(6.13)

ୢࣞא

x

The optimizer has to replace the heating system:
ࣤ א ࣼǣ  ୗ
ࣽǡࣼ ൌ ͳ

(6.14)

ࣽࣥא

x

The optimizer can choose a solar thermal plant:
ࣤ א ࣼǣ  ୗ
ୱǡࣼ  ͳ

(6.15)

ः࣭א

In each simulation the initial annual CO2 emissions (6.16) and the end energy demand
(6.17) are set as upper bounds:

ୗ
ୗ
ୗ
ୗ
ୗ

ୈୌ

ࣤ א ࣼǣ  ൮ቌ൭൫ࣸǡࣼ
 ڄ
െ ሺःǡࣼ
 ڄୗ
ःǡࣼ ሻ൯ ࣽ ڄǡࣼ  ቍ ࣽ ڄ ࣼ ڄ
ࣸǡࣼ ൯  ࣼ ൱ ࣽ ڄǡࣼ  ൫ࣼ
ࣽࣥא

ࣸࣞא

ः࣭א

(6.16)
େ
 ڄ൫ࣷǡࣽ
ڄ


ࣽ

ࣷ ڄେ ൯൲  ࣼ୧୬୧୲

ࣷࣝא

ୗ
ୗ
ୗ

ୗ
ୗ
ୈୌ

ࣼ ࣤ אǣ  ൮ቌ൭൫ࣸǡࣼ
 ڄ
െ ሺःǡࣼ
 ڄୗ
ःǡࣼ ሻ൯ ࣽ ڄǡࣼ  ቍ  ࣽ ڄ ࣼ ڄ൲
ࣸǡࣼ ൯  ࣼ ൱ ࣽ ڄǡࣼ  ൫ࣼ
ࣽࣥא

ࣸࣞא

(6.17)

ः࣭א
ୌ

  ࣼ ౪

In the case-studies in simulations 3, 8–10 the annual primary energy demand is constraint

to the corresponding demand  ࣼ ుు , calculated based on the energy-efficiency targets of [185]


(for the  ࣼ ుు values see Table 26). The optimizer can freely choose the type of measure:
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ୗ
ୗ
ୗ

ୗ
ୗ
ୈୌ

ࣤ א ࣼǣ  ൮ቌ൭൫ࣸǡࣼ
 ڄ
െ ሺःǡࣼ
 ڄୗ
ःǡࣼ ሻ൯ ࣽ ڄǡࣼ  ቍ ࣽ ڄ ࣼ ڄ
ࣸǡࣼ ൯  ࣼ ൱ ࣽ ڄǡࣼ  ൫ࣼ
ࣽࣥא

ࣸࣞא

ः࣭א

(6.18)
ڄ


ࣷ൲




 ࣼ ుు

There is also a restriction, to oblige building owners to insulate their building envelope in
order to reach the energy-efficiency goals according to [185] (In simulation 3 this is applied for
100% of the buildings, while in simulations 8–10 it was applied for 66% of the buildings.):




ుు
ࣤ א ࣼǣ  ൭൫ࣸǡࣼ
 ڄ
ࣸǡࣼ ൯൱  ࣼ
ࣽࣥא

(6.19)

ࣸࣞא

C3 Building Retrofit Optimization Model: Thermal Building Model – Calculation
of the Building Heat Load
The calculation is based on DIN EN 12831 [91], whereby the whole building envelope is
modelled in a single-zone: The design relevant load for the heating systems ࣼ considers
transmission and ventilation losses. Radiation losses and wins, internal wins, wins and losses
of the hot water distribution system ࣼୗ and the generation of domestic hot water ܵࣼுௐ are
neglected, in the design calculation for the heating system (not for the calculation of the energy
consumption).
As a result ࣼ is dependent on the heat loss ࣼ as well as the outdoor Ԃ୳୲ and indoor
Ԃ୍୬ temperature, which are set in design case ȟܶ  to -12°C for the outdoor, respectively
20°C for the indoor temperature:
ࣤ א ࣼǣ ࣼ ൌ

ࣼ

 ڄሺԂ୳୲ െ  Ԃ୍୬ ሻ ൌ 

ࣼ

 ڄȟ ୬୭୫

(6.20)

Whereas ࣼ itself is a function of the transmission ࣼ and the ventilation heat losses ࣼ .
A building surface renovation measure influences the heat transmission coefficient ࣼ .
Ventilation heat losses which are function of infiltration and window ventilation losses and
heat transmission losses from thermal bridges ȟࣼ are remaining at a stable level:
ࣤ א ࣼǣ

ࣼ

ൌ


ࣼ




ࣼ

ൌ  ሺࣼ   ȟࣼ ሻ   ڄࣼ  


ࣼ

(6.21)

The heat transmission coefficient is represented by an area weighted average value ࣼ
(for the whole surface area, see below). It is influenced by adding an additional insulation on
the building surface represented by the equivalent insulation thickness ୈ based on [164]:
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ࣤ א ࣼǣ ࣼ ሺୈ ሻ ൌ 

ͳ
ͳ ୈ ሾሿ


ͲǡͲͶ
ࣼ

(6.22)

As a result, the heat load for the design of the heating system is formulated to:

ͳ
  ȟࣼ ሻ   ڄࣼ  
ͳ ୈ ሾሿ
  ͲǡͲͶ 
ࣼ

ࣤ א ࣼǣ ࣼ ൌ ሺሺ


ࣼሻ

 ڄȟ ୬୭୫

(6.23)

C4 Building Retrofit Optimization Model: Domestic Hot Water Generation and
Additional Heat Wins and Losses
The building specific equivalent heat load for the domestic hot water generation ࣼୈୌ is
based on specific values according to [49]: 20 kWh/(m²·a) for SFH and TH; 22.4 kWh/(m²·a) for
MFH.
The additional heat wins and losses of a building are summed up in the equivalent heat
load ࣼୗ , which is a building individual parameter, independent from renovation measures. It
includes the following components:
x
x

Wins through the solar heat load and the internal heat sources, modelled according to
[49].
Wins and losses through the hot water distribution pipes interpolated, according to [178]
for a domestic hot water distribution within the thermal envelope with circulation,
dependent on the reference floor area of the building.

The heat loads ࣼୗ and ࣼୈୌ are calculated via a multiplication of the specific annual
energy consumptions with the reference floor area of the building and a division with the
yearly usage hours ࣼ.

C5 Building Retrofit Optimization Model: Solar Thermal Model
The solar thermal plant is able to cover a certain share of the annual energy demand of
the domestic hot water generation, see Table 21. The model is designed according to [34, 49].
Table 21. Parameters of the available solar thermal plants
#

Share in hot water
generation

۴ः܂܁۳  ܌܍ܚሾെሿ

̀
۱ः܂܁۳  ܚ܉ܞ  ൨
ܕ

۱ः܂܁۳ܑ  ܠሾ̀ሿ

ۻः܂܁۳  ሾെሿ

0
1
2
3
4

20%
40%
60%
80%
Full

0.8
0.6
0.4
0.2
0

366.59

3094

0.015

[49]

[34]

[34]

[34]

Sources
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ୗ
The thesis describes the size of the solar thermal system with ःǡࣼ
, which is a function of
ୗ୰ୣୢ
ୗ୰ୣୢ
the DHW reduction factor ः
. ः
describes the share of the reduction of the annual
hot water energy demand to be generated. The plant size is determined by the binary decision
variable ୗ
ःǡࣼ :

ୗ
࣭ א ࣼ ǡ ࣼǣ ःǡࣼ
ൌ ࣼୈୌ ڄ

ୗ୰ୣୢ
ः

 ڄୗ
ःǡࣼ 

(6.24)

The investment expenditures depend on the installed collector surface area ୗ
ःǡࣼ . They
are divided into fix ःୗ୧୶ and variable ܥःௌ்ா௩ expenditures. The individual collector
surface area is determined by the reduction variable ःୗ୰ୣୢ and the annual average solar
yield of the collector  ୷୧ୣ୪ୢ in kWh/(m²·a) and the annual usage hours ࣼଢ଼ in h/a as
follows:
࣭ א ࣼ ǡ ࣼǣ ୗ
ःǡࣼ ൌ

ୗ୰ୣୢ
ୱ

ڄቆ

ࣼୈୌ ࣼ ڄଢ଼
୷୧ୣ୪ୢ

ቇ  ڄୗ
ःǡࣼ

(6.25)

The annual average solar yield is a function of the annual total global radiation, which
depicts 1191 kWh/(m²·a) for Bamberg in 2019 [168] and the average efficiency of an entire solar
thermal energy plant, which is assumed to be 50% [169]. This results in a value of 595.25
kWh/(m²·a) for ୷୧ୣ୪ୢ .

C6 Building Retrofit Optimization Model: Building Surface Model – Calculation
of Specific Building Surface Investment Expenditures and Heat Transmission
Coefficients
Within the optimization the investment expenditure is modelled for the whole building
surface based on a fixed ࣼ୧୶ and the variable ࣼ୴ୟ୰ component. In a preprocessing
procedure these values are calculated building individually based on the areas of the surface
parts ऀ, see Table 22.
Table 22. Specific investment expenditures per building part based on [92]
Parameter
୧୶
ࣼǡऀ
୴ୟ୰
ࣼǡऀ

Unit

Roof

Facade

Floor

Window

Door

̀
൨
݉ଶ

151.01

96.882

54.25

476.84

1433

̀
 ଶ
൨
݉ ݉ܿ ڄ

2.7738

2.8102

1.547

0

0



Each building consists of five different parts (roof, facade, floor, window and door),
whereby each part have several sub-parts, which results in a total of ࣪ different parts, with
࣫ ऀ different sub-parts (roof 1, roof 2, facade 1, facade 2, …). First, the surface areas of the
individual sub-parts are added up to obtain the surface areas 
ࣼǡऀ  of the building parts:

ୗ
ࣤ א ࣼǡ ऀ   
ࣼǡऀ ൌ   ँࣼ
ऀ

ँࣼ࣫א

156

(6.26)

Second, the complete envelope surface area ࣼ  of the building is calculated by adding
up the surface areas of the individual building parts:
(6.27)

ࣤ א ࣼǣ ࣼ ൌ  
ࣼǡऀ
ऀࣼ࣪א

Third, the weighted average value for each of the fix and variable expenditure is
calculated for each building:

୧୶
ࣤ א ࣼǣ ࣼ୧୶ ൌ  ቆࣼǡऀ
ڄ


ࣼǡऀ

ऀ࣪א

୴ୟ୰
ࣤ א ࣼǣ ࣼ୴ୟ୰ ൌ  ቆࣼǡऀ
ڄ
ऀ࣪א

ࣼ

ቇ


ࣼǡऀ
ࣼ

ቇ

(6.28)

(6.29)

The model considers the heat transmission coefficients of each part or sub-part of the
ୗ
[48, 49] and calculate a value for the whole building surface area:
building surface ࣼǡऀ

ࣤ א ࣼǣ ࣼୈ ൌ  ቆ
ऀ࣪א

ୗ
ࣼǡऀ
ࣼ

ୗ
ࣼ ڄǡऀ
ቇ

(6.30)

C7 Building Retrofit Optimization Model: Preprocessing Procedure for the
Calculation of the Building Individual Investment Expenditures for the Heating
System
In addition to the investment expenditures for the heating system, there are also expenses
for the conversion of the technical building equipment, like a chimney renovation or
installation of an oil tank. This thesis calls these additional expenditures cost drivers. They are
determined and calculated individually for each possible new system type (AWHP, GWHP,
GCB, OCB, PB, EDH, and STE) and building in a preprocessing procedure before optimization.
The calculation is based on the individual initial technical equipment status of the building.
This thesis considers each of the following additional parts of the technical equipment. (For an
overview of the cost drivers see Table 23, for the available heating systems
Table 24 and for the available solar thermal power plants Table 21).
Depending on the initial building status, the respective cost drivers are determined,
calculated and added to the fixed investment expenditures of the heating system ࣽୗ୧୶. The
resulting fixed expenditures for the corresponding heating system of the individual building
ୗ୧୶
ࣽǡࣼ
depend on the heating system type and the individual building properties. The same
procedure is used for the solar thermal system: Depending on the system-dependent fixed
ୗ୧୶
investment expenditures ःୗ୧୶ , the building-specific parameter ःǡࣼ
is calculated. The
ୗ
maintenance costs ࣽ refer to the investment expenditures of the heating system ࣽୗ୧୶.
This thesis considers the following building individual cost drivers:
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x
x
x
x

x
x

Chimney renovation and exploitation of heat source: Only necessary if the new building
energy system type differs from the current built-in one and needed for the system.
Installation: Always necessary for a building energy system replacement.
Gas grid connection: Only necessary when the building has no connection to the gas grid
infrastructure but wants to install a GCB.
Fuel storage: Both functions were derived from the results of [95]. Only necessary if the
new building energy system type is not equal to the current system and needs a fuel
storage. This is based on the assumption that an adequately dimensioned fuel storage is
already available if the new and current system type are equal: The new building energy
system has always a higher efficiency, which results in a lower energy demand for heating
and thus also a decrease of the necessary amount of fuel.
Deconstruction: Only necessary if the current building energy system is an OCB and the
new one after a replacement differs from an OCB.
Domestic hot water tank: Every replacement of the building energy system also includes
a replacement of the domestic hot water tank as a renewal measurement. The required
ୈୌ
[litre] is modelled according to DIN V 4701-10, with a dependence on the
volume ࣼࣽǡः
reference floor area of the building [178]. Each system type uses an indirectly heated
storage tank, an additional buffer storage is used by heat pumps and solar thermal plants:
ୈୌ
ࣤ א ࣼǣ ࣼǡࣽǡः


ଶ
ଶ
ۓ  ଶ ൨   ڄǤ
൨   ڄǤ
ࣼ  ሾ ሿ  Ͷ 
ࣼ ሾ݉ ሿǡ      
ଶ
ۖ 

ଶ
ൌ
  ଶ ൨   ڄǤ
ࣼ ሾ݉ ሿǡ  ǡ ǡ   

۔

ۖ
ଶ
ʹ  ଶ ൨   ڄǤଽ
ࣼ ሾ݉ ሿǡ  
ە


x

Refurbishment of heating surfaces & pipe system: The heating surfaces and the pipe
system of the building are renewed, if the system temperature of the new building energy
system differs from the current system temperature. If the new system temperature is
equal to the current, no renewal is necessary and thus no additional expenditures are due
here. The expenditures of this measure depend on the building energy system type and
the target new system temperature, expressed by the variable ࣽୌୗ (see
Table 24, the corresponding values of this variable are derived from [95]). With a
decreasing target temperature, the expenses for this measure increase (independent of the
initial heating circuit temperature). At system temperatures of ͻͲιȀͲι, ͲιȀͷͷι
and ͷͷιȀͶͷι , according to DIN V 4701-12, radiators are usually installed and at
͵ͷιȀʹͺι underfloor heating is usually installed [191].

Table 23. Considered cost drivers for the heating system
System Type
AWHP

GWHP

GCB

OCB

PB

EDH

STE

Source

x

(6.31)

Chimney
Renovation

/

/

900€

900€

900€

/

/

[133]

Exploitation of
Heat Source

1000€

7000€

/

/

/

/

/

[94]

Cost Driver
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Installation

500€

500€

Gas Grid
Connection

/

/

Fuel Storage

/

/

Deconstructio
n

/

/

700€

600€

600€

300€

300
€

[94, 95]

/

/

/

/

[92]

/

/

[95]

/

/

[133]

ܴ  ࣼܣܨሾ݉ଶ ሿ
̀
ͳ ڄ͵ǤͲͻ  ସ ൨
݉
ିǤସଽ
ࣼܣܨܴ ڄ
 ሾ݉;

/

ܴ  ࣼܣܨሾ݉ଶ ሿ
ܴ  ࣼܣܨሾ݉ଶ ሿ
̀ ͳ ڄǤͲ
̀
ͳ ڄǤͷ͵  ଶ ൨
݉
  ଶ൨
݉

/

700€

/

̀
ுௐ
ͳǤͳʹ 
൨ ܸࣼ ڄǡࣽǡः
 ሾ݈݅݁ݎݐሿ  ͺͲǤͶ ሾ̀ሿ
݈݅݁ݎݐ

Domestic Hot
Water Tank
Refurbishment
of Heating
Surfaces &
Pipe System

ܴ  ࣼܣܨሾ݉ଶ ሿ ࣽܥ ڄுௌ  

̀
൨
݉ଶ

[34]

/

[95]

Table 24. Available building heating systems
Only for the heating
̀
൨
۱य۰۳  ܠܑ܁ሾ̀ሿ
܅ܓ

͓

Type

Sys.
Temp.
ሾιሿ

۳य۰۳  ܁ሾെሿ

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

AWHP
AWHP
AWHP
AWHP
GWHP
GWHP
GWHP
GWHP
GCB
GCB
GCB
GCB
OCB
OCB
OCB
OCB
PB
PB
PB
PB
EDH

90/70
70/55
55/45
35/28
90/70
70/55
55/45
35/28
90/70
70/55
55/45
35/28
90/70
70/55
55/45
35/28
90/70
70/55
55/45
35/28
/

0.39
0.32
0.29
0.25
0.36
0.30
0.26
0.23
1.14
1.13
1.08
1.01
1.14
1.13
1.09
1.04
1.28
1.25
1.18
1.10
1.05

588.07
588.07
588.07
588.07
318.58
318.58
318.58
318.58
61.17
61.17
61.17
61.17
151.88
151.88
151.88
151.88
177.14
177.14
177.14
177.14
167.68

[191]

[178, 182,
183]

[34]

Sources

۴य  ۾ሾെሿ

ۻय۰۳  ܁ሾെሿ

̀
۱य۰۶  ܁  ൨
ܕ

7460.60
7460.60
7460.60
7460.60
16373.00
16373.00
16373.00
16373.00
4794.00
4794.00
4794.00
4794.00
5436.40
5436.40
5436.40
5436.40
16469.00
16469.00
16469.00
16469.00
295.30

1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
0.2
0.2
0.2
0.2
1.8

0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.060
0.060
0.060
0.060
/

38.62
46.48
52.37
60.22
38.62
46.48
52.37
60.22
46.84
47.47
49.83
53.05
46.84
47.47
49.20
51.57
46.45
47.47
50.30
54.24
0.00

[34]

[34]

[34]

[95]

۱य۰۳  ܚ܉ܞ܁

C8 Grid Measures of the Gas and Electricity Distribution Network Operator
The DNO agent has the ability to perform the following grid measures, applied at the end
of each time step:
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x

x
x

x

Closure: If there is no more gas consumption in a gas pipe, the corresponding agent
reports this to the DNO, which then closes the corresponding pipe (analogously electricity
lines).
Reactivation: If a gas pipe agent that is closed identifies a gas consumption again, it will
notify the DNO. The DNO reactivates the pipe (analogously electricity lines).
Construction: If a BO switches to a gas-based system, but is not connected to the grid, the
BO notifies the DNO. The DNO creates a new pipe with an initialization of the following
parameters: Agent ID (current highest ID, incremented by 1), type (standard pipe type for
this: “50 PE 100 SDR 11”), length (Euclidean distance between the corresponding BO and
the nearest gas node), age (0) and adjacent agents (ID of the BO and ID of the nearest gas
node – the pipe agent connects these two). Afterwards, the pipe agent determines its initial
status, which is considered in the following MAS time step (analogously electricity lines).
Reinforcement in electricity grid: If violations of the technical limits of assets are detected
by the DNO within the load flow calculation (I/IMax = 100% for all assets (branches); U/UN
+/- 10% for all nodes corresponding to DIN EN 50160) the corresponding asset will be
reinforced starting from the point of violation (voltage violation: line next to node of
violation; current ratio: branch of violation; measures: diameter extension of a line or
parallel line or new asset).

C9 Architecture of the Gas and Electricity Distribution Network Operator Model

Figure 61. Scheme of data prorogation in terms of energy demand and economic parameters
implemented for the natural gas and electricity grid. (The procedure is shown for the gas grid. An
analogous procedure is applied for the electricity grid.)
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The data propagation between agents is a regular process that is performed once by all
agents (except the DNO) during each time step of the simulation. The order of the data
propagation is defined by the hierarchical arrangement of the agents in the form of a tree
structure, which represents a radial grid structure. The arrangement in a predefined structure
is based on the MAS description of [172]. Implicitly it determines how directly the agents can
interact with each other: The agents need a direct physical or informational connection or
relation between the them [172].
Over an entire MAS time step, the data propagation results in a data transfer through the
complete tree structure, involving all agents, beginning with the leaf nodes, the prosumers,
and ending with the root node, the DNO. The propagated attributes are: Energy demand
(electricity or gas) of the prosumers, length, rest book value (RBV) and deprecations (or writeoffs - WO) of the lines/pipes. Figure 61 shows this process exemplary for the gas grid. The
process of scheduling begins with the two prosumers agents with the gas demand, which is
propagated to the respective gas pipe agent. Both pipe agents determine the RBV, WO and
length of their subtree and transmit them to the subsequent gas node agent, where they are
aggregated together and given to the next pipe until the medium pressure agent is reached.
The medium pressure agent sends the data finally to the DNO, which calculates the GC based
on the data. During the runtime of the MAS, this process takes place separately for the
electricity and the gas grid once in each time step.

C10 Additional Data of the Case Studies: Building, Heating System and Solar
Thermal Parameters
Table 25. Heat transmission coefficients of the energy efficiency constraint for each building part [185]
EnEV Target U-Values
Envelope Part
U-Value ቂ

ࢃ
 ࡷڄ

ቃ

Roof

Facade

Floor

Window

Door

0.24

0.24

0.3

1.3

1.8

Table 26. Building properties of the used building types and corresponding energy efficiency
constraint
EnEV energy efficiency
targets

Building Properties
͓

Building

܀۴ۯम
ሾܕ ሿ

0
1
2
3
4
5
6
7
8
9

SFH-A
SFH-B
SFH-C
SFH-D
SFH-E
SFH-F
SFH-G
SFH-H
SFH-I
SFH-J

218.90
141.80
302.50
111.10
121.20
173.20
215.60
150.20
121.90
146.50

܂मۼ
ܐ
 ൨
܉

܃म܂۰
܅
  ൨
ڄ ܕ۹

۶म܄
܅
 ൨
۹

1858
1961
2045
1952
1847
1953
2154
2134
2144
2219

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.05

112
72
154
57
62
88
110
77
62
62
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܁म܁

܁म۲۶܅

܁म܂

ሾ܅ܓሿ

ሾ܅ܓሿ

ሾ܅ܓሿ

2.5993
1.6683
3.8462
1.3397
1.7023
2.4451
2.1000
1.9586
1.6646
1.6279

2.3562
1.4464
2.9589
1.1384
1.3122
1.7733
2.0021
1.4078
1.1370
1.3202

9.3978
7.4417
14.1402
6.4387
8.2765
10.3436
8.7497
8.5194
7.2747
6.7689

۾ۿम
ܐ܅ܓ

൨
܉
17010
14157
27098
12175
14569
18893
18634
17004
14468
14340

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

SFH-K
SFH-L
TH-B
TH-C
TH-D
TH-E
TH-F
TH-G
TH-H
TH-I
TH-J
TH-K
TH-L
MFH-A
MFH-B
MFH-C
MFH-D
MFH-E
MFH-F
MFH-G
MFH-H
MFH-I
MFH-J
MFH-K
MFH-L

186.80
186.80
96.00
112.80
149.60
117.40
106.30
108.30
127.60
148.80
151.90
195.80
195.80
677.50
312.40
385.00
632.30
3129.10
468.60
654.00
778.10
834.90
2190.10
1305.00
1305.00

2106
2275
2011
2096
1969
2069
2070
2073
2176
2225
2266
2193
2362
2149
2244
2190
2080
2237
2225
2285
2324
2357
2466
2353
2375

0.05
0.05
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.05
0.05
0.05
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.05
0.05
0.05

Sources

95
95
49
58
76
60
54
55
65
76
65
100
100
346
159
196
322
1596
239
334
397
426
931
666
666

2.3007
1.9146
1.1013
1.3817
2.7041
1.0804
1.3268
1.2922
1.2223
1.4741
1.8737
1.6262
1.4006
7.9214
3.4334
4.8051
7.3036
35.1692
5.2982
6.7897
9.8911
9.0101
19.3170
12.2683
11.2076

1.7741
1.6421
0.9546
1.0764
1.5194
1.1349
1.0269
1.0448
1.1726
1.3375
1.3404
1.7859
1.6576
7.0615
3.1184
3.9370
6.8104
31.3398
4.7171
6.4125
7.5008
7.9330
19.8907
12.4218
12.3102

9.5518
9.5518
4.7318
4.8317
8.0341
4.1800
4.9237
5.3715
5.0218
5.7370
6.7114
7.9566
7.9566
29.4552
11.6561
17.1947
28.2803
119.1096
20.1990
26.0069
34.3740
35.3354
71.3245
52.3202
52.3202

[48, 49]

19006
21112
9222
9487
13488
8761
9572
10623
10821
12461
14002
17797
19404
61455
25449
35763
57789
257825
43654
58552
74320
80763
177329
123485
52.32

Derived from [185]

Table 27. Initial building heating system types base on [178, 183, 191]

य

Type

Sys.
Temp.
ሾιሿ

ࡱࡱࡿ
य  ሾെሿ

य

Type

Sys.
Temp.
ሾιሿ

ࡱࡱࡿ
य  ሾെሿ

0
1
2
3
4
5
6
7
8
9
10

AWHP
AWHP
AWHP
AWHP
GWHP
GWHP
GWHP
GWHP
GCB
GCB
GCB

90/70
70/55
55/45
35/28
90/70
70/55
55/45
35/28
90/70
70/55
55/45

0.52
0.43
0.38
0.33
0.44
0.36
0.32
0.28
1.22
1.20
1.17

11
12
13
14
15
16
17
18
19
20

GCB
OCB
OCB
OCB
OCB
PB
PB
PB
PB
EDH

35/28
90/70
70/55
55/45
35/28
90/70
70/55
55/45
35/28
/

1.13
1.24
1.21
1.18
1.14
1.33
1.30
1.22
1.13
1.12

Table 28. Surface areas of the building types [48, 49]
Envelope surfaces ሾ;ሿ
͓
0
1
2
3

Building

Roof 1

Roof 2

Facade 1

Facade 2

Floor 1

Floor 2

SFH-A
SFH-B
SFH-C
SFH-D

134.20
83.10
214.00
125.40

0.00
0.00
0.00
0.00

169.80
194.00
235.30
117.80

0.00
0.00
0.00
0.00

85.50
45.60
144.90
62.00

0.00
32.70
0.00
17.90

162

Window

Window

1

2

28.80
22.30
52.40
18.40

0.00
0.00
0.00
0.00

Door

2.00
2.00
2.00
2.00

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

SFH-E
SFH-F
SFH-G
SFH-H
SFH-I
SFH-J
SFH-K
SFH-L
TH-B
TH-C
TH-D
TH-E
TH-F
TH-G
TH-H
TH-I
TH-J
TH-K
TH-L
MFH-A
MFH-B
MFH-C
MFH-D
MFH-E
MFH-F
MFH-G
MFH-H
MFH-I
MFH-J
MFH-K
MFH-L

168.90
183.10
100.80
123.20
115.50
85.90
131.90
131.90
60.00
50.40
81.20
46.20
60.85
97.60
64.90
77.40
91.30
75.70
75.70
284.10
102.80
158.50
355.00
971.10
216.70
248.30
249.40
283.70
580.00
321.10
321.10

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
31.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

141.20
177.60
159.40
211.30
126.60
188.90
227.60
227.60
74.50
64.10
134.70
40.40
53.70
54.10
50.90
45.20
140.70
137.80
137.80
749.30
146.00
323.50
462.00
2039.00
336.00
447.10
774.80
695.80
1698.00
1193.20
1193.20

8.70
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
13.90
0.00
69.20
69.20
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

115.80
78.30
83.40
75.30
84.30
79.80
107.80
107.80
60.00
50.40
81.20
46.20
60.90
73.00
56.10
51.90
70.70
67.80
67.80
124.80
102.80
127.40
355.00
971.10
216.70
248.30
249.40
283.70
619.50
321.10
321.10

0.00
74.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
49.00
0.00
31.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

27.10
34.20
27.00
29.70
32.50
28.30
42.00
42.00
18.10
21.50
46.70
13.50
23.40
20.20
18.80
22.40
36.30
25.50
25.50
107.00
54.10
71.20
98.70
507.50
81.30
99.40
161.00
162.80
308.70
243.60
243.60

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.60
2.60
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.10
2.00
2.00
2.00
2.00
2.00
2.60
2.60
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.50
2.00
2.70
2.70
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
47.90
47.90

Table 29. U-Values of the building types [48, 49]
Building Envelope U-Values ቂ

ࢃ

ቃ

 ࡷڄ

͓

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Building

Roof
1

Roof
2

Facade 1

Facade 2

Floor 1

Floor
2

Windo
w1

Window
2

Door

SFH-A
SFH-B
SFH-C
SFH-D
SFH-E
SFH-F
SFH-G
SFH-H
SFH-I
SFH-J
SFH-K
SFH-L
TH-B
TH-C
TH-D
TH-E

2.60
1.30
1.40
1.40
0.80
0.50
0.50
0.40
0.35
0.25
0.20
0.15
0.77
0.65
0.65
0.51

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.00
1.70
1.70
1.40
1.20
1.00
0.80
0.50
0.30
0.30
0.28
0.17
1.70
1.70
1.20
1.20

0.00
0.00
0.00
0.00
0.80
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.90
0.88
0.77
0.78
1.08
0.77
0.65
0.51
0.40
0.28
0.35
0.17
0.88
0.77
1.29
1.08

0.00
1.20
0.00
1.01
0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.80
2.80
2.80
2.80
2.80
2.80
4.30
3.20
1.90
1.40
1.30
1.10
2.70
2.80
2.80
2.80

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
2.00
2.00
1.80
1.30
3.00
3.00
3.00
3.00
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16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

TH-F
TH-G
TH-H
TH-I
TH-J
TH-K
TH-L
MFH-A
MFH-B
MFH-C
MFH-D
MFH-E
MFH-F
MFH-G
MFH-H
MFH-I
MFH-J
MFH-K
MFH-L

0.51
0.50
0.40
0.35
0.20
0.20
0.13
2.60
1.30
1.40
1.08
0.51
0.51
0.43
0.36
0.32
0.20
0.20
0.25

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.65
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.00
0.80
0.60
0.60
0.30
0.28
0.16
2.00
2.20
1.70
1.20
1.20
1.00
0.80
0.60
0.40
0.25
0.28
0.29

0.00
0.00
0.00
0.60
0.00
0.28
0.16
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.77
0.65
0.51
0.45
0.28
0.35
0.16
0.88
0.88
0.77
1.33
1.08
0.77
0.65
0.51
0.40
0.32
0.35
0.29

0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.20
0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.80
2.80
2.80
1.60
1.30
1.30
1.10
2.80
2.70
3.00
3.00
3.00
3.00
3.00
3.00
1.90
1.40
1.30
1.10

0.00
0.00
0.00
0.00
0.00
1.30
1.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3.00
3.00
3.00
2.00
2.00
1.80
1.30
3.00
3.00
3.00
3.00
3.00
4.00
4.00
4.00
2.00
3.00
1.80
1.30

Table 30. Heating circuit temperatures for the corresponding building age classes and heating systems
Building age class

E

F

G

H

I

J

K

L

AWHP

0

0

0

0

1

1

1

1

GCB

1

1

1

1

1

1

1

1

OCB

1

1

1

1

1

1

1

1

PB

1

1

1

1

1

1

1

1

EDH

1

1

1

1

1

1

0

0

Heating
system

Heating circuit
temperature

90/70°C

70/55°C

55/45°C

35/28°C

The parameters of the individual buildings in the single seeds of the simulation (date of
investment, building age class, heating system type, surface insulation constraint) are listed in
the supplementary part of the corresponding paper [2] and are available online
(https://www.mdpi.com/2071-1050/12/13/5315).
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C11 Additional Results of the Case Studies: Chapter 4.3.3
(a)

(b)

Figure 62. Relative electricity demand in projected years for (a) different triggers and their combinations;
(b) a variation of building age classes and heating systems. (Dots: individual seeds; boxes: median and
25%/75% percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).

(a)

(b)

Figure 63. Relative electricity grid charges in projected years for (a) different triggers and their
combinations (b) a variation of the building age and heating systems. (Dots: individual seeds; boxes:
median and 25%/75% percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).
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(a)

(b)

Figure 64. Comparison of CO2 emissions and costs. (a) Mean value of the CO2 emissions of all retrofitted
buildings in the year of renovation (b) Mean value of the total costs of retrofitting and operation for all
buildings (capital + operational expenditures). (Dots: individual seeds; boxes: median and 25%/75%
percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).

C12 Additional Results of the Case Studies: Chapter 4.3.5
(a)

(b)

Figure 65. Relative electricity demand in projected years with a comparison of different gas DNO
strategies with (a) a variation of the date of investment (I); (b) a variation of date of investment, building
age type, and heating system type (I, B, H). (Electricity DNO strategy in all simulations: “stable grid
value”). (Dots: individual seeds; boxes: median and 25%/75% percentiles of the resulting distribution;
whiskers: +/- 1.5 IQD).
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(a)

(b)

Figure 66. Relative electricity grid charges in projected years with a comparison of different gas DNO
strategies with (a) a variation of the date of investment (I); (b) a variation of date of investment, building
age type, and heating system type (I, B, H). (Electricity DNO strategy in all simulations: “stable grid
value”). (Dots: individual seeds; boxes: median and 25%/75% percentiles of the resulting distribution;
whiskers: +/- 1.5 IQD).

Figure 67. Relative value of the electricity DNO’s revenue cap in projected years with a comparison of
different gas DNO strategies. (electricity DNO strategy in all simulations: “stable grid value”). (Dots:
individual seeds; boxes: median and 25%/75% percentiles of the resulting distribution; whiskers: +/- 1.5
IQD).
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(a)

(b)

Figure 68. Relative values in projected years with a comparison of different gas DNO strategies for (a)
CAPEX of the gas DNO and (b) OPEX of the gas DNO. (Dots: individual seeds; boxes: median and
25%/75% percentiles of the resulting distribution; whiskers: +/- 1.5 IQD).

D Appendix for Chapter 5
D1 Parametrization
Table 31. Nomenclature of formula symbols and parametrization of the gas and electricity DNO
Parameter

Value

Description [unit]

Gas

Electricity

Source

Cost components of the revenue cap
ா
ߙࣷǡऄ
ைா
ߙࣷǡऄ

Capital expenditures gas or electricity [€]
Operational expenditures gas or electricity [€]

ா
ߙࣷǡऄ

ߙࣷǡऄ

Imputed return on equity gas or electricity [€]
Interest on borrowed capital gas or electricity [€]

ߙ்ࣷ௫

ߙࣷǡऄ

Imputed interest on borrowed capital gas or electricity [€]

ை
ߙࣷǡऄ

Operating costs gas or electricity [€]


ߙࣷǡऄ
ீ

ߙࣷǡऄ


ߙࣷǡऄ

Imputed trade tax gas or electricity [€]

Loss costs gas or electricity [€]
Upstream grid charges gas or electricity [€]
Concession fees gas or electricity [€]

κେ

Parameters
Interest rate equity capital of line ℓ

0.0691*

0.0691*

κ େ
κେ

Amount of equity capital of line ℓ
Interest rate borrowed capital of line ℓ

0.40
0.035*

0.40
0.035*

[27]

κ େ

Amount of borrowed capital of line ℓ
Trade tax rate

0.60
0.14*

0.60
0.14*

[27]

Technical lifetime of a line [a]
Planning horizon [a]

45
31

40
31

[112]

Specific costs of upstream grid charges [€/kWh]

0.0030*

0.025*

ୟ୶
 
 ୪ୟ୬୬୧୬
୮ୋେୋ
ऄ
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ऄେ୭୬ୡ
େ
୭ୱୱ

ୖେ
୬୷୲୦ୣ୰

ࣷǡऄ

Specific costs for concession fees [€/kWh]
Specific lost costs [€/kWh]

0.0023*
0.0080*

0.011*
0.044*

Loss factor
Specific operating costs [€/m]

0.00*
5.0*

0.026*
7.9*

Any other energy in year ऄ in gas or electricity grid
[kWh/a] (calculated based on the RFA)

0*
[kWh/
(m²·a)]

25*
[kWh/
(m²·a)]

κ ୍୬୧୲

Variables
Line age at the begin of planning horizon [a]*

κ 
κ ୍

Technical lifetime of a grid line ℓ [a]
Historical acquisition expenditures for line ℓ [€/m]*

κ
ୋ୰୧ୢ
ࣷǡऄ

Line length of line ℓ [m]*
Line length of a grid in the year ऄ [m]*

ୋ୰୧ୢ୫ୟ୶
ࣷ
ୋ୰୧ୢ
ࣷǡऄ

Maximal line length of a grid, when every building is connected to the grid [m]
Number of grid customers in year ऄ

ୋ୰୧ୢ୫ୟ୶
ࣷ
ܣெூ௧
 κǡऄ
ࣷǡऄ

Maximal number of grid customers, when every building is connected to the grid
Length-weighted average age of the grid [a]

ୋେ
ࣷǡऄ
ୌୣୟ୲୧୬

ࣷǡऄ

Rest book value factor of line ℓ in year ऄ as a function of the binary decision variables
Mean rest book value factor of all grid asset in year ऄ
Grid charges gas or electricity in year ऄ [€/kWh]
Energy for heating applications in year ऄ in gas or electricity grid [kWh/a]

ࣼ Ԗ ࣤ

Indices and sets
A building ࣼ of all buildings ࣤ connected to the grid

κ Ԗ ࣦ
ऄ Ԗ ࣮

A line ℓ of all lines δ in the grid
A year ऄ within the planning horizon ࣮

ࣷ Ԗ ࣝ
୍
κǡࣷୀୣ୪ୣୡ୲୰୧ୡ୧୲୷
୍
κǡࣷୀୟୱ

An energy carrier ࣷ of all carriers ࣝ
Investment expenditure for new construction of grid assets
Investment expenditures electrical lines [€/m]
Investment expenditures gas pipes [€/m]

114*
214*

Table 32. Nomenclature of formula symbols and parametrization of the building retrofit model
Parameter

Description [unit]

Value

Source

Components of the expenditures

ࣼ

ࣼ

Total expenditures for heating within the technical lifetime of the heating system [€]
Investment expenditures for the building insulation retrofit [€]

ୗ
ࣼ

Investment expenditures for the change of the heating system and technical building equipment
[€]


ࣼ

ࣼ

Expenditures for energy procurement over the technical lifetime of the heating system [€]
Expenditures for maintenance over the technical lifetime of the heating system [€]

ࣼ

ࣼǡऀ
ࣼ

ࣸǡࣼ

ࣼୗ
ୗ
ःǡࣼ

ࣼୈୌ
ࣽୗ

Parameters
Building surface area [m²]
Area of a building surface component [m²]
Annual usage hours of the heating system [h]
Design-relevant building heat load (for heating system)
(thermal ventilation and transmission losses) [kW]
Heat load for: Radiation losses, internal wins, heat
distribution losses, auxiliary energy [kW]
Heat load thermal solar plant [kW]
Heat load for domestic hot water generation [kW]
Specific annual expenditures for maintenance of the heating
in percent of investment expenditure [-]
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Corresponding values are shown
above in the appendix part for the
chapter 4.

ःୗ
ࣽୗ
େ
ࣷǡࣽ

ࣼ୴ୟ୰
ࣼ୧୶

Specific annual expenditures for maintenance for the solar
thermal plant in percent of investment expenditure [-]
Plant expenditure figure of the heating systems
Energy carrier of the heating system (Binary decision
parameter)
Specific variable investment expenditures for a building
surface retrofit [€/(m²·cm)]
Specific fix investment expenditures for a building surface
retrofit [€/m²]

ୈ
ࣸ
ࣽୗ୴ୟ୰

Insulation thickness [cm]
Specific variable expenditures for the heating system [€/kW]

ୗ୧୶
ࣽǡࣼ

Specific fix expenditures for the heating system
(maintenance) [€]

ୗ୧୶
ࣽǡࣼ

Specific fix expenditures for the heating system [€]

ୗ୴ୟ୰
ः

ःୗ୧୶
େ
ࣷǡऄ

Specific variable expenditures for the solar thermal plant
[€/kW]
Specific fix expenditures for the solar thermal plant [€]

Specific energy procurement
costs

ୟ୶
ࣷǡऄ

Energy related taxes and
duties (excluding the CO2
tax, which is calculated in
the model)

ࣷ


ࣷ

ୌ

ࣼ ౪
ࣼ୧୬୧୲


ࣼ ుు


ࣼ ుు






ா
ܾࣸǡࣼ
ாௌ
ܾ୩ǡࣼ
ௌ்ா
ܾःǡࣼ

Corresponding values are shown
above in the appendix part for the
chapter 4.

Specific annual energy related expenditures (tax + procurement + grid charges) [€/kWh]
Electricity [€/kWh]
0.0761
[165]

୰୭ୡ
ࣷǡऄ

େ
ࣷǡऄ

0–30

Specific CO2-emissions per
energy carrier [kg/kWh]

Heating value

Primary energy factor

Natural gas [€/kWh]
Oil [€/l]

0.0313
0.506

[165]
[166]

Pellet [€/kg]
Electricity [€/kWh]

0.231
0.1602

[167]
[165]

Natural gas [€/kWh]
Oil [€/l]

0.0164
0.169

[165]
[207, 209]

Pellet [€/kg]
Electricity (linear decrease to
0.103 in 2050)
Natural gas

0.016

[207, 209]

0.202

Oil
Pellet

0.294
0.023

Natural gas [kWh/m³]
Oil [kWh/liter]

11.42
11.27

Pellet [kWh/kg]
Electricity

5.27
1.8

Natural gas
Oil

1.1
1.1

Pellets

0.2

0.462
[210, 211]

[212]
[213]

[34]

Initial annual end energy demand of a building
Initial annual CO2 emissions of a building
Upper bound for the annual primary energy demand considering the energy efficiency constraint
Upper bound for the heat load considering the energy efficiency constraint
Present-value factor maintenance
Present-value factor energy procurement

31
31 or 18.3

Variables
Building surface retrofit ࣸ in house ࣼ (Binary decision variable)
Heating system ࣽ in house ࣼ (Binary decision variable)
Solar thermal plant ः in house ࣼ (Binary decision variable)

ୌୣୟ୲୧୬

Energy for heating applications in year ऄ in gas or electricity grid [kWh/a]

୬୷୲୦ୣ୰

Energy for all applications except heating in year ऄ in gas or electricity grid [kWh/a]

ࣷǡऄ
ࣷǡऄ

ீ
ܿࣷǡऄ

Grid charges gas or electricity in year ऄ [€/kWh]
Indices and sets
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ࣸࣞא

An insulation thickness standard ࣸ of all standards ࣞ

ऀ࣪א
ࣽࣥא

Surface part ऀ of all building surface parts ࣪
A heating system type ࣽ of all heating system types ࣥ

ࣷ Ԗ ࣝ
ः࣭א

An energy carrier ࣷ of all carriers ࣝ
A solar thermal plant ः of all available types and sizes ࣭

ࣼ Ԗ ࣤ

A building ࣼ of all buildings ࣤ connected to the grid

D2 Conception of the Sensitivity Analysis
The building retrofit model is parameterized based on Chapter 4. For detailed information
about parameters of the model see the appendix part of this chapter. Some additional
assumptions and simplifications are added in the validation (Chapter 5.2.5) and sensitivity
analysis (Chapter 5.3):
x

Validation: The solution space is limited by reducing the number of possible insulation
thicknesses (0, 10, 15, 20 cm) and the number of the solar thermal systems (0, 60%, 100%
coverage rate for drinking water), with the goal of reducing the calculation time.

x

Sensitivity analysis: The solution space is limited by reducing the number of possible
insulation thicknesses (0, 5, 10, 15, 20, 25, 30 cm) and the number of the solar thermal
systems (0, 20%, 40%, 60%, 80%, 100% coverage rate for drinking water), with the goal of
reducing the calculation time.

x

Validation: The parameters and constraints are set corresponding Chapter 4: Investment
dates, building and heating system types are set according to seed 1; grid length is set
corresponding to seed 1; constraints are set according to “Combination 2”; parameters of
the electricity and gas grid as well as the building and heating systems are set
corresponding to Chapter 4.

x

Validation & sensitivity analysis: The building types in the grid area under consideration
are determined on the basis of open street maps [50] and assigned to IWU type buildings.
The insulation status of the buildings and the corresponding heating systems are assigned
to the types from Chapter 4.

x

Validation & sensitivity analysis: The model sets reduced grid charges (25%) for
interruptible consumers in the electricity sector (storage heaters and heat pumps), which
causes revenue shortfalls for the DNO. In reality these shortfalls are passed on to the
regular grid charges. Due to the size of the investigated grid areas, this would cause
unrealistic high grid charges. In this way, the model does not implement this levy
mechanism (analogous to Chapter 4).
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Connection

Building

Heating

Year of investment

ratio gas grid

age

system

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Table 33. Year of investment of buildings dependent on the building age and heating type (within the
sensitivity analysis)
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D3 Additional Results of the Sensitivity Analysis

(a)

(b)

(c)
Figure 69. Sensitivities of the future electricity demand (2050 to 2020) to the gas grid topology for
different type building collectives and heating system configurations, whereby initially a different
amount of the buildings is connected to the gas grid.(a) 50% (b) 75% (c) 100% (Length-weighted mean
grid age in all simulations: ͲǤͷͲ ή   ; Interest rate on energy procurement in the building investment
model in all simulations: 4% (  = 18.3))

(a)

(b)

Figure 70. Sensitivities of the future electricity demand (2050 to 2020) to the gas grid topology for
different type building collectives and a heating system configuration, where 50% of the buildings are
initially connected to the gas grid. (a) Length-weighted mean grid age electricity and gas ͲǤͷ ή   ;
Interest rate on energy procurement in buildings =4% (  = 18.3) (b) Length-weighted mean
grid age electricity and gas ͲǤͷͲ ή   ; Interest rate on energy procurement in buildings =0.5%
(  = 31).
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Acronyms
Acronym
AWHP

Name
Air water heat pump

Acronym
MAS

BES
BE

Building energy system
Building envelope

B
BO

Building age class
Building owner

MP
MV

Medium pressure
Medium voltage

Capital expenditures
Carbon dioxide

NHS
OCB

National hydrogen strategy of Germany
Oil condensing boiler

OPEX

Operational expenditures

OSM

Open street maps

DHW

Coefficient of performance (heat
pumps)
Climate protection program of
Germany
Domestic hot water

DNO
E

Distribution network operator
Energy

EDH
ERR

Electrical direct heating
Expected rate of return

R2
RFA

Coefficient of determination
Reference floor area

European Union
Grid charges

RBV
RC

Rest book value
Revenues cap

Gas condensing boiler
Ground water heat pump

STE
SFH

Solar thermal plant
Single family house

Inter quantile distance
Institute Housing and Environment

SGC
SGV

Stable grid charges
Stable grid value

German law for the preservation,
modernization and expansion of
combined heat and power
generation
Low voltage

SRC

Stable revenue cap

CAPEX
CO2
COP
CPP

EU
GC
GCB
GWHP
IQD
IWU
KWK-G

LV
LP
MILP
MPPDC

Low pressure
Mixed integer linear program
Mathematical program with primal
and dual constraints

MFH
MSE

Name
Multi-agent simulation
More family house
Mean squared error

PB

Pellet burner

PF
R

Present value factor
Correlation coefficient

STE
TH
TABULA
TOTEX
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Solar thermal energy plant
Terraced house
Typology approach for building stock energy
assessment
Total expenditures

Nomenclature
There may be chapter-specific deviations in the use of individual parameters. If so, these
are introduced in the respective subchapter or the parameterization chart in the corresponding
appendix section.
Parameter
or variable

Description [unit]

C

Grid costs [€]

Q

Transported energy in a grid [kWh]
Efficiency improvement rate of an individual DNO [-]

୧୬ୢ
ୣ୬


୲

Efficiency improvement rate of all DNOs [-]
Retail price index of the year ऄ [-]

୲

Revenue cap of a DNO in the year ऄ [€]

ா
ߙࣷǡऄ

Imputed return on equity gas or electricity [€]


ߙࣷǡऄ

Interest on borrowed capital gas or electricity [€]
Imputed trade tax gas or electricity [€]

DNO model gas or electricity

ߙ்ࣷ௫

ߙࣷǡऄ
ை
ߙࣷǡऄ

ߙࣷǡऄ
ீ

Imputed interest on borrowed capital gas or electricity [€]
Operating costs gas or electricity [€]
Loss costs gas or electricity [€]

ߙࣷǡऄ

Upstream grid charges gas or electricity [€]


ߙࣷǡऄ
ா
ߙࣷǡऄ

Concession fees gas or electricity [€]
Capital expenditures gas or electricity [€]

ைா
ߙࣷǡऄ

Operational expenditures gas or electricity [€]
Historical acquisition expenditures of line ℓ [€/m]

κ ୍
κ
κେ

Line length of line ℓ [m]
Interest rate equity capital of a grid asset ℓ

κ େ
κେ

Amount of equity capital of a grid asset ℓ
Interest rate borrowed capital of a grid asset ℓ

κ େ

Amount of borrowed capital of a grid asset ℓ
Trade tax rate

ୟ୶
 
 ୪ୟ୬୬୧୬
୮ୋେୋ
ऄ
ऄେ୭୬ୡ
େ
୭ୱୱ

ୖେ
κ ୍୬୧୲
ܣெூ௧
ீ௦Ȁா௧Ǥ

ࣷܧǡऄ

୬୷୲୦ୣ୰

ࣷǡऄ

ୌୣୟ୲୧୬

Technical lifetime of a grid asset [a]
Planning horizon [a]
Specific costs for upstream grid charges [€/kWh]
Specific costs for concession fees [€/kWh]
Specific lost costs [€/kWh]
Loss factor
Specific operating costs [€/m]
Asset age at the begin of planning horizon [a]
Length-weighted average age of the grid [a]
Supplied energy, customer number and power law function
Total supplied energy in the gas or electricity grid in year ऄ [kWh/a]
Any other energy in year ऄ in gas or electricity grid [kWh/a] (calculated based on the reference
floor area)

ࣷǡऄ

Energy for heating applications in year ऄ in gas or electricity grid [kWh/a]

ୋେ
ࣷǡऄ
ୋ୰୧ୢ
ࣷǡऄ
ୋ୰୧ୢ
ࣷǡऄୀ
ୋ୰୧ୢ୫ୟ୶
ࣷ
ୋ୰୧ୢ
ࣷǡऄ

Grid charges gas or electricity in year ऄ [€/kWh]
Number of grid customers in year ऄ
Number of grid customers in year ऄൌͲ
Maximal number of grid customers, when every building is connected to the grid
Cumulated line length of the grid in year ऄ [m]

177

ୋ୰୧ୢ
ࣷǡऄୀ
ୋ୰୧ୢ୫ୟ୶
ࣷ
k
MSE

Cumulated line length of the grid in year ऄൌͲ [m]
Maximal line length of a grid, when every building is connected to the grid [m]
Exponent of the power law function
Mean squared error of the power law fit

R2

Coefficient of determination of the power law fit
Variables of the DNO model

ୋେୋ
ऄ

Grid charges gas in year ऄ [€/kWh]
Rest book value factor of line ℓ in year ऄ as a function of the binary decision variables

ܴܨܸܤκǡऄ
ீௗ
ࣷܨܸܤܴܯǡ௧
or
ࣷǡऄ
ܣऄǡκ
ࣩ࣬
ܾंǡκ
ࣝ
ܾࣷǡκ
 ࣩ ऄǡκ

 ࣝࣷǡऄ

୨ǡऄ

κǡऄ

்
κ

Mean rest book value factor of the whole grid in the year ऄ

Age of line ℓ in year ऄ as a function of the binary decision variables [a]
Additional parameters and variables of the DNO cash flow optimization model
Renewal of line ℓ in year ं (Binary decision variable of the optimization model)
Closure of line ℓ in year ࣷ(Binary decision variable of the optimization model)
Status matrix for operation of line ℓ in year ऄ
Status matrix for closure measure ࣷin year ऄ
Energy demand of building ࣼ in year ऄ [kWh]
Status matrix of line ℓ in year ऄ
Binary variable indicating whether a line is within its technical lifetime (function of the binary
decision variables)

ࣼ Ԗ ࣤ

Indices and sets of the DNO model
A building ࣼ of all buildings ࣤ connected to the grid

κ Ԗ ࣦ
ऄ Ԗ ࣮

A line ℓ of all lines ࣦ in the grid
A year ऄ within the planning horizon ࣮

ं Ԗ ࣬
ࣷ Ԗ ࣝ

Year of the renewal measure ं of all possible years ࣬ within the planning horizon ࣮
An energy carrier ࣷ of all carriers ࣝ
(In the optimization model presented in Chapter 3 (Appendix B3): Year of the closure measure ࣷ of all possible years ࣝ
within the planning horizon ࣮Ǥሻ

Building model

ࣼ

ࣼ
ୗ
ࣼ

ࣼ

ࣼ

Components of the expenditures
Total expenditures for heating within the technical lifetime of the heating system [€]
Investment expenditures for the building insulation retrofit [€]
Investment expenditures for the change of the heating system and technical building equipment
[€]
Expenditures for energy procurement over the technical lifetime of the heating system [€]
Expenditures for maintenance over the technical lifetime of the heating system [€]
Parameters

ࣼ

ࣼǡऀ

Building surface area [m²]
Area of a building surface component [m²]

ࣼ

Annual usage hours of the heating system [h]
Design-relevant building heat load (for heating system) (thermal ventilation and transmission
losses) [kW]


ࣸǡࣼ

ࣼୗ
ୗ
ःǡࣼ

Heat load for: Radiation losses, internal wins, heat distribution losses, auxiliary energy [kW]
Heat load thermal solar plant [kW]

ࣼୈୌ

Heat load for domestic hot water generation [kW]
Specific annual expenditures for maintenance of the heating in percent of investment
expenditure [-]
Specific annual expenditures for maintenance for the solar thermal plant in percent of
investment expenditure [-]
Plant expenditure figure of the heating systems

ࣽୗ
ःୗ
ࣽୗ
େ
ࣷǡࣽ

Energy carrier of the heating system (Binary decision parameter)
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ࣼ୴ୟ୰

Specific variable investment expenditures for a building surface retrofit [€/(m²·cm)]

ࣼ୧୶

Specific fix investment expenditures for a building surface retrofit [€/m²]
Insulation thickness [cm]

ୈ
ࣸ
ࣽୗ୴ୟ୰
ୗ୧୶
ࣽǡࣼ

Specific variable expenditures for the heating system [€/kW]
Specific fix expenditures for the heating system (maintenance) [€]

ୗ୧୶
ࣽǡࣼ

Specific fix expenditures for the heating system [€]

ୗ୴ୟ୰
ः

Specific variable expenditures for the solar thermal plant [€/kW]

ःୗ୧୶
େ
ࣷǡऄ

Specific fix expenditures for the solar thermal plant [€]
Specific annual energy related expenditures (tax + procurement + grid charges) [€/kWh]

୰୭ୡ
ࣷǡऄ

ୟ୶
ࣷǡऄ

େ
ࣷǡऄ

ࣷ

Specific energy procurement costs

Energy related taxes and duties

Specific CO2-emissions per energy
carrier [kg/kWh]

Electricity [€/kWh]
Natural gas [€/kWh]
Oil [€/l]
Pellet [€/kg]
Electricity [€/kWh]
Natural gas [€/kWh]
Oil [€/l]
Pellet [€/kg]
Electricity
Natural gas
Oil
Pellet
Natural gas [kWh/m³]
Oil [kWh/liter]

Heating value

Pellet [kWh/kg]
Electricity

ࣷ

Primary energy factor

Natural gas
Oil
Pellets

ୌ

ࣼ ౪

Initial annual end energy demand of a building

ࣼ୧୬୧୲

Initial annual CO2 emissions of a building
Upper bound for the annual primary energy demand considering the energy efficiency
constraint


ࣼ ుు


ࣼ ుు






ா
ܾࣸǡࣼ
ாௌ
ܾ୩ǡࣼ
ௌ்ா
ܾःǡࣼ
ୌୣୟ୲୧୬

Upper bound for the heat load considering the energy efficiency constraint
Present-value factor maintenance
Present-value factor energy procurement
Variables of the building model
Building surface retrofit ࣸ in house ࣼ (Binary decision variable)
Heating system ࣽ in house ࣼ (Binary decision variable)
Solar thermal plant ः in house ࣼ (Binary decision variable)

ࣷǡऄ

Energy for heating applications in year ऄ in gas or electricity grid [kWh/a]

୬୷୲୦ୣ୰

Energy for all applications except heating in year ऄ in gas or electricity grid [kWh/a]

ࣷǡऄ

ீ
ܿࣷǡऄ

Grid charges gas or electricity in year ऄ [€/kWh]
Indices and sets

ࣸࣞא
ऀ࣪א

An insulation thickness standard ࣸ of all standards ࣞ
Surface part ऀ of all building surface parts ࣪

ࣽࣥא
ࣷ Ԗ ࣝ

A heating system type ࣽ of all heating system types ࣥ
An energy carrier ࣷ of all carriers ࣝ

ः࣭א
ࣼ Ԗ ࣤ

A solar thermal plant ः of all available types and sizes ࣭
A building ࣼ of all buildings ࣤ connected to the grid
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The German climate protection goals demand the decarbonization
of the heating and cooling sector. The scenarios predict a strong
electrification of the heating sector, including the substitution of
gas-based heating systems. The continued operation of the existing natural gas grids in the case of a decrease in demand could increase energy-related network costs and thus grid charges, which
would further increase the attractiveness of electric-based heating
systems. An effect that could trigger or foster the gas phase-out.
In this thesis, network analysis, multi-agent and mixed-integer linear optimization models are introduced to analyse the business dynamics between the retrofit decisions of building owners
and the investment decisions of gas and electricity distribution
network operators. The results forecast a decrease in natural
gas demand in the gas distribution grids for most scenarios in
Germany. In certain configurations, this develops into a self-reinforcing feedback loop that fosters a strong electrification and
triggers the defection from the gas grid in the long run.
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