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Abstract

The European Union follows the objective of becoming carbon-neutral before 2050. To
achieve this goal, a high share of fossil energy carriers (mainly coal, oil and natural gas)
must be replaced by renewables. Many scenarios have been developed since then, portray-
ing a European Energy System based on renewable technologies. These scenarios envisage
a gradual phase-out of the individual fossil energy sources in the order of their CO2 emis-
sions from the largest to the smallest. Natural gas, which is considered one of the ‘cleanest’
fossil energy sources, should be the last to disappear from the primary energy mix. How-
ever, since the Ukraine crisis, the European Union (EU) aims to drastically reduce the
import of Russian natural gas for political reasons. Since the supply of natural gas from
other sources is very difficult to replace for transport reasons, it will be eliminated from
the primary energy mix even more rapidly in the medium term. According to [1], the
influence of drastic changes in the amount of gas flowing through Europeans’ gas networks
on costs for gas transport and distribution is not fully understood so far. Therefore, this
work aims to develop an Open-source Geographic Information System (OGIS) based eco-
nomic cash flow model that estimates distribution grid length, gas demand and associated
distribution costs in the EU.

In the face of low availability of open natural gas network data, the method follows a
top-down approach based on OpenStreetMap (OSM) building data and www.hotmaps-
project.eu data maps which are open-data. The method is applied to Nomenclature of
Territorial Units for Statistics (NUTS) 3 regions of the EU-27 for which results of grid
length, gas demand and network costs are shown and discussed on an EU-wide basis.
Based on the results, further steps to improve the model are suggested. A sensitivity
analysis of the developed model shows the influence of the individual input parameters on
the results.

In order to calculate the results for 2050, scenario assumptions of comprehensive build-
ing stock renovation measures and exchange of heating systems for the building stock are
made to meet the EU goals of a carbon-neutral energy system in 2050. The underlying gas
demand on country level (NUTS 0) is taken from an ongoing research project [2] and is not
within the scope of this thesis. Based on these scenario assumptions and gas demand, the
regional (NUTS 3) results on gas demand and network length show a significant decrease
until 2050. Further, net present value calculations show increasing gas distribution costs
as a result of decreasing gas sales. Without any countermeasures of network operators,
network assets are at risk of becoming stranded or devalued in the medium or long term.
Considered measures are increasing grid charges and/or decommissioning of individual
lines to guarantee the profitability of distribution networks. Further studies are needed to
evaluate potential strategies and their impact.
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Kurzfassung

Die Europäische Union verfolgt das Ziel, bis zum Jahr 2050 das Energiesystem CO2-neutral
zu gestalten. Der Einfluss einer drastisch veränderten Gasnachfrage im Vergleich zur aktu-
ellen Situation auf die Kosten des Gastransports und der Gasverteilung wurde jedoch noch
nicht ausreichend untersucht [1]. Ziel dieser Arbeit ist daher die Erstellung eines open-
source Geographic Information System (GIS)-basierten ökonomischen Cashflow-Modells
zur Abschätzung der Verteilnetzlänge, der Gasnachfrage und der damit verbundenen Kos-
ten für die Gasverteilung in der EU.

Erdgasnetzbetreiber unterliegen keiner Veröffentlichungspflicht ihrer Netz-bezogenen Da-
ten. Deswegen verfolgt die Methode einen Top-Down-Ansatz auf der Grundlage von OSM
Gebäudedaten und den Karten von www.hotmaps-project.eu, welche alle open-data sind.
Eine Sensitivitätsanalyse des entwickelten Modells zeigt den Einfluss der einzelnen Ein-
gangsparameter auf die Ergebnisse. Mit der Methode werden NUTS 3 Regionen in der
EU-27 untersucht, wobei die Ergebnisse für Gasnachfrage, Gasnetzlänge und Netzkosten
interpretiert und diskutiert werden. Basierend auf den Ergebnissen werden Empfehlungen
zur weiteren Verbesserungen des Modells gegeben. Eine Sensititivätsanalyse untersucht
den Einfluss verschiedener Eingangsparameter auf die Ergebnisse.

Für die Berechnungen für das Jahr 2050 wurden umfassende Sanierungsmaßnahmen und
der Austausch von Heizungsanlagen für den Gebäudebestand angenommen, um die EU-
Ziele eines klimaneutralen Energiesystems im Jahr 2050 zu erreichen. Die zugrunde liegen-
de Gasnachfrage auf Länderebene (NUTS 0) stammt aus einem laufenden Forschungspro-
jekt [2] und ist nicht Gegenstand dieser Arbeit. Basierend auf diesen Szenario Annahmen
und der länderspezifischen Gasnachfrage zeigen die Ergebnisse für den Gasbedarf und
die Netzlänge auf NUTS 3 Level einen deutlichen Rückgang bis 2050. Eine anschließende
Kapitalwertberechnung zeigt steigende Kosten für die Gasverteilung. Ohne Gegenmaßnah-
men der Netzbetreiber besteht die Gefahr, dass die Netzanlagen mittel- oder langfristig
entwertet werden. In Betracht gezogene Maßnahmen sind die Erhöhung der Netzentgelte
und/oder die Stilllegung individueller Leitungen, um die Wirtschatlichkeit der Verteilungs-
netze zu garantieren. Weitere Studien sind erforderlich, um diese möglichen Strategien und
ihre Auswirkungen zu bewerten.
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Chapter 1

Introduction

In the 6th report of the Intergovernmental Panel on Climate Change (IPCC) scientists
renewed and intensified their warning of a global climate crisis if the climate goals of the
Paris Agreement are not met in the near future [3]. In November 2018 the European
Commission released the report ‘A Clean Planet for all – A European strategic long-term
vision for a prosperous, modern, competitive and climate neutral economy’ [4], where the
EU proposes pathways of how to reach the target of a climate-neutral economy. The in-
depth analyses of the pathways [5] define several scenarios, that consider an 80 %-100 %
Greenhouse Gas (GHG) reduction until 2050. In most of the developed scenarios natural
gas plays a key role in the transition of the energy system. From 2015 until 2030, the EU’s
gross inland consumption share of natural gas is decreasing slowly from 21 % to 20 %.
Its further development strongly depends on the GHG emission reduction target and is
foreseen to reach 3 % to 9 % in 2050. While assessing other studies, a mixed picture
emerges about the role of natural gas in 2050. The range goes from a share of 19 % in
the primary energy demand in the Equinor Renewal scenario [6], 15 % in the Shell Sky
scenario [7], 10 % in the IEA ETP B2DS scenario [8] and 1 % in the Öko-Vision scenario
[9].

Currently, the building sector in the EU holds the biggest share of natural gas gross inland
consumption of around 37 %, followed by the power sector of around 32 %. The industry
holds a share of 21 %. The transport sector and the ‘non-energetic-use’ sector hold a
marginal share of around 5 % [10]. To achieve climate targets, the share of natural gas
demand has to decline in each sector. Trends foresee a decrease in the power sector from
16 % in 2015 to 12 % in 2030 and a share between 1 % to 5 % in 2050. In the building
sector the share of natural gas decreases from currently 32 % to 31 % in 2030 and show
values between 12 % to 23 % in 2050. Studies that see the energy system fully based on
renewables make no longer use of natural gas [5].

Depending on the scenario, the individual results of the studies vary with respect to the
role of natural gas in the future energy system. However, all studies agree to a decreas-
ing share of natural gas within the EU’s primary energy supply in the next thirty years.
Therefore, the role of natural gas infrastructure may also change substantially. At present,
the natural gas infrastructure serves to balance the electricity generation and supplies en-
ergy to many applications for final energy consumption. The natural gas infrastructure is
characterised by high investment costs, a long service time, the need for predictable levels
of demand and a high planning certainty provided by the regulatory framework. Looking
at the predicted natural gas demand in the future energy system, the business model of
network owners and it’s resulting economic profitability is challenged. Generally, a gas
bill for individual customers typically consists of 23 % energy price and 35 % network
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1. Introduction

price [11]. If network prices are kept at the same level, revenues for network operators
would decrease because of decreasing demand, whereby investment costs could not be refi-
nanced. Therefore, network costs would have to be adjusted, which in turn would increase
gas prices for the individual customers. If there are other heating technology alternatives,
more and more customers tend to leave the network. The total costs for remaining cus-
tomers would increase even further, leading to a spiral of high grid costs and therefore
high customer prices which will again cause additional customers to leave the network. A
wide variety of scenarios have been developed, which try to identify key findings on the
future development of gas infrastructure, to avoid assets, either existing or planned, could
become devalued or stranded in the medium or long term [11].

Replacing natural gas with synthetic methane or hydrogen based on renewable resources
seems attractive. This option has some advantages, as it makes further use of existing
infrastructure, additionally could balance the electricity system and can further increase
the security of supply. Especially studies with a stricter GHG emission target show the
importance of green gases in a decarbonised future energy system, as shown in Figure 1.1.

Figure 1.1: Correlation between GHG emission reduction and type of gas until 2050 [11]

Nevertheless, the role of e-methane or hydrogen in the future energy system is very con-
troversial. Most studies agree on a very low hydrogen share (0.1-1.0 %) of the final energy
demand until 2030 [12]. However, the studies show a wide diversification in their predic-
tions for 2050. The range goes from 0.2 % to 20 % share in the final energy demand for
e-gas and hydrogen. One main reason causes this range: The studies are based on different
assumptions about the total final energy demand in 2050. As demand increases, so will
the need for alternative energy carriers.

In a German national report [13] a pipeline-based transport of e-fuels is considered indis-
pensable, if the quantity demanded reaches a substantial level. A supply by only on-site
electrolysers is then not possible anymore. However, most of the studies do not at all or
just to a little extent consider the costs for gas networks refurbishment and construction
[12]. First, transmission network owners have to refurbish parts of their network, making
it ready for hydrogen. Furthermore, utilities like gas storage, compressors or valves have
to be refurbished or changed too. The costs for long-distance networks refurbishment are
seen affordable in most of the evaluated studies [11, 13].

In contrast, the conversion of the distribution network is seen as more difficult. For ex-
ample, the step-wise change from natural gas to hydrogen supply is not possible, as all
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the decentral heating and cooking utilities cannot manage a high amount of hydrogen in
the fuel mix. The Deutscher Verein des Gas- und Wasserfaches (DVGW) assumes that a
hydrogen admixture of 20 % by volume is possible for 80 % of the heating systems in
Germany [14]. Considering the lower calorific value of hydrogen, 20 % gas replacement
by hydrogen provides just 7 % replacement in calorific value. Above the threshold, a
full network refurbishment to 100 % hydrogen has to be accomplished, including all the
heating and cooking devices of the end consumers. New types of gas boilers are currently
being developed that can be operated with hydrogen and natural gas. If planned in ad-
vance, a step-wise installation of such boilers would decreases the afford of changing the
whole distribution system at once. Another option would be the construction of an entire
hydrogen distribution network, which is seen as too expensive in most of the studies [13].
Considering these obstacles could further drastically change the results of the respective
scenarios.

Generally, every technology that runs on hydrogen or synthetic gas has to compete with
technology that runs on electricity (direct electrification). Direct electrification means the
direct use of electricity for an end-use application, like heat pumps. Scientists, stakehold-
ers, analysts and market participants widely agree on the fact, that direct electrification
is the cheapest option in sectors of light-duty vehicles, low/mid-temperature industrial
heat (< 400◦C) and space heating [15]. Only in sectors, where the use of electricity is
considered to be impossible or too expensive, alternative solutions like the use of hydrogen
or synthetic gas might be the option of choice. The Adriane-Report [13] defines so-called
“no-regret-options”, where the use of these alternative solutions will bring added value
to the energy system and development in these sectors should be pushed forward. The
sectors enumerated in the report are the production of primary steel and basic chemicals,
long-haul flights and maritime traffic. The use of hydrogen and synthetic gas in other sec-
tors is widely disputed and is mostly determined by the estimated electrification potential
[15].

Finally, the role of the existing natural gas infrastructure in the future energy system is
hard to anticipate. Its fate is closely linked to the future development and use of hy-
drogen or synthetic gases and has to be further elaborated. Therefore this work aims
at developing an OGIS based economic cash flow gas model, which should support the
broad public, scientists and policymakers to elaborate on questions regarding the future
of gas infrastructure. The model and its input data are available under an open-source
licence. The OGIS-based model estimates the consumption of gas in the building sector
and the length of the supplying infrastructure. Both parameters are fed into a network
cost estimation module, which derives the Net Present Value (NPV) of distribution net-
works in the respective NUTS 3 region. The resulting NPV serves as an indicator for the
distribution profitability. The whole calculation is driven by assumptions on the future
development of renovation rates and the rates of implementing efficiency measures in the
building stock. The model was tested by carrying out the calculation on NUTS 3 regions
of the EU-27 under two different scenarios. The scenario with connection rate of 20% in
2050 (Gas20) assumes a gas face-out after 2050 and the scenario with connection rate of
60% in 2050 (Gas60) considers a continuation of gas-based heating systems in the building
sector after 2050. Results on estimated gas demand, network length and the NPV of each
scenario were compared to each other and recommendations on future model development
to improve model calculations are given. Finally a future perspective of the model is
drawn.

The thesis is split into four parts. The first part (Chapter 2) gives a short overview of
the energy-related goals of Europe and related documents. Also, gas-related topics are
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1. Introduction

discussed like the composition of the infrastructure, economic assessment tools, existing
gas models and their objective.

The second part (Chapter 3) covers a description of the methods of the proposed model.
First, a general description provides a comprehensive overview of the individual modules,
followed by a detailed explanation of the method. The definition of the studied scenarios
closes the Chapter.

The third part (Chapter 4) discusses the results. First, the results of two exemplary
regions from Austria (Vienna, Graz) are discussed in detail. Further, the results on Euro-
pean wide extent are plotted, discussed and interpreted and based on the results, further
recommendations of model improvements are given. The Chapter is also accompanied
by a sensitivity analysis to depict the influence of the most important parameters on the
results.

Finally, a description of the future version of the model should give an outlook on further
developments. The last part (Chapter 5) summarises the thesis.

4



Chapter 2

State of the Art

The following Chapter is intended to provide a brief overview of the topics on which the
model is based.

2.1 Europe’s Goals and related Documents
Under the resolution of the European Green Deal in January 2020 of the European par-
liament [16] and its legislative execution, the European Climate Law [17], the European
Union follows the objective of becoming carbon-neutral by 2050. This climate law includes
the ambitious intermediate climate target of at least 55 % reduction of net GHG emissions
in 2030 compared to 1990 [18].

As the energy system is responsible for close to 80 % of total GHG emissions in the EU,
the Commission proposes to increase the renewable share of the EU’s final energy con-
sumption to 40 % and achieve an overall reduction of 36 to 39 % of primary and final
energy consumption in 2030. Since then, a large number of studies have been conducted,
which elaborated the feasibility of an energy system transition to a carbon-free future in
the EU.

2.2 Natural Gas - Transport and Distribution
The principal structure of the natural gas network is divided into three pressure levels.
After extraction of natural gas from natural gas fields inside or outside Europe, the gas is
transported by off- or onshore pipelines to the cross-border transfer station. The typical
pressure is 100 to 200 bar and pipe diameters are around 1-1.4 m. Due to pressure losses
through pipeline transport (around 0.1 bar/km), compressor stations are necessary each
100 to 200 km. Gas pressure regulating and metering stations connect the individual
pressure levels of the gas network. The stations are responsible for metering the gas flow
and ensuring an optimal pressure at the following network level.

The next level is the European transmission network. It is operated with a pressure of
around 80 to 100 bar under the use of the full capacity with pipe diameters of around
0.35-1.4 m. The differences between demand and supply are regulated by underground
storage facilities. The storage facilities are filled in months with low demand. In months
with high demand, they are used to cover peak demands. The European transmission
network supplies regional distribution grids.

Distribution grids are operated with pressures between 25 mbar up to 4 bar and with
diameters from 80 mm to 1.2 m. Storage facilities can be part of a regional distribution
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2. State of the Art

network too [19].

Depending on the use case, the consumers are connected to different pressure levels of
the network. Due to the high gas demand, power stations and large-scale industries are
connected directly to the transmission network. Smaller industries, commerce, public
institutions and private households are connected to the local distribution network.

2.3 Network Tariffs Regulation
Typically grid charges make up around 35 % of customer’s energy costs for natural gas
[11]. In most European countries, the gas supply network is unbundled from the liberal
market and therefore network operators form a natural monopoly [20]. In the interest of
maximising welfare on a macroeconomic level, network costs should correspond to marginal
costs. In reality, the network operators depend on customers and their agreement to pay
network charges. This risk is included in the network costs by a return of equity depending
on the capital employed [21], raising the grid charges. In an unregulated environment, grid
charges could lead to unreasonable network prices. This is where regulation comes into
play: Avoiding excessive network costs, achieving fair prices and cost-efficient network
tariffs. Generally all regulation models in Europe are based on the four basic models: the
‘cost-plus’, the ‘rate-of-return’, the ‘price-cap’ or the ‘revenue-cap’ methods [21]. Most
European gas networks operate under the ‘revenue-cap’ regulation, where each network
operator is granted a limit to the total amount of revenues that can be earned by operating
a gas network. A government agency defines the individual revenue cap based on supply
efficiency and quality. The costs are then passed to each customer depending on the grid
level [22].

2.4 Economic Factors of operating a Gas Infrastructure
The following Section explains the yearly cost factors for operating gas infrastructure,
derived from [19]. Generally an investment is the creation of funds for a measure or a
project. It begins with an expenditure (investment) and triggers a series of revenues and
expenditures over its service time. The individual costs, which are part of the analysis
are displayed in Figure 2.1. The yearly costs for gas infrastructure are distinguished into
fixed costs and variable costs. The fixed costs are independent of the energy distributed
by the network. However, the variable costs depend on the transported energy.

One part of the fixed costs are the capital costs, which consist of three parts: The first part
consists of deprecation costs. A deprecation is not a real expenditure but is considered for
tax reasons in accounting and deprecate investment costs. Interest on borrowed capital
is the cost that must be paid for a borrowed amount of money. This includes interest
on loans, promissory note loans or bonds. The return on equity takes into account the
profitability of the investment calculated by dividing net income by shareholders equity.

Another part of the fixed costs is the income tax. The income tax takes into account the
tax on corporate income and the country-specific trade tax. The last part of the fixed costs
are the consumption independent costs. These costs take into account the costs for labour,
maintenance and other fixed costs for operating the asset. The variable costs consist of
consumption dependent costs and take into account the variable maintenance costs, costs
for operating the assets and costs for product disposal.

All these costs can be divided into Capital Expenditures (CAPEX) and Operational Ex-
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2.5. Economic Analysis: Aim and Methods

Figure 2.1: Economic factors of operating a gas infrastructure

penditures (OPEX). The CAPEX summarise all expenditures based on the expenditures
of the investment. The OPEX are equivalent to the expenses for operating the asset
(labour costs, maintenance costs, etc.). The costs which are part of the OPEX or CAPEX
are surrounded by the dot-dashed squares in Figure 2.1.

Cost components for the distribution grid in the city of Bamberg are evaluated in [23]
and an Equation for the calculation of the yearly revenue cap is derived. Further, the
model in [23] consists of an Equation to calculate the OPEX, which is being used in the
network cost calculation of this thesis. The OPEX calculation depends on the grid length
and supplied energy [23]. The cost components of OPEX calculations are based on an
estimation for operational costs, loss costs, upstream grid charges and concession fees.

2.5 Economic Analysis: Aim and Methods
The economic analysis aims to assess the absolute and relative efficiency of one or more
investment measures. Before an economic analysis is performed, all the investment op-
tions are made comparable to each other. By comparing several investment options, the
analysis only has to consider expenses and not revenues. If there is only one option, both
have to be considered.

In the energy sector, the main purpose of economic analyses is to assess different invest-
ment options for energy generation or distribution. Depending on the type of investment,
the static- or dynamic procedure for economic analysis is used. Dynamic procedures dis-
count the payment series, static procedures don’t. An investment method usually sums
up cash flows from different dates and compares them to each other. To make all cash
flows comparable, it is necessary to discount each cash flow to a referenced point in time.
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2. State of the Art

Discounting is the method of considering the time-value of money, because not only the
value of payment but also the date of maturity is important. Invested money has the
ability to earn interest over time. That’s the reason, why the value of invested money in-
creases over time because of accumulated interests. For investments with a long duration,
such as in the energy industry, the dynamic methods are preferably used. For relatively
small investments such as improvement measures, it often makes more sense to calculate
statically.

Since the energy sector mostly uses the dynamic procedure is mostly used in the energy
sector, its methods are described below in detail. Payment series are discounted or com-
pounded depending on the point in time when the payment is made according to

Kn = K0 · (1 + i)n = K0 · qn , (2.1)

where Kn is the absolute value of an investment in the future, called nominal value and
K0 is the absolute value in the present, called present value. A payment is discounted
according to

K0 = Kn

(1 + i)n
= Kn

qn
. (2.2)

The parameter q describes the compound- or the discount factor and is calculated by the
interest rate i with q = (1 + i) [19]. The interest rate i, or Weighted Average Costs of
Capital (WACC), is the anticipated rate of return, which is expected from an investment.
Its calculation considers, if equity and loans are used, the ratio of equity and borrowed
capital, return on equity plus risk of investment, taxes, etc.

2.5.1 Net Present Value Method
The method aims to calculate the NPV. It is the balance of all present values of ex-
penditures and revenues within the service time of investment. It is the absolute value
an investment makes in addition to the interest rate. If the value is negative, it is more
advantageous to invest the investment sum at the calculated interest rate differently (e.g.
stocks, savings account). All cash flows, which are made in the future or in the past,
are discounted or compounded to a referenced time point. Normally the point in time is
defined, when a plant or a system is commissioned. The method follows

K0 = −I0 +
t=n�
t=1

Rt − Et

qt
, (2.3)

where K0 describes the present value, I0 is the investment at the beginning of the project,
Rt and Et are the revenues and the expenses at the end of year t in euro per year. The
factor q is the discounting factor. If the NPV is positive, an investment is supposed to be
cost-efficient. If compared to other options, the investment with the highest NPV is the
most cost-efficient.

In this thesis the NPV-method is used to calculate the absolute NPV (revenues and expen-
ditures are considered). To determine if a distribution network is economically profitable
or not. The method is explained in detail in Section 3.6.

2.5.2 Annuity Method
The annuity method converts all cash flows derived from an investment into equivalent
rates of cash flows over its service time. The equivalent rates of cash flows are summed
up and the result is called annual equivalent amount (annuity). In contrast to the NPV
method, the annuity method does not calculate the overall profit, but rather the periodic
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profit of an investment. The investment is advantageous if the annuity is positive. If
compared to other investment options, only the expenses are considered in the economic
assessment. The option with the lowest yearly average cost is the most cost-efficient option.
The annuity is calculated by multiplying the present values of all cash flow series by the
Capital Recovery Factor (CRF). The factor is defined as

CRF = 1�t=n
t=1

1
qt

= (1 + i)n · i

(1 + 1)n − 1 , (2.4)

where t is the year of service time and n is the total service time.

When absolute values of investments are calculated, the annuity method and NPV method
lead to the same result. When different investment options are compared to each other
the methods can lead to different results.

2.6 Gas Models
2.6.1 Fundamentals of Gas Simulation
The investigation of how to optimally and economically develop natural gas transport
and distribution pipeline networks is a complex task. Therefore the assessment of such
complex systems strongly relies on computer-aided simulation procedures. Depending on
the use-case, such simulations are generally based on numerical procedures, using basic
models of continuum mechanics, numerical methods of mechanics or hybrid methods of
mathematical optimisation.

Depending on the gas flow, the simulations can be distinguished into steady-state mod-
els or unsteady state models. In steady-state models, time-dependent characteristics like
pressure oscillations are not considered. The network system is described by relatively
simple algebraic equations, which provide results for a single instant in time. The fun-
damental equations are derived from Bernoulli’s Equation and Kirchhoff’s laws [24]. All
elements in the network system are assumed to be at constant flow conditions.

Unsteady-state models consider time-dependent characteristics. In some cases, process
flow dynamics within the network can not be neglected. Real-world conditions like pressure
propagation during opening or closing a valve accounted for in these models. Unsteady-
state models are based on partial differential Equations, which are solved by numerical
methods [24]. It makes the models more realistic but more complex and more difficult to
solve the mathematical system.

2.6.2 Existing economic Gas Models
At present, a large number of different gas network models exist. Their objective ranges
from allocating gas quantities in a pipeline network, optimising fuel consumption, plan-
ning capacities to controlling the network load distribution for the next couple of hours to
minimise costs of network assets. They differ in time resolution (year, day, hours) as well
as in spatial resolution (transnational, national, regional). This thesis focuses on economic
gas models, therefore the next Section will give an overview of existing economic models.

Basically there are two types of gas models: infrastructure-orientated, short-term dispatch
models and competition-orientated, long-term market models [25]. Both types of model
approaches are based on the representation of the infrastructure as a node-edge model. A
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node-edge model is a mathematical model to represent network-like structures in differ-
ent scientific disciplines, where the nodes represent objects within the network and edges
represent the relations between the objects.

The objective of a market model is to simulate a realistic behaviour of the market par-
ticipants. It considers different players within the market pursuing different goals. The
optimisation target follows the revenue maximisation of the different players with mar-
ket power (network operators, producers, consumers, etc.). Such models allow drawing
conclusions in the long-term regarding price development, energy supply security for end
consumers, consumer behaviour etc.

Dispatch models optimise the gas flow from production to the consumer without consid-
eration of market power on the respective system level. The optimisation target is the
minimisation of system costs, following a perfect competition as well as an efficient reg-
ulatory approach [25]. Regarding this simplification, the model allows a highly temporal
and local resolution of the network, including a realistic representation of the physical
gas network and its asset. Such models can help to identify bottlenecks in the transport
infrastructure and answer questions regarding network expansion etc.

In [25] current large scale models and their prediction quality of historical price develop-
ments, network flows and gas storage levels of German gas storage facilities are evaluated.
The article emphasises the fact that such models have great prediction limitations due
to unexpected market events. The reason for that are secret contracts between market
players, which lead to unexpected behaviours of market players, or events like Fukushima
which influence the gas price. Therefore, such models can only show basic relations which
result in fundamental conclusions.

Existing models focus often on a large scale. However, gas models with a focus on the
regional level exist too. Their objective is to draw conclusions of the future development
of network assets in face of decreasing gas demand, or the strategic behaviour of network
operators to maximise profit or minimise loss. Such models are typically based on a node-
edge approach. Due to their size, it is possible to solve the gas flow within the network
system in a high temporal and local resolution. The backbone of such high-resolution
models is an adequate piping grid simulation tool. Next to commercial tools, open-source
available software, like Pandapipes [26], exists. It simulates steady-state or time-series-
steady-state gas flow and allows identification of bottlenecks, critical pressure drops and
other malfunctions of the network.

Gas models are as good, as their availability of infrastructure- and consumption behaviour
data. Usually, such infrastructure is classified as critical and data about network infras-
tructure is hardly publicly available. Therefore most studies which tackle questions on a
regional level are conducted in cooperation with the local distribution network operator
delivering these data.

This thesis focuses on the future of distribution grids in a decarbonised energy system in
the EU-27. Due to the poor availability of open-source data, the approach is limited to
a basic distribution grid length and gas demand calculation followed by a calculation of
associated costs for gas distribution on a regional level.
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Chapter 3

Material and Methods

This chapter first provides a general description of the model, followed by the method of
how the final energy demand is projected into the future. Then it presents the detailed
workflow of the gas demand, gas distribution grid length and network costs estimation
and finally describes the scenario assumptions.

3.1 General Description of the Model
The main objective of the OGIS-based economic cash-flow model is the calculation of
gas distribution grid length, gas demand and associated gas distribution costs in selected
NUTS 3 regions. Figure 3.1 gives a general overview of the developed model and its work-
flow. Yellow boxes show data, which serve as input for the model’s individual Calculation
Modules (CMs). The CMs are shown as grey boxes. Blue boxes indicate interim results,
which are input data for the following CMs. The final output is shown as a green box.
What follows is a brief description of the individual CMs, the input data, the interim
results and the output followed by a more detailed description in Section 3.6.

The model itself consists of four individual calculation modules. The first calculation
module (Calculation Module (CM) #1) calculates the length of gas distribution networks
in the selected region (Section 3.4). It is based on an empirical model, which provides a
functional relation between the minimum pipe length required to connect a set of build-
ings and the number of buildings per hectare [27]. The number of buildings per hectare
or so-called building density raster was generated from the OSM database (input data
#1, Figure 3.1) and the open data set from the hotmaps project [28]. The calculated gas
distribution length per NUTS 3 region serves as an input for CM #4.

Whether or not an area has a gas infrastructure is assumed to depend on the distance to
the next European transmission line. Therefore CM #2 creates a map with a resolution
on hectare level (100 m × 100 m), where each hectare element contains the distance to
the nearest transmission line, in the unit of 100 m (Section 3.3.3). The raster is derived
from the SciGRID gas map [29], which contains the location of the European natural gas
transmission network and its assets. The output of this module is an input for CM #1
and CM #3.

CM #3 calculates the total gas demand in the building sector of the respective region (Sec-
tion 3.3). The inputs for this module are generated by the open-source demand-projection
tool from the hotmaps toolbox [30] (Section 3.2). The demand-projection tool generates a
heat density map [28] which indicates the final energy demand for hot water preparation
and space heating for the building sector in a selected year. The generated heat density
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Figure 3.1: General description of the developed OGIS model

map is based on several scenario assumptions (Section 3.7). Further input parameters for
CM #3 are parameters, which deliver statistical information like the share of gas heating
in buildings in each EU country. The output of the module is the total gas demand of
buildings in the selected NUTS 3 region.

Finally CM #4 calculates the gas distribution costs in the selected region. The final cost
calculation is based on the Net-Present-Value method (Section 3.3). It calculates the NPV
of all distribution grids in a selected NUTS 3 region (Section 3.6). The investment costs
for network assets and operational costs are derived from [1]. The module is fed by inter-
mediate results derived from the previous CMs as well as user-defined input parameters
and parameters given in scientific literature. The generated output is the NPV for the
distribution of gas in the selected NUTS 3 region.

Currently, the OGIS model calculates the gas demand and the length of the supplying
network from the building sector, as well as the NPV of the gas distribution networks.
According to the energy balances in Eurostat [10] 23 % of the total natural gas consump-
tion in EU-27 is covered by industry, 36 % is covered by the residential and non-residential
sectors and 31 % is covered by power and the heat generating sectors. The current model
version has no implementation of gas demand and network length estimation for the in-
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dustrial sector but already for the power and heat generating sectors. Although the results
of this sector are not used in the NPV calculation, the implemented (yet not used) module
is presented in this thesis. The current version of the model also does not consider the
transport sector. At the moment the consumption of gas in the transport sector in the
European Union is negligibly small, but will most likely increase in the long term [11].

3.2 Projection of Final Energy Demand
The calculations in this thesis are based on the heat density map (final energy demand
for hot water and space heating) from the hotmaps project [28]. This data set shows its
data on hectare level for EU-27 plus Norway, Switzerland, UK and Iceland for the year
2015. The generation of the map is based on a statistical approach which correlates
the building stock characteristic with final energy demand for space heating and hot
water preparation. The process was carried out by a spatial distribution function which
distributed available statistical data on national level (NUTS 0) to regional level (NUTS
3). Finally, the same process was applied to infer hectare level data from the NUTS
3 level [28]. The distribution function builds on the central idea, that the demand in
the residential and service sectors correlates with population density, climate conditions
and economic activities. The developed map is available under the Creative Commons
Attribute 4.0 International License which makes it freely usable.

The heat density map shows data for the year 2015. This work aims to generate results on
the future costs of gas distribution systems. To make statements on the future development
of gas infrastructure, the map needs to be projected into a certain year after 2015 under
defined assumptions. This is where the demand-projection tool [30] comes into play: the
tool projects the building sector’s final energy demand for space heating and hot water
preparation into a defined year. It assumes a change of the final energy demand over the
years due to three activities:

• A fraction of the buildings gets renovated and the heat demand decreases.

• Another fraction of the buildings is only maintained, the heat demand remains the
same.

• The last fraction of the buildings is demolished.

The tool also takes into account newly constructed buildings which increase the heat
demand. The rates at which the individual actions happen are defined by certain pre-
defined scenario inputs. The scenarios are calculated by using the Invert/EE-Lab module.
The module is a dynamic bottom-up techno-economic simulation tool that evaluates the
effects of different policy packages on the total energy demand, energy carrier mix, CO2
reductions and costs for space heating, cooling, hot water preparation and lighting in
buildings [31].

Figure 3.2 shows in the left panel the final energy demand for space heating and hot water
preparation in 2015. The brighter the colour of the respective hectare element, the higher
the final energy demand. The panel on the right shows the projected final energy demand
for the year 2050 under the Gas60 scenario. The scenario is explained in detail in Section
3.7. In this example, the final energy demand for space heating and hot water preparation
decreases from 2015 to 2050.

13



3. Material and Methods

Figure 3.2: Final energy demand of Austrian city of Vienna for 2015 (left) and projected
for year 2050 (right)

3.3 Gas Demand Estimation
The final gas demand in each NUTS 3 region was derived from the heat density map
by first calculating the potential share of district heating from the final energy demand.
Second, demand covered by district heating was calculated and subtracted from the final
energy demand (Section 3.3.1). Third, the remaining final energy demand out of the map
was used to derive a so-called gas share potential potgas

i,j , which is the potential share of gas
covering the remaining final energy demand for space heating and hot water preparation
(without final energy demand covered by district heating). Finally the gas demand for
space heating and hot water preparation in each NUTS 3 region was derived from the gas
potential (Section 3.3.4).

3.3.1 Final Energy Demand covered by District Heating
To estimate the final energy demand (fed) covered by district heating (dh) in any given
hectare (i, j), the following 3-step assumption is made: In a first step, the hectare elements’
final energy demand hfed

i,j (fed=final energy demand) that exceeded a user-defined value
(limitdh) were assigned to be fully supplied by district heating. In other words, their
potential share of district heating from the total final energy demand for space heating
and hot water preparation is 1. In a second step, hectare elements’ final energy demand
below this threshold, district heating supplies a fraction of the total final energy demand,
according to

potdh
i,j =


hfed

i,j

limitdh
, for hfed

i,j ≤ limitdh

1, for hfed
i,j > limitdh

, (3.1)

where potdh
i,j is the potential share of district heating in hectare (i, j). In the third step,

the hectare elements’ final energy demand covered by district heating hfed,dh
i,j is calculated

by
hfed,dh

i,j = hfed
i,j · potdh

i,j · fdis,dh . (3.2)

fdis,dh serves as a scaling factor, to meet the national share xdh of district heating in the
supply mix for space heating and hot water preparation (dis=discrepancy). The factor is
calculated by

fdis,dh =
�

i,j hfed
i,j · xdh�

i,j hfed
i,j · potdh

i,j

. (3.3)
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The left panel of Figure 3.3 shows the final energy demand for space heating and hot water
preparation (hfed

i,j ) for the Austrian city Vienna and the right panel shows the resulting
final energy demand covered by district heating (hfed,dh

i,j ) according to Equation 3.2. The
brighter the colour appears in the panels, the higher the demand for final energy.

Figure 3.3: Total final energy demand of Austrian city of Vienna hfed (left) and derived
final energy demand covered by district heating hfed,dh (right)

Finally, the final energy demand for space heating and hot water preparation covered
by district heating (hfed,dh

i,j ) was subtracted from the total final energy demand for space
heating and hot water preparation (hfed

i,j ), according to

hfed,rest
i,j = hfed

i,j − hfed,dh
i,j . (3.4)

hfed,rest
i,j is further used for the calculation of the gas demand in each hectare.

3.3.2 Clustering Heat Demand Hectares
Another determinant for the existence of gas supply is the spatial accumulation of hectares
with final energy demand. The clustering was performed by the python module DBSCAN
from the SciKit-library [32]. The main idea behind the Density-Based Spatial Clustering
of Applications with Noise (DBSCAN) module is that it assigns points belonging to a
cluster if they are close to many points from that cluster. This allows the classification
of distributed points, whether they are part of a cluster (core point, border point) or not
(outliers). The clustering of the module is controlled by two key parameters: The first
parameter EPS defines the distance that specifies the neighbourhood of a point. Two
points are considered to be neighbours if the distance between them is less than or equal
to EPS. The second parameter minPts defines the minimum number of data points to
define a cluster. A point is defined as a core point, if it has at least minPts number
of points (including the point itself) in its surrounding area with radius EPS. A border
point is a point that is in the neighbourhood of a core point, but has less than minPts
number of points within its surrounding area. An outlier is neither a core point nor is it
in the neighbourhood of a core point. Figure 3.4 may explain these points better. The red
points (A) are identified as core points because there are at least 4 points (minPts = 4)
within their surrounding area with radius EPS, shown as the red circle. The yellow points
(B, C) are defined as border points because they are reachable by core points but their
neighbourhood consists of less than 4 points. The blue point (N) is neither a core point
nor is it reachable from a core point.
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Figure 3.4: Illustration of parameters EPS and minPts in python module DBSCAN [33]

The same method is used to identify, whether hectares with a final energy demand are
part of clusters that consists of close hectare elements with final energy demand. To apply
the method, hectare elements with a final energy demand were converted into points that
are located in the centre of the hectare element. The resulting map is similar to a scatter
plot with a resolution of 100 m, consisting of distributed points. In the next step, the
map was processed with the DBSCAN module: Based on the two parameters EPS and
minPts, a point (or associated hectare element with a final energy demand) is classified as
a core point, as a border point or as an outlier. Assuming that gas supply infrastructure is
only present in areas with a high density of final energy demand, it is considered unlikely
that hectares that are associated with classified outliers will be supplied with natural gas.
Therefore, each hectare element’s final energy demand that is associated with a classified
outlier, is set to 0 MWh and thus is deleted from the map. Each hectare element’s point
that is identified as a core point or as a border point, is assigned to its surrounding cluster
and the associated hectare element’s final energy demand remains on the map. In the last
step, each identified cluster’s total final energy demand was calculated by summation of
all hectare elements’ final energy that were located within the respective cluster. If the
sum exceeds a user-defined threshold hcluster demand, the identified cluster remains, else the
final energy demand of each hectare in the cluster is set to 0 MWh. Figure 3.5 shows
an example of clustered (hectare) elements. Each tile has a size of 100 per 100 m and
demonstrates a hectare element. The coloured tiles indicate hectares with a final energy
demand between 0.1 MWh and 1 MWh. All uncoloured hectares have no final energy
demand. The colour of the respective hectare is scaled by the value of the final energy
demand. The X in the hectares indicate the position of the points associated with the
respective hectares.

In this example, the algorithm identifies one outlier (N) and two clusters (A and B) with
EPS = 200 m and minPts = 4. A hectare is considered within the neighbourhood
of another hectares, if its surrounding circle with radius of 200 m touches the centre of
neighbouring hectares. Hectares final energy demand that are identified as outliers are
set to 0 MWh. Depending on the set threshold for the total final energy demand per
cluster, cluster A and B remain or not. If the value for hcluster demand is set to 2 MWh,
hectare elements final energy demand of cluster A would be set to 0, because the sum of
all hectares final energy demand within this cluster (0.2 + 0.3 + 0.5 + 0.1 = 1.1 MWh)
is smaller than 2 MWh. Cluster B would remain, because the sum of the hectares final
energy demand (1 + 0.3 + 0.4 + 0.2 + 0.5 = 2.4 MWh) is greater than 2 MWh.

Figure 3.6 shows an example of clustered final energy demand for the Austrian city of
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Figure 3.5: Illustration of clustering of hectare elements with dummy values for final
energy demand in a 100 x 100 m raster

Vienna. The left panel of the Figure shows the reduced final energy demand from Equation
3.4 and the right panel shows the same city but with clustered hectare elements. The
clustering in this example has been performed with EPS = 200 m, minPts = 5 and
hcluster demand = 12 GWh.

Figure 3.6: Unclustered final energy demand of Austrian city of Vienna hfed,rest (left) and
clustered final energy demand of same city hfed,clustered (right)

The calculation of the potential gas share potgas
i,j is based on a similar equation as Equation

3.1, with hfed,clustered and limitgas instead of hfed,clustered and limitdh. The clustered final
energy demand for space heating and hot water hfed,clustered

i,j that exceed a user-defined
threshold limitgas are assumed to be fully supplied by gas. Below this threshold, gas
supplies only a part, according to

potgas
i,j =


hfed,clustered

i,j

limitgas
, for hfed,clustered

i,j ≤ limitgas

1, for hfed,clustered
i,j > limitgas

, (3.5)

where potgas
i,j is the potential share of gas in hectare (i, j) based on the clustered final

energy demand for space heating and hot water preparation (hfed,clustered
i,j ).
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A further introduced parameter correlates the potential gas share of a hectare element
to the distance to the closest European gas transmission line. Because gas is based on
pipeline-based transport, the existence of a distribution network in a hectare is assumed
to depend on the distance to next European transmission line. Therefore, the potential
gas share potgas

i,j in hectare (i, j) is additionally weighted with a connection probability
factor wcon

i,j . The weighted potential gas share potgas,con
i,j has full potential at hectares that

consist of transmission lines and decrease linearly until a user-defined distance deff . The
weighted potential gas share is defined according to

potgas,con
i,j = potgas

i,j · wcon
i,j . (3.6)

3.3.3 Calculation of Connection Probability
Assuming hectares that are closer to the European transmission line are more likely to
consist of a gas supplying infrastructure. Therefore the parameter wcon

i,j indicates the as-
sumed probability of gas supply based on the distance to the next European transmission
line in a hectare element. The parameter wcon

i,j is derived from the European Network of
Transmission System Operators for Gas (ENTSOG) Transmission Capacity Map 2019 [34],
which is published annually in a ‘pdf’ format by ENTSOG, an association of the Euro-
pean transmission system operators. The capacity map consists of transmission pipelines,
drilling platforms, Liquid Natural Gas (LNG) terminals and other assets of the European
natural gas transmission network (Figure 3.7). SciGRID gas [29] converted this map into a
geographically referenced object and published it in the GIS-vector format ‘geojson’ under
an open-source licence, which made it accessible for spatial analyses. The conversion from
the SciGrid gas map into a connection probability raster wcon

i,j is shown in Figure 3.8 for
the example region of Vienna. In the upper left panel (#1) the blue lines indicates parts
of the European transmission network from the SciGrid gas map. In a first step, this map
is converted into a hectare raster. Hectare elements that are crossed by a transmission
line are assigned the value 1, all other hectares are assigned the value 0. The right upper
panel in Figure 3.8 (#2) shows the result of this step. In a second step, each hectare
element with the value 0 is assigned the value di,j corresponding on the distance to the
next transmission line. The further away a hectare element is from the next transmission
line, the higher is its value. The lower left panel (#3) shows such a distance raster for
example region of Vienna, shown as the blue-scaled shape. The higher the value of di,j in
the respective hectare, the brighter is its colour.

Assuming that the probability of a gas supply decreases linearly with increasing distance
to the next European transmission line, the connection probability raster wcon

i,j is defined,
according to

wcon
i,j =

�
1 − 1

deff · di,j , for di,j ≤ deff

0, for di,j > deff
. (3.7)

deff is a user-defined model input. The resulting map shows a linearly decreasing prob-
ability from the European transmission network to the user-defined distance deff . The
connection probabilities of the hectares at transmission lines equal 1 and decrease to 0
of hectares at distances deff . Hectare elements that are further away than deff from the
nearest transmission line have a connection probability of 0. The lower right panel (#4)
in Figure 3.8 shows a connection probability raster for Vienna as a grey-scaled shape. For
the sake of this example, deff was assumed to be 10 km to show the decreasing probability
over Vienna. The black areas indicate hectare elements with a connection probability of 0.
Generally, the chosen value for deff is higher, as it is very unrealistic that half of Vienna
is disconnected from the gas distribution network.
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Figure 3.7: A section of the ENTSOG Transmission Capacity Map 2019 [34]

3.3.4 Gas Demand of NUTS 3 Regions
To calculate the final energy demand covered by gas hfed,gas

i,j for each hectare (i, j), the clus-
tered final energy demand hfed,clustered

i,j from Section 3.3.2 is multiplied with the weighted
potential gas share from Equation 3.6 and a discrepancy factor fdis,gas, according to

hfed,gas
i,j = hfed,clustered

i,j · potgas,con
i,j · fdis,gas . (3.8)

The factor fdis,gas serves as a scaling factor, to meet the national share of gas xgas in the
supply mix for space heating and hot water preparation. It is calculated by

fdis,gas =
�region

i,j hfed,clustered
i,j · xgas�region

i,j hfed,clustered
i,j · potgas,con

i,j

. (3.9)

The left panel of Figure 3.9 shows the clustered final energy demand hfed,clustered
i,j of Vienna

from Section 3.3.2 and the right panel the derived final energy demand covered by gas
hfed,gas

i,j calculated by Equation 3.8.

The total final energy demand in each NUTS 3 region Ebuilding,gas, which is covered by
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Figure 3.8: Workflow from the SciGrid gas map into a connection probability raster

Figure 3.9: Clustered final energy demand hfed,clustered of Vienna (left) and final energy
demand of same city covered by gas hfed,gas

i,j (right)

gas, is calculated by summing over all hfed,gas
i,j , which are located in the respective region,

according to

Ebuilding,gas =
region�

i,j

hfed,gas
i,j . (3.10)

Figure 3.10 shows the summation border of the NUTS 3 regions where the orange line
indicates the border of the NUTS 3 region from Equation 3.10. The coloured spots in
Figure 3.10 indicate the hectare elements with a final energy demand for gas hfed,gas

i,j . The
labels within the regions are the registered NUTS 3 region names.
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Figure 3.10: Yellow lines indicate the summation border of the NUTS3 region

3.4 Length Estimation of Gas Networks
Open-source information about the location of network assets does not exist on a regional
level. Therefore the estimation of the gas network length per NUTS 3 region is based on
a two-step approach: First, the gas network length is estimated based on the number of
gas supplied buildings per hectare. Second, the total length of the gas network length per
NUTS 3 region is calculated by summation of all resulting gas network lengths per hectare
within the regions. The gas network length per hectare estimation is based on an empirical
model from [27]. This approach estimates the minimum network length lbuildings,gas

i,j that
is needed for connecting a set of gas supplied buildings nbuildings,gas

i,j in a hectare (i, j),
according to

lbuildings,gas
i,j = Lchambers(nbuildings,gas

i,j ) , (3.11)

where lbuildings,gas
i,j defines the resulting (minimum) network length in the respective hectare

element (i, j) and Lchambers defines the function from [27] that calculates the network
length based on the number of gas supplied buildings in this hectare. The number of
gas supplied buildings per hectare is calculated by first calculating the total number of
buildings located in a hectare nbuildings

i,j , which is mainly derived from the OSM database.
Second, multiplying the total number of buildings nbuildings

i,j with the potential gas share
potgas,con

i,j from Equation 3.6. In summary, the overall workflow of network length estima-
tion from the number of buildings calculation to the calculation of the total gas network
length per NUTS 3 region is: First, downloading the building polygons from the OSM
database and masking their centres as points. Then overlaying a hectare raster and count-
ing the number of points for each hectare. Finally, based on the number of points per
hectare estimating the minimum network length lbuildings,gas

i,j for any selected region. The
following sections describe the workflow in detail.
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3.4.1 Number of Gas supplied Buildings
Before calculating the minimum network length the number of gas supplied buildings
on this hectare has to be determined. Geographical referenced positions and shapes of
European buildings are available and freely accessible on the OSM database [35]. The
OSM is created by volunteers and contains information about streets, buildings and other
geographically referenced data all over the world. It has an Open Data Commons Open
Database Licence [36], which makes the map and the underlying data free to use. To
reduce the amount of data to download from the OSM database, filtered OSM data are
used from the www.geofabrik.de database [37]). The building data is provided as polygons.

Figure 3.11 shows the workflow from the building polygons to the calculation of the number
of buildings per hectare (nbuildings

i,j ). The single panels are created by QGIS [38], a free
open-source-geographic-information software. The upper left panel in Figure 3.11 shows
a district of Vienna from the OSM. In the first step, the underlying building polygons
were downloaded from the www.geofabrik.de database, shown as the yellow polygons in
the upper right panel of Figure 3.11. In the second step, the polygons were converted into
yellow points (lower left panel in Figure 3.11). In the last step, the points are transferred
on a hectare raster, the so-called number-of-buildings-per-hectare raster, which contains
the number of buildings per hectare (nbuildings

i,j ), with the different shades of grey in the
tiles indicating the numbers of buildings (lower right panel in Figure 3.11).

Figure 3.11: Workflow of generating the number-of-buildings-per-hectare raster

As an example, Figure 3.12 shows the number-of-buildings-per-hectare raster of the NUTS
3 region of Vienna as a grey scaled layer on top of the OSM layer of Vienna.
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Figure 3.12: OSM section of Vienna, overlaid with number-of-buildings-per-hectare raster
(grey-scaled raster)

The OSM database is a community-supported project. The coverage of building data
depends highly on the activity of the local OSM community. Therefore data coverage is
unevenly distributed over Europe. To get a more complete data set, the calculated map
was improved by the building footprint density map from the hotmaps project [28]. This
map contains the building footprint bfi,j per hectare (i, j) for the EU-27 + Switzerland,
Norway, Iceland and UK. The data set is based on the building data of the OSM database
[35] from 2015 and on the European Settlement Map [39]. The European Settlement
Map contains information about the human settlement on a 10x10 m level from satellite
imagery. To get a more complete number-of-buildings-per-hectare raster, in a first step
the average building footprint per building ai,j in a hectare was calculated by dividing
the hotmaps’ building footprint bfi,j with the calculated number of buildings nbuildings

i,j ,
according to

ai,j = bf i,j

nbuildings
i,j

. (3.12)

In the next step, hectares where ai,j exceeds a user-defined threshold (amax) a newly
calculated number of buildings per hectare (nbuildings,new

i,j ) replaces the current nbuildings
i,j

in the respective hectare by dividing bfi,j with a user-defined estimation of the average
building footprint per building (bfbuilding), according to

nbuildings,new
i,j =

� bfi,j

bfbuilding , for ai,j ≥ amax

nbuildings
i,j , for ai,j < amax

. (3.13)

In case a hectare contains a few large buildings, indicated by a large building footprint on
the building footprint density map, but the calculated nbuildings

i,j contains no building, the
newly calculated number of buildings nbuildings,new

i,j within this hectare is overestimated.
This fact should be kept in mind when assessing the results.

Assuming that the existence of a gas distribution network in a hectare depends on the
number of buildings. Therefore, in hectares where the value for nbuildings,new

i,j is smaller
then a user-defined value (nbuildings,min), the value for nbuildings,new

i,j is set to 0 buildings,
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according to

nbuildings,new
i,j =

�
nbuildings,new

i,j , for nbuildings,new
i,j ≥ nbuildings,min

0, for nbuildings,new
i,j < nbuildings,min

(3.14)

The number of gas supplied buildings per hectare was calculated by multiplying the num-
ber of buildings per hectare (nbuildings,new

i,j ) with the potential gas share potgas,con
i,j from

Equation 3.6 and a discrepancy factor fdis,n, according to

nbuildings,gas
i,j = nbuildings,new

i,j · potgas,con
i,j · fdis,n . (3.15)

Assuming that not all buildings in an identified gas supplied area are connected to the
gas distribution network, the factor fdis,n serves as a scaling factor, to meet the national
share of gas supplied buildings in identified gas supplied areas, according to

fdis,n =
�

i,j nbuildings,new
i,j · potgas,con

i,j · xgas,n�
i,j nbuildings,new

i,j · potgas,con
i,j

. (3.16)

The variable xgas,n thus indicates the national share of buildings connected to the gas
network in areas where a gas distribution (potentially) exists. For example, if 100 buildings
are located in an area, where a gas distribution network potentially exists and 20 buildings
are connected to this distribution grid, the share xgas,n is 20 %.

3.4.2 Empirical Model Fit
Planning a pipe network is a complex process. It requires a detailed look at local conditions
such as roads, geographic formations, underground installations, buildings, etc. Since most
of these conditions are difficult to account for in each region for a European wide approach,
an overall statistical approach is needed to estimate the network length. Calculating
the shortest connection between a set of buildings could be a solution for estimating
the minimum network length. This is a well-known problem in graph theory, called the
Minimum-Spanning-Tree Problem (MST). It can be performed for a set of nodes by
the Kruskal algorithm [40] where the nodes are the centre positions of the buildings.
This algorithm is quite intense when applied on a national scale. In [27] the minimum
connection for a set of buildings for a sample of hectares was calculated by using MST.
They observed, that the gas supplied buildings per hectare are the main determinant
of minimum pipe length and could derive an empirical model to calculate the minimum
network length lbuilding,gas

i,j of hectare (i, j) based on the number of gas supplied buildings
in this hectare (nbuildings,gas

i,j ), according to

lbuildings,gas
i,j = 130.6 · ln(nbuildings,gas

i,j ) − 84.5 . (3.17)

Figure 3.13 shows the logarithmic relation between the number of gas supplied buildings
per hectare nbuildings,gas

i,j and pipe length (= minimum network length lbuildings,gas
i,j ) ac-

cording to Equation 3.17. The coefficients of the model were found by [27] using a linear
regression, with a determination coefficient of R2 = 0.984.

Equation 3.17 was used to estimate the minimum gas distribution network length in a
hectare to supply a set of buildings.
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Figure 3.13: Exponential model fit based on the minimum pipe length as a function of
numbers of buildings per hectare [27]

3.4.3 Minimum Gas Distribution Length of NUTS 3 Regions
To calculate the minimum network length per hectare for a set of gas supplied buildings
Equation 3.17 is applied to nbuildings,gas

i,j . To obtain the total gas network length for gas
supplied buildings in a selected NUTS 3 region, all hectare elements’ network lengths that
are located in the region are summed up, according to

lbuilding,gas,total =
region�

i,j

lbuildings,gas
i,j , (3.18)

where lbuilding,gas,total is the total minimum network length to supply all gas supplied
buildings in the selected NUTS 3 region.

3.5 Gas Demand and Network Length of the Power gener-
ating Sector

As already mentioned, the model in the current version does not take into account the
gas demand and the grid length of gas-fired power plants. Nevertheless, a module has
been developed that has already been implemented and can be further developed in the
future. Therefore, the module will be briefly presented here. The input data for this
module is extracted from JRC Open Power Plants Database (JRC-DB) [41], which is
an incomplete collection of European power plants and their indicators like peak power,
efficiency, geographic location, etc.

Power stations are generally directly connected to the European transmission network [42].
Therefore all gas power stations in a NUTS 3 region are connected first to a virtual point
in the regional centre. Then the centre is connected to the next European transmission
line. The total length of the supply pipe is assumed to be approximately the sum of
distances from all power stations to the centre of the region lpower,gas plus the distance
from the regional centre to the next European transmission line lET N ,

lpower,gas,total =
region�

i

lpower,gas
i + lET N . (3.19)
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The yellow points in Figure 3.14 show the position of gas power plants in the NUTS 3
region of Vienna (pink shape) and the green point shows the centre of the region. The
black lines (l1, l2, l3, l4) indicate the distances between the power plants and the centre of
the region.

Figure 3.14: Total length calculation of the transmission network

To calculate the gas demand of gas power plants, first, all power plants that are located
in the region boundary and are operated by gas were extracted from JRC-DB. Then the
gas consumption was calculated by multiplying the unit capacity ppeak with an estimation
of the full load hours hflh and divided by the efficiency of the generation unit ηpp. The
calculation follows

Egas,pp = ppeak · hflh

ηpp
. (3.20)

3.6 Network Cost Estimation
The network-cost-calculation (CM #4) module in the OGIS model calculates the NPV of
gas distribution grids. The net present value is the sum of present values of all revenues
and expenditures within the service life of the gas network. The referenced date, to which
the NPV is calculated, is the defined base year. Every cash flow (= costs or revenues)
before the referenced date is compounded and every cash flow after the referenced date
is discounted to the base year. The user-defined calculation interest rate i defines the
compound- or discount-rate (q = 1 + i). As discussed in Section 2.5.1, the profitability of
a network is given, when the absolute value of the NPV is greater or equal to zero. The
absolute NPV is calculated according to

NPVbase year = Rhis − Chis − Ihis +
n�

t=0
(Rt − Ct)

1
q

t

+ RV , (3.21)

n = target year − base year , (3.22)
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where NPVbase year describes the net present value of the network referenced to the base
year. Rhis is the sum of all revenues gained in the past, Chis is the sum of all expenditures
spent in the past, Ihis is the investment spent in the past to build the network and RV
is the residual value of network assets after the target year. The sum in Equation 3.21
includes all revenues Rt and expenditures Ct that occur between the base year and the
target year.

3.6.1 Development of Gas Demand and Network Length
The variables in the NPV calculation are mainly based on the gas demand and the network
length of the respective years. However, both values are only calculated for the base year
and the target year. For the NPV calculation, both values are needed in each year from
the beginning of the network service life, which is assumed to be before the base year until
the end of the network service life, which is assumed to be after the target year. For the
years between the base year and target year, the values are linearly interpolated between
both years. The values for both parameters before the base year and after the target
year are assumed to be the values in the respective year. Figure 3.15 shows the assumed
development of both values, whereas the development of only one parameter is shown, but
it is the same for both. The example network in Figure 3.15 is constructed in 2010 and
decommissioned in 2065. The base year is 2020 and the target year is 2050. The NPV is
referenced to the base year 2020.

Figure 3.15: Assumed development of gas demand and distribution network length over
the service life of a network
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3.6.2 Calculation of NPV Parameters
Assuming that all gas network revenues come from grid charges, the historical revenue
Rhis calculation follows the summation of all grid charges before the base year. Historical
revenues are modelled based on the final energy demand for gas Ebuildings,gas

base year in the years
before the base year and are described mathematically as

Rhis =
network age�

t=0
Ebuildings,gas

base year · cgc · (1 − rgc)t · qt , (3.23)

network age = base year − construction year , (3.24)

where cgc describes the grid charges defined in costs per unit energy, q compounds the
respective revenue to the base year and rgc defines the rate, by which the grid charge
increases or decreases over the years. The network age, which is a user-defined input
parameter, sets the average asset age of the gas network in the base year (Equation 3.24).

Costs for operating a network are referred to as operational expenditures (OPEX) and
are constant costs for functioning business operations. The OPEX include costs for raw
materials, supplies, personal costs, etc. and are modelled based on the network length
and the final energy demand for gas [23]. To calculate the costs that are spent before the
base year (Chis), the values for both parameters in each year before the base year are set
to the values in the base year (Figure 3.15), according to

Chis =
network age�

t=0
(OPEXbase year) · (1 − rc)t · qt

=
network age�

t=0
(c1 · lbuildings,gas

base year + c2 · Ebuildings,gas
base year ) · (1 − rc)t · qt .

(3.25)

where c1 and c2 are user-defined cost parameters. c1 describes the length specific opera-
tional costs, which scales with network length and c2 aggregates costs caused by upstream
grid charges, concession fees and loss costs. Parameter c2 scales with the amount of gas
flowing through the network. The final energy demand for gas Ebuildings,gas

base year and the total
length of the network lbuildings,gas

base year for each year before the base year are set to the values
in the base year. rc is a user-defined rate, by which the operational expenditures change
over the years. q compounds the costs to the base year.

The historical investments Ihis in Equation 3.21 define the costs for constructing the net-
work. Normally it takes several years to build a gas network and investment costs are
distributed over these years. For simplicity, construction costs for distribution networks
are referred to a user-defined year. The investment costs are calculated by multiplying
the total length of the network lbuildings,gas

base year in the base year with costs per length cp.
These costs summarise all investment expenditures for pipes, apparatuses, buildings, etc.
Historical investment costs are defined as

Ihis = lbuildings,gas
base year · cp · (1 − rp)t · qnetwork age , (3.26)

where the factor q compounds the investment cost to the base year. rp defines the rate,
by which the investment cost decrease or increase over the years.

During its service time, a yearly cash flow of expenditures and revenues secure the func-
tionality of the gas network, which is taken into account in the sum in Equation 3.21. The
sum consists of all revenues Rt and expenditures Ct which occur between the base year

28



3.6. Network Cost Estimation

(t = 0) and the target year (t = n). The discounting factor (1/q) discounts the yearly cash
flow in year t to the base year. The calculation of the revenues and expenditures over the
years depends on the network length and the final energy demand for gas in the respective
year. The model calculates the network length and final energy demand for gas in the
base year and the target year. The values for both parameters for the years in between
are linearly interpolated (Figure 3.15).

Revenues of gas infrastructure come from grid charges which the network users pay. Like
the historical revenues in Equation 3.23, the revenues are calculated by multiplying the
final energy demand for gas Ebuildings,gas

t in year t with the user-defined grid charge cgc,
according to

Rt = Ebuildings,gas
t · cgc · (1 + rgc)t . (3.27)

The user-defined factor rgc describes how the grid charge change over the years. Expendi-
tures of a gas network consist of operational expenditures OPEXt, costs for grid expansion
Iexp and maintenance costs Imain according to

Ct = OPEXt + Iexp,t + Imain,t · irft . (3.28)

The operational expenditures OPEXt in year t after the base year summarises all costs
for operating the asset. Similar to the OPEXbase year in Equation 3.25 they scale with
network length and final energy demand for gas in the current year according to

OPEXt = (c1 · lbuildings,gas
t + c2 · Ebuildings,gas

t ) · (1 + rc)t . (3.29)

The cost parameters c1 and c2, the rate rc and the factor q are equal to the values in
Equation 3.25. Imain,t is defined as the amount of investment, which has to be made, to
keep the network up to date and the average asset age at a constant level. It is equal
to the yearly deprecation cost Ideprecation,t, based on the cost for investment It for the
network length lt in year t. The deprecation is defined as the investment costs divided by
the service time of investment. Therefore the maintenance cost is defined according to

Imain,t = Ideprecation,t = It

st
= cp · lt(1 + rp) · 1

st , (3.30)

where cp describes the construction costs per network length, lt the network length in year
t, rp the rate at which the investment costs per network length increase or decrease over
the years and st the service time of the network.

The yearly investment cost for network expansion Iexp,t is 0, when the length of the grid
shrinks and greater than 0, when the network expands, according to

Iexp,t =
�

It − It−1, for lbuildings,gas
t ≥ lt−1

0, for lbuildings,gas
t < lt−1

. (3.31)

The investment-reduction-factor irft in Equation 3.28 depends on the investment strategy
of the network operator. It reduces or increases the expenses for maintaining the grid. If
irft = 1, the state of the network does not change over the years, pipes get refurbished or
constructed at the same rate, as old pipes get decommissioned. The quality of the network
assets stays the same and the average asset age does not change. If irft < 1 the average
asset age gets older over time, refurbishment or construction actions happen at a lower
rate, as old pipes get decommissioned. The average asset age is described by the Mean
Rest Booking Value Factor (MRBVF) [23]. The MRBVF is 0 when the network is at the
end of its service time and 1 when the network is newly constructed. Its value depends
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on the current capital stock CSt and the investment cost It. Its value must be calculated
iterative according to

MRBVF0 = 1 − network age
st ,

MRBVFt = CSt

It
.

(3.32)

The initial value for the MRBVF0 depends on the user-defined average network age in the
base year t = 0 and the assumed service time of the network st. The MRBVFt of following
years is the ratio of the current capital stock CSt and the current investment costs It in t
years after the base year. The capital stock is per definition the economic capital of the
network operator and summarises the actual economic value of the distribution network. It
is the sum of all investments, which are made in the previous year, minus the deprecation
costs. In case of shrinking network length due to the disconnection of customers, the
network operators face physical capital (e.g. in form of pipes), which cannot be monetised
by selling. Therefore these costs are seen as sunk costs and decrease the value of the
capital stock, according to

CS0 = I0 · MRBVF0 ,

CSt = (CSt−1 + Iexp,t−1 + Imain,t−1) − It

st
−

�
It−1 − It, for lt−1 ≥ lbuildings,gas

t

0, for lt−1 < lbuildings,gas
t

.

(3.33)

The capital stocks’ initial value CS0 is the investment cost in the base year I0 multiplied
by the mean rest booking value factor in the same year. The value for the capital stock is
iteratively calculated for every following year after the base year.

For the calculation of the NPV, expenditures and revenues until the target year are con-
sidered. However, in the target year, the distribution network still has an economic value.
This value is called residual value RV and is added to the NPV (Equation 3.21). The
residual value of a network is defined as the sum of all revenues minus the sum of all
operational costs that are made after the target year until the networks MRBVF reaches
0 in case no maintenance actions are performed after the target year. The gas demand
and length of the network in all years after the target year are defined as equal to the gas
demand and network length in the target year (Figure 3.15). The investment-reduction
factor irft is set to 0 after the target year, which will decrease the MRBVF at a constant
rate. The calculation of the residual value is defined as

RV =
d�

t=n+1
(Rtarget year − OPEXtarget year) · 1/qt . (3.34)

where d is the number of years after the base year until the assumed network decommission.

3.7 Scenario Definition
3.7.1 Scenario Definition for Demand Projection
Two scenarios were chosen to calculate the NPV of the distribution grid in each NUTS
3 region in all EU-27 countries. The selected scenarios define the projection of the final
energy demand for space heating and hot water preparation in the demand-projection
tool (Section 3.2). The scenario files for the demand-projection tool were generated by
the Invert/EE-Lab module [31] under the assumption of a carbon-neutral energy system
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in 2050. The main input parameters for the scenario development under the Invert/EE-
Lab module were derived from the PRIMES reference scenario. The PRIMES reference
scenario 2020 (E3 Modelling 2020), provided by the EU Commission, determined param-
eters like macro-drivers, future development of energy prices and possible levels of energy
services [43]. Other parameters like the carbon price for the Invert/EE-Lab were derived
from the Impact Assessment of the Climate-Target Plan [44].

Two different assumptions on the share for gas for heating and hot water preparation
distinguished the two input scenarios for the demand projection tool. The first scenario
(Gas60) defines a 60 % gas share and the other scenario (Gas20) defines a 20 % gas share
of total heated gross floor area in 2050 in the EU-27. Gas60 was developed, to simulate a
scenario, in which gas still plays an important role in space heating and hot water prepa-
ration and Gas20 was developed to simulate a gas phase-out for space heating and hot
water preparation after 2050. All other parameters like renovation-, construction- and
demolition-rate, the national share of technologies final energy demand for space heating
and hot water preparation (xgas,xdh), etc. were optimised under the predefined assump-
tions in the Invert/EE-Lab module in an ongoing research project [2]. The evaluated
period was set from 2020 to 2050, where 2020 is the base year and 2050 is the target year.
Both scenarios share the same assumptions in the base year and differ in the target year
in the share of gas heated gross floor area.

Figure 3.16: Share of unrenovated, renovated and demolished gross floor area from 2020
to 2050 per scenario and construction period

Figure 3.16 shows the change of gross floor area from 2020 to 2050 under the optimised
renovation and demolition rates for each scenario and each construction period in EU-27
countries. The construction periods are identified by a Construction Period Identification
Number (CP-ID), where CP-ID 1 are all buildings built before 1975, CP-ID 2 are buildings
built between 1975 and 1980, CP-ID 3 are all buildings built between 1980 and 2000 and
CP-ID 4 are all newly constructed buildings after 2000.

Due to the share of renovated gross floor area, the Figure shows more ambitious renova-
tion rates in the Gas60 scenario than in the Gas20 scenario across all construction periods.
Demolition actions happen at the same rate in both scenarios.

Figure 3.17 shows the decrease of the final energy demand across all construction periods
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from 2020 to 2050 in the EU-27 countries. The green boxes show the final energy demand
for space heating in 2020. The yellow boxes show the same for the Gas20 and the purple
boxes for the Gas60 scenario in 2050. The final energy demand in the Gas20 scenario is
slightly lower than in the other scenario across all construction periods.

Figure 3.17: Final energy demand for space heating in year, scenario and construction
period.

Figure 3.18 shows the share of gas technologies for space heating and hot water prepara-
tion in the final energy demand in 2020 and in 2050 in each scenario. Based on the share
gas share of 2020, 11 out of 26 countries in the Gas60 scenario and 3 out of 26 countries in
the Gas20 scenario show an increase of gas demand share in the Gas20 scenario. All other
countries indicate a decrease of gas demand share to total supply mix in space heating
and hot water preparation in 2050 in both scenarios.

Figure 3.18: National share of gas in the supply mix for space heating and hot water
preparation for each country in EU-27

With all these parameters from the Invert/EE-Lab module, the demand-projection tool
calculated the heat demand density map for 2050 for both scenarios. The calculated map
served as an input for the demand and network length calculation for selected NUTS 3 re-
gions. The costs for gas distribution were calculated under the assumptions of the network
strategy of network operators.
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3.7.2 Scenario Definition for Network Strategy of Network Operators
The NPV was calculated to assess the economic profitability of gas networks as described
in Section 3.6. The calculation of the network costs depends on several user-defined param-
eters, which determine the network strategy (e.g. rate of refurbishment-, or construction
actions within the network). With the following assumptions, I tried to define a realistic
economic behaviour of the network operator within the defined scenario.

The calculation of the NPV starts in the base year. Part of Equation 3.21 considers histor-
ical expenditures and revenues, which are counted from a user-defined year. The service
time st of the network is set to 30 years, as it seems like a standard network lifetime before
all-encompassing renovation activities must be made. The MRBVF0 in Equation 3.32 is
0.67, where the network consists of more assets younger than half of the service time.

The investment in network maintenance (Imain,t) is considered to keep the asset quality
at the same level until 2035 (constant MRBVFt with t from 2020−2035). The investment
reduction factor irft is set to 1. From 2035, network operators are assumed to reevaluate
their economic network strategy. In the Gas60 scenario, the network operator reduces the
yearly investment in maintenance, so that the average age of the network will behalf of its
service time in 2060 (MRBVF2060 = 0.5). This indicates a network, which will be operated
after 2060. In the Gas20 scenario, the network operator reduces the yearly investment in
maintenance, so that the average age of the network assets are old as three-quarters of
its service time in 2060 (MRBVF2060 = 0.25). This indicates a gas phase-out situation,
where the network is going to be decommissioned soon after 2060.
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Chapter 4

Results and Discussion

The following chapter presents and discusses the results on network length, gas demand
and network costs of the developed model. Based on the interpretation of the results
recommendation of model improvement are given for further development. A sensitivity
analysis of Austrian results shows the influence of a selected set of parameters on the
output.

4.1 Results for selected Regions in Austria
First, the results of two selected regions in Austria are presented and discussed in detail.
One of the regions includes Vienna, the capital of Austria, and the other the city of Graz,
which is the second largest city in Austria.

4.1.1 Results of Gas Demand and Network Length Calculation
A significant part of the model’s input consists of publicly available open-source data and
some of the input parameters are user-defined. The values of the user-defined parame-
ters are based on estimations. In a first attempt, I used so-called standard values with
which the first results were calculated. These first results should validate the basic model
mechanism. The chosen standard values are listed in Table A.1 in the appendix. Then a
sensitivity analysis was performed with the most important input parameters.

The model can estimate the gas demand, the gas network length and the associated costs
for gas distribution for each selected NUTS 3 region in EU-27. For model validation, the
calculation was carried out in Austrian NUTS 3 region Vienna (“AT130 - Wien”) and
Graz (“AT221 - Graz”). Figure 4.1 and 4.2 show the trends of the gas demand and the
network length from 2020 to 2050 for both scenarios (Gas60, Gas20).

In both Austrian cities and scenarios, the plots show a decrease in gas demand. This
is mainly caused by the demand-projection tool and the calculated final energy demand
raster. The demand-projection tool assumes renovation of the building stock and im-
plementation of efficiency measures in the heating system until 2050, therefore the total
demand for final energy is assumed to decreases over time (Figure 3.17). In the Gas20
scenario, the gas demand decreases even more sharply than in the Gas60 scenario. This
results from the lower national share of gas heating in buildings in the Gas20 scenario
than in the Gas60 scenario (Figure 3.18).

The trend of the grid length in both figures show a similar picture: In both cities and
scenarios, the grid length decreases. Only in the Gas60 scenario, the reduction of the
grid length is less pronounced than in the Gas20 scenario. The Gas60 scenario shows a
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Figure 4.1: Gas demand and grid length of NUTS 3 region Graz

Figure 4.2: Gas demand and grid length of NUTS 3 region Vienna

business-as-usual scenario, where most of the buildings stay connected to the distribution
grid. Therefore, the grid length is almost stable. What else happens is, that the reduction
of the gas demand in the Gas60 scenario is not caused by consumers disconnecting from
the distribution network, but rather by building stock renovations and efficiency measures
in the heating systems until 2050.

4.1.2 Results of Network Cost Calculation
The values of the calculated distribution grid length and the gas demand were used for
the NPV calculation. Additional parameters for calculating the NPV are listed in Table
A.1. The assumed finance strategies of network operators in both scenarios are described
in Section 3.7. Figure 4.3 shows the total expenditures per city and scenario.

The gas distribution network in Vienna has expenditures twice as large as in Graz, which
is due to the fact, that the calculated network length in Vienna is more than twice as large
as the network length in Graz. Comparing the expenses between the individual scenarios,
total expenses are slightly lower in the Gas20 scenario than in the Gas60 scenario. This
results from the smaller grid length in 2050 in the Gas20 scenario. Expenditures, referring
to operational costs and maintenance costs, depend positive on the grid length, therefore
these costs are higher in the Gas60 scenarios.

Network revenues are gained from grid charges, which are modelled based on the gas
demand, according to Equation 3.27. Comparing the expenditures in Figure 4.3 and
the grid charges in Figure 4.4 in each city and scenario, the grid charges do not cover the
expenditures. In other words, the assumed grid charges do not cover the assumed costs for
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Figure 4.3: Expenditures of the gas distribution networks in Graz and in Vienna

Figure 4.4: Revenues of the gas distribution network in Graz and Vienna

constructing, operating and maintaining the gas distribution networks in both cities until
2050. This is caused by the sharp decline of gas demand in both cities and scenarios due
to renovation and efficiency measures in the building stock. If the demand for gas would
be kept at a constant level, the grid charges would cover the expenditures in this model.
Another way to cover the expenditures would be to raise the grid charges constantly over
the years to compensate for the decreasing gas demand.

The NPVs in each city and scenario is calculated by subtracting the expenditures from the
revenues. Figure 4.5 shows the resulting NPVs. Under the assumptions of the scenarios,
the NPV is negative in all scenarios and cities, concluding that the distribution networks
in both cities cannot be operated profitably under the made scenario assumptions. In
Vienna, the Gas60 scenario is less unprofitable whereas in Graz the Gas20 scenario is less
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unprofitable. This results from the calculated decrease between gas demand and network
length. With decreasing network length, expenditures decrease and with decreasing gas
demand, revenues decrease until 2050. Concluding, if the network length decreases faster
than the gas demand, the network gets more profitable and vice versa.

Figure 4.5: Net present value of gas distribution network in Vienna and Graz under as-
sumption of the Gas60 and the Gas20 scenario

4.2 Results for EU-27
One of the strengths of the model is its easy computational extensibility over a large num-
ber of regions. With some exceptions, the calculation has been performed in all NUTS
3 regions in the EU-27. The standard values in Table A.1 were chosen to serve as input
parameters for each country with country-specific values of gas share xgas and share of
district heating xdh in the supply mix for space heating and hot water preparation. Both
values were extracted from the predefined scenarios from the Invert/EE-Lab. Figure 3.18
shows the country-specific share of gas for the years 2020 and 2050 for the scenario Gas60
and Gas20. The share of gas in 2020 is located between 0 % and 83 %. The gas share
for the Gas60 scenario is located between 2 % and 32 %, for the Gas20 scenario between
0.7 % and 12.4 %. Both scenarios do not indicate a share of gas in Cyprus in 2020 and
2050. Therefore, Cyprus was excluded from further calculations.

As explained in Chapter 3, the share of gas for each country has been calculated under
the assumption that the EU meets the target of a carbon-neutral energy system in 2050
by the Invert/EE-Lab module. More precisely, the module has an overall scenario target
of gas heated gross floor area in the EU-27 (60% in Gas60 and 20% in Gas20). Based
on the potential of gas heated areas, the gas share has been distributed across all EU
countries to meet the scenario target. This results that the gas demand in 2050 increases
or decreases related to the gas demand in 2020 based on the chosen scenario and even
in countries, where no gas demand exists in 2020 indicating a gas demand in 2050. For
example, Malta indicates from 2020 to 2050 an increase of gas share from 0 % to 5 − 7 %,
which means the gas distribution network will be extensively expanded until 2050. The
same applies to Sweden, Finland and Cyprus. For simplicity, the impact of an extensively
growing network on the NPV is not examined in this thesis. Therefore, the mentioned
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countries are excluded from further calculations.

Not all buildings in an identified gas distribution network area are connected to the gas
network. Therefore the share of connected buildings to gas distribution networks (con-
nection rate, xgas,n) in each identified network area is set to the same value in all EU-27
countries. For 2020, the share of connected buildings is set to 60 %, which is the current
share. In the Gas60 scenario, xgas,n is set to 60 % in 2050 whereas in Gas20 xgas,n is set to
20 % in 2050. Thus in the Gas60 scenario, the connection rate is considered to remain the
same value from 2020 to 2050. In the Gas20 scenario, the connection rate is considered
to decrease by 40 % from 2020 to 2050. Assumptions on gas share changes compared to
changes in the connection rate diverge. For example, in some countries, the connection
rate remains the same and the gas share to final energy demand increases from 2020 to
2050. Figure 4.6 shows the differences in the assumptions. In 9 out of 23 countries, the
share of gas demand decreases less than the connection rate in one or both scenarios. In
all other countries, the gas demand is assumed to decrease more than the connection rate.

The figure does not show the full columns for Sweden and Finland. Both countries have
an increase of gas share in the final energy demand from 1 % in 2020 to 5 − 12 % in 2050.
At the same time, it is assumed, that the connection rate will stay constant in Gas60 and
decrease to 33 % in the Gas20 scenario. The relative share of gas demand divided by the
relative connection rate gains ∼ 1000−3000 % in the Gas60 scenario and ∼ 2000−7000 %
for the Gas20 scenario in both countries. That means, the gas demand increases 10 − 70×
more than the network length, which seems unrealistic. Because of this, the evaluation of
Finland and Sweden were excluded too.

Figure 4.6: Relative share of gas demand related to relative connection rate in each scenario
and country

4.2.1 Results of Gas Demand and Network Length Calculation
In the first step, the model evaluated for both scenarios the gas demand in 2020 and 2050.
Figure 4.7 shows the distribution of the gas demand in 2050 related to the gas demand in
2020. The figure shows the results for each country and scenario.

In all countries, the gas demand decreases more sharply in the Gas20 scenario than in
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Figure 4.7: Distribution of gas demand in each country in 2050 related to 2020 in both
scenarios

Gas60. The median of gas demand related to the year 2020 in Gas60 is distributed around
10 − 100 %, in Gas20 around ∼ 1 − 60 %. Some regions in Belgium, Denmark and Latvia
expand their gas consumption in buildings for space heating and hot water preparation in
Gas60 (Figure 4.7). In all these countries, the share of gas heating and hot water prepa-
ration xgas increases from 2020 to 2050 in Gas60. Luxembourg consists of one NUTS 3
region, therefore, it has no distribution in both figures.

Figure 4.8 shows the distribution of the network length in 2050 related to the network
length in 2020 in each country and scenario. The medians of network length in 2050 in
Gas60 are around 60 − 90 % related to the network length in 2020. In the Gas20, the
medians of the countries are located between 20 − 40 %.

Figure 4.8: Distribution of network length in each country in 2050 related to 2020 in both
scenarios
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Both last Figures show that parameters gas demand and distribution network length tend
to decrease from 2020 to 2050. Depending on the country, gas demand or network length
decreases more. Following Figure 4.9 shows the Gas Demand per Network Length (GPN)
in 2050 related to GPN in 2020 per country and scenario. The Figure reveals a very
different development of the parameter GPN in 2050/GPN in 2020 in each country and
scenario. In most countries, where the share of gas systems in buildings increases, the gas
demand per network length increases too. In all other countries, where the share of gas to
the final energy demand slightly increase or decrease, show a decrease in gas demand per
network length. Comparing Figure 4.9 and 4.6 shows, that the development of demand
per network length strongly correlates with the assumed development of the share of gas
systems to connection rate.

Figure 4.9: Distribution of gas demand per network length in 2050 related to 2020 in both
scenarios

The correlation means, that the development of gas demand and network length depends
strongly on made assumptions of development of gas share to the final energy demand
and development of connection rates. Both parameters are chosen independently. How-
ever, an increase of gas demand per network length from 2020 to 2050 with a decrease
of network length, would mean, that the gas demand per hectare would increase in the
same years. The scenarios generally define a decrease of final energy demand per build-
ing due to renovation and efficiency measures in the building stock (Figure 3.17). That
means, that buildings would exchange their heating system for gas-based heating systems,
especially in Bulgaria, Denmark and Latvia. Figure 4.9 shows, that the gas distribution
network will tend to shrink from 2020 to 2050 with more buildings connected making a
smaller but denser gas distribution grid. However, connecting more buildings would mean
network expansion which is related to investment costs. Currently, costs for expansion are
only considered, if the total length of a gas network in a region increases. If the total gas
network length of a region decreases but increases in certain hectares, costs for network
expansions are not considered but could be implemented in the future.

Furthermore, the development of the connection rate should be correlated to the devel-
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opment of the gas share to the final energy demand. As already discussed, Sweden and
Finland show a very unrealistic relation of gas share development to connection rate de-
velopment, which could be avoided by deriving one parameter from the other and creating
a relationship between them.

4.2.2 Results of Network Cost Calculation
The calculation of the NPV of assumed gas distribution networks have been performed for
23 EU-countries. As already described, Sweden, Finland, Cyprus and Malta were excluded
from the calculation due to the unrealistic assumptions on gas share and connection rate.
To compare the NPV of the individual country with each other, the values for the NPV
were divided by the number of inhabitants located in gas designated areas. Figure 4.10
shows the NPV until network decommission per capita (2020) in 23 countries and in both
scenarios.

Figure 4.10: Distribution of the NPV, calculated from the construction year until the
network decommission, per capita (2020) in both scenarios

With the current choice of input parameters, hardly any network is profitable. Only
some regions in the Czech Republic, in Italy and the Netherlands have a NPV above
0 €. Interestingly, as the gas distribution networks have a higher NPV in the Gas20
scenario than in the Gas60 scenario. Considering that the Gas20 scenario is a gas phase-
out scenario, it is more economical for a gas network to exit gas shortly after 2050 under
the made model assumptions. This fact results from different reasons. The first reason is
the differences in the running cost coverage between the assumed scenarios. Running cost
coverage is given, when the yearly revenues cover the yearly expenditures, according to

Rt

Ct
= Et · cgc

c1 · lt + c2 · Et
= 1 . (4.1)

By inserting the parameter values from Table A.1, the equation reduces to

Et

lt
= c2

cgc − c1
=∼ 0.63 , (4.2)
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Figure 4.11: Distribution of gas demand per distribution network length in MWh/m in
2020 and 2050 in both scenarios

which means, a gas distribution network can cover its running costs when the gas demand
per network length is above 0.63 MWh/m. Figure 4.11 shows the gas demand per distri-
bution length in MWh per m in 2020 and in both scenarios in 2050. The red line at 0.63
MWh/m indicates the minimum gas demand per network length to cover the running
costs in the current year.

As clearly visible in the figure, in 7 EU countries running costs are covered by the grid
charges in 2020. Since 1990, the gas consumption in households and in the commercial
sector has been increasing from 1100 TWh to 1400 TWh in EU-27 [10]. Assuming, that
most distribution networks were renovated or built within the last 30 years, they should
be profitable at least at the time they were renovated or built. If the gas demand has
been increasing since then, model results of lacking network cost coverage seem unrealis-
tic. First of all, the input parameters for the OPEX calculation need to be checked for
reasonable values in the literature. If the costs for OPEX are reasonable, the calculation
of the network length should be reevaluated. Assuming, that most gas distribution grids
were built the last 30 years and grid charges covered running costs at this time, the current
model with given input parameters overestimates the gas network length in 2020.

The network length calculation is based on the potential gas share per hectare, which is
developed by breaking down the national gas demand to the hectare level. With current
standard values (Table A.1), almost every NUTS 3 region in the EU-27 is designated as a
gas-consuming region. The model then calculates the length for a supplying gas distribu-
tion network. To avoid an overestimation of the gas network length, the value hcluster demand

for the clustering algorithm could be increased. This value controls, if a cluster has enough
potential gas demand to be identified as a cluster with gas consumption, as explained in
Section 3.3.4. When increasing this value, fewer regions get designated as gas-consuming
ones. The national final energy demand for gas in the building sector is distributed over
fewer regions and less gas network length is needed to supply those areas, resulting in
regions with a higher gas demand per network length.

Furthermore, the parameter deff for calculating the distance probability raster could be
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decreased. The parameter determines the maximum distance of a hectare element from the
next European transmission line to get designated as a gas-consuming area, as explained
in Section 3.3.3. If the parameter deff is set to a lower value, fewer clusters are assigned
as a gas-consuming cluster. The remaining areas share a higher final energy demand for
gas and the gas demand per network length increases.

A further model improvement to tackle the problem of network length over-estimation
would be a costs coverage calculation of the designated individual clusters. The calcu-
lation sorts the clusters by increasing the ratio of gas demand per network length. The
clusters that have the lowest ratio of gas demand per network length get unassigned as
gas-supplied areas. Afterwards, the gas demand is recalculated over the assigned regions
until a fair amount of clusters have a distribution network with a reasonable gas demand
per network length in 2020.

When looking at the gas demand per network length in 2050 in Figure 4.11, no country
in no scenario can cover the running costs. In some cases, the gas demand per network
length in the Gas60 scenario is higher than in the Gas20 scenario. Comparing with Figure
4.6 shows, that this depends strongly on the chosen development of gas share from 2020
to 2050, related to the chosen development of connection rate in the same years. The
scenario, which has a higher gas share development per connection rate development, has
a higher gas demand per network length in the individual country.

However, the problem of network length overestimation does not fully explain, why the
Gas60 scenario has a lower NPV than the Gas20 scenario in all countries (Figure 4.10).
Taking a closer look at the running network maintenance costs (Imain,t) reveals further
reasons. These costs depend on the actual network length and user-defined network length
specific costs, according to Equation 3.30. From 2020 until 2034, these costs are fully spent
(irft=1) in each scenario to keep the average asset age at a constant level. From 2035, the
model changes the investment strategy of the network operators. As explained in Section
3.6, from 2035 the expenditures for network asset maintenance decrease by factor irft < 1.
This continuously decreases the average asset age of the network over the years to reach
a user-defined average asset age in 2060. In the Gas20 scenario, the parameter irft is
chosen, so that the network reaches a MRBVFt below 0.25 and in the Gas60 scenario a
MRBVFt below 0.5 in 2060. To reach a lower MRBVFt in 2060, irft is lower in the Gas20
scenario than in the Gas60 scenario, leading to fewer maintenance costs per year in the
Gas20 scenario. The total costs for maintenance per scenario are shown in Figure 4.12.

In the Gas20 scenario, the regions have an average investment reduction factor irft of ∼ 0.5,
in the Gas60 scenario an irft of ∼ 0.8. The Figure clearly shows the higher maintenance
costs in Gas60 scenario, which results in a lower NPV per capita (Figure 4.10). Model
improvements regarding the maintenance cost can be made by correlating the investment
reduction factor irft with network revenues and expenditures according to

Rt

OPEXt + Imain,t · irft
⩾ 1 (4.3)

with max(irft) of 1. Thus, the model spends on maintenance what is covered by the
annual income.

The calculation of the residual value RV depends on the yearly revenues and operational
costs after 2050 and thus on the gas demand per network length in 2050. If gas demand per
network length is below 0.63 MWh/m in 2050, the residual value is negative in each year
after 2050 until network decommission. In the Gas20 scenario, the model decommissions
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Figure 4.12: Distribution of maintenance costs per capita in €/capita from 2020 to 2050
in both scenarios

most networks in 2061, in the Gas60 in 2065. The current model calculates a gas demand
per network length in 2050 in both scenarios below 0.63, thus both scenarios have a
negative residual value. In the Gas60 scenario, these negative costs are spent mostly 15
years, from 2050 until 2065. In the Gas20 scenario mostly 11 years, from 2050 until 2061.
This leads to higher negative residual values in the Gas60 scenario than in the Gas20
scenario (Figure 4.13).

The residual value in the network cost calculation should reflect the remaining economic
value of the distribution network in 2050, based on grid charges and OPEX. If the grid
charges can not cover the operational costs in 2050, each year after 2050 would be an
economic loss. Therefore, model improvements regarding the residual value calculation
can be made by only considering the residual value if the grid charges cover the OPEX
in 2050. Else the network is given a defined time after 2050 until decommission, which
should simulate the time where gas consumers can switch to alternative applications and
gas lines can be closed step by step.

4.2.3 Allocation of potential Gas Distribution Networks
Based on the input parameters, the model calculates the potential gas network length
and gas demand in a selected region. The results vary with respect to the scenario and
year. Figure 4.14 shows in a map of EU-27 the calculated model results of each region,
visualised in a certain colour. The colour indicates whether or not a gas distribution
network potentially exists in a specific year and scenario. Regions that are marked dark
blue potentially utilise gas distribution networks in 2020 and 2050 in both scenarios. The
regions in red contain potential networks in 2020 but 2050 only in the Gas60 scenario.
Regions that utilise potential gas distribution networks in the Gas20 scenario but not in
the Gas60 scenario do not exist. Some regions exist that contains potential gas distribution
networks in 2020, but none in 2050 in both scenarios. These are marked pink in Figure
4.14. The networks in these regions are modelled with a linear decrease of gas demand
and network length until both values are 0 in 2050, assuming a decommissioned network
in 2050. However, the network may have been closed at some point long before 2050 - and
not in 2050. The model could be improved by calculating the network cost calculation
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Figure 4.13: Distribution of residual value per capita in €/capita from 2050 to year of
decommission in both scenarios

Figure 4.14: Identified gas distribution networks in each region, year and scenario
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until the year when grid charges do not cover operational costs anymore. This year could
be assigned as the year of decommissioning.

Cyan regions indicate areas, where the model calculates no potential gas supply in 2020
and 2050. Especially Finland and Sweden contain such regions. The reason for that lies in
the distance to the next European transmission line. All these regions, most of them in the
north and some in the south are further away than 50 km from the nearest transmission
line, therefore no gas distribution network is indicated. If the parameter deff is set to
a lower value than 50 km, the number of regions with no distribution network increases.
Grey and red crossed countries are not included in the model calculation (UK, Iceland,
Norway, Switzerland).

4.3 Sensitivity Analysis
A sensitivity analysis was performed to measure the sensitivity of the model’s output
variable. The analysis examines the uncertainty of the results due to the uncertainty of
the input parameters. To perform the analysis, chosen input parameters were changed
by +10 %,+20 %,−10 % and −20 %. Further, the results for each input parameter
variation were calculated. The mean value of the results across all regions in a country
was calculated and plotted per chosen parameter.

A set of parameters was used to calculate the sensitivity of gas demand and the network
length for all NUTS 3 regions in Austria. The same was performed for the NPV calculation
sensitivity.

4.3.1 Sensitivity Analysis of Network and Demand Estimation
Figure 4.15 and 4.16 show the results of the sensitivity analysis of the network length
and gas demand calculation. A set of eleven input parameters was chosen to examine the
variation of results.

Figure 4.15: Mean sensitivity of the network length calculation in percent per parameter

Each chosen input parameter has an influence on the resulting network length to a smaller

47



4. Results and Discussion

or wider extent. The parameters in Equation 3.17 correlate positive (c1chambers) and neg-
ative ( c2chambers). However, these input parameters are fixed by findings of [27]. The
effective distance deff correlates positively with the resulting mean network length and
mean gas demand. Looking at the mean sensitivity for both results, the mean network
length changes by +18 %, the mean gas demand by +130 % when changing the effective
distance by +10 %. Any hectare element, that is more than deff * 100 Meters away from
the transmission network, gets excluded. Extending or reducing this limit can lead to
opening up or closing parts of heat demand and building clusters for network length and
gas demand calculation. An improvement that can be made here is for example adapting
the calculation of the related connection potential wcon

i,j , which depends on deff . Currently,
each hectare element within an identified cluster has a different connection potential, de-
pending on their respective distance to the transmission line. A part of a cluster could
be disconnected from the distribution grid if the distance from the transmission network
for respective hectares is greater than the chosen effective distance. In general, it makes
more sense if the connection potential of the entire cluster has the maximum or means
value of the connection potential wcon

i,j within the cluster to avoid parts of the cluster being
disconnected.

Figure 4.16: Mean sensitivity of the gas demand calculation in percent per parameter

Variation of parameters limitdh, limitgas, xdh and xgas have little impact on the resulting
mean network length but a greater impact on the resulting mean gas demand. Especially
variation of xgas has hardly any impact on the resulting mean network length. The sensi-
tivity of the network length correlates with parameter xgas,n. Both parameters (xgas and
xgas,n) are predefined from the scenario from Invert/EE-Lab [31].

The parameter hclusterdemand has approximately the same impact on the mean gas demand
and mean network length and correlates positively to each of them. cchambers

1 , cchambers
2 ,

maxbf and xgas,n have no impact on the mean gas demand. These parameters only influ-
ence the estimation of the network length.
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4.3.2 Sensitivity Analysis of NPV Calculation
Figure 4.17 shows the mean sensitivity of the NPV calculation. Parameter c1 and c2 are
used for calculating the OPEX (Equation 3.29). The mean sensitivity of the NPV by vari-
ations of parameter c1, which scales with costs per network length, is much larger than
by variation of parameter c2, which scales with costs per amount of gas flowing through
the network. The NPV’s sensitivity correlates positively with network length variation
lbuilding,gas and negatively with gas demand variation Ebuilding,gas, whereas the negative
correlation with the network length variation is higher than the positive correlation with
the gas demand variation.

Figure 4.17: Mean sensitivity of the NPV calclulation in percent per parameter

The investment costs per network length cp correlate negatively with the mean sensitivity
of NPV. If the length specific costs for the network increase, the NPV decreases, result-
ing from increasing construction and maintenance costs. Each distribution network in
Austria experiences a reduction in network length in each scenario. The investment costs
of decommissioned lines before their end of service time are considered sunken costs. If
decommissioned lines can be used for another purpose in a profitable manner, it would
bring an added value to the NPV.

The impact of service time variation st on the mean sensitivity of NPV calculation is very
low. This means, expanding the lifetime of network assets would not significantly affect
the profitability of the network.

4.4 Validation of Results - Comparison with real Data
To validate the model, the calculated results of selected regions were compared to real
network data provided by the respective district network operator: Vienna with a total
distribution grid length of approximately 4700 km [45] and a total gas demand for house-
holds around 5200 GWh [46] and Graz with a total network length of approximately 600
km [47] and a total gas demand around 1000 GWh [47]. Data is provided without any
further specifications. Therefore it is not known, whether the total length specifications
consist of the length of a high-pressure network (e.g. for industries), or if the gas demand
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specifications include gas demand for industries. Currently, the model takes into account
the building sector but not the industrial sector. Thus, these provided values can be con-
sidered as upper limits. Both results match in the order of magnitude, whereas the data
for Vienna are more in-line with model results. For Graz, the model seems to overestimate
the gas demand and the network length (Table 4.1). In both cases, the input parameters
still need to be adapted. However, this is outside the scope of this work.

Table 4.1: Comparison of model results with real network data

Region Vienna Graz

real Values Gas Demand [GWh] 5200 1000
Network Length [km] 4700 600

calculated Values Gas Demand [GWh] 4070 580
Network Length [km] 4350 1400

4.5 Model Perspective
Currently, the gas network model is in a very basic state. It can calculate the poten-
tial gas demand and network length to supply a set of buildings in the building sector
in each NUTS 3 region. The calculation is based on geographically localised building
data, network data, data on final energy demand and assumptions about various sets of
parameters. Based on the gas demand and the network length, the model calculates the
associated NPV of networks in a NUTS 3 region. The model has implemented a gas
demand and supplying network length calculation module of European gas power plants
based on the localisation and capacity of each gas power plant. However, the module has
not yet been used. In that state, the model can answer questions about the distribution of
potential gas networks, gas demand and associated costs for supplying buildings with gas
over Europe. Furthermore, it can assess the impact of renovation and efficiency measures
in the building stock on the local gas distribution structure and its related costs.

Recommendations for model improvement, such as adaption of input parameters, modi-
fication of methodology, etc. are given based on the results. These recommendations do
not include any improvements regarding the scope of the model. Therefore, the following
paragraphs are intended to discuss possible features that extend the model’s functionality.
However, the paragraphs will not be detailed step-by-step instructions on how to imple-
ment these features, but rather explain and discuss the implementations abstractly. Both
the details of such features and their implementation have been already discussed and
described in various sources and will therefore not be analysed.

Figure 4.18 gives a comprehensive overview of a possible future model and its implemented
features to expand the model’s scope. The light blue coloured shapes are exemplary NUTS
3 regions. The values for each region are currently calculated independently from each
other. Implementing the current model in a node-edge model would establish func-
tional relations between the regions. Such an exemplary node-edge model is shown in
Figure 4.18. The purple nodes are the centre of each region and contain information like
the regional gas demand as well as the gas network length. Each node is then connected
via a brown edge with other nodes. The edges illustrate the functions and the dependen-
cies the nodes have to each other. Generally, these dependencies simulate the transport
capacities of gas in a supra-regional gas network to transmit the gas from the European
transmission network to the regional distribution networks. Furthermore, a supra-regional
gas network enables transport between these regions. As a result, these dependencies are
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Figure 4.18: Future perspective of the open-source gas model1

mostly based on pipe, gas or other transport equations. The European transmission net-
work is displayed as the dark blue line crossing through region (Figure 4.18).

This implementation would shift the model from a regional-centred cash-flow model
to an infrastructure model. On the one hand, such an infrastructure model can answer
questions regarding the transport capacity of the supra-regional network. For example,
each node’s gas demand is combined with a time-specific load profile to distribute the
gas demand throughout a defined period. Thus, the model can identify capacity limitations
in the gas supplying infrastructure at a defined time. An exemplary node’s load profile
is shown in the line plot in the upper left corner of the Figure 4.18. On the other hand,
such an implementation would open up many new questions that need to be addressed
before the feature implementation. Since there is no publicly available information about
supra-regional gas network location and capacity, the connection of the nodes is based
on estimations. Figure 4.18 shows such an estimation, where the nodes that are directly
adjacent to the European transmission network are connected to it. All other nodes are
connected to those nodes closest to them. This task might be part of the already men-
tioned minimum-tree-spanning problem and can be solved by the Kruskal algorithm [40],
which finds the shortest connection between a set of nodes. The location of possible sup-
ply bottlenecks mostly depends on the location of the generated edges, which connect the
nodes.

Another question that needs to be answered before implementing a node-edge model is the
role of the European transmission network. The European transmission network expands

1This Figure has been designed using resources from Flaticon.com
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over whole Europe and is supplied by gas from EU- or foreign countries. Natural gas is
delivered gaseous via pipeline. The gas flow through the European network is driven by
various parameters and is difficult to estimate. Macroeconomic drivers like the price- and
demand trends or secret long-term contracts between players in the gas market make it
difficult to model this system. Plenty of models already exists that deal intensively with
this problem. Therefore, the perspective of this work focus less on the European-wide
aspects of gas network modelling but more on a regional or country level.

With that focus, the role of the European transmission network is seen as an infinite
source of gas supply with a predefined price profile and supply capacity per
connection node to the European transmission network. In the next step, further util-
ities could be implemented in the regional nodes. For example, gas storage facilities
are a crucial part of the current gas network. Generally, they serve to balance the time-
dependent differences between the demand and supply of gas. In the future, their impor-
tance could even increase when the share of other facilities, like power-to-gas facilities or
other production units, produce gas directly in the country.

Finally, the node-edge model could be implemented in a cost- and/or flow-optimisation
algorithm. The gas flow between the regions could be simulated at any given point in
time, based on assumptions of load profiles, price and demand trends, etc. By coupling
the gas model with other existing open-source energy models, the model can be converted
into a complete energy model where questions about cross-sector coupling effects can
be answered.
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Chapter 5

Conclusion and Outlook

Within the developed gas grid model the gas demand, network length and associated
costs for distribution grids in selected regions were calculated. The calculation is based
on open-source data and estimations of input parameters. A sensitivity analysis helped to
conduct net present value calculations. Further, the mean sensitivity of calculated values
from Austrian NUTS 3 regions was plotted. Finally, the resulting network length and gas
demand of selected regions were compared to real data provided on the website of district
network operators. Partially the results and the available data show good consistency in
the order of magnitude, partially the model overestimates demand and network length.
Furthermore, the model calculates a decrease in network length and gas demand by the
end of 2050 which is in line with scenario assumptions.

5.1 Modelling
One of the key findings of this thesis is the difficulty of gas grid modelling. District
network operators are not obligated to publish network data like existing network length
or the amount of gas flowing through the network. Thus, technical data about the gas
network is hardly available. For this reason, the results of gas network models depend
remarkably on the assumptions related to the stated parameters. The model becomes as
good as the quality of the initial assumptions and input data. To improve the validity of
gas demand, network length and network cost estimation, the presented thesis contains
several recommendations on model adaptions in Chapter 4. Furthermore, it was discussed
how the model and its objective could be expanded. Increasing the model’s scope (from
regional to country level) would further make the modelling approach a complicated task,
but could enable a deeper insight into the gas market.

5.2 Results and future Profitability
Another key finding is the effect of decreasing gas demand on the profitability of distri-
bution grids. Even under the continuation of gas heating in buildings under the Gas60
assumptions, distribution grids will experience sharp declines in gas demand, due to reno-
vation and efficient measures in the building stock. Strategies of network operators, which
counteract this trend, need to be analysed. One possibility is to increase grid charges and
therefore revenues of a network to cover costs. On the one hand, this measure increases
the revenues of network operators. On the other hand, this measure can lead to an in-
creasing number of customers leaving the network and changing to a cheaper available
heating system, speeding up the decrease of gas demand.

In some cases, decommissioning of network lines could bring added value to the prof-
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itability of the distribution network. Reduction in network length will result in reduced
operational costs. At the same time, gas consumers will be disconnected and gas demand
will decrease. Decreasing gas demand will have the effect of decreasing revenues, due to
fewer consumers paying grid charges. The key is only to close network lines, where the sum
of grid charges has no significant share to network revenues. Therefore, decommissioning
network lines can be an option to counteract the trend of decreasing profitability of gas
distribution networks. This can go as far as shutting down the whole grid and managing
a controlled face out of gas after 2050 to minimise the economic stranded costs.

Under scenario assumptions of building stock renovation and system-wide exchange of
heating systems, the business model for district network operators is tackled. Even when
grid charges are increased or network length is reduced to counteract this trend, effects
can lead to further consumers leaving the network, resulting in network assets that are
stranded or devalued in the medium or long term. Network operators need adequate
strategies to either create a gas phase-out that results in the least amount of loss for
stakeholders involved or to stabilise the profitability of the district gas network in the long
term.

The currently developed model has demonstrated first results, which identifies obstacles
gas distribution network operators could experience with used scenario assumptions. How-
ever additional studies are needed to evaluate the strategies that DNOs can set to avoid
assets being stranded. A further improvement of the current model could help to answer
these questions.
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Appendix A

Standard Values

Table A.1: Standard Values for standard Results

Parameter Description Unit Value
Network Costs Estimation

i calculatory interest rate % 2
cgc grid charges in base year [48] €/MWh 17
rgc rate of price increase for grid charges €/MWh 0
c1 cost parameter for OPEX [1] €/m 10.71
c2 cost parameter for OPEX [1] €/MWh 0.012
rc rate of price increase for OPEX % 0
cp cost per length distribution network [1] €/m 214
st service time of network years 30
network age average age of network in base year years 10

Length and Demand Estimation of Gas Networks
abf maximum building footprint per building m2 2000
bfaverage average building footprint per building m2 200
nbuilding,min minimum building per hectare 1/ha 1
xgas,n national share buildings connected to gas distribution network % defined by scenario
xdh national share of district heating % defined by scenario
xgas national share of gas heating % defined by scenario
limitdh limit for full supply of district heating MWh/ha 500
limitgas limit for full supply of heating by gas MWh/ha 300
hfull load fullload hours for gas power plants h 1000
ηfull load efficiency of gas power plant % 30

Clustering
EPS parameter for function DBSCAN 1 1
minPts parameter for function DBSCAN 1 5
hcluster demand demand minimum for identification as a cluster GWh 12

Calculation of Connection Probability
deff distance, where probability is equal 0 100 meter 500
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Table A.2: Values of respective scenarios for Austria

Parameter Description Unit Value
Scenario Parameters

xgas,n (base year) national share buildings with gas in base year % 60
xgas,n (Gas60) national share buildings with gas in scenario Gas60 % 60
xgas,n (Gas20) national share buildings with gas in scenario Gas20 % 20
xdh (base year) national share of district heating in base year % 21.4
xdh (Gas60) national share of district heating for Gas60 % 14.3
xdh (Gas20) national share of district heating for Gas20 % 12
xgas (base year) national share of gas heating in base year % 23.6
xgas (Gas60) national share of gas heating for Gas60 % 25.14
xgas (Gas20) national share of gas heating for Gas20 % 6.9
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