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A B S T R A C T

The primary goal of this paper is to investigate the most cost-effective decommissioning and refurbishment
investment decision for existing gas networks. An optimization model is developed and tested on a real test
bed in an Austrian federal state. The analysis is performed from the network operator’s perspective and depicts
different network decommissioning or refurbishment options under the decision of supplying or not supplying
available gas demands. Whether or not there is ensured supply, we find that smaller gas networks (in terms
of pipeline capacity and network length) are needed in the future. Analyzed shadow prices indicate that a
balance/trade-off between the cost-optimal gas network design with and without ensured supply could lead
to a robust and economically competitive future for downsized gas networks. The results demonstrate that it
is necessary to socialize network operators’ costs among the remaining consumers connected to the network
in the future. This adds a cost component to consumers, which needs to be considered when determining the
profitability of sustainable alternatives to natural gas.
1. Introduction

Adherence to the remaining CO2 budget of the Paris Agreement
requires rapid defossilization of the energy system [5]. In Europe, the
Fit for 55 package [6] and the EU Green Deal [7] define the mid- and
long-term goals for a transition to a sustainable energy supply until
the middle of the century. These goals include a reduction of CO2
emissions by 55% compared to those in 1990 by 2030 and climate
neutrality in 2050. In light of this, the question of the concrete design of
measures to achieve these goals arises [8]. Numerous scientific works
have already been dedicated to the analysis of sustainable alternatives
for the provision of energy service needs, which currently rely on fossil
fuels. Abas et al. [9] provide a comprehensive review of fossil fuels as
a primary energy source in the energy supply chain and future energy
technologies. Corresponding studies, (e.g., [8,9]), often focus primarily
on the renewable energy technology portfolio that provides energy

∗ Corresponding author.
E-mail address: zwickl@eeg.tuwien.ac.at (S. Zwickl-Bernhard).

1 McGlade and Ekins [1] state that half of natural gas reserves should remain unused from 2010 to 2050 in order to meet at least the less ambitious 2.0 ◦C
climate target from the Paris Agreement.

2 Exemplarily, Kumar et al. [2] see natural gas as an important bridging fuel to a sustainable energy system, in some cases even after 2050. By contrast,
Stephenson et al. [3] propose to abandon the transition fuel characterization of natural gas. Díaz et al. [4] follow this point of view since they find for the
electricity sector that natural gas delivers little to no cost savings as a bridging fuel in a system that switches to wind and solar.

service needs in the future. We essentially use these as the starting
point of our analysis here, investigating implications of expected de-
clining coverage of energy services by natural gas, a fossil fuel, on its
transmission and distribution network infrastructure.

Natural gas is undeniably one of the pillars of existing energy
systems, but it is being fundamentally challenged by the already estab-
lished and ongoing decarbonization of energy systems. Furthermore, as
part of the sustainable transition, natural gas and its role are expected
to undergo significant transformation.1 However, presently, it is not
clear which exact trajectory natural gas will take until 2050 [10].2
Two focal reasons/subjects are (i) various energy sectors currently use
natural gas in the provision of energy services (e.g., generation of
process heat or as a base material for industrial consumers, centralized
generation of electricity and district heating, and decentralized supply
of space heating and hot water demands), and it is not clear if and
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Nomenclature

Set and index

𝑝 ∈  = {1,… , 𝑃 } Pipeline for gas transport, index by 𝑝
𝑛 ∈  = {1,… , 𝑁} Node of the gas network, index by 𝑛
𝑙 ∈  = {1,… , 𝐿} Gas network level (e.g., high-pressure),

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

Primal Decision Variables (Selection)

𝐶𝑎𝑝𝑒𝑥 Capital expenditures (EUR)
𝑂𝑝𝑒𝑥 Operational expenditures (EUR)
𝑅𝑒𝑣 Revenues generated by gas supply (EUR)
𝛾𝑝,𝑙,𝑦 Capacity of pipeline 𝑝 at 𝑙 in 𝑦 (MW, GW)
𝑞𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚 Gas demand supplied at 𝑛 and 𝑙 in 𝑦 and 𝑚

(MWh, GWh)
𝑞𝑝,𝑙,𝑦,𝑚 Quantity of gas transported at 𝑝 and 𝑙 in 𝑦

and 𝑚 (MW, GW)
𝛱𝑝,𝑙,𝑦 Book value of pipeline 𝑝 at 𝑙 in 𝑦 (EUR)

Dual Decision Variables

𝜆𝐶𝑂
𝑛,𝑙,𝑦,𝑚 Cost-optimal shadow price of gas supply

without ensured supply at 𝑛 and 𝑙 in 𝑦 and
𝑚 (EUR∕MWh)

𝜆𝐸𝑆
𝑛,𝑙,𝑦,𝑚 Cost-optimal shadow price of gas supply

with ensured supply at 𝑛 and 𝑙 in 𝑦 and 𝑚
(EUR∕MWh)

Parameters (Selection)

𝛾𝑝𝑟𝑒𝑝,𝑙,𝑦 Preexisting capacity of pipeline 𝑝 at 𝑙 in 𝑦
(MW, GW)

𝑑𝑚𝑎𝑥𝑛,𝑙,𝑦,𝑚 Maximum gas demand at 𝑛 and 𝑙 in 𝑦 and 𝑚
(MWh, GWh)

𝑞𝑓𝑒𝑑𝑛,𝑙,𝑦,𝑚 Quantity of gas fed in at 𝑛 and 𝑙 in 𝑦 and 𝑚
(MW, GW)

𝑐𝑖𝑛𝑣𝑙 Specific refurbishment investment costs at 𝑙
(EUR∕MW∕km)

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

𝑦 (EUR)
𝑦𝑖𝑛𝑣𝑝,𝑙 Year of refurbishment/decommissioning

per 𝑝 and 𝑙 (1)
𝜔 Weighted average cost of capital (%)
𝑖 Interest rate (for calculating the net present

value) (%)

when exactly sustainable alternatives will be economically available,
implemented, and realized in sufficient quantities [11,12]. (ii) Syn-
thetic gases (including hydrogen) are seen as a promising alternative
or supplement to natural gas usage, as they could be fed into exist-
ing transmission and distribution gas network infrastructure, although
there are valid uncertainties regarding its amount of technical as well
as economic potentials [13,14]. Because of that, the question is not
only which energy sectors and energy services remain to use the
limited quantities of natural (following the trend of defossilization)
and synthetic (because of limited potentials gas) but also what gas
network infrastructure will continue to be needed for their transport
and distribution.

The goal of this paper is to contribute to scientific research on
2

its future development and trajectory of gas network infrastructure (
with the expectation of decreasing natural gas demands and increasing
the integration of green gases, such as synthetic gas and hydrogen.
The emphasis is on gas network infrastructure, which ensures that
various energy service needs (e.g., residential building heat, and in-
dustrial process heat) are met. This raises the question of which gas
network infrastructure is required to meet non-substitutable natural gas
demands when considering possible stand-alone natural gas supply op-
tions (e.g., delivery of liquefied natural gas by truck) in order to avoid
significant economic loss and stranded assets in the future. To meet
demand, the network can transport either imported gas volumes or
locally produced green gases such as biomethane. Nonetheless, even if
stand-alone solutions are viable alternatives in some cases, arbitrariness
regarding the trajectory decisions of gas networks must be avoided, as
they are not only assigned to critical infrastructure but also regulated
and subject to long-term energy planning (lock-in effect).

The primary objective of this work is to investigate the cost-effective
trajectory of gas network infrastructure from a systemic viewpoint
under a long-term planning horizon. Given necessary refurbishment
investments in existing gas network infrastructure and pipelines due
to their technical lifetimes, the main research question is which de-
commissioning and refurbishment investment decisions result in a cost-
effective gas network infrastructure by 2050. Equally important in
the analysis is the network operator’s trade-off decision regarding
whether available gas demands within the network area are supplied
or not, as decommissioning of existing gas pipelines can be cost-
effective but results in unsupplied gas demands. Consequently, three
different model runs are performed, allowing a thorough comparison
of various handling options in terms of gas demands not met by the
network infrastructure.3 Accordingly, analysis relies heavily on the
shadow prices of gas supply at the local level within the network’s
nodes. At present, existing studies on gas network infrastructure are
insufficient, and the corresponding literature has not yet conducted
a comprehensive comparison of different sub-policy implications for
handling future gas demands by a quantitative analysis.

The method used is the development of a linear optimization model.
Thereby, the objective function is to minimize the network operator’s
net present value over time. Particularly, the optimal solution of the
model includes the decommissioning and refurbishment investment
decision of parts of the network and single pipelines. This includes
deciding whether or not to supply available gas demand. The dual
variables of the local gas balance constraints allow us to assess the
techno-economic range of supply alternatives for each node in the
network.

The numerical example examined is a small portion of the existing
Austrian gas network infrastructure in the NUTS2 region Vorarlberg,
Austria. This area is distinguished by a wide range of energy service re-
quirements that are met by natural gas (e.g., residential, and industry).
Furthermore, the gas network infrastructure includes not only high- and
mid-pressure network connections but also cross-border connections
to neighboring countries Germany and Lichtenstein (i.e., transmission
network level). There is also the possibility of producing green gas and
injecting it into the existing gas network infrastructure.

The paper is organized as follows. Section 2 provides an overview
of the current state-of-the-art in scientific literature and outlines the
novelties of this work beyond existing research. Section 3 presents
the materials and methods developed in this work, including, the
model’s mathematical formulation and description of different model
runs. Section 4 presents the results of this work encompassing different
handlings of gas demands within the network. Section 5 synthesizes
and discusses the results, concludes the work, and gives an outlook for
future research.

3 Grid operator usually is a regulated entity. Thus, finally, it is a regu-
atory question/decision which cannot be taken by the grid operator alone
regulator).
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2. State-of-the-art and progress beyond

This section provides an overview of relevant scientific literature for
this paper’s scope. It emphasizes two essential subjects, namely, the role
of natural and green gases in sustainable energy systems (Section 2.1)
and the modeling of gas networks from a system perspective point of
view (Section 2.2). The novelties of this work and progress beyond
state-of-the-art are also presented (Section 2.3).

2.1. Natural and green gases in sustainable energy systems

It is debatable whether natural gas will play a significant role in
the energy transition over the next few decades, and if so, under what
conditions. Gürsan and Gooyert [15] provide a recent and concise
review of the state-of-the-art in the role of natural gas in reducing
CO2 emissions from energy systems. Kotek et al. [16] conduct a study
on the European natural gas infrastructure in the context of energy
transition. Already in 2012, Stephenson et al. [3] discuss natural gas
as a transition fuel in the sustainable transformation of energy systems.
They concluded that a natural gas climate solution is unsubstantiated.
This is also reflected in a large number of studies on cost-optimal
energy supply until 2050. Auer et al. [17], for example, investigate
the European energy supply until 2050 for various decarbonization
scenarios under the remaining European fraction of the CO2 budget and
discover that natural gas is almost completely replaced in the primary
energy demand in 2040.

Green gases are becoming increasingly important, as evidenced by
not only the results of Auer et al. for Europe but also, those of Zhang
et al. [18] for China. Against this background, it is certainly possible
to see existing natural gas networks as a crucial part of the energy
transition to transport and deliver green gases. Recently, Quintino
et al. [19] elaborate on aspects of green gas introduction in natural
gas networks. Dodds and McDowall [20] examine the long-term future
of gas networks and state that the most cost-effective strategy might
be to convert the networks to deliver green gases. Interestingly, Dodds
and McDowall find in their scenarios that hydrogen injection into gas
networks has only a small role and low impact on gas networks. Kolb
et al. [21] examine the integration of green gases into a natural gas
market. They provide not only a comprehensive literature review of
the future role of renewable gases but also show that the carbon price
is one of the most promising ways to promote renewable gases. Mac
Kinnon et al. [22] investigate the role of natural gas networks in
mitigating greenhouse gas emissions. Gillessen et al. [23] elaborate on
the role of natural gas as a bridge to sustainable energy systems and
related infrastructure expansion of gas networks. Gondal [24] studies
the hydrogen integration into gas transmission networks.4

Nonetheless, although the expected potential of green gases exists, it
is nowhere large enough to replace the current amount of natural gas
in the energy supply. Accordingly, the discussion of existing natural
gas networks may and should include decommissioning as part of the
solution space. Furthermore, this possibility should no longer be seen
as a taboo subject but rather as a real decision option that can even be
argued from a techno-economic point of view. Giehl et al. [25] examine
cost-optimal gas networks and focus particularly on the distribution
network level, finding a declining need for gas distribution networks
in their future scenarios. Zwickl-Bernhard and Auer [26] present the
decommissioning of a gas distribution network in an urban area at
the community level. Feijoo et al. [27] find risks of underutilization
of gas networks (i.e., pipeline capacities) in a low-carbon future econ-
omy even at the interstate and transmission level. Brosig et al. [28]

4 Particularly, Gondal states that (i) at the transmission network level,
ompressors are the determinant element and limit the value of hydrogen
y 10%; (ii) at the distribution network level, pipelines and storage elements
llow shares up to 50% of hydrogen; and (iii) at the level of end use appliances,
tolerant range and share of 20%–50% of hydrogen is possible.
3

t

compares the cost-effectiveness of different future pathways between
expansion and decommissioning of the gas grid network.

In this context, local renewable energy sources and technologies
are becoming increasingly important. For example, district heating
contributes in densely populated and urban areas to the decrease of
natural gas in the supply of energy service needs. Möller and Lund [29]
examine the conversion of individual natural gas heating units to
district heating. Hofmann et al. [30] show the use of geothermal
sources for heat generation for both residential and industrial. At the
national level, Geyer et al. [31] presents scenarios, energy carriers and
infrastructure requirements for a completely renewable energy-based
industry sector. Rahnama et al. [32] show particularly the reduction
of gas demands and associated CO2 emission for the pulp and paper
industry by electrification of energy service needs. Bachner [33] et al.
focus on the replacement of gas and other fossil fuels in the steel and
electricity sector from a macroeconomic perspective.5

Findings of the literature in the previous paragraph indicate that
large portions of natural gas demands can, in principle, be substituted
by sustainable alternatives. Against this background and considering
that natural gas networks are regulated entities of the energy sys-
tem, are capital intensive, and therefore require long-term strategies
or planning, avoidance of stop-and-go policy is crucial. Exemplarily,
Then et al. [35] study the operator strategy and economic viability
of gas networks in face of decreasing gas demands. Hickey et al. [36]
identify significant challenges and risks to policymakers and investors
in using gas networks in sustainable energy systems encompassing the
risk of stranded assets resulting not only from declining gas demand
but also from changes in regulation and how tariffs are allocated.
Hausfather [37] focuses on the policy decisions for natural gas and its
network infrastructure until 2030 as they irreversibly impact the future
of natural and synthetic gas in the period 2030 to 2050.6 Glachant
et al. [38] study and identify the fundamental reasons for diverging
gas network and market developments. Mosácula et al. [39] propose
a novel methodology for gas network charges design, which builds on
economic efficiency as the main principle.

A few selected works on energy and network security of natural
gas are mentioned here without claiming completeness. Hutagalung
et al. [40] deal with investments in natural gas infrastructure and their
implications on energy security and economic growth. Tata and DeCo-
tis [41] focus on risks and responsibilities associated with natural gas
infrastructure development. They do not advocate for or against using
natural gas but argue that all energy supply options have risks that
must be considered when deciding which fuel to use. Sacco et al. [42]
analyze the risks associated with maintenance gas networks. Sesini
et al. [43] assess resilience and security in gas network systems. They
examine the impact of a real demand shock on the European natural
gas network, focusing on liquefied natural gas and storage.

2.2. Modeling gas networks

Particularly, the previous paragraph regarding the challenges and
risks of long-term planning of gas networks provides the starting point
for this section dedicated to modeling and simulation of gas networks.
Ríos-Mercado [44] present a comprehensive state-of-the-art review on
the optimization of natural gas networks encompassing both the trans-
mission and distribution network level. Osiadacz and Gorecki [45] pro-
vide an even broader summary of gas network optimization modeling

5 In the context of a decarbonized electricity supply, Qadrdan et al. [34]
nvestigate the impact of transitioning to a low-carbon electricity sector on
as network infrastructure. Particularly, the authors focus on the gas network
n Great Britain and find that despite the declining gas demand, the peak gas
emand remains unchanged.

6 Moreover, Hausfather concludes that policy decisions are needed leading

o decarbonization of natural gas no later than 2030.



Energy Strategy Reviews 49 (2023) 101138S. Zwickl-Bernhard et al.
approaches. Particularly, they mention heuristic, continuous and dis-
crete methods of the optimal design of gas networks. Feijoo et al. [46]
propose a long-term partial equilibrium model that allows for en-
dogenous gas network infrastructure expansion and nonlinear cost
functions. Fügenschuh et al. [47] develop an optimization model with
quadratic formulation. Fodstad et al. [48] and Aßmann et al. [49]
use stochastic optimization including gas demand uncertainties in the
optimization of gas networks. Latter use a decomposable robust two-
stage optimization model. Von Wald et al. [50] propose a multiperiod
planning framework for decarbonization of integrated gas and electric
energy systems. Similarly, the work of Cavana et al. [51] is aimed at
sector coupling. In their work, the authors emphasize the ability of
the gas network for hydrogen blending to enable greater integration
of renewable energy.

The long-term planning of gas networks is exemplarily shown
by Hubner and Haubrich [52] and Giehl et al. [25]. Mikolajková
et al. [53] show the optimization of a natural gas distribution network
with the potential future extension of the transmission network level.
Kashani et al. [54] present the techno-economical and environmental
optimization of natural gas network operation. Farsi et al. [55] show a
national case study regarding the cost efficiency of gas distribution net-
works. Particularly, they emphasize the impact of customer density and
network size in the Swiss gas distribution sector. Odetayo et al. [56]
show the modeling flexibilities of gas networks for energy system
operation. Diéguez et al. [57] show the modeling of decarbonization
transition in a national integrated energy system including hourly
operational resolution of gas networks. Yusta and Beyza [58] empha-
size the modeling of large-scale gas storage facilities by a dynamic
approach. Kerdan et al. [59] link a spatially resolved gas infrastructure
optimization model with an energy system model.

This paragraph concludes the literature review with a discussion
of existing approaches and models used to achieve similar objectives
to this study. It becomes clear that there are relevant studies in this
area but also that there is currently a lack of work in the literature
explicitly addressing decommissioning and reinvestment decisions for
gas networks. For example, Giehl et al. [25] provide an in-depth anal-
ysis of the impact of energy system decarbonization on gas distribution
networks. For a German case study, they show a decreasing need for
gas distribution networks until 2050. A strength of their approach is
certainly the comprehensive model they use, called ‘‘DINO’’. However,
they use a greenfield approach and do not consider existing networks
and pipelines. Then et al. [35] examine the impact of different gas
network operator strategies on gas network profitability in the face of
declining demand. They carry out comprehensive gas network planning
under different strategies but focus on network charges in terms of
strategy. They also use commercial software and estimate a functional
relationship between required network length and demand. Bouacida
et al. [60] investigate the impact of decarbonization on gas networks
and costs. Based on a review of French and German decarbonization
scenarios, they examine the impact on gas networks and estimate the
change in gas prices for end users. They also argue that the latter will
increase, accelerating the substitution of natural gas. In their paper,
Oberle et al. [61] ask whether industrial gas demand can keep gas dis-
tribution networks alive or not? They focus on the development of gas
demand in Germany until 2050. However, their analysis focuses more
on the implications for gas networks than detailed network modeling.
Given this, there is no existing work proposing a method that could,
to the best of our knowledge, be used to address the objectives of this
work.

2.3. Progress beyond the state-of-the-art

Based on the literature review, the novelties of this work can be
summed up as follows:
4

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

• Since existing gas network infrastructure requires the refurbish-
ment of its gas pipelines due to the expiration of the technical
lifetime, it is shown how the gas network operator decides from a
techno-economic point of view between decommissioning and re-
furbishment investment of gas pipelines at different network and
pressure levels. Especially, the transmission, high-pressure, and
mid-pressure network levels are analyzed. The assumed pressure
levels are between 64 bar for the transmission and high-pressure
network levels, and 4 bar for the mid-pressure network level.

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

• The application of the proposed model on a real test bed in
a NUTS2 region in Austria until 2050 provides useful insights
that can be used directly by decision and policymakers. The
investigated test bed is representative of other gas networks since
it comprises, on the one hand, gas demands that are supplied in
different end-user sectors, and, on the other hand, encompasses
different gas network/pressure levels. Accordingly, the transmis-
sion network level is also considered as the test bed gas network
is linked to neighboring countries.

3. Materials and methods

This section explains the proposed methodology. First, Section 3.1
introduces the model. Then, Section 3.2 presents the mathematical
formulation in detail. Section 3.3 explains the different model runs and
defined scenarios. Section 3.4 provides the test bed description and
shows the gas networks in Vorarlberg, Austria, in detail, and Section 3.5
presents the input data. Section 3.6 discusses the limitations of the
model. Finally, Section 3.7 deals with the open-source programming
environment and the computation time of the model.

3.1. Introduction of the model

Fig. 1 provides an overview of the method, including the inter-
relationships between the inputs (left), the model (middle), and the
outputs (right). Generally, the inputs (and thus parameters) can be
divided into three different categories, namely, technical parameters
(e.g., existing pipeline capacity per network/pressure level and the year
of construction), economic parameters (e.g., refurbishment investment
costs per pipeline), and further empirical data needs (e.g., gas demand
and supply at the local community level and seasonal gas storage
capacities). The model is developed as a linear program and is based
on graph theory. It emphasizes the high spatial resolution in modeling.
Particularly, a single node in the gas network graph corresponds to a
community and covers an area of approximately 40 km2 on average.
The temporal resolution and thus investment planning horizon are
until 2050, whereas an individual year is monthly resolved. The model
outputs include the optimal investment and dispatch decisions. The
outputs related to the investment decision are particularly the decom-
missioning and refurbishment investment decision per pipeline and gas
network level. Additionally, the outputs encompass the dispatch of the
gas networks on a monthly resolution. This includes the utilization of
pipelines and particularly the gas demand and gas demand not supplied

per community.
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.2. Mathematical formulation

This section is dedicated to providing a detailed mathematical
ormulation of the model. We start with the objective function and
ave deliberately chosen the further order of equations so that the
ollowing equation builds on the previous one as far as possible. In
ddition to the detailed description of the equations below, Table A.1
n Appendix A summarizes the main equations of the model with a
ualitative explanation.

Eq. (1) shows the objective function of the model where 𝐶𝑎𝑝𝑒𝑥 is the
et present value of the capital expenditures, 𝑂𝑝𝑒𝑥 of the operational
xpenditures, 𝑅𝑒𝑣 of the revenues from the supply of gas demands, and
𝑢𝑟𝑐ℎ of purchasing gas. 𝐶𝑎𝑝𝑒𝑥 and 𝑂𝑝𝑒𝑥 represent the decommission-

ng and investment decision, whereas 𝑅𝑒𝑣 and 𝑃𝑢𝑟𝑐ℎ the dispatch of
he gas networks.

in
𝑥

𝐶𝑎𝑝𝑒𝑥 + 𝑂𝑝𝑒𝑥 − 𝑅𝑒𝑣 + 𝑃𝑢𝑟𝑐ℎ (1)

dditionally, 𝑥 represents the decision variables of the model. All costs
nd prices are nominal. Eq. (2) shows the calculation of the discount
actor per year 𝑦 (𝛼𝑦), where 𝑖 is the interest rate and 𝑦0 is the reference
ear.

𝑦 =
1

(1 + 𝑖)𝑦−𝑦0
(2)

uilding upon, 𝐶𝑎𝑝𝑒𝑥 is calculated as shown in Eq. (3) where 𝜔 is
he weighted average cost of capital and 𝛱𝑦 is the book value of the
ipelines in 𝑦.

𝑎𝑝𝑒𝑥 =
𝑦𝑒𝑛𝑑−1
∑

𝑦
𝛼𝑦 ⋅ 𝜔 ⋅𝛱𝑦 + 𝛼𝑦𝑒𝑛𝑑 ⋅𝛱𝑦𝑒𝑛𝑑

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
early depreciation

(3)

imilarly, 𝑂𝑝𝑒𝑥 is calculated as shown in Eq. (4) where 𝜆𝑦 is the fixed
operating) costs of the pipelines in 𝑦.

𝑝𝑒𝑥 =
∑

𝑦
𝛼𝑦 ⋅ 𝜆𝑦 (4)

q. (5) shows the calculation of the 𝜆𝑦 where 𝑐𝑓𝑖𝑥𝑙 is the specific fixed
operating) costs per 𝑙 and 𝛾𝑙,𝑦 is the installed pipeline capacity per 𝑙 in
.

𝑦 =
∑

𝑙
𝑐𝑓𝑖𝑥𝑙 ⋅ 𝛾𝑙,𝑦 (5)

q. (6) shows the calculation of 𝛾𝑙,𝑦 where 𝛾𝑝,𝑙,𝑦 is the installed pipeline
apacity at 𝑝 and 𝑙 in 𝑦 and 𝑃𝑙 the subset of all pipelines at 𝑙. 𝛬𝑝 is
scaling factor. It is needed because the parameter 𝑐𝑓𝑖𝑥 is defined
5

𝑙

or a representative pipeline length for each pressure level. These
epresentative pipeline lengths are 50 km and 25 km for the high-
ressure and mid-pressure network levels respectively. For example, if
pipeline 𝑝 at the high-pressure network level has a length of 50 km,

hen the scaling factor 𝛬𝑝 is equal to 1. Note that 𝛬𝑝 is known a priori
because the length of pipelines are known) and is a parameter of the
odel.

𝑙,𝑦 =
∑

𝑝∈𝑃𝑙

𝛬𝑝 ⋅ 𝛾𝑙,𝑦,𝑝 (6)

q. (7) defines the capacity of a pipeline 𝑝 at 𝑙 in 𝑦 where 𝛾𝑝𝑟𝑒𝑝,𝑙,𝑦 is the
reexisting capacity and 𝛾𝑟𝑒𝑓𝑝,𝑙,𝑦 is the refurbished capacity of 𝑝 at 𝑙 in 𝑦.

𝑝,𝑙,𝑦 = 𝛾𝑝𝑟𝑒𝑝,𝑙,𝑦 + 𝛾𝑟𝑒𝑓𝑝,𝑙,𝑦 (7)

imilarly, Eq. (8) defines the book value of a pipeline 𝑝 at 𝑙 in 𝑦, where
𝑝𝑟𝑒
𝑝,𝑙,𝑦 is the book value of the preexisting pipeline (capacity), 𝛱𝑟𝑒𝑓

𝑝,𝑙,𝑦 of
he refurbished capacity of 𝑝 at 𝑙 in 𝑦, and 𝑓 𝑟𝑒𝑓

𝑝,𝑙 the discount factor at
and 𝑙.

𝑝,𝑙,𝑦 = 𝛱𝑝𝑟𝑒
𝑝,𝑙,𝑦 + 𝑓 𝑟𝑒𝑓

𝑝,𝑙 ⋅𝛱𝑟𝑒𝑓
𝑝,𝑙,𝑦𝑖𝑛𝑣𝑝,𝑙

(8)

Eq. (9) sums the book values of all pipelines and network levels to
obtain the total book value per 𝑦 (𝛱𝑦).

𝛱𝑦 =
∑

𝑝

∑

𝑙
𝛱𝑝,𝑙,𝑦 (9)

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

𝛾𝑟𝑒𝑓𝑝,𝑙,𝑦 =

{

0 ∶ ∀𝑦 ∣ 𝑦 < 𝑦𝑖𝑛𝑣𝑝,𝑙

𝛾𝑟𝑒𝑓𝑝,𝑙,𝑦−1 ∶ ∀𝑦 ∣ 𝑦 > 𝑦𝑖𝑛𝑣𝑝,𝑙

(10)

Eq. (11) calculates the book value of the refurbishment investment at
𝑝 and 𝑙 in 𝑦𝑖𝑛𝑣𝑝,𝑙 .

𝛱𝑟𝑒𝑓
𝑝,𝑙,𝑦𝑖𝑛𝑣𝑝,𝑙

= 𝑐𝑖𝑛𝑣𝑙 ⋅ 𝛾𝑟𝑒𝑓
𝑝,𝑙,𝑦𝑖𝑛𝑣𝑝,𝑙

(11)

Eqs. (12) and (13) define the total gas export and import from 𝑛 at 𝑙
in 𝑦 and 𝑚 where 𝑞𝑝,𝑙,𝑦,𝑚 is the amount of gas transported by 𝑝 at 𝑙 in
𝑦 and 𝑚. Additionally, 𝑃 𝑒𝑥𝑝

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

pipelines that can export and import gas from 𝑛 at 𝑙.

𝑞𝑒𝑥𝑝𝑛,𝑙,𝑦,𝑚 =
∑

𝑒𝑥𝑝
𝑞𝑝,𝑙,𝑦,𝑚 (12)
𝑝∈𝑃𝑛,𝑙
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𝑞𝑖𝑚𝑝𝑛,𝑙,𝑦,𝑚 =
∑

𝑝∈𝑃 𝑖𝑚𝑝
𝑛,𝑙

𝑞𝑝,𝑙,𝑦,𝑚 (13)

Eqs. (14) and (15) set the lower and upper bound of the amount of gas
transported with respect to the installed pipeline capacity.

𝑞𝑝,𝑙,𝑦,𝑚 ≤ 𝛾𝑙,𝑦,𝑝 (14)

− 𝑞𝑝,𝑙,𝑦,𝑚 ≤ 𝛾𝑙,𝑦,𝑝 (15)

The last two equations underline that a pipeline in the model has a
certain direction in which the amount of gas transported is counted
positively. Therefore, this direction defines for a node 𝑛 whether a
pipeline 𝑝 is considered positively in the import or export balance
(compare Eqs. (12) and (13)). Exemplarily, a pipeline 𝑝 could be
considered in the export sum of a node 𝑛 on the one hand with a
positive value if 𝑝 in fact exports gas from 𝑛 but on the other hand
with a negative value if 𝑝 imports gas to 𝑛 in the dispatch of the model
decision.7

Eq. (16) shows the general formulation of the balance constraint at
𝑛 where 𝑞𝑠𝑡𝑜𝑛,𝑙,𝑦,𝑚 is the amount of gas from or to storage. Particularly,
this equation is defined for each network level 𝑙. The coupling of
different network levels (e.g., the high- and mid-pressure network
levels) is considered implicitly in the definition of the different gas
demand variables (see Eq. (17) below). Additionally, 𝜉𝑚 is a scaling
(or transformation) factor that is defined for each month and is used to
couple total values per month (e.g., 𝑞𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚) and peak values.8

𝑞𝑓𝑒𝑑𝑛,𝑙,𝑦,𝑚 − 𝑞𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚 − 𝜉𝑚 ⋅
(

𝑞𝑒𝑥𝑝𝑛,𝑙,𝑦,𝑚 + 𝑞𝑖𝑚𝑝𝑛,𝑙,𝑦,𝑚

)

+ 𝑞𝑠𝑡𝑜𝑛,𝑙,𝑦,𝑚 = 0 (16)

Exemplarily, Eq. (17) shows the calculation of the gas demand at
network level 𝑙, where 𝑞𝑑𝑒𝑙𝑛,𝑙′ ,𝑦,𝑚 is the amount of gas delivered from

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

𝑞𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚 = 𝑞𝑑𝑒𝑚,𝑙𝑜𝑐𝑛,𝑙,𝑦,𝑚 + 𝑞𝑑𝑒𝑙𝑛,𝑙′ ,𝑦,𝑚 (17)

Eq. (18) is the essential demand constraint and sets the upper bound
of the decision variable 𝑞𝑑𝑒𝑚,𝑙𝑜𝑐𝑛,𝑙,𝑦,𝑚 to the maximum available gas demand

(𝑑𝑚𝑎𝑥𝑛,𝑙,𝑦,𝑚), in which is defined as an input parameter.

𝑞𝑑𝑒𝑚,𝑙𝑜𝑐𝑛,𝑙,𝑦,𝑚 ≤ 𝑑𝑚𝑎𝑥𝑛,𝑙,𝑦,𝑚 (18)

Particularly, Eq. (18) allows the model by its mathematical operator
with the less than or equal sign (≤) to decide between supplied and not
supplied gas demand at the nodal level. This decision is in the fore-
ground of the conducted analysis here, which is why we use particularly
Eq. (18) to define different model runs and thus scenarios. Accordingly,
the model runs and scenarios differ by the individual specification of
the demand constraint (i.e., ≤ or = and 𝑑𝑚𝑎𝑥𝑛,𝑙,𝑦,𝑚 as the upper bound of

the equation). We refer to a detailed description of the model runs and
scenarios in Section 3.3.

The (total) quantity of gas fed at 𝑙′ is defined as stated in Eq. (19)
where 𝑞𝑓𝑒𝑑,𝑙𝑜𝑐𝑎𝑙𝑛,𝑙′ ,𝑦,𝑚 is the quantity of gas fed directly from 𝑛.

𝑞𝑓𝑒𝑑𝑛,𝑙′ ,𝑦,𝑚 = 𝑞𝑓𝑒𝑑,𝑙𝑜𝑐𝑎𝑙𝑛,𝑙′ ,𝑦,𝑚 + 𝑞𝑑𝑒𝑙𝑛,𝑙′ ,𝑦,𝑚 (19)

7 We use this approach to prevent binary decision variables. Particularly,
inary decision variables increase the computation time of graph-theory based
odels significantly. For more information, we refer to Kotzur et al. [62] and

heir comprehensive review on how to handle complexity in energy system
ptimization.

8 It reflects the fact that Eq. (16) encompasses variables that are associated
ith nodes (𝑞𝑓𝑒𝑑𝑛,𝑙,𝑦,𝑚, 𝑞𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚, 𝑞𝑠𝑡𝑜𝑛,𝑙,𝑦,𝑚) modeled at a monthly resolution and with

𝑒𝑥𝑝 𝑖𝑚𝑝
6

ines (𝑞𝑛,𝑙,𝑦,𝑚, 𝑞𝑛,𝑙,𝑦,𝑚) modeled at a hourly resolution. p
q. (20) defines the balance constraint of a storage unit. Contrary to
ost storage constraints, we do not consider different efficiency values

or the charge and discharge. Hence, a single variable can be used.
dditionally, 𝑞𝑠𝑡𝑜,𝑠𝑜𝑐𝑛,𝑙,𝑦,𝑚 is the state of charge. 𝜂 is the storage efficiency

nd thus models the losses with respect to the storage of gas between
months.

𝑠𝑡𝑜,𝑠𝑜𝑐
𝑛,𝑙,𝑦,𝑚 = 𝜂 ⋅ 𝑞𝑠𝑡𝑜,𝑠𝑜𝑐𝑛,𝑙,𝑦,𝑚−1 + 𝑞𝑠𝑡𝑜𝑛,𝑙,𝑦,𝑚 (20)

q. (21) calculates the revenues created by the local gas demand
upplied where 𝑝𝑙𝑜𝑐𝑙,𝑦 is the price. The latter includes the gas price and
he network charge.

𝑒𝑣𝑛,𝑙,𝑦,𝑚 = 𝑝𝑙𝑜𝑐𝑙,𝑦 ⋅ 𝑞𝑑𝑒𝑚,𝑙𝑜𝑐𝑛,𝑙,𝑦,𝑚 (21)

ccordingly, the revenues (𝑅𝑒𝑣 from the objective function in Eq. (1))
re calculated as shown in Eq. (22).

𝑒𝑣 =
∑

𝑦

∑

𝑛

∑

𝑙

∑

𝑚
𝛼𝑦 ⋅ 𝑟𝑒𝑣𝑛,𝑙,𝑦,𝑚 (22)

𝑢𝑟𝑐ℎ is calculated as shown in Eq. (23), where 𝑝𝑔𝑎𝑠𝑦,𝑚 is the gas price in
and 𝑚. As a result, the gas network operator only receives revenue

hrough the network tariff. This becomes evident when comparing
qs. (21) and (23).

𝑢𝑟𝑐ℎ =
∑

𝑦

∑

𝑛

∑

𝑚
𝛼𝑦 ⋅ 𝑝

𝑔𝑎𝑠
𝑦,𝑚 ⋅ 𝑞𝑑𝑒𝑙𝑛,𝑙,𝑦,𝑚 with 𝑙 = high-pressure (23)

articularly, the influence of the gas price in the dispatch of gas
etworks is considered if gas is delivered from the transmission to the
igh-pressure network level. This is why Eq. (23) is only defined for the
igh-pressure network level. This simplification is quite justified, first,
ecause the gas storages, whose operation is significantly determined
y the monthly gas price, are only present at the high pressure level,
nd second, because no gas delivery from the high pressure level to
he transmission system is possible in the model. The latter means that
o delivery is possible from the distribution level (high-pressure and
id-pressure) to the transmission level.

.3. Model runs and defined scenarios

We conduct three different model runs, whereas each is associated
ith a scenario. Thereby, the model runs and defined scenarios differ in

erms of consideration of the coverage of existing gas demands. Partic-
larly, this is achieved by the modification and tailor-made adaption
f the gas demand constraint in Eq. (18). As mentioned above, this
mphasizes the model decision regarding the cost-optimal amount of
as demand supplied and not supplied. Table 1 provides information
or all model runs and associated scenarios related to the formula-
ion/adaption of Eq. (18), the obtained gas network design, and the
ndividual results. Note that the cost-optimal gas demand supplied
∗𝐪𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚) without ensured supply (output of model run 1) is used as

n input for model run 2 since it allows the tailor-made adaption
f Eq. (18) to assess the shadow price 𝜆𝐶𝑂

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

𝑛,𝑙,𝑦,𝑚 in case of cost-optimality with an

nsured supply of the gas network.
The different model runs and scenarios can also be viewed from the

ollowing perspective. Gas demand is assumed to decline by 2050 in all
cenarios, regardless of whether ensured supply is taken into account
r not. The remaining gas demand can therefore be considered as the
as demand of the so-called ‘‘hard-to-abate’’ energy services/sectors.
n the case of ensured supply, the gas consumer is not disconnected. In
rder to quantify the network costs associated with ensured supply, we

ropose particularly the different model runs.
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Table 1
Model runs and associated formulation of the gas demand constraint (Eq. (18)), scenarios, and results or further used variables.
Input Output

Model run Formulation of Eq. (18) Scenario description/gas network design (abbreviation) Results or further used variable

1 𝑞𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚 ≤ 𝑑𝑚𝑎𝑥
𝑛,𝑙,𝑦𝑚 Cost-optimal without ensured supply (CO) Demand supplied ( ∗𝐪𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚)

2 𝑞𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚 = ∗𝐪𝑑𝑒𝑚𝑛,𝑙,𝑦,𝑚 Shadow price (𝜆𝐶𝑂
𝑛,𝑙,𝑦,𝑚)

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

𝑛,𝑙,𝑦,𝑚)
3.4. Test bed description

We illustrate the proposed model using the existing gas networks in
Vorarlberg, Austria. Reasons for this test field include the fact that the
gas networks there (i) are not connected to the rest of the Austrian
gas network and can therefore be studied independently of it, (ii)
include both high- and medium-pressure network levels that supply
different energy services (e.g., heat for residential buildings, small and
medium businesses (SMBs), and industry), and (iii) have cross-border
pipelines to Germany and Liechtenstein. Therefore, the investigation of
the Vorarlberg gas networks in this work can be seen as a reasonable
balance between complexity and simplification against the background
of a newly developed and to-be-tested model.

3.4.1. Existing gas network in Vorarlberg, Austria
As mentioned above, the existing gas network in Vorarlberg, Aus-

tria, encompasses both a high- and a mid-pressure network. Particu-
larly, the high-pressure network level includes a cross-border pipeline
to Germany and Liechtenstein. In this particular case, it is difficult
to distinguish between the transmission level and the high pressure
network level. Normally, the distinction could be made on the basis
of the different pressure levels. However, as described above, the cross-
border connections to Germany and Liechtenstein have similar pressure
levels to the other high-pressure pipelines. We have therefore made the
following assumptions. Since gas imports come from Germany and are
transported to Liechtenstein through the Testbed network, we assume
that the connection from the Testbed to Germany is the only pipeline
at transmission level. The remaining pipelines are then part of the high
and medium pressure level and therefore at distribution network level.
Table 2 provides a summary of Vorarlberg’s gas network. The list of
general indicators encompasses information related to the gas network,
demand, and supply. Fig. 2 shows the existing gas networks (left) and
their representation in the model (right) in Vorarlberg, Austria. The
high-pressure network level is comparatively well represented (differ-
ence of only 3 km or less than 4%). Nevertheless, the mid-pressure
etwork level is underrepresented in the model. This issue is further
rocessed in Sections Section 3.5, where we present the input data, and
ection 3.6, where we discuss limitations of the model. In summary,
orarlberg’s gas networks are represented in the model by 36 nodes and
3 individual pipelines. The single pipeline at the transmission network
evel, which is connected to node at the very top, is not explicitly
hown.

.4.2. Gas demand decline pathways at the community level until 2050
This section is dedicated to describing the assumptions regarding

he development of gas demands at the community level in Vorarlberg,
ustria, until 2050. In a first step, we assess total gas demands at

he community level in 2018 using information from the open data
latform energiemosaik [64] and our own database (see Section 3.7
or data availability). Details of the current natural gas demand in
orarlberg, Austria, is given in Appendix B. In a second step, we use the
lassification of communities regarding the energy demand provided
y energiemosaik to estimate the composition of local gas demands.
ccordingly, the local gas demand in the community is allocated to
ne or more of the following sectors of end-use or items: residential,
griculture, industry, SMB, service, and mobility. Building upon this
haracterization of gas demands by items, the following claim is made:
7

Table 2
Summary of Vorarlberg’s gas network, demand, and supply in 2020.
Source: [63].

List of general indicators

Number of communities supplied 39
Number of end-user systems 32,615
Gas supply within Vorarlberg, Austrian 2098GWh∕year
Transmision to Liechtenstein 644GWh∕year
Number of biomethane production facilities 2
Total green gas production 6.4MWh∕year
Length of high-pressure network 83 km
Length of mid- and low-pressure network 2128 km

Fig. 2. Existing gas networks (high-pressure in red and mid-pressure in green) in
Vorarlberg, Austria (left), and its representation in the model (right).
Source: [63].

The composition of the local gas demand at the community level
in 2018 determines its development until 2050. Each sector of
end-use/item is associated with a decline pathway until 2050.
Thus, the total gas demand at the community level until 2050
is described by a linear combination of the individual decline
pathways per sector of end-use.

Table 3 shows the assumed annual decline rate (and thus decline
pathway until 2050) per sector of end-use. We use the naming conven-
tion from energiemosaik and use the names Type A, B, C, and D for
a combination of different sectors of end-use. We restrict ourselves to
four different types (A–D) only. Note that 2050’s share in gas demands
are rough estimates including higher values if industry and SMBs
are located there. For the residential/building heat demand, a linear
decrease until 2040 is assumed.
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Table 3
Annual decline rates for different compositions of gas demands at the local community
level under the naming convention and sectors of end-use from energiemosaik [64].

Name Residential Industry SMB Service Decline rate (2050’s share)

Type A ✓ Linear until 2040
Type B ✓ ✓ ✓ Linear (15%)
Type C ✓ Linear (20%)
Type D ✓ ✓ Linear (35%)

3.4.3. Assumptions on the share of green gases in supply and network
For the modeling it is necessary to estimate the share of green

gases up to 2050. In general, this includes the supply of synthetic
gas, biomethane and hydrogen. All three are subject to considerable
uncertainty. In the Austrian discussion on biomethane and hydrogen,
there is a consensus that hydrogen will not be added to natural gas. All
national considerations of the gas and hydrogen network infrastructure
follow the concept of two separate networks. We take this into account
and therefore assume that there are no shares of hydrogen (i.e., no
blending of hydrogen) and in the natural gas network. It is therefore
not necessary in our specific case to consider the previously mentioned
technical limits of hydrogen shares in gas networks. In general, how-
ever, such analyses must take into account the technical limits on
hydrogen shares. For biomethane, the situation is different compared
to hydrogen. It can be assumed that biomethane will be added to
natural gas and transported through the gas network. Moreover, it
is already added today (see the number of biomethane production
facilities in Table 2). However, it is uncertain whether large-scale
biomethane production in Austria will be profitable in the future. We
decide to make a rather conservative estimate of the future production
of biomethane within the analyzed network. We assume a threefold
increase in production from 2020 to 2030 and a constant remaining
production thereafter. We discuss again the role of biomethane within
the limitations of the model.

3.5. Data

This section shows the most relevant input data. To replicate the
present results, we refer to the code of the model in [65] and the dataset
at Zenodo [66]. At the same time, we refer to the authors’ GitHub repos-
itory (details in Section 3.7) for the complete input data. Table 4 shows
the cost assumptions for gas networks including the specific investment
costs (𝑐𝑖𝑛𝑣𝑙 ) and fixed costs per year (𝑐𝑓𝑖𝑥𝑙 ) for the different gas network
levels. Note that 2030 is the assumed year of the decommissioning
and refurbishment investment decision for all pipelines within the
networks. Additionally, the development of natural gas prices in Europe
is taken from the World Energy Outlook 2021 [67]. The values from the
so-called Stated Policies Scenario are taken: 26.28 EUR∕MWh in 2030
and 28.33 EUR∕MWh in 2050.9 Revenues are generated in this work
on the basis of gas network usage fees. Accordingly, we assume the
following values for 𝑝𝑙𝑜𝑐𝑙,𝑦 for each year: 1 EUR∕MWh (high-pressure) and
20 EUR∕MWh (mid-pressure).10

3.6. Limitation of the model

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

9 Assuming a linear development between 2030 and 2050.
10 Note that the currently high natural gas prices are not explicitly con-
idered. However, it can be argued that they are implicitly included as an
dditional driver for the assumed declining gas demand rates.
8
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Table 4
Cost assumptions of gas networks. The value of specific investment costs of the mid-
pressure network level is scaled by the ratio between the existing and the modeled
pipeline length (as shown in Fig. 2).

Type of costs Symbol Network level (𝑙) Value Source

Specific investment
costs (used
in Eq. (11))

𝑐𝑖𝑛𝑣𝑙

Transmission 4600 EUR∕MW∕km [68]
High-pressure 4000 EUR∕MW∕km [69]Mid-pressure 3000 EUR∕MW∕km

Fixed costs per year
(used in Eq. (5)) 𝑐𝑓𝑖𝑥𝑙

Transmission
2000 EUR∕MW [69]High-pressure

Mid-pressure

3.6.1. Under-representation of mid-pressure networks and related pipelines
With an eye on the representation of the mid-pressure gas network

presented in Fig. 2, it is evident that the corresponding pipelines of
the mid-pressure network level are underrepresented in the model.
The main reason for this is the (limited) spatial granularity at the
community level since large parts of the mid-pressure network are
within communities. Within the simplification of the geometry of gas
pipelines to the spatial granularity on a community level, mid-pressure
gas pipelines within a single community are not considered. This is
why the introduction of a tailor-made scaling factor is needed to adjust
the specific refurbishment investment costs (𝑐𝑖𝑛𝑣𝑚𝑖𝑑−𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) accordingly
(see Table 4 in Section 3.5). Exemplarily, this scaling factor is 225

97 (on
verage) in the case of the mid-pressure network level in Fig. 2.

.6.2. Resolution on a monthly basis and associated necessary scaling
actors to calculate peak pipeline capacities

The temporal granularity of the model is limited since it gener-
tes results monthly within an individual year. Consequently, again,
scaling factor is needed to link the nodal gas balance constraints

monthly values) with the calculation of needed peak pipeline capac-
ties (Eq. (16)). An hourly resolution could eliminate this calculation
rocess, but, at the same time, one could run into serious computation
ime matters as the number of equations (i.e., gas balance constraints
or node and network level) increases significantly.

.6.3. Assumptions on profitability and volumes of biomethane in the net-
ork

Developments in gas demand and biomethane injection are assumed
o be exogenous. Both are very difficult to estimate in the context
f decarbonizing energy systems. Regarding the assumptions made
or natural gas demand, at least the different model runs proposed
n this work could increase the significance of the results, as the
ifferent model runs can be interpreted as a sensitivity analysis of
he gas demand. For the biomethane production and injection into
he network, this work assumes conservative volumes as described
bove. The impact of this assumption on the results is likely to vary
etween the different model runs proposed here. It depends on how
as demand is treated within the network. In the case of ensured
upply (model run 3), therefore, only the network utilization is likely
o be overestimated. This is because in this case, a area-wide network
emains and biomethane could simply be integrated into the network.
ue to the usually shorter distances between biomethane production
nd demand, this could reduce the network utilization (for example,
y comparing the product of transported volumes and distance in
Whkm). In the case without ensure supply (model runs 1 and 2),

he biomethane assumption is likely to underestimate the size of the
as network and the volumes transported, as biomethane can be a
river for the use of gas networks. However, in our specific case, this
spect is likely to be small. Two reasons underline this viewpoint. First,
s mentioned above, biomethane is usually produced and consumed
ocally. The transport over long distances is not reasonable mainly
ue to economic reasons. It would usually require recompression of
he biomethane, which, depending on the pressure levels, is energy
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intensive and therefore very costly. In addition, the model would only
underestimate the size of the gas network if biomethane production
is higher than gas demand within a node in the network. Essentially,
the network only sees the net demand of the node, which is the total
demand minus the source. However, it is worth noting that biomethane
injection can generally trigger investments in gas networks to enable
connection.

3.7. Open-source environment and calculation time

The developed optimization model is implemented in Python 3.8.12
using Pyomo version 5.7.3 [70]. It is solved with the solver Gurobi ver-
sion 9.0.3. For planning the development of gas networks in Vorarlberg,
Austria, the model consists of 124 155 equations and 98 610 continuous
variables. It takes on average 3 s to be solved using a computer with an
Intel Core i7-8565U with 16 GB of RAM running Microsoft Windows
10 Pro with 64 bit. We use for data analysis the common data format
template developed by the Integrated Assessment Modeling Consortium
using the open-source Python package pyam [71]. Note that all materi-
als used in this study are disclosed as part of the publication on GitHub
(https://github.com/sebastianzwickl). We refer to the repository for the
codebase, data collection, and further information.

4. Results and discussion

This section presents the most relevant results of the analyzed test
bed in Vorarlberg, Austria. Section 4.1 presents the cost-optimal gas
network without an ensured supply of available gas demands (model
run 1). Section 4.2 puts focus on the (nodal) shadow prices of the cost-
optimal gas network without ensured supply (model run 2). Especially,
the latter highlights the impact of supplying additional gas demands
at the community (or local administrative unit (LAU)) level on the
network planning. Section 4.3 shows the cost-optimal gas network with
ensured supply (model run 3). Section 4.4 compares total costs and
shadow prices with and without ensured supply. This includes, the
socialization of network costs until 2050. Finally, Section 4.5 shows the
cost-optimal gas network without ensured supply under the lumpiness
of gas pipelines.

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

In this case, the planning decision is made as follows: if the network
operator can treat all energy services equally and thus can decide
without restrictions if gas demands are supplied or not, then the gas
networks will look like those presented here. Accordingly, it is assumed
that competitive alternatives without dependence on gas networks exist
for each energy service need. Note that the costs of customers not
served by the network are not explicitly considered. The shadow prices
(discussed in the following section) give a quantitative indication of
these costs even without taking them explicitly into account. Fig. 3
shows an overview of the most relevant results in this case. Fig. 3(a)
shows the high- and mid-pressure gas networks. Given the existing
gas networks (see Fig. 2), it is evident that all high-pressure pipelines
(in red) are refurbished. At the same time, 59% of the length of
mid-pressure pipelines are refurbished and 41% are decommissioned.
The maximum capacity of the high-pressure network level is 161.92
and 40.58MW of the mid-pressure (see Fig. 3(b)). Fig. 3(c) and (d)
shows the development of gas demands supplied and not supplied
for both pressure/network levels. Particularly, high shares of the mid-
pressure demands are covered as a result of comparable high revenues
at this pressure level. At the same time, no high-pressure gas demands
are covered after 2030. Note that 2030 is the assumed year of the
decommissiong and refurbishment investment decision for all pipelines
9

within the networks.
4.2. Shadow prices for supplying additional gas demands of the cost-optimal
gas network without an ensured supply of gas demands

This section takes the cost-optimal gas network without an ensured
supply of gas demands as a starting point and investigates the dual
variables and shadow prices of the (nodal) gas balance constraints (see
Section 3.3). In this case, emphasis is put on the question: What costs
arise and what network adaption is required if the network operator
is required to supply an additional gas demand at the nodal level?
Since the results of the previous section indicate that mid-pressure
gas demands are supplied only (see particularly Fig. 3(c)), this section
highlights (nodal) shadow prices of supplying additional gas demands
at the mid-pressure network level. The shadow prices are the dual
variable of the gas demand constraint from Eq. (18). Here, the shadow
price indicates how the value of the objective function would change
if additional demand were supplied at a node. Note that these shadow
prices refer to network costs only.

Fig. 4 shows shadow prices for LAUs between 2025 and 2050.
Fig. 4(a) shows the heatmap of the shadow prices, where the 𝑥-axis
covers each year between 2025 and 2050 and the 𝑦-axis each node
potentially connected to the mid-pressure network level. Thereby, each
combination (i.e., node and year) is divided on the basis of four
categories (i) No expansion (reduced), which means that the network is
able to supply the additional gas demand without expansion and thus
the objective function value is reduced by the revenues for selling the
additional gas demand at the mid-pressure network level; (ii) expansion
(reduced), which means that the network needs to be extended to
supply the additional gas demand but the objective function value
remains reduced but less than by the total revenues for selling gas
demand at the mid-pressure network level; (iii) expansion (unaffected),
which means that the network must be extended and the objective
value is unaffected and remains constant (i.e., shadow price equal to 0),
and (iv) expansion (increased), which means that the network needs to
be extended and the objective value would be increased (i.e., shadow
price greater than 0).

Fig. 4(b) presents the exact numbers of the shadow prices for two
representative nodes, namely, a near-feed node (Dornbirn) and an off-
feed node (Bludenz). Dornbirn is therefore near the gas supply/source
node, and Bludenz is further away from it. The shadow price at the
off-feed node has several peaks (three are marked in 2030, 2035, and
2046) and its maximum is 299.2 EUR∕MWh in 2030. The near-feed node
has two peaks (in 2030 and 2035) and its maximum is 109 EUR∕MWh
in 2030. Particularly, the development of the near-feed node after
2036 shows the capability of supplying additional gas demands since
pipelines capacities are available without expansion.

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

This section shows the results in the case that the network operator
should cover all gas demands within the supply area. Contrary to the
previous two sections, no gas demands are not supplied. Fig. 5 shows
an overview of the most relevant results in this case.

Again, all high-pressure pipelines are refurbished; however, 28%
of mid-pressure pipeline lengths are decommissioned. The maximum
capacity of the high-pressure network level is 465.06 and 66.36MW of
the mid-pressure. Unsurprisingly, the objective function value increases
significantly compared with the case without ensured supply. The
objective function value increases by 96.29MEUR from 375.1MEUR to
471.39MEUR. This value has great importance and implications for the
practical planning of future gas networks. It can serve as a benchmark
and is further investigated in the following section, which is dedicated

to the comparison of the different cases.

https://github.com/sebastianzwickl


Energy Strategy Reviews 49 (2023) 101138S. Zwickl-Bernhard et al.
Fig. 3. Cost-optimal gas networks without ensured supply (model run 1): (a) high- and mid-pressure pipelines, (b) overview of max pipeline capacity, length, and share of
decommissioned and refurbished pipeline lengths, (c) demand supplied, and (d) demand not supplied at the high- and mid-pressure network level.
Fig. 4. Shadow prices for supplying additional gas demands at the mid-pressure network level: (a) heat map identifying the capability of the gas network to supply additional
mid-pressure gas demands, and (b) temporal development of the shadow price for a near-feed node (Dornbirn) and a off-feed node (Bludenz).
4.4. Comparison of the cost-optimal gas network with and without ensured
supply of gas demands

This section compares the cost-optimal gas network with and with-
out an ensured supply of gas demands. We use the following abbre-
viations, as already used in Table 1: CO for the cost-optimal network
without ensured supply and ES with ensured supply. We emphasize
the difference in total costs for the network operator and the shadow
prices. Fig. 6 shows the most relevant results to compare the two cases,
namely, the extra costs in the case of ensured supply (see Fig. 6(a)
and (b)), the distribution of 2030’s shadow prices (see Fig. 6(c)), and
shadow price development between 2030 and 2050 for the near-feed
and off-feed nodes.

As mentioned, the ensured supply of all gas demands within the
network results in extra costs of 96.29MEUR. Given an equal allocation
to the LAUs and years, this results in extra costs of 107 kEUR per LAU
and year. This value must be considered as an additional offset to
the shadow prices of the cost-optimal network with ensured supply to
obtain the effective shadow price and respect the already increasing
10
total costs of the network operator. Nevertheless, even the comparison
of 2030’s values without this offset shows that the shadow prices in the
case with ensured supply increase significantly compared with the case
without ensured supply. Particularly, the median raises from approxi-
mately 100 EUR∕MWh to 400 EUR∕MWh. Additionally, the max value
raises from approximately 300 to 1300 EUR∕MWh. This increase in
shadow prices is also presented in Fig. 6(d), where again the near-feed
and off-feed nodes are shown.

4.5. Cost-optimal gas networks without ensured supply under lumpiness of
gas pipelines

This section shows the results of the cost-optimal gas network
without ensured supply. Contrary to the results presented above, we
consider the lumpiness of gas pipelines in the network operator’s plan-
ning decision. This analysis completes the results section against the
background of two important aspects. First, considering the lumpiness
of gas network pipelines increases the significance of the generated
results for practical proposals since the network operator’s decision
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Fig. 5. Cost-optimal gas networks with ensured supply (model run 3): (a) high- and mid-pressure pipelines, (b) overview of max pipeline capacity, length, and share of
decommissioned and refurbished pipeline lengths, (c) demand supplied, and (d) demand not supplied at the high- and mid-pressure network level.

Fig. 6. Comparison of the cost-optimal gas network with and without ensured supply of gas demands: (a) and (b) socialized extra costs, (c) 2030’s shadow prices, and (d) shadow
prices between 2025 and 2050 for the near-feed and off-feed node. CO: Cost-optimal without ensured supply; ES: Cost-optimal with ensured supply.
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Fig. 7. Cost-optimal gas networks with ensured supply under lumpiness of gas pipelines: (a) high- and mid-pressure pipelines, (b) overview of max pipeline capacity, length, and
share of decommissioned and refurbished pipeline lengths, (c) demand supplied, and (d) demand not supplied at the high- and mid-pressure network level.
is related to choosing specific diameters of gas pipelines. Second,
however, the introduction of the lumpiness of gas pipelines extends
the previous linear program to a mixed-integer linear program. This is
why no dual variables and shadow prices can be obtained. Table C.2 in
Appendix C shows the assumptions for the lumpiness of gas pipelines.
We restrict ourselves to 14 different capacities (diameters between 0.1
and 1.3m) for both the high- and mid-pressure pressure/network levels.
ig. 7 summarizes the results of the generated gas networks in case of
umpiness. Interestingly, the consideration of lumpiness of gas pipelines
eads even in the cost-optimal case network without ensured supply
o the decommissioning of 23% high-pressure and 45% mid-pressure

pipeline length. Furthermore, only gas demands at the mid-pressure
network level are supplied (as in Section 4.1 and model run 1). Again,
all the high-pressure gas demands are not supplied.

Fig. 8 shows a comparison of the results under lumpiness with
the previous results of the cost-optimal gas network with and without
ensured supply (i.e., CO and ES). Particularly, it shows the impact of
lumpiness on an optimal network design decision. In summary, the
following interesting findings can be observed:

• The cost-optimal network design without ensured supply under
lumpiness of gas pipelines increases the total costs (i.e., objective
function value) by only 1% (Fig. 8, top left) but at the same time
the amount of mid-pressure gas demand increases (Fig. 8, bottom
right).

• Moreover, the lumpiness of gas pipelines results in both the de-
commissioning of high shares of the high-pressure
network/pressure level (Fig. 8, top right) and the further decreas-
ing of the maximum pipeline capacity within the network (Fig. 8,
bottom left).

5. Conclusions and policy implications

The ongoing defossilization of the provision of energy services leads
to declining natural gas demands. That and the expectation of very
limited economically usable potentials of green gases, a transparent
12
and critical discussion regarding the future development of existing gas
networks without any taboos is needed. This work investigates the tra-
jectory of gas networks in a test bed until 2050, including the decision
of decommissioning parts of the existing gas networks. Particularly, the
analysis is conducted out from the network operator’s perspective and
shows different network decommissioning or refurbishment options
under the decision of supplying or not supplying available gas demands.

We find that smaller gas networks (in terms of pipeline capacity
and network length) are needed in the future regardless of ensured
supply. However, the results indicate a wide range of possible network
developments until 2050 resulting from the handling of gas demand.
This reveals crucial trade-off decisions for gas network operators in the
future and includes, the decommissioning decision of gas pipelines de-
spite possible gas demand. Moreover, the conducted analysis of shadow
prices of the local gas balance constraint shows that a balance/trade-off
between the cost-optimal gas network design with and without ensured
supply could lead to a robust and economically competitive future
of gas networks.Ultimately, however, the size of the gas networks is
determined not only by the demand side but also by the feed-in side
and, thus, in the future, by the quantities in which green gases are
economically available.

Nevertheless, the results demonstrate that it is necessary to socialize
network operators’ costs under the remaining consumers connected to
the network in the future. This fact has several important implica-
tions. First and foremost, that brings an additional cost component to
consumers (particularly relevant for the hard-to-abate energy sectors),
which needs to be considered when dealing with the profitability of
sustainable alternatives substituting natural gas. Analyses elaborating
on trade-offs between natural gas and other sustainable supply options
are often neglecting this network-related cost component, which brings
a bias into the decision process.

However, this research has several limitations and further improve-
ments could be done regarding different aspects. In particular, future
work should investigate the development of gas demand in different
sectors (e.g., building heat and industry) in more detail, bringing fur-
ther insights into gas networks requirements and topologies until 2050.
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Fig. 8. Results of the cost-optimal gas networks without ensured supply under lumpiness of gas pipelines (CO-L). Top left: Comparison of the total costs. Top right: Decommissioning
and refurbishment decision at the mid- and high-pressure network level. Bottom left: Maximum pipeline capacity. Bottom right: Mid- and high-pressure gas demand that is supplied
or not.
Table A.1
Overview of the model’s mathematical formulation. Abbreviations: Gas pipeline (p), Network level (l), Node (n), Year (y), Month (m).
Equation Qualitative/high-level explanation of the mathematical formulation

Number Dimension Type Keyword Description

(1) 1 Economic Objective Minimize gas network operator’s total costs
(3) 1 Economic Capex Capital cost of the gas pipelines
(4) 1 Economic Opex Fixed operating costs of gas pipelines
(8) (𝑝 × 𝑙 × 𝑦) Economic Book values Book value per gas pipeline, network level and year
(21) (𝑛 × 𝑙 × 𝑦 × 𝑚) Economic Revenues Revenues for supplying gas demand through network charge
(14), (15) (𝑝 × 𝑙 × 𝑦) Technical Gas transport Restriction of the gas transport per gas pipeline, network level and year
(16) (𝑛 × 𝑙 × 𝑦 × 𝑚) Technical Gas balance Gas balance constraint per node, network level, year and month
(17) (𝑛 × 𝑙 × 𝑦 × 𝑚) Technical Gas demand Total gas demand as sum of local demand and delivered gas
(19) (𝑛 × 𝑙 × 𝑦 × 𝑚) Technical Gas source Total gas source as sum of local production and gas delivered
Additionally, the role of green gases could be enhanced. In particular,
further work should include different types of gas pipelines associated
not only with the network/pressure level but also with the quality of
the gas transported.
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Appendix A. Overview of the model equation

See Table A.1.

Appendix B. Current natural gas demands in Vorarlberg, Austria

Fig. B.1 shows current natural gas demands in Vorarlberg, Aus-
tria. The left subfigure shows natural gas demands in Vorarlberg,
Austria, in 2018 and 2025. Open data and information from the in-
ternal database [69] are used to split 2018’s values into industry and
(building) heating. The values are available at the provincial level
(i.e., Vorarlberg, Austria). The 2025’s values are calculated bottom-up.
That means that we use data on natural gas demands at the community

level (between 2018 and 2025). Note that the difference between

https://github.com/sebastianzwickl/GND_Mod
https://doi.org/10.5281/zenodo.7965761
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Fig. B.1. Overview of gas demands in 2018 and 2025 (left) and share of natural gas in
total energy demand (right). Data: open data available; Avg.: shares calculated based on
the average gas demand per capita in Vorarlberg, Austria; All: Data and Avg. combined.

Table C.2
Set of diameters of gas pipelines and assumed pipeline capacity.

Diameter in meters Pipeline capacity in MW

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

2018’s and 2025’s gas demands reflects the lack of gas demand data
at the community level only.

The right subfigure indicates the approach to calculating gas de-
mands if no open data are available. It shows the share of natural
gas demands in energy demand at the community level. The first item
(Data) shows the distribution for those communities where data are
available. The second item (Avg.) shows the distribution of gas demand
shares using the average value of gas demand per capita in Vorarlberg,
Austria. This calculation process based on the average gas demand is
used for communities where no data are available. The third item (All)
shows the distribution of gas demand shares for all communities.

Appendix C. Assumptions regarding lumpiness of gas pipelines

Similar to [72], we assume a simplified relationship between the
diameter of gas pipelines and their capacities. Accordingly, we assume
that the capacity of high- and mid-pressure gas pipelines increases by
2.5 times the power of the diameter. Table C.2 summarizes the set of
potential diameters and the corresponding calculated capacity.
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