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A B S T R A C T

This study provides insights into possible future gas network states in the initial German hydrogen network by
2025 and 2030, as per the German transmission system operators Network Development Plan Gas 2020. Not
only is the overall transport feasibility assessed, but also possible operating conditions in terms of pressures,
flows and velocities. To that end, two data sets for the network topology by 2025 and 2030 were created. A
heuristic, semi-random nomination generation is employed to generate 100 consistent steady-state source–sink
nominations for both years, based on collected production/consumption bounds. The authors employ a so-
called nomination-validation model (MILP-formulation) for the solution of the resulting transport problem(s).
For the evaluation of pipeline flow velocities, the authors combine those solutions with a hypothesis on limiting
flow speeds suggested in a German technical journal. The analysis exhibits feasibility among all generated
nominations with respect to flows and admissible velocities.
1. Introduction

The installation of a German, and ultimately pan-European, hy-
drogen gas network is an established plan. Politically adopted in the
form of the National Hydrogen Strategy [1] in Germany and the Eu-
ropean hydrogen strategy [2]/European Green Deal [3] in the EU,
these directives reflect the importance of hydrogen for the energy
transition. In fact, hydrogen technology is seen as a key component
of a successful net-zero energy transition through 2045. The German
gas transmission system operators (TSO(s)) have pressed ahead and
conducted a survey among industrial companies in Germany, asking
which of them would be interested in either consuming or producing
hydrogen and in which quantities. The results of this survey have
found their way into the German Gas Network Development Plan 2020–
2030 (GNDP2020)1 [4]. Bringing together survey results and expert
knowledge, the TSOs pointed out current natural gas pipelines that will
be reassigned as part of a new hydrogen network that interconnects a
subset of these industrial partners and future green hydrogen production
sites. The initiative is planned to expand over the next three decades
to become a pan-European hydrogen network.

The transition to hydrogen is of public interest, and yet network-
and industry data is often not publicly available, is scattered over
different sources or only available in insufficient detail for modeling.
Therefore, this study constitutes a first effort to model the future

E-mail address: t.kluetz@fz-juelich.de (T. Klütz).
1 The plan is issued every two years and spans a rolling horizon of ten years.

hydrogen network (by 2025 and 2030) independently, on the basis of
openly available data.

To that end, this work provides an assessment (feasibility, pressures,
flows) of pseudo-random load scenarios/nominations in a model of the
future German hydrogen gas network by 2025 and 2030 as stated in
the GNDP 2020 and based on own project research. In addition to the
feasibility aspects of individual nominations considered, an evaluation
of estimated flow speeds across the set of nominations is presented.
The resulting flow speeds are put into context with an equivalence
hypothesis regarding the maximum allowable flow speeds given in the
literature (non-research/industry journal, [5]).

The remainder of this paper is structured as follows: First, a short in-
troduction regarding, the installation of the hydrogen network, is given.
Section 2 outlines the aforementioned equivalence hypothesis, followed
by the data modeling/generation for the network topology and load
scenarios/nominations. Based on the initial materials and their extent,
the gas network modeling literature is reviewed, and a suitable model
presented. The results for the 2025 and 2030 networks are presented
in Section 3. The paper is closed by a discussion (Section 4).

Background. Hydrogen is a versatile commodity that can be used
as a fuel, an energy carrier or direct feedstock. Its most favorable
characteristic is that it neither emits CO2 nor other harmful compounds,
when used, and can be produced in a CO2-neutral manner (see Table 1).
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Table 1
Hydrogen properties - advantages and disadvantages.

Advantages Disadvantages

+ Can be CO2-neutral in production and consumption - Metals can be sensitive to hydrogen embrittlement [7]
+ Versatile (energy carrier, fuel, feedstock) - Low volumetric energy density [8]
+ Fairly abundant in nature (in non-elemental form) - Production needs pure water supply
+ Non-toxic to the environment [8] - Odorless [8]
+ Established production processes exist[9] - Relatively reactive [10]
+ Can be handled safely [10][7]
+ Can be stored over longer periods of time
+ High specific energy density [8]
H
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This makes it the ideal commodity to drive the decarbonization of
several economic sectors. Although renewable electricity is expected
to play the most important role in the future energy system, there are
sectors, such as the chemical and process industries, that are difficult
to decarbonize without hydrogen [2,6]. Hydrogen is already present
and essential in the chemical industry today, but is primarily produced
from fossil fuels via steam-methane-reforming (SMR)(so-called gray hy-
rogen) and accounts for 70–100 million tons of CO2 emissions annually
n the EU [2]. Thus, replacing it with renewably-generated hydrogen
so called green hydrogen), offers significant decarbonization potential.
urthermore, other processes, such as steel production, can be fueled
y hydrogen. Currently, the direct reduction process is being tested
y multiple steel manufacturers (e.g., Salzgitter AG: SALCOS [11],
hyssenKrupp Europe AG: #tkH2Steel [12] and ArcelorMittal Germany
olding GmbH [13]). However, hydrogen is not only an important
ommodity for the chemical and process industries, but also for other
ectors and the energy system as a whole. To make the best use
f renewable production capacities and transition base-load power
eneration to sustainable fuels over time, CO2-neutral energy storages
ecoupling from energy supply and demand at different timescales,
s well as the means to transport large amounts of energy efficiently
ver long distances, are needed. For short-term storage, batteries are
n attractive option. For mid- to long-term storage, however, battery-
torage systems are not currently cost-effective (compare e.g. [14,15]).
oreover, high-voltage lines exhibit significant transmission losses

ver large distances. A hydrogen network with storage caverns could
lleviate these problems. However, establishing a new hydrogen infras-
ructure is no small feat and will take time. There are major challenges
hat must be overcome along the way, including: cost mitigation,
egulation, and technical implementation. On the technical side, the
rospect of ‘‘sector coupling’’ between natural gas, hydrogen, and
lectricity under volatile conditions places single- and multi-commodity
etwork simulation within the scope of science and industry to address
lannable and unplannable scenarios and ensure safe and timely energy
upplies. Although the initial German hydrogen network is a purely
ndustrial one, sooner or later it is likely to also affect the lives
f the general public. Therefore, transparency and discourse on the
evelopments under way are of importance, which is the motivation
or this work.

. Materials and methods

This chapter provides some background information on the afore-
entioned hypothesis regarding admissible flow speeds, and is fol-

owed by the materials and methods sections. The materials section
xplains the topology and data generation for the hydrogen networks,
hereas the methods section justifies the choice of model for the

ubsequent calculations.

.1. Flow speed hypothesis

Practical flow speed restrictions in gas pipelines are sometimes
eferred to as a guideline for pipeline capacity estimation and sizing. As
result, they are sometimes referenced when estimating the transport
2

capacities of current natural gas pipelines for future hydrogen trans-
port. It is important, however, to understand that these do not present
strict technical or physical limitations. They are rather an expression of
common and best practices in natural gas network operation. From an
investment point of view, a smaller-diameter pipeline with higher flow
speeds is favorable [16]. A high flow speed also enables high transport
volumes. At the same time, higher flow speeds increase flow turbulence
and, therefore, friction and pressure drop alongside noise pollution,
vibrations, and operating costs associated with recompression [16].
There are also minor safety concerns involved that may apply more
to older networks: Sediment particles and liquids may be picked up by
the gas stream and have abrasive effects on downstream assets [16]. [5]
addresses the topic of flow speed restriction and equivalent admissible
flow speeds for hydrogen transport, citing scientific studies on pickup
velocities for particles and liquids that discourage reasoning in favor
of a flow speed restriction based on pickup velocities, as these already
occur much sooner than the usual 10–20 m/s range. [5] puts forward
the hypothesis that equal wall shearing stress 𝜏𝑊 may be the correct
basis for locally equivalent stress on the pipeline, when switching from
natural gas to hydrogen (see Eq. (1)).

𝜏𝑊 =
𝜆1(𝐷, 𝑘,𝑅𝑒)

4

(

𝜌𝑁𝐺(𝑝, 𝑇 )
2

𝑣2𝑁𝐺

)

=
𝜆2(𝐷, 𝑘,𝑅𝑒)

4

( 𝜌H2
(𝑝, 𝑇 )
2

𝑣2H2

)

= const.

(1)

ere 𝜆{1,2}(𝐷, 𝑘,𝑅𝑒) denote the friction coefficients depending on
ipeline diameter 𝐷, integral pipeline roughness 𝑘, and Reynolds
umber 𝑅𝑒. 𝜌𝑖, and 𝑣𝑖, 𝑖 ∈ {H2, 𝑁𝐺}, denote the density and velocity,
espectively. Taking the limit lim𝑅𝑒→∞ 𝜆(𝐷, 𝑘,𝑅𝑒) = 𝜆(𝐷, 𝑘), results in a
riction coefficient independent of the Reynolds number. Consequently,
q. (1) can be rearranged as follows:

H2
= 𝑣𝑁𝐺

√

𝜌𝑁𝐺(𝑝, 𝑇 )
𝜌H2

(𝑝, 𝑇 )
. (2)

This yields (relative) velocity ratios 𝑣H2
/𝑣𝑁𝐺 ranging from 2.87 (1 bar,

10 ◦C) to 3.30 (100 bar, 10 ◦C).2 However, in order to obtain a direct
definition of limiting stresses, [5] sets a limit on the admissible wall
shearing stress 𝜏𝑊 ≤ 𝜏𝑊 . Thus, a maximum admissible velocity can be
iven for each gas temperature, pressure, and pipeline diameter, as per
q. (3):

𝑣 =

√

√

√

√

8𝜏𝑊
𝜆

𝜌(𝑝, 𝑇 )
= 𝐶

√

𝜌(𝑝, 𝑇 )
. (3)

For simplification, [5] suggests the use of a 𝐶-value of 125
√

Pa for plain
steel pipes, and of 200

√

Pa for flow-coated ones. These 𝐶-values are
averages based on estimates for the inner pipe roughness 𝜆 and wall
shear stress 𝜏𝑊 resulting from design velocities between 10–15 m/s
and 20–25 m/s respectively. [5] points out the analogy of Eq. (3) to
the so-called erosional velocity known from the literature; see, e.g., API
RP14E. Own calculations show a maximum C-value for natural gas
(101 bar, 283.15 K) of 93.64

√

Pa for a design velocity of 10 m/s

2 Calculated using the CoolProp Python-Interface.
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Fig. 1. Feasible pressure–velocity regions for hydrogen and natural gas for different maximum C-values, i.e., different design velocities of 10 m/s and 20 m/s, respectively. Safety
factor= 2, T=283.15 K. The pressure range is 17-101 bar.
Table 2
Typical, relevant data attributes of published
pipeline measures.

Attribute

– ID
– Short description
– Pipeline length
– Pipeline diameter (sometimes aggregated)
– Max. nominal pressure-level
– Map of the respective pipeline
– Estimated year of completion

and 187.28
√

Pa for a design velocity of 20 m/s. Please note that in
peration flow velocities typically do not represent hard constraints.

Fig. 1 displays the resulting feasible regions for pressure–velocity
uples for natural gas (Fig. 1(a)) and hydrogen (Fig. 1(b)), based on
ifferent design velocities. The upper bounds shown include a safety
actor of 2. In this work, these velocity restriction considerations, will
e used to assess the simulation results for the future German hydrogen
etwork, the modeling of which will be presented in the following
ection.

.2. Materials

The modeling of real-world systems is not independent of data and
ore often than not that data is limited with respect to completeness,

orrectness and level of detail. Consequently a data-oriented approach
as to be taken, followed by the modeling, which is contrary to the
ore common scientific approach, where precise and elaborate model
evelopment tends to precede data preparation. Therefore, an initial
ssessment of what data is available is essential to ensuring that the
odel’s granularity matches the data while preserving the system’s

haracteristic features.
For the initial German hydrogen network, the data can be divided

nto network (topology) and load or transport types. The former is
ased on hydrogen-related pipeline measures stated in the Green gas
ariant of the GNDP2020.3 They are listed in the public transparency
atabase of the German TSOs [17].

Table 2 presents a table of data attributes given for each pipeline
easure in the transparency database that are relevant in the context

f flow simulations.

3 Note, that these studies were conducted prior to the publishing of the
ore recent Gas Network Development Plan 2022.
3

Fig. 2. Schematic view of the interconnections at junctions of the network. P1, P2, P3
denote incoming pipelines of the junction. All incoming streams can be equalized, with
respect to their pressure, by means of pressure control valves (A) and leave the junction
with the same pressure. The pressure control valves are complimented by shut-down
valves at the outlets (B) to enable all flow directions.

The map-pictures mentioned in Table 2 were collected, geo-
referenced by hand using the open-source GIS software QGIS (version
3.10) [18], and manually enriched with the presented information.
No information was available on how the pipelines are intercon-
nected. Therefore, suitable routing interconnections are put in place
at junctions of the network graph (see Fig. 2).

All incoming streams can be equalized, with respect to their pres-
sure, by means of pressure control valves and leave the junction with
the same pressure. The inner pipeline roughness is assumed to be
0.1 mm, as is customary for high-pressure transmission pipelines with
small degrees of network meshing (see [16]). The resulting network
consists of pipelines, valves and pressure control valves, only. No
internal network compressors or compressor stations are assumed. No
statements on compressors or compressor stations to be placed in
the network were reported. Which makes sense, since intermediate
compression would economically speaking only be considered if there
is a need for it to enable transport which would manifest in our setting
in the infeasibility of transport scenarios. Such a case (not present here)
would need further investigation and present the additional problem of
optimal compressor station placement within the network.

Subsequently, hydrogen sinks, and sources are allocated to the
network nodes, on the basis of openly-available project information.
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Fig. 3. Initial German hydrogen network by 2025 as per GNDP 2020. Left: Overview of the hydrogen clusters of Germany; right: close-ups of the clusters and their modeled nodes
(source/sink/junction).
Initially, the authors intended to use only data from the GNDP2020;
however, the level of detail of the given data is insufficient. Therefore,
projects associated with the GNDP2020 market survey were surveyed
for data, that could be attributed to a particular network node and
added. Sources are often given in terms of the electrical power rating of
a planned electrolysis site (e.g. 100 MW𝑒𝑙), some of which are directly
associated with wind parks and others with proximity to the electrical
grid. Here, a generic thermal efficiency of 70 percent was assumed. In
some cases there are conflicting statements from different sources. In
this instance, the one that results in a higher rating is selected. The
collected information on potential sinks and sources can be found in
Appendices B and C. The network topology can be taken from Figs. 3
and 4.

From Fig. 3, it is apparent that there exist three independent net-
work clusters (West, North and East) marked in green on the left.
Cluster West stretches from the Emsland region to the Ruhr one.
Major hydrogen sources include the import point in Vlieghuis, the
electrolysis site at Lingen-Hanekenfähr as well as electrolysis from
wind power in Emsbüren and Ochtrup. The planned connection to
the underground storage (UGS) in Epe can be observed. The sinks are
primarily located in the Ruhr region, comprising the Marl chemical site,
the BP Gelsenkirchen refinery (Scholven), and Thyssenkrupp Europe’s
steel plant in Hamborn. A further chemical site, which was assumed
to act primarily as a sink in earlier years, is the chemical site at
Lingen. For the 2025 network, cluster North features only a single
sink/source at the Stahlwerke Bremen steel plant. Elbe Süd and Eckel
could not be assigned a particular purpose in this scenario. As a result,
no transport will take place in that cluster in the 2025 scenario. Cluster
East comprises only a single pipeline connecting the electrolysis and
storage site Energiepark Bad Lauchstädt with the Leuna chemical site.

By 2030 the clusters West and East are fully connected with notable
extensions in the north-west towards Nüttermoor, Löningen and Oude-
Statenzijl, in the east towards Drohne and Hallendorf as well as in
the south-west towards Elten. Additionally, there are potential UGS
sites in Nüttermoor and Harsefeld. Oude-Statenzijl and Elten are also
import points around the Netherlands. For 2030, the GNDP assumes
a switch of the import allocation from Vlieghuis to Elten without any
specific explanation. At Hallendorf, Salzgitter Flachstahl steel plant is
connected to the network. Further sources from wind power are located
at Löningen, Drohne and Albachten. For a more detailed description,
the interested reader is referred to [4].

Maximum power ratings do not readily lend themselves to scenario
calculations, as they only present upper/lower bounds on the possible
gas injections to, and withdrawals from, the network. In the absence of
4

historical data, several approaches can be pursued to generate actual
transport scenarios:

1. Hand-crafted single scenarios (easy to interpret, little possibility
for extrapolation, author-bias)

2. Generation of potential time-series for production and demand
(standard, but may be error-prone (assumptions, bias), operating
regime of production facilities unknown, under given circum-
stances, to assess network characteristics, unnecessary).

3. Generation of random/pseudo-random load scenarios. (Focus:
screening of network properties/characteristics should be rela-
tively independent of assumptions regarding the systems’ sur-
roundings. Does not discriminate between likely and unlikely
scenarios).

In the absence of precise knowledge of technical upstream and down-
stream specifications, as well as the initial states of the network and
transients of inputs and outputs, the authors opted for the pseudo-
random load scenario generation of steady-state nominations. The ap-
proach follows the idea of a regression problem. For each sink and
source, there is a known upper and lower bound for network injec-
tion/withdrawal. A candidate flow for each sink and source can be
drawn from a uniform distribution over its bounding interval. Although
random, this collection of candidate flows is unlikely to add up to
zero, which is a requirement to fulfill the steady-state flow-balance in
the network. In this work we identify such a candidate nomination as
noisy data, that can be entered into a regression problem to determine
the closest-distance nomination that fulfills the flow-balance. The opti-
mization framework also allows for the addition of further constraints,
which comes in handy for handling sources that have a joint upper
bound, instead of individual ones. The optimization problem is stated
in Eqs. (4)–(15) [19].

min
u

∑

𝑖∈𝐿
𝑢+1𝑖 + 𝑢−1𝑖 + 𝑢+2𝑖 + 𝑢−2𝑖 (4)

𝑥+𝑖 ≤ 𝑥+𝑖 ≤ 𝑥+𝑖 ∀𝑖 ∈ 𝐿, (5)

𝑥−𝑖 ≤ 𝑥−𝑖 ≤ 𝑥−𝑖 ∀𝑖 ∈ 𝐿, (6)

𝑢+1𝑖, 𝑢
−
1𝑖, 𝑢

+
2𝑖, 𝑢

−
2𝑖 ∈ R+

0 ∀𝑖 ∈ 𝐿, (7)

𝑦𝑖 ∈ B ∀𝑖 ∈ 𝐿, (8)
∑

𝑖∈𝐿
𝑥+𝑖 + 𝑥−𝑖 = 0 , (9)

∑

𝑗∈𝐶𝑖

𝑥+𝑗 + 𝑥−𝑗 = 0 ∀𝑖 ∈ 𝑁𝐶 , (10)

𝑢+ − 𝑢+ = 𝑥+ − 𝑑 ∀𝑖 ∈ 𝐿, (11)
1𝑖 2𝑖 𝑖 𝑖
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Fig. 4. Initial German hydrogen network by 2030 as per GNDP 2020. Left: Overview of the hydrogen clusters of Germany; right: close-ups of the joined clusters West/North and
cluster East and their modeled nodes (source/sink/junction).
𝑢−1𝑖 − 𝑢−2𝑖 = 𝑥−𝑖 − 𝑑𝑖 ∀𝑖 ∈ 𝐿, (12)
∑

𝑗∈𝐸𝑖

𝑥+𝑗 ≥ 𝑘𝑖 ∀𝑖 ∈ 𝑁𝐸 , (13)

𝑥−𝑖 𝑦𝑖 ≤ 𝑥−𝑖 ≤ 𝑥−𝑖 𝑦𝑖 ∀𝑖 ∈ 𝐿, (14)

𝑥+𝑖 (1 − 𝑦𝑖) ≤ 𝑥+𝑖 ≤ 𝑥+𝑖 (1 − 𝑦𝑖) ∀𝑖 ∈ 𝐿. (15)

The objective represents the sum of absolute differences |𝑥+𝑖 − 𝑑𝑖|,
|𝑥−𝑖 − 𝑑𝑖| (right-hand side of Eqs. (11)–(12)) between to-be-determined
source/sink-flows and candidate source/sink-flows. For each location,
𝑖 ∈ 𝐿, a source variable 𝑥+𝑖 and sink variable 𝑥−𝑖 is introduced (Eqs. (5)–
(6)), as well as a binary variable 𝑦𝑖 (Eq. (8)), which, together with
Eqs. (14)–(15), ensure mutual exclusion of simultaneous source and
sink flows at a given location. Eq. (9) is the zero-sum network flow bal-
ance and Eq. (10) specifies zero-sum (sub-)flow balances over clusters
𝐶𝑖, 𝑖 ∈ 𝑁𝐶 representing disconnected subnetworks. Eq. (13) specifies
joint lower bounds 𝑘𝑖 on source nodes 𝑗 ∈ 𝐸𝑖 in node collections
𝑖 ∈ 𝑁𝐸 . This condition can be used to enforce the generation of more
challenging transport scenarios in terms of the net flow within the
network. The problem makes use of a ‖.‖1-norm formulation (Eq. (4),
(7) and (11)–(12)) to minimize the distance of a candidate transport
scenario, represented by 𝑑𝑖, 𝑖 ∈ 𝐿, from a transport scenario that fulfills
the additional constraints. The variables 𝑢+1𝑖, 𝑢

−
1𝑖, 𝑢

+
2𝑖, 𝑢

−
2𝑖, 𝑖 ∈ 𝐿 are part

of the ‖.‖1-norm formulation and represent the positive/negative parts
of the absolute-value function. For the scenario analyses conducted in
this work, two sets of 100 nominations are generated, one for the 2025-
network and one for the 2030-network. To promote the generation of
more challenging nominations, we require each nomination to exceed
the limit of 50% of the maximum source–sink flow implied by the given
production and consumption bounds. To establish that limit, a max-
flow-problem derived from formulation (4)–(15) was solved (omitted
here). The resulting source–sink-flow distributions are visualized in the
form of box plots in Fig. 5 for 2025 and Fig. 6 for 2030-one.

Loads are both stated in terms of mass flow and thermal power. The
bounding boxes around each quartile representation states the upper-
and lower-bounds from which the candidates were drawn. From Figs. 5
and 6 it can be observed that for most sources and sinks the resulting
nomination flows spread across the whole admissible range of their
production/consumption range, which was the goal. At the same time
it can be observed that distributions for single sources and sinks vary.
In Fig. 5 Bremen exhibits no flow under no scenario as cluster North
has no production or consumption facilities connected. The maximum
actual import at Vlieghuis in 2025 can be seen to be implicitly limited
by the maximum possible consumption of all sinks combined.
5

The following subsection briefly outlines the model implemented for
the analyses of the networks in this study.

2.3. Methods

2.3.1. Literature review
Although no studies analyzing the hydraulic network characteristics

of the anticipated future German hydrogen network are known to the
authors, gas network modeling has been covered extensively in the
related literature. The most common aims of gas network modeling
are to assess the feasibility of transport scenarios, minimize transport
costs, and plan network extensions. Mathematically, a gas network
can be described as a directed graph 𝐺 = (𝑉 ,𝐸) that is composed of
vertices/nodes 𝑣 ∈ 𝑉 and edges 𝑒 ∈ 𝐸. Here, vertices represent sources,
sinks or junctions, whereas edges are components, such as pipelines,
valves, and compressors. The usual starting point for modelers is the
1-D Euler equations in the form depicted in Eqs. (A.1)–(A.3), which de-
scribe the gas dynamics in a pipe [20–23]. The Euler equations belong
to the family of hyperbolic partial differential equations (PDE(s)) and
contain conservation laws for mass, momentum and energy densities.
Together with suitable initial and boundary conditions, supplemented
by an equation of state for the description of gas properties (Eq. (A.4)),
as well as a friction model (Eq. (A.5)), they are sufficient to describe
the flow of gas in a pipe. Gas network models primarily differ in the
handling of the Euler equations (simplifications, model hierarchies, and
discretizations) and in the handling of switchable components,4 such as
valves (mixed-integer programming (MIP)-techniques; see, e.g., [21])
or compressors (see, e.g., [24]). Fundamental theorems on partial
differential equations can be found in [25]. At the same time, there
exist a myriad of discretization techniques (finite difference, finite
element, finite volume, spectral methods) for their computational so-
lutions. Among these techniques finite volume approaches, based on
the so-called weak formulation, appear to be the most popular [22,23],
whereas spectral methods can be deemed classical. For gas network
modeling, it is important to distinguish between stationary and tran-
sient flows [21,26]. Stationary network flows can be described via
systems of differential algebraic equations (DAE(s)), whereas transient
flows require the solution of systems of parabolic or hyperbolic partial
differential equations (PDE(s)). PDEs are much more difficult to solve
than DAEs containing only ordinary differential equations (ODEs) and

4 Networks containing/lacking switchable elements are sometimes called
active/passive networks.
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Fig. 5. Box plot source–sink-flow distribution for the 2025 network. The bounding boxes signify the original flow bounds from which candidates were drawn, whereas the quartile
markers and their outliers (small circles) show the distribution of the actual source–sink-flows calculated. Every potential source- or sink-node is listed once as source (right) and
once as sink (left).
Fig. 6. Box plot source–sink-flow distribution for the 2030 network. The bounding boxes signify the original flow bounds from which candidates were drawn, whereas the quartile
markers and their outliers (small circles) show the distribution of the actual source–sink-flows calculated. Every potential source- or sink-node is listed once as source (right) and
once as sink (left).
algebraic equations. [21,26] explain that stationary models are best
suited for cases in which the available data is not sufficient for a
transient description. In particular, this can be the case for the eval-
uation of current and future gas network capacities, where neither the
network state nor the transport scenario are known. Methods from
that area are reviewed in chapter 5 of [21], and in [27,28]. [26]
emphasizes that gas transport in a network should be seen as a transient
process. At the same time, they consider stationary models as a tool
to find suitable initial values for dynamic simulations. A complication
to consider is that for larger networks the simultaneous consideration
6

of both nonlinearities and switchable components is often not compu-
tationally feasible. Therefore, model hierarchies have been employed
in numerous works, even for the stationary cases [21,22,26,29,30].
The primary aim is to solve an optimization problem that minimizes
the transport cost for a given transport scenario, which is of practical
relevance. [21] formulate an isothermal MINLP that is decomposed
into a MILP-relaxation, related to a model in [31], and an NLP in
which the switchable states are fixed to the solution values of the
MILP-relaxation. [29] use a modified sequential linear programming
(SLP)(described in [30]) approach that solves an MIP in each iteration
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Fig. 7. Distribution of flow velocities resulting for the 2025 network.
o determine switchable states, that are fixed in the subsequent nonlin-
ar system of equations, which is solved via Newton-like methods. The
ethod was implemented in the commercial software GANESO [32]

Fortran 2008). The authors apply the model to the Spanish transmis-
ion network (≈ 500 nodes). [26] employ a similar approach and apply
t to two networks, one being a model with 39 pipelines, 38 nodes, two
ompressor stations, two sinks, one valve, and the other being a model
f the southern part of the National Transmission System (UK), with
5 nodes, 890 pipelines, and 32 non-pipe components. The authors
f [22], on the other hand, present adaptive model hierarchies for
ipe elements, for the transient and steady-state cases, as well as for
sothermal and non-isothermal conditions. These can be simultaneously
sed in a model. They also formulate the model(s) as Port-Hamiltonian
ystems.5 Direct approaches to the solution of stationary MINLPs can
e found in [31,34]. The approach in [31] relies on the solution of
daptively-refined MIP-relaxations. A nomination-/transport scenario-
pecific bound-strengthening routine is also presented. More recently,
he authors of [34] presented a decomposition approach, called a
enalty-alternating direction method, to solve large-scale gas transport
INLPs with switchable components. They apply it to the real-world

ow- and high-calorific transmission networks of transmission system
perator Open Grid Europe. In the related paper [35], the authors
eport on the solution of problems with more than 4000 nodes.

Conclusively, it can be said that there exists a multitude of ap-
roaches for gas network modeling and the resulting problems are chal-
enging to solve. Stationary problems appear to remain for networks of
arge sizes without known system states. Optimization formulations are
opular, as the main focus of network modeling is not the description
f the network behavior but the optimal control thereof.

5 On Port-Hamiltonian systems see also [33].
7

2.3.2. Model choice
The model employed in this study is a simplified version of chap-

ter 6 in [21] and incorporates preprocessing methods from related
work [31] as well as node-/arc-slack introduction inspired by [36].
The model is described as a mixed-integer linear program (MILP) which
calculates hydraulic steady-state gas network flows under the assump-
tion of constant average gas composition and isothermal conditions.
Although, arguably more computationally intensive and less precise
than a simulation model, a mixed-integer optimization formulation en-
ables the modeler to directly consider switchable components without
knowing their state a-priori. The model is applicable to large networks
and requires limited information for the modeling of network compo-
nents and no initial network state. This makes it well-suited for studies
in the conceptual stage or where limited information is available, as is
the case in this work. Within this model, a network can be composed
of the following components: sinks, sources, interconnecting points,
pipes, valves, automated control valves, manually-set control valves,
compressors, shortcuts, linear resistors, and nonlinear resistors. The ba-
sic model is presented in the appendix. Table A.3 outlines the variable
and set definitions, whereas Table A.4 defines the model parameters
followed by the model Eqs. (A.6) and (A.46). Appendix A.3 explains the
handling of pseudo-/squared variables. Supplementary considerations
are outlined in Appendix A.4.

2.3.3. Objective function choice
The first question of interest, when dealing with potential-based

flow problems is whether a certain fixed, balanced nomination can
be transported by the network. This effectively makes the problem a
feasibility one. That means that one is primarily concerned with finding
any set of pressures, flows, and controls that satisfy all constraints.
However, a suitable objective function can be used to drive the solution
(if it exists) in a desirable direction. Examples would include maxi-
mizing the sum of all pressures at the nodes (establish more realistic
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conditions when no precise pressure bounds are known), minimizing
compression costs or investigating infeasible nominations via relax-
ations (introduction of artificial slack that has to be minimized). In this
work, the problems were regarded as pure feasibility ones.

3. Results

The gas network model was implemented in Python 3.8, using the
Pyomo optimization modeling language [37,38] and a gas properties
calculation through the Coolprop-Python API [39]. 0.05 bar was chosen
as the discretization tolerance for pressure variables. For flow variables,
a tolerance of 0.1 kg/s was selected. A bound strengthening routine,
as per [31], was used, however, without pipeline aggregation being
enabled (for practical reasons). As the solver, Gurobi 9.1 [40] was
employed.

For both the 2025 and the 2030 network, there exist feasible
network states for all 100 nominations each. The resulting flow velocity
estimations for the year 2025 are depicted in Fig. 7. The resulting
pressure distribution for each network node can be taken from Fig. 8.

It can be seen that the flow velocities are mostly below even the
20 m/s limit that might be applied to natural gas networks. This shows
that the flows to be transported are not challenging to the networks
capabilities. The low source pressures support this indication. Pressures
in the 2025 network remain within the range from 17 to 37.5 bar.
At the same time, there exist pipelines that experience flow in every
transport scenario, which is an indicator that these are critical to the
network function and which can be verified from the network structure
displayed in Fig. 3. These pipelines also exhibit great variability with
respect to occurring flow speeds, as they are used in very different
nominations.

The respective velocity and pressure results for the 2030 network
are given in Figs. 9 and 10.

For the year 2030, flow speeds are mostly similar to the year 2025
and generally low, with few exceptions (e.g., pipeline Legden-Marl).
The overall pressure level, however, does fluctuate more significantly.
It should be noted that the solutions are, in general, not unique.
There may even exist a set of continuous pressure ranges for which a
particular nomination is feasible. Therefore, it can be taken as an effect
that is due to greater degrees of freedom compared to the 2025 case.

Figs. 11(a) and 11(b) place the resulting pressure and flow velocity
results in context with the equivalent shear stress hypothesis outlined
in Section 2.

Fig. 11(a) shows that, for the 2025 network, all pressure–velocity
pairs at the inlets/outlets of pipelines are well below the velocity bound
derived from the 10 m/s design threshold of natural gas (C=94.19

√

Pa).
n the case of the 2030 network, this holds for all pipelines, apart
rom Legden-Marl, which surpasses the bound into the equivalent-to-
elow 20-m/s stress region. Given the safety factor of two considered,
t could be said that flow speeds are not critical at this stage of network
peration, at least in the modeled steady-state cases.

. Discussion

The calculations presented show that the anticipated initial German
ydrogen network is not challenged by the possible loads anticipated
n this study. That still holds true under consideration of flow speed
estrictions derived from natural gas wall shear stress at a safety factor
f two. The Legden-Marl pipeline may slightly surpass this bound in
wo instances, as it is a very small diameter pipeline of 200 mm.
owever, this is not critical on a broader scale. Depending on the

uture supply situation, however, awareness should be maintained
hat the entire connection of upper and lower network parts via Leg-
en may exhibit bottlenecks, as it is the only connecting component
etween high-demand consumers and supply sources other than the
etherlands. At the same time, there are further aspects that must be
ddressed and considered. One aspect relates to the quality and extent
8

Fig. 8. Distribution of node pressures resulting for the 2025 network. On the 𝑥-axis,
all network nodes are listed. The 𝑦-axis shows the distribution of absolute pressures
over the 100 generated nominations.

of the available data and the assumptions made over the course of the
data preparation and modeling. Data availability and quality is scarce
and, therefore, error-prone. Network data rarely contains more than
a pipeline (picture) and some parameters, such as length and diam-
eter, but no switchable components, such as valves or compressors.
Precise demand and production capacities are partially unknown and
also corporate secrets. Therefore, it is important to acknowledge that
data and mathematical modeling are not independent if data quality
and resolution are not arbitrarily precise. Thus, data availability and
resolution also carries over to the model selection in which the authors
favored the flexibility of an optimization approach and its scalability
as MILP over, arguably more precise, NLP-approaches. If more precise
information becomes available, it may be more reasonable to conduct
a more exhaustive study.

In the absence of such information, the authors regard the modeling
of load profiles for both production and consumption as a useful tool to
advance future analyses and filter out less likely load scenarios. A prob-
abilistic analysis of the resulting load scenarios, together with network
simulation/optimization, may open the door to gaining insights into
the material stress caused by local pressure changes in pipes. Such load
scenarios can be a starting point for analyses regarding transient net-
work operation. Prior to that though, admissible operating conditions
must be more precisely framed. The authors assumed wide admissible
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Fig. 9. Distribution of flow velocities resulting for the 2030 network.
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ressure ranges that are likely to be tighter in practice, but not trivial
o estimate. Given the passive nature of the network and the possi-
ly strong fluctuations of the pressures, the minimum requirements
egarding the source pressure levels to be able to control the network
ust be taken into account. Directly connected to that is the question

f who will establish the requisite source pressure levels, i.e., the
as compression. Will it be on the production side or transportation
ide. Another valid question concerns what a suitable lower pressure
ound for sinks, i.e., customers, would be. Naturally, these depend on
ustomer requirements and network operating conditions. In this work,
pressure bound of 17 bar was assumed due to the fact that a lot of

istribution network components are rated up to 17 bar and it may
e assumed that sooner or later, distribution grids will be connected
o the hydrogen network. If not required, however, pressures may be
ower, which would also result in higher flow velocities throughout.
onsequently, such analyses can be understood as a kind of monitoring
hat must be adapted over time as the network evolves and more data
ecomes available.

. Conclusions

In this work we assessed the steady-state hydraulic transport fea-
ibility of the initial hydrogen network(s) 2025/2030 as envisioned
y the German network development plan 2020 and compared the
esulting flow velocities to design velocities derived from a similar-
ty approach found in the literature. For nomination generation, we
resented a heuristic approach that yields balanced nominations and
an consider further constraints. Our study shows the difficulties of gas
etwork modeling of real networks based on open-source data while
imultaneously showing that even with limited data, such networks can
e modeled and likely future bottlenecks can be identified. Here we
dentified the pipeline Legden-Marl as a possible future bottleneck. The
9

derived maximum design velocities were only exceeded in two nomi-
nations on the pipeline Legden-Marl. However, given the considered
safety factor of two considered we concluded that the total network
flow across the nominations is just too small to present a challenge with
respect to the design velocities derived from the similarity approach.

Funding

This work was supported by the Helmholtz Association, Germany
under the program ‘‘Energy System Design’’.

CRediT authorship contribution statement

Tobias Triesch: Conceptualization, Data curation, Formal analysis,
nvestigation, Methodology, Software, Validation, Visualization, Writ-
ng – original draft. Theresa Klütz: Conceptualization, Methodology,
upervision, Writing – review & editing. Jochen Linßen: Supervision,
riting – review & editing. Detlef Stolten: Resources, Supervision,
riting – review & editing.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared to
nfluence the work reported in this paper.

bbreviations.
The following abbreviations are used in this manuscript:

GNDP2020 Gas Network Development Plan 2020
MIP Mixed-integer programming
NLP Non-linear programming



Sustainable Energy, Grids and Networks 39 (2024) 101455T. Triesch et al.

c
t
t
t
c
T
r

A

A
A

(

(

Fig. 10. Distribution of node pressures resulting for the 2030 network.
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Appendix A

A.1.

The following 1-D Euler equations are the usual starting point for
modelers of pipeline networks. The pipe model used in this paper can
10
be derived from these equations through application of assumptions
and simplifications such as steady-state and isothermal conditions as
well as moderate flow velocities. The interested reader is referred
to [21].
𝜕𝜌
𝜕𝑡

+
𝜕(𝜌𝑣𝑥)
𝜕𝑥

= 0 (mass density) (A.1)

𝜕(𝜌𝑣𝑥)
𝜕𝑡

+
𝜕(𝜌𝑣2𝑥)
𝜕𝑥

+
𝜕𝑝
𝜕𝑥

= −𝜌𝑔 𝜕ℎ
𝜕𝑥

− 𝜆
𝜌𝑣2𝑥
2𝐷

(momentum density) (A.2)

𝜕(𝜌( 1
2
𝑣2𝑥 + 𝑒))

𝜕𝑡
+

𝜕(𝜌𝑣𝑥(
1
2
𝑣2𝑥 + 𝑒) + 𝑝𝑣𝑥)

𝜕𝑥
+

𝑘𝑤
𝐷

(𝑇 − 𝑇𝑤) = 0 (energy density)

(A.3)

𝑝 = 𝜌𝑅𝑠𝑇 𝑧(𝑝, 𝑇 ) (equation of state) (A.4)

𝜆 = 𝜆(𝐷, 𝑘,𝑅𝑒) (friction model) (A.5)

Here 𝜌 denotes the mass density, 𝑣𝑥 the axial gas velocity along spatial
oordinate 𝑥, 𝑝 the gas pressure, 𝑔 the gravitational acceleration, ℎ
he height relative to some reference height (e.g., sea-level). 𝜆 denotes
he friction factor, 𝐷 the pipe diameter, 𝑒 the total energy, 𝑇 the gas
emperature and 𝑇𝑤 the pipe wall temperature.𝑘𝑤 is the heat transfer
oefficient, 𝑅𝑠 the specific gas constant and 𝑧 the compressibility factor.
he friction model is a function of the diameter 𝐷, integral pipe
oughness 𝑘, and the Reynolds number 𝑅𝑒.

.2. Basic gas network model (see also Chapter 6 in [21,31])

.2.1. Sets, variables, parameters

.2.2. Network

𝑞
𝑎
≤ 𝑞𝑎 ≤ 𝑞𝑎 ∀𝑎 ∈ 𝐴, (A.6)

𝑝
𝑖
≤ 𝑝𝑖 ≤ 𝑝𝑖 ∀𝑖 ∈ 𝑉 , (A.7)

∑

𝑘∶(𝑗,𝑘)∈𝐴
𝑞𝑗,𝑘 −

∑

𝑖∶(𝑖,𝑗)∈𝐴
𝑞𝑖,𝑗 = 𝑑𝑗 ∀𝑖 ∈ 𝑉 . (A.8)

A.2.3. Pipelines

𝑝2𝑖 − 𝛼𝑎𝑝
2
𝑗 = 𝛽𝑎|𝑞𝑎|𝑞𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑝𝑖, (A.9)

𝛼𝑎 = 𝑒−𝑆𝑎 (A.10)

𝑆𝑎 = 2 𝑔
𝑠𝑙,𝑎𝐿𝑎

𝑅𝑠𝑧𝑚𝑇𝑚
(A.11)

𝑧𝑚 = 𝑧(𝑝𝑚,𝑎, 𝑇𝑚) (A.12)

𝛽𝑎 =

⎧

⎪

⎨

⎪

⎩

−𝐿𝑎𝜆𝑎𝑅𝑠𝑧𝑚𝑇𝑚
𝐴2
𝑎𝐷𝑎

𝑒𝑆𝑎−1
𝑆𝑎𝑒𝑆𝑎

if slope 𝑠𝑙,𝑎 ≠ 0

−𝐿𝑎𝜆𝑎𝑅𝑠𝑧𝑚𝑇𝑚
𝐴2
𝑎𝐷𝑎

else.
(A.13)

𝜆𝑎 =
1

(2𝑙𝑜𝑔10
𝐷𝑎
𝑘𝑎

+ 1.138)2
(A.14)

See Nikuradse’s formula [41].

A.2.4. Valves

𝑞
𝑎
𝑠𝑎 ≤ 𝑞𝑎 ≤ 𝑞𝑎𝑠𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑣𝑎, (A.15)

𝑝𝑗 − 𝑝𝑖)𝑠𝑎 + 𝑝𝑗 − 𝑝𝑖 ≤ 𝑝𝑗 − 𝑝𝑖 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑣𝑎, (A.16)

𝑝 − 𝑝 )𝑠 + 𝑝 − 𝑝 ≤ 𝑝 − 𝑝 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴 . (A.17)
𝑖 𝑗 𝑎 𝑖 𝑗 𝑖 𝑗 𝑣𝑎
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C

Fig. 11. Resulting pressure–velocity tuples for the 2025 and 2030 network nominations in the context of the velocity restriction considerations presented in Section 2.1. The

-values represent different design velocities of 10 m/s and 20 m/s, respectively. Safety factor= 2, T=283.15 K. The pressure range is 17-101 bar.
Table A.3
Sets and variables.

Set Definition Variable Definition

𝐴 Edges/arcs of the network graph 𝑞𝑎 Mass flow over arc 𝑎
𝑉 Nodes/vertices of the network graph 𝑝𝑖 Pressure at node 𝑖
𝐴𝑝𝑖 ⊂ 𝐴 Arcs that are pipelines 𝑠𝑎 ∈ B Integer control variable of arc 𝑎
𝐴𝑣𝑎 ⊂ 𝐴 Arcs that are valves 𝑟𝑎 ∈ B Flow direction indicator variable of arc 𝑎
𝐴𝑎𝑢𝑡

𝑐𝑣 ⊂ 𝐴 Arcs that are automated control valves 𝑠𝑎𝑐𝑎 ∈ B Active-mode indicator variable
𝐴𝑚𝑎𝑛

𝑐𝑣 ⊂ 𝐴 Arcs that are manually-set valves
𝐴𝑐𝑠 ⊂ 𝐴 Arcs that are compressors
𝐴𝑠𝑐 ⊂ 𝐴 Arcs that are short-cuts
𝐴𝑙𝑖𝑛

𝑟𝑠 Arcs that are linear resistors
𝐴𝑛𝑙

𝑟𝑠 Arcs that are nonlinear resistors
Table A.4
Parameters.

Parameter Definition Parameter Definition

[𝑞
𝑎
, 𝑞𝑎] ⊂ R Mass flow bounds of arc 𝑎

[𝑝
𝑖
, 𝑝𝑖] ⊂ R+ Pressure bounds of node 𝑖

𝑑𝑖 ∈ R Source/sink flow at node 𝑖
𝛼𝑎 Coefficient for potential pressure difference 𝐷𝑎 Pipeline diameter
𝑔 Gravitational acceleration 𝑠𝑙,𝑎 ∈ [−1, 1] Pipe slope
𝐿𝑎 pipe length 𝑅𝑠 Specific gas constant
𝑧𝑚 Average compressibility factor 𝑝𝑚,𝑎 Average pipe pressure based on bounds
𝑇𝑚 Average gas temperature in the network 𝛽𝑎 Friction and gas property coefficient
𝜆𝑎 Friction coefficient 𝐴𝑎 Cross-sectional pipe area
𝑘𝑎 Integral pipe roughness [𝛥𝑎 , 𝛥𝑎] ⊂ R+ Min./max. pressure reduction
𝑝𝑠𝑒𝑡𝑎 [𝛥𝑝𝑎 , 𝛥𝑝𝑎] ⊂ R+ Min./max. pressure increase
[𝜖𝑎 , 𝜖𝑎] ⊂ [1,∞) Min./max. compression ratio 𝜉𝑎 Fixed pressure drop
𝜖 Small domain parameter for jump condition 𝜁𝑎 Drag factor of flow-dependent resistor
A

𝑝

𝑝

A.2.5. Automated control valves

𝑞
𝑎
𝑠𝑎 ≤ 𝑞𝑎 ≤ 𝑞𝑎𝑠𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑎𝑢𝑡

𝑐𝑣 , (A.18)

(𝑝𝑗 − 𝑝𝑖 + 𝛥𝑎)𝑠𝑎 + 𝑝𝑗 − 𝑝𝑖 ≤ 𝑝𝑗 − 𝑝𝑖 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑎𝑢𝑡
𝑐𝑣 , (A.19)

(𝑝𝑖 − 𝑝𝑗 − 𝛥𝑎)𝑠𝑎 + 𝑝𝑖 − 𝑝𝑗 ≤ 𝑝𝑖 − 𝑝𝑗 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑎𝑢𝑡
𝑐𝑣 , (A.20)

𝑞𝑎 ≥ 0 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑎𝑢𝑡
𝑐𝑣 . (A.21)

A.2.6. Manually-set control valves

𝑠𝑎𝑐𝑎 + 𝑠𝑏𝑝𝑎 = 𝑠𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛
𝑐𝑣 , (A.22)

𝑝𝑖 − 𝑝𝑗 ≤ (1 − 𝑠𝑏𝑝𝑎 )(𝑝𝑖 − 𝑝
𝑗
) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛

𝑐𝑣 , (A.23)

𝑝𝑖 − 𝑝𝑗 ≥ (1 − 𝑠𝑏𝑝𝑎 )(𝑝
𝑖
− 𝑝𝑗 ) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛

𝑐𝑣 , (A.24)

𝑝𝑗 + 𝑠𝑏𝑝𝑎 (𝑝𝑗 − 𝑝𝑠𝑒𝑡𝑎 ) ≤ 𝑝𝑗 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛
𝑐𝑣 , (A.25)

𝑝𝑗 + 𝑠𝑎𝑐𝑎 (𝑝𝑗 − 𝑝𝑠𝑒𝑡𝑎 ) ≤ 𝑝𝑗 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛
𝑐𝑣 , (A.26)

𝑝 + 𝑠𝑎𝑐 (𝑝 − 𝑝𝑠𝑒𝑡) ≥ 𝑝 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛, (A.27)
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𝑗 𝑎 𝑗 𝑎 𝑗 𝑐𝑣
𝑝𝑖 − 𝑝𝑗 ≥ (1 − 𝑠𝑎𝑐𝑎 )(𝑝
𝑖
− 𝑝𝑗 ) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛

𝑐𝑣 , (A.28)

𝑞𝑎 ≥ (1 − 𝑠𝑎𝑐𝑎 )𝑞
𝑎

∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛
𝑐𝑣 , (A.29)

𝑝𝑗 + (𝑝𝑠𝑒𝑡𝑎 − 𝑝
𝑗
) ≥ 𝑝𝑠𝑒𝑡𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛

𝑐𝑣 , (A.30)

𝑞
𝑎
𝑠𝑎 ≤ 𝑞𝑎 ≤ 𝑞𝑎𝑠𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑚𝑎𝑛

𝑐𝑣 . (A.31)

.2.7. Compressors

𝑞
𝑎
𝑠𝑎 ≤ 𝑞𝑎 ≤ 𝑞𝑎𝑠𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑐𝑠. (A.32)

𝑗 − 𝑝𝑖 ≥ 𝛥𝑝𝑎𝑠𝑎 + (𝑝𝑗 − 𝑝𝑖)(1 − 𝑠𝑎) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑐𝑠. (A.33)

𝑗 − 𝑝𝑖 ≤ 𝛥𝑝𝑎𝑠𝑎 + (𝑝𝑗 − 𝑝𝑖)(1 − 𝑠𝑎) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑐𝑠. (A.34)

𝑝𝑗 ≥ 𝜖𝑎𝑝𝑖 − (1 − 𝑠𝑎)(𝜖𝑎𝑝𝑖 + 𝑝𝑗 ) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑐𝑠. (A.35)

𝑝𝑗 ≤ 𝜖𝑎𝑝𝑖 − (1 − 𝑠𝑎)(𝜖𝑎𝑝𝑖 − 𝑝𝑗 ) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑐𝑠, (A.36)

𝑞 ≥ 0 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴 . (A.37)
𝑎 𝑐𝑠
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Table B.5
2025: Cluster East.

Node Info Production Consumption Entry Exit Ref.
(capacity) (capacity) [MWth] [MWth]

Bad Lauchstädt Energiepark Bad Lauchstädt: 30 MWel 22.5 0 [4,17,42]
(source/storage) electrolysis, cavern storage

Leuna Leuna chemical site all from Bad Lauchstädt 0 22.5 [4,17]
(sink)
Table B.6
2025: Cluster North.

Node Info Production Consumption Entry Exit Ref.
(capacity) (capacity) [MWth] [MWth]

Elbe Süd unclear: maybe later connection to 2030: 100 MWel 0 0 0 [17]
(import) Brunsbüttel and Denmark electrolysis; shipping?

and/or shipping

Heidenau 0 0 0 0 [17]

Achim natural gas 0 0 0 0 [17]
compressor station

Eckel unclear what is 0 0 0 0 [17,43]
(sink/source/import) connected here

Assumption: 2030:
Moorburg power station;
also suitable for shipping

Ganderkesee 0 0 0 0 [17]

Bremen Stahlwerke Bremen 2025: 100 MWel 2025: 100 MWel 75 75 [17,44]
(sink/source)
𝑒

𝛿

𝑧

𝑧

𝛿

𝛿

A

s

F
i
v

A.2.8. Shortcuts

𝑝𝑖 = 𝑝𝑗∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑠𝑐 . (A.38)

A.2.9. Fixed pressure-drop resistors

𝑞
𝑎
𝑟𝑎 ≤ 𝑞𝑎 ≤ 𝑞𝑎(1 − 𝑟𝑎) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑙𝑖𝑛

𝑟𝑠 , (A.39)

𝑝𝑖 − 𝑝𝑗 =

⎧

⎪

⎨

⎪

⎩

−𝜉𝑎 , 𝑞𝑎 ≤ −𝜖
𝜉𝑎
𝜖 ,−𝜖 ≤ 𝑞𝑎 ≤ 𝜖
𝜉𝑎 , 𝑞𝑎 ≥ 𝜖.

∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑙𝑖𝑛
𝑟𝑠 . (A.40)

A.2.10. Flow-dependent resistors

𝑞
𝑎
𝑟𝑎 ≤ 𝑞𝑎 ≤ 𝑞𝑎(1 − 𝑟𝑎) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑛𝑙

𝑟𝑠, (A.41)

𝑝2𝑖 − 𝑝2𝑗 + |𝛥𝑎|𝛥𝑎 = 2𝑐𝑎|𝑞𝑎|𝑞𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑛𝑙
𝑟𝑠, (A.42)

𝑐𝑎 = 8𝜁𝑎𝑅𝑠𝑇𝑚𝑧𝑚,𝑎∕𝜋2𝐷4
𝑎 , (A.43)

𝛥𝑎 = 𝑝𝑖 − 𝑝𝑗 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑛𝑙
𝑟𝑠, (A.44)

𝑝𝑖 − 𝑝𝑗 ≤ (𝑝𝑖 − 𝑝
𝑗
)(1 − 𝑟𝑎) ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑛𝑙

𝑟𝑠, (A.45)

𝑝𝑗 − 𝑝𝑖 ≤ (𝑝𝑗 − 𝑝
𝑖
)𝑟𝑎 ∀𝑎 = (𝑖, 𝑗) ∈ 𝐴𝑛𝑙

𝑟𝑠. (A.46)

A.3. Handling of (pseudo-) quadratic variables

The Extended Incremental Method (EIM) [31].

𝑥 = 𝑥̂0 +
𝑘
∑

𝑖=1
(𝑥̂𝑖 − 𝑥̂𝑖−1)𝛿𝑖 (A.47)

𝑦 = 𝑓 (𝑥̂0) +
𝑘
∑

(𝑓 (𝑥̂𝑖) − 𝑓 (𝑥̂𝑖−1))𝛿𝑖 + 𝑒 (A.48)
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𝑖=1
𝑒 ≤ 𝑒1𝑢 +
𝑘−1
∑

𝑖=1
𝑧𝑖(𝑒𝑖+1𝑢 − 𝑒𝑖𝑢) (A.49)

≥ −𝑒1𝑜 −
𝑘−1
∑

𝑖=1
𝑧𝑖(𝑒𝑖+1𝑜 − 𝑒𝑖𝑜) (A.50)

𝑖+1 ≤ 𝑧𝑖 ∀𝑖 ∈ {1, 2,… , 𝑘 − 1} (A.51)

𝑖 ≤ 𝛿𝑖 ∀𝑖 ∈ {1, 2,… , 𝑘 − 1} (A.52)

𝑖 ∈ {0, 1} ∀𝑖 ∈ {1, 2,… , 𝑘 − 1} (A.53)

1 ≤ 1 (A.54)

𝑘 ≥ 0. (A.55)

uxiliary problem for the reduction of discretization variables [21]:

min
∑

𝑖∈𝑉

⌈ 𝑝𝑖 − 𝑝
𝑖

2
√

𝜏

⌉

(𝛼𝑝𝑖 + 𝛼𝜋𝑖 ) (A.56)

ubject to: (A.57)

𝛼𝑝𝑖 + 𝛼𝜋𝑗 ≥ 1 ∀(𝑖, 𝑗) ∈ 𝐴 ⧵ (𝐴𝑝 ∪ 𝐴𝜋 ) (A.58)

𝛼𝜋𝑖 + 𝛼𝑝𝑗 ≥ 1 ∀(𝑖, 𝑗) ∈ 𝐴 ⧵ (𝐴𝑝 ∪ 𝐴𝜋 ) (A.59)

𝛼𝑝𝑖 + 𝛼𝜋𝑗 ≥ 1 ∀𝑖 ∈ 𝑉 (A.60)

𝛼𝑝𝑖 = 𝛼𝑝𝑗 = 1 ∀(𝑖, 𝑗) ∈ 𝐴𝑝 (A.61)

𝛼𝜋𝑖 = 𝛼𝜋𝑗 = 1 ∀(𝑖, 𝑗) ∈ 𝐴𝜋 (A.62)

𝛼𝑝𝑖 , 𝛼
𝜋
𝑖 ∈ {0, 1} ∀𝑖 ∈ 𝑉 . (A.63)

or every node 𝑖 ∈ 𝑉 two indicator variables 𝛼𝑝𝑖 , 𝛼
𝜋
𝑖 are introduced that

ndicate whether node 𝑖 needs a pressure variable, a squared pressure
ariable, or both. For a discretization tolerance 𝜏, the expression

⌈ 𝑝𝑖−𝑝𝑖
2
√

𝜏

⌉

returns the number of discretization variables needed (in the EIM) to
approximate the quadratic pressure function up to precision 𝜏 on each
segment of an equidistant grid over [𝑝 , 𝑝 ].
𝑖 𝑖
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Table B.7
2025: Cluster West.

Node Info Production Consumption Entry Exit Ref.
(capacity) (capacity) [MWth] [MWth]

Lingen bp Lingen electrolysis 2025:60 MWel/ 1 tonne/h 2025: 50000 N m3/h 45 139.5338 [45,46]
(sink/source) project with Ørsted (1/5 of current local SMR production) 2030: 500+ MWel ?

2025+: 150 MWel
2030+: 500+ MWel

Schepsdorf 0 0 0 0 [17]

Frenswegen 0 0 0 0 [17]

Bad Bentheim 0 0 0 0 [17]

Emsbüren 2025: wind onshore shared 0 235∗ 0 [4,17]
(source) with Ochtrup 235 MWth

2030: no more?

Ochtrup 0 0 0 0 [17]

Legden 0 0 0 0 [17]

Dorsten 0 0 0 0 [17]

Hamborn ThyssenKrupp Steel STEAG will likely provide total demand for 0 76.07 [12,17],
(sink) Europe AG hydrogen directly locally switch to H2: 700000 t/a [47]

30% switch by 2030
→ 2025: 20000 t/a
→ 2030: 210000 t/a

Frensdorfer- 0 0 0 0 [17]
Buchgraben

Ochtrup (city) 2025: wind onshore 0 235∗ 0 [4,17]
(source) shared with Emsbüren 235 MWth

2030: shared with Löningen
and Rehden 305 MWth

Epe E.on Gas Storage GmbH 0 0 0 0 [4,17]
(storage) not operational by 2025

Marl Marl chemical site SMR backup from current 2025: 50000 N m3/h 0 139.5338 [17,45]
(sink) production available

Vlieghuis import capacity assumed 500 MWth 0 500 0 [4]
(import) in GNDP 2020

Scholven bp Gelsenkirchen SMR backup from current 2025: 80000 N m3/h 0 223.25 [45]
(sink) production available

Hanekenfähr RWE Lingen 2025: 100 MWel supposed to have 75 0 [46,48],
(source) power plant site supposed to supply 22000 N m3/h a 60 MW gas turbine [45,49]

continuously in the beginning to produce electricity
2030: ? from hydrogen
Table B.8
Pipeline data for the 2025-network. For the integral pipeline roughness a value of
0.1 mm is assumed everywhere.

ID Length [km] Diameter [mm]

Bad Lauchstädt-Leuna 20.00 500
Lingen-Schepsdorf 11.30 250
Frenswegen-Bad Bentheim 18.00 350
Schepsdorf-Frenswegen 18.00 450
Bad-Bentheim-Emsbüren 15.00 400
Bad Bentheim-Ochtrup 15.30 400
Ochtrup-Legden 15.70 400
Legden-Dorsten 38.00 400
Kalle-Frensdorfer Buchgraben 18.90 600
Frensdorfer Buchgraben-Ochtrup 29.90 600
Elbe Süd-Weissenfelde 22.10 600
Achim-Heidenau 54.20 450
Heidenau-Eckel 19.20 450
Ganderkesee-Achim 40.80 600
Ganderkesee-Bremen 17.10 400
Frensdorfer Buchgraben-Frenswegen 1.40 600
Hamborn-Dorsten 37.00 600
Epe-Ochtrup 10.00 300
Dorsten-Marl 8.00 300
Vlieghuis-Kalle 6.70 600
Legden-Marl 40.40 200
Marl-Scholven 14.00 300
Schepsdorf-Hanekenfähr 2.30 500
Weissenfelde-Heidenau 19.00 600
13
A.4. Additional constraints and methods

Although the basic component models describe the component char-
acteristics of the gas network, there are both modeling and compu-
tational factors to be taken into account. On the one hand, there
exist subnetworks of basic components, such as compressor stations
or control valve stations, that induce a particular coupling of com-
ponents that should be laid out explicitly to reduce MIP-complexity.
On the other, the discretization of squared variables introduces integer
variables as well, depending on the size of the interval to be dis-
cretized. Thus, it is straight forward to apply a nomination-, i.e., load-
based bound-strengthening routine. The interested reader is referred
to [31], as these examples are somewhat lengthy. At the same time,
bound-strengthening methods are essential to making larger problems
tractable.

Appendix B. 2025-network sinks/sources

See Tables B.5–B.8.

Appendix C. 2030-network sinks/sources

See Tables C.9–C.12.
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Table C.9
2030: Cluster West/North (1/3).

Node Info Production Consumption Entry Exit Ref.
(capacity) (capacity) [MWth] [MWth]

Lingen bp Lingen electrolysis 2030: 500 MWel 2030: 50000 N m3/h
(sink/source) with Ørsted same as 2025 375 139.5338 [45,46]

Schepsdorf 0 0 0 0 [17]

Frenswegen 0 0 0 0 [17]

Bad Bentheim 0 0 0 0 [17]

Schlootdamm 0 0 0 0 [17]

Rehden wind onshore 305∗ 0 305∗ 0 [4,17]
(source) shared with Löningen and

Ochtrup 305 MWth

Vogtei 0 0 0 0 [17]

Mitte Weser 0 0 0 0 [17]

Kolshorn 0 0 0 0 [17]

Egenstedt 0 0 0 0 [17]

Emsbüren 2025: wind onshore 0 0 0 [4,17]
(source) shared with Ochtrup 235 MWth

2030: no more?

Löningen wind onshore 0 305∗ 0 [4]
(source) shared with Rheden and

Ochtrup 305 MWth

Ochtrup 0 0 0 0 [17]

Legden 0 0 0 0 [17]

Dorsten 0 0 0 0 [17]

Rheine 0 0 0 0 [17]

Wettringen 0 0 0 0 [17]

Elten import capacity GNDP2020: 1066 MWth 0 1066 0 [4,17]
(import) assumed in GNDP2020

Sonsbeck 0 0 0 0 [17]

Hamborn ThyssenKrupp Steel Europe AG STEAG will likely total demand for 0 798.2 [12,17,47]
(sink) provide hydrogen locally switch to hydrogen: 700000 t/a

30% by 2030 →

2025: 20000 t/a
2030: 210000 t/a
Table C.10
2030: Cluster West/North (2/3).

Node Info Production Consumption Entry Exit Ref.
(capacity) (capacity) [MWth] [MWth]

Kalle natural gas 0 0 0 0 [17]
(storage) storage facility

Frensdorfer- 0 0 0 0 [17]
Buchgraben

Ochtrup (city) 2030: wind onshore 0 305∗ 0 [4,17]
(source) shared with Löningen

and Rheden 305 MWth

Elbe Süd unclear: later connection 0 0 0 0 [17]
(import) Brunsbüttel and Denmark

and shipping?

Heidenau 0 0 0 0 [17]

Achim natural gas 0 0 0 0 [17]
compressor station

Eckel unclear what is connected here 2030: 100 MWel electrolysis 0 75 0 [17,43]
(sink/source/import) Assumption: 2030:

Moorburg power station;
also suitable for shipping

Oude-Statenzijl unclear: most likely 0 0 0 0 [17]
future import

Folmhusen 0 0 0 0 [17]

Barßel 0 0 0 0 [17]

Ganderkesee 0 0 0 0 [17]

(continued on next page)
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Table C.10 (continued).
Bremen Stahlwerke Bremen 2030: 300 MWel 2030: 300 MWel 225 225 [17,44]
(sink/source)

Nüttermoor 2030: 100 MWel 0 75 0 [17]
(source)

Hallendorf Salzgitter Flachstahl GmbH 0 3.9 mil tons of 0 300 [11,17]
(sink) steel per year, assumption:

0 30% via hydrogen route:
0 300 MWth

Epe E.on Gas Storage GmbH 152 MWth 152 MWth 152 152 [4,17]
(storage)

Marl Marl chemical site SMR backup from current 0 139.5338 0 [17,45]
(sink) production available

2025: 50000 N m3/h,
2030: same?
Table C.11
2030: Cluster West/North (3/3).

Node Info Production Consumption Entry Exit Ref.
(capacity) (capacity) [MWth] [MWth]

Vlieghuis import capacity assumed 0 0 0 0 [4,17]
(import) for 2025 in GNDP2020,

but none for 2030

Scholven Ruhr Öl Raffinerie Scholven SMR backup from current 2025: 80000 N m3/h 0 223.25 [45]
(sink) /bp Gelsenkirchen production available assumption: 2030: same

Hanekenfähr RWE Lingen 2030: 300 MWel assumed supposed to have 225 0 [45,46,48,49]
(source) power plant site a 60 MW gas turbine

to produce electricity
from hydrogen

Drohne unclear: BASF Polyurethanes close by 46 MWel 0 34.5 0 [17,50]
(source) future wind park Brockumer Fladder

more likely; eff. 46 MWel

Harsefeld natural gas storage: 2030+: 100 MWel? 100 MWel 75 75 [51]
(storage) Storengy Deutschland Betrieb GmbH

Albachten unclear: municipalities 0 0 0 0 [17]
Steinfurt/Münster + münsterNETZ?
Table C.12
Pipeline data for the 2030-network. For the integral pipeline roughness a value of
0.1 mm is assumed everywhere.

ID Length [km] Diameter [mm]

Bad Lauchstädt-Leuna 20.00 500
Lingen-Schepsdorf 11.30 250
Frenswegen-Bad Bentheim 18.00 350
Schepsdorf-Frenswegen 18.00 450
Schepsdorf-Schlootdamm 72.90 600
Rehden-Vogtei 28.90 600
Vogtei-Mitte Weser 29.00 600
Kolshorn-Egenstedt 38.50 600
Mitte-Weser-Kolshorn 92.90 700
Emsbüren-Löningen 55.00 400
Bad-Bentheim-Emsbüren 15.00 400
Bad Bentheim-Ochtrup 15.30 400
Ochtrup-Legden 15.70 400
Legden-Dorsten 38.00 400
Rheine-Wettringen 3.50 800
Wettringen-Albachten 43.20 800
Elten-Sonsbeck 42.30 900
Sonsbeck-Hamborn 34.00 500
Kalle-Frensdorfer Buchgraben 18.90 600
Frensdorfer Buchgraben-Ochtrup 29.90 600
Elbe Süd-Weissenfelde 22.10 600
Achim-Heidenau 54.20 450
Heidenau-Eckel 19.20 450
Oude Statenzijl-Folmhusen 22.50 600
Barßel-Ganderkesee 47.70 600
Folmhusen-Barßel 19.20 600
Ganderkesee-Achim 40.80 600
Ganderkesee-Bremen 17.10 400
Nüttermoor-Folmhusen 18.40 400
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Table C.12 (continued).
ID Length [km] Diameter [mm]

Barßel-Emsbüren 94.70 1000
Emsbüren-Rheine 13.80 1000
Ganderkesee-Schlootdamm 58.90 600
Frensdorfer Buchgraben-Frenswegen 1.40 600
Egenstedt-Hallendorf 30.00 400
Hamborn-Dorsten 37.00 600
Epe-Ochtrup 10.00 300
Dorsten-Marl 8.00 300
Vlieghuis-Kalle 6.70 600
Legden-Marl 40.40 200
Marl-Scholven 14.00 300
Schepsdorf-Hanekenfähr 2.30 500
Schlootdamm-Rehden 15.70 600
Schlootdamm-Drohne 21.50 600
Weissenfelde-Heidenau 19.00 600
Weissenfelde-Harsefeld 4.50 600
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