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Abstract

Fluctuating hydrogen supply and demand challenge future infrastructure, making large-scale hydrogen storage
indispensable. Many scenarios forecast German capacities of up to 80 TWh. However, these often use steady-state
simulations, which estimate overall storage requirements but cannot capture technical interactions between grids
and storages. This study presents a dynamic model to re-examine future scenarios and systematically assess the
storage-grid interaction within the German hydrogen core network. The results reveal that grid constraints limit the
storage’s balancing capability and lead to significant load shedding and supply curtailment. More precisely, both the
deliverable power to a grid section and the time lag between storage discharge and availability of additional flow
strongly depend on the spatial distance and the diameter of the connecting pipeline. In combination with limited line
pack availability, certain scenario conditions become infeasible. Dynamic simulation and combined consideration of

grid and storages is therefore essential for planning resilient hydrogen infrastructure.
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1. Introduction

With the approval of the hydrogen core network
in Germany [1], the first step towards a large-scale
hydrogen infrastructure and economy has been made.
The grid is designed to connect all major regions of
supply and demand within Germany and consists of
more than 9,000 km of pipelines [2]. It integrates into
the larger European Hydrogen Backbone (EHB) [3],
serving an important role in pan-European, renewable
energy provision.

A major challenge for this future hydrogen infras-
tructure is the volatile production via electrolysis using
renewable electricity. In this context, establishing a re-
liable and secure hydrogen system requires large-scale
storages and several studies calculate a future storage
capacity of up to 80 TWh for Germany alone [4, 5, 6].
This storage demand will primarily be provided by salt
caverns due to the large geologic potential [7]. On
account of the altered boundary conditions, new re-
quirements for the systems involved compared to state-
of-the-art natural gas operation will arise [8]. Here,
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projects like FrHyGe [9], Hydrogen Cavern for Mobil-
ity (HyCavMobil) [10] and H2 CAvern Storage Transi-
tion (H2CAST) [11] aim to quantify these requirements
and demonstrate the storage of hydrogen in salt caverns.
The latter is realised at the cavern site in Etzel in north-
west Germany, an important hub for the future European
hydrogen infrastructure.

Hopken et. al. [8] previously investigated the impacts
of different compositions of renewable energy sources
(RES) on the available electricity for hydrogen produc-
tion and the resulting storage demand. It was suggested
to include the transmission network in further research
to obtain more accurate storage requirements. Similarly,
the association of German gas and hydrogen storage
system operators (INES) criticised the design of the
core grid to not sufficiently consider the role of storages
and their importance for balancing purposes [12], high-
lighting the need to assess storages and grid together.
Most scenario studies, like the ones listed above, rely
on steady-state simulations to optimize these coupled
systems. However, steady-state models are unable to
capture the technical interaction between the grid and
storages, making them unsuitable for detailed analyses.
For this purpose, a coupled dynamic model of the
gas network and the cavern model introduced in [8]
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is developed and utilized to explore this interaction.
Emphasis is put on the employment of a grid model
which is dynamic, since this enables the consideration
of the buffering capability of the pipeline volume,
known as line pack, as well as transient behaviour due
to fast changes in boundary conditions. While these two
grid characteristics do not significantly affect storage
capacity, they substantially influence storage operation
and balancing capabilities.

The aim of this study is to quantify these influences
based on the example of cavern storage in Etzel that is
connected to the German hydrogen core network and
thus gain a deeper understanding of relevant parameters
for a resilient system design under dynamic conditions.
First, the model ecosystem is introduced. In the fol-
lowing chapter, a scenario use case is modelled and
analysed. Finally, a more general approach is applied
in order to examine the storage-grid interaction in a
systematic way.

2. Methodology

This section introduces the developed gas network
model and describes the coupling mechanism to the
existing cavern model. Next, the assessed scenario is
defined and the used dispatch logic for solving infeasi-
bilities is explained.

2.1. Dynamic gas network model

The key difference between steady-state and dynamic
network models is the ability to model imbalances and
their impact on the system. Steady-state simulation
always enforces equilibrium and therefore does not
consider the duration of a time step or the previous grid
state. In contrast, dynamic modelling takes these factors
into account and enables, for example, the assessment of
state changes due to imbalanced loads and supplies, as
well as the propagation of pressure changes over time.

Several commercial dynamic gas network simulation
tools already exist on the market. Some of the most
popular ones are SIMONE [13], PSIganesi [14] and
SAlnt [15]. However, due to their closed architecture
they cannot easily be expanded and coupled with other
models. For this reason, open-source software is to be
preferred. Currently available open-source gas network
models include pandapipes [16] and GasNetSim [17].
Both of these do not support dynamic simulation at
the moment and thus are unsuitable for the analyses
in this study. The literature describes several dynamic
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models, each with a different focus. Chen et. al. [18]
implement simultaneous hydraulic simulation and com-
ponent tracking with a decoupled model. Lu et. al. [19]
also consider component tracking but make use of an
electrical analogy model. This analogy is also applied
by Huang et al. [20]. Zhou et. al. [21] use machine
learning algorithms in order to reduce uncertainty due to
the high non-linearities in gas pipeline systems. Burlacu
et al. [22] and Hari et al. [23] introduce solutions to
the non-linear control problem of optimal gas network
operation. Pambour et al. [24] present a transient gas
network model that includes ancillary infrastructure.
All of these publications do not share the source code
of the dynamic models they publish. For this reason, a
new dynamic gas network simulation tool called DLR-
DUST is developed. Contrary to some of the listed
models, DLR-DUST applies hydraulic principles and
physical fluid properties instead of heuristic or equiva-
lence methods. The new development further brings the
added benefit of incorporating the coupling mechanism
with the cavern model directly from the beginning, al-
lowing bi-directional exchange and constraint handling.

2.1.1. Model description

DLR-DUST is a dynamic simulation software pack-
age written in Python for gas networks and associated
infrastructure. It enables the realistic modelling of
freely definable gas networks and provides, amongst
other things, pressures, volume flows, flow velocities
and friction losses during operation. A key functionality
is the integration of transient behaviour like the gas’s
inertia and the storage capacity of the pipelines (line
pack). In its simplest configuration, the model consists
of only nodes and pipes. The pipes transport the gas
between the nodes and make up the volume of the grid.
The nodes connect to one or more pipelines and can also
extract or withdraw gas from the network and thus serve
as sinks or sources.

The governing equations and general model structure
are based on Pambour [24, 25]. While some essential
definitions are presented in the following, the reader is
referred to the original sources for in-depth information.

At its core, the network model consists of the follow-
ing three categories of equations. Equation (1) shows
the continuity equation for each node of the network i
after an implicit time integration for a time step Ar =
"1 — 1" (see Eq. (25) and following in [24]). It connects
the change in pressure p"*! — p” in the nodal volume
V with the load L and the incoming and outgoing
flows Q of the k connected pipes. The nodal volume



aggregates the halves of the volumes of all connected
pipe segments. p, is the density at standard conditions
of the fluid and c is the speed of sound at the current
fluid conditions. The factor a indicates whether node
i is the inlet or outlet of pipe j by being either plus or
minus 1. Separating the terms by current and future time
step yields the shown structure.

V. k V:
i n+1 n+1 n+l 4 n
A — a; i . . = . 1
P ;:1 9 + L > P (D

puCIAL!

A direct consequence of modelling the pressure inside
the nodal volume is the ability of considering line
pack. In a steady-state setting, the time step At would
approach infinity to ensure equilibrium and thus enforce
a balance between the load and the sum of all pipe flows.

The second type of equations is the linearized pipe
equation (2), which is formulated for every pipe in the
network (Eq. (16) and following in [24]). It is obtained
from a set of partial differential equations, namely a
continuity, momentum, energy and a state equation. By
assuming isothermal flow and neglecting convection,
the set can be simplified and linearized around a given
point. Since the linearization is only accurate close to
the reference point, it is repeatedly solved in an iterative
process with k steps. The indices in and out represent
inlet and outlet of the pipe segment, while R, and R;
are the resistance coeflicients from friction and inertia,
respectively. The variable s is a correction factor for
altitude differences between the pipe’s ends.

k,n+1
2RO+ R;
krlatl Lo+l g2 AQ 1+ R

pin j out,j kn+l kn+l j
5] 5] p";njf + pa’unt+j eS/Z J

RAQ;M Q" + R

k,n+1 kn+1 /2
pin,j + pout,j ¢

2
Looking at the inertia term on the right side of the equal
sign, the dependence on the previous flow Q" is visible.
This is most relevant for large changes in flow from one
time step to the next, as the fluid has to overcome a lot of
inertia. When no changes occur, the term cancels with
the left side.

The third type of equations defines the boundary con-
ditions of the network by setting the values in equations
(3) and (4) (see Eq. (30) and (31) in [24]). Equation
(3) acts as a control input for non-pipe elements such
as compressors. Depending on the control mode, the
variables ¢, ¢», c3 and d are used to define the element’s
operating condition. Pambour summarises possible
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inputs in [25] in table 2.5.
1 1 1
CLj* Pinj tC2j Dot €3 Q" =d; (3)

Extending Pambour’s methodology, DLR-DUST also
allows the use of this equation for pipe control. This
is beneficial for limiting e.g. the flow velocity inside
certain pipelines. Equation (4) represents the node
controls. The scalars k, and k; equal either O or I,
depending on whether a pressure or load control is
described. The control value is determined by the
variable b.

kp,i - P vk L = by 4)

For a solvable system the number of linearly indepen-
dent control equations has to match the number of nodes
plus the number of non-pipe elements in the network.
Contrary to the implementation by Pambour [25], this
does not enforce each node being either pressure or load
controlled, but also allows setups where a node might
be both pressure and load controlled if another node
or element is completely undefined. In the context of
storage coupling this is advantageous since the storage
site might define both parameters.

Formulating all equations for a given network results
in a set that can be written as a linear matrix equation (5)
in the form A - x = b (similar to Eq. (32) in [24]). The
system can be solved for the x-vector, which contains
all pressures, flows and loads of the next time step. The
matrix A is of size (2n, +ny +np) X (2n, + ny +np) with
n, being the number of nodes, ny the number of non-
pipe elements and np the number of pipes. It consists
of several sub-matrices corresponding to equations (1),
(2), (3) and (4). @ is a diagonal matrix of the pressure
coefficients, Ap is the node-pipe incidence matrix, An
the node-non-pipe incidence matrix and I the identity
matrix. In the second row, App is the pipe-node
incidence matrix including the pressure drop term from
height differences and R is a diagonal matrix of the
slopes of the linearized pipe equations. Finally, Dp,
Dq, C,, Cq, K, and Ky, are the pressure, flow and
load control matrices of pipes (D), non-pipe elements
(C) and nodes (K). After the equal sign, the b-vector
consists of the vectorised right sides of the previous
equations.

(] —-Ap -An | pn+1 dp"
App -R 0 0 o B

D, Do 0 0 el F Q)
K, 0 0 K S



In order to increase the accuracy of the simulation,
long pipes can be discretised into smaller segments.
This reduces the error from linearisation, assigning
pipe volumes to the closest node and averaging fluid
properties along pipes. However, the increased accuracy
is computationally expensive. Doubling the number of
pipes also adds another np nodes to the network where
the segmented pipes are connected. Thus, the matrix
dimensions become (2(n,, + np) + ny + 2np)>. Assuming
n, = np and ny = 0 yields a two-fold increase in
both dimensions. Since solving a matrix equation has a
complexity of at least O(n?) [26], the computation time
increases by a factor of at least four.

For each time step of the simulation DLR-DUST
builds the matrix from equation (5) and computes the
result. Because of the linearized pipe equation, this
solution requires reiteration until the results converge.
In order to determine convergence, the residual vector
Res is defined as the euclidean norm of the change in the
results vector x after the last iteration step k + 1 (Eq. 6).

2n,+ny+np
Res = (k! - by (©6)

i=1

Once this residual falls below a given tolerance, the
results are saved and the next time step is simulated.

The presented hydraulic equations require a broad
spectrum of fluid property data. Precise values are
therefore vital for accurate simulation results. Since
most fluid properties depend on the pressure and tem-
perature conditions, these values have to be obtained
during simulation. Here, DLR-DUST makes use of
the Python wrapper for CoolProp [27]. It utilizes
the Helmholtz Equation of State (HEOS) to obtain
densities, compressibility factors, specific heat capaci-
ties, enthalpies, viscosities, thermal conductivities and
expansion coefficients for every element in the network
during each iteration. The versatility of CoolProp also
allows DLR-DUST to work with many different gases
and gas mixtures.

2.1.2. Validation

DLR-DUST is benchmarked against the commercial
software SAlInt [15], which itself has been validated
against SIMONE [13] and other transient models [24].
The validation uses the 25-node sample network from
[25] and the input data provided in its appendix. This
network features 18 demand nodes, a single supply node
(node 1) and three compressors located at nodes 5, 13
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and 16 (Figure 1). Each demand node uses a scaled 24-
hour load profile which is also shown in [25]. Node 1
is set to a pressure control of 50 bar and injects into
the grid accordingly. The three compressors operate
dynamically to always provide an outlet pressure of
55 bar. In this case, the fluid is methane.

As the dynamic simulation requires an initial so-
lution, the first step is calculated using the steady-
state model. The resulting pressure distribution in the
network is shown in Figure 1. Further, the flow direction
in the pipes can be derived from the pressure differences
between the end points of each pipe.
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Figure 1: Initial steady-state pressure solution of the 25-node sample
network obtained from DLR-DUST

Starting from this initial state, the simulation runs
the 24-hour scenario in a 15-minute resolution. After
discretisation, the system consists of 94 nodes and 104
pipes. Solving takes around 0.3 s on laptop hardware.
The results plotted in Figure 2 show overall good
agreement between the dynamic simulation of DLR-
DUST (black) and the output of SAlInt (red). While
the injection at node 1 (subplot a) and the flow through
the pipe connecting nodes 4 and 11 (subplot c) are
almost indistinguishable, the pressure at node 9 exhibits
a minor deviation of up to 0.2 bar. Since the offset is
rather constant, it can be attributed to slight differences
in fluid property calculation between the two models
and is deemed negligible.

In addition to the dynamic comparison, the blue line
shows the results from steady-state simulation. As to be
expected, the curves start from the same point, since the
dynamic model uses a steady-state solution as its initial
conditions. For the remainder of the simulated time
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Figure 2: Comparison of simulation results at selected elements of the sample network between SAInt and DLR-DUST. The blue bars indicate

infeasibilities in the steady-state solution.

frame, the steady-state results exhibit major deviations
from the dynamic results and appear to be more volatile
due to higher-amplitude changes. Furthermore, the
peaks and valleys of the dynamic curves are delayed
by about one hour. This behaviour highlights the effect
of the buffering capability of the network’s line pack
volume and demonstrates the importance of dynamic
models for realistic simulation of flow and pressure
conditions. For some hours of the test scenario, the
steady-state solution even becomes infeasible due to
insufficient pressure in parts of the network. These
hours are marked by the blue shaded areas in Figure 2.

2.2. Coupling of network and cavern model

In order to enable detailed analyses of the storage-
grid interaction, DLR-DUST is coupled with the nu-
merical cavern model from [8]. The system boundaries
of the two models are the cavern head on the storage
side and the grid connection point on the network side.
At each of these boundaries exists an interface where a
gas volume flow can enter or exit the model. However,
the two flow interfaces cannot be connected directly.
Instead, they require a surface facility that handles pres-
sure, temperature and potentially gas quality alignment.
To achieve this, surface facilities typically consist of
compressors, pressure regulators, heat exchangers and
gas treatment equipment.

2.2.1. Surface facility model

For the purposes of this study, a simplified surface
facility model is introduced. The schematic in Figure 3
shows the structure of the model and flow directions
for different operating modes. During simulation, the
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three core components, compressor, heat exchanger and
expansion valve, perform the task of aligning pressure
and temperature conditions between the cavern head (4)
and the grid connection point (1).

Grid

connection

Expansion
valve

Heat

Piston compressor
exchanger

Injection into grid

Cavern ===~ Withdrawal from grid

Injection and withdrawal
—— (depending on whether cavern
or grid pressure is higher)

Figure 3: Schematic of the simplified surface facility model connect-
ing the cavern model to DLR-DUST

The compressor is modelled as an idealised isentropic
change of state. Using CoolProp [27], the enthalpy
hin(Pins Tin) and entropy s;,(pin, Tin) are obtained from
the know inlet gas state. With the isentropic condition
Sin = Sous, the outlet temperature T,u(Pour» Sour) and
enthalpy /,u:(Pouss Sour) can be determined. Finally, the
ideal, isentropic compressor power is calculated accord-



ing to equation (7) with 7z being the mass flow [28].
Pcomp = m(hmmp,out - hcomp,in) (7)

For the heat exchanger, the model assumes an ideal
process without pressure loss (p,,; = pin). After cal-
culating the enthalpies h;,(pin, Tin) and hour(Pouts Tour)s
equation (8) is used to obtain the heat flux [28].

Qhex = m(hhex,out - hhex,in) (8)

Pressure reduction between cavern and grid is
achieved via an isenthalpic expansion valve. Contrary
to the compressor, it is not the outlet conditions that are
unknown, but rather the necessary input temperature to
achieve either grid or cavern compatible states. From
the know outlet conditions, the enthalpy Z,.(Pours Tour)
can be determined. Since h;, = h,, and p;, is also
known, T;,(hiy, pin) is obtainable from CoolProp.

2.2.2. Coupling logic

As the arrows in Figure 3 suggest, the utilization
of the facility’s sub-components is dependent on the
direction of flow and the pressure conditions. Typically,
the pressure in the cavern exceeds the grid pressure. If
that is the case and stored hydrogen from the cavern
is injected into the grid, the gas flows from (4) to (3)
to (1). Here, the cavern model defines the gas state
at the cavern head (4) and the network model sets the
required pressure at the grid connection point (1). Since
the grid temperature is constant (typically 12 °C), the
only unknown is the state before expansion (3) and the
required heat flux in the heat exchanger. This amount
also depends on the temperature change in the valve
which is a function of the Joule-Thomson coefficient of
the utilized gas.

In the reverse case, when gas is withdrawn from the
grid and stored in the cavern, it will follow the path
from (1) to (2) to (4). Again, the states at (1) and (4)
are defined. The only exception is the temperature at
the cavern head. In this case, the target temperature for
cavern injection is set to 50 °C. From this, the surface
facility model calculates the gas state at position (2) and
the necessary compression and cooling powers using
equations (7) and (8).

For the rare case of a higher grid pressure compared
to the cavern pressure, the gas flow will follow (4)-(2)-
(1) and (1)-(3)-(4) for grid injection and withdrawal,
respectively.

Most of the time, a storage site will consist of more
than a single cavern. While it is possible to split the
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flow between caverns in different ways, the default
assumption is simultaneous operation of all caverns.
In that case, only one of them will be simulated in
order to reduce redundancy and improve performance.
The results then represent the conditions for all equally
operated caverns.

2.3. Scenario definition

The focus of this study lies on the dynamic assess-
ment of the future German hydrogen infrastructure. Its
backbone is the core network, which is set to be finished
by 2037 at the latest [2]. The published version of
the network contains detailed information about each
pipeline, including length and diameter. This data is
collected and combined with altitude information from
a digital terrain model [29] and bathymetry data [30]
in order to respect height differences between sections
of the grid. The roughness of the pipes is assumed to
universally be 0.1 mm. Table 1 gives an overview of the
resulting simulation inputs. The final network consists
of 282 nodes and 330 pipes with a total length of around
9,000 km. As most pipelines lie underground, the grid
temperature is set to 12 °C. The used fluid is 100 %
hydrogen.

Contrary to the core network, no clear pathway for
the construction of underground hydrogen storage exists
yet and amount as well as locations are undetermined.
Since Etzel in north-west Germany is an established site
for large scale natural gas storage and the repurposing of
existing salt caverns for hydrogen use is already being
tested in the project H2CAST [11], this site is chosen as
storage location for the scenario. The exemplary cavern
used in the coupled model is cavern A from [8] and uses
the same input data.

Besides the infrastructure, additional scenario inputs
are required. As listed on the right side of Table 1,
the year of targeted climate neutrality, 2045 [31], is
chosen for the analysis. The report [4] of the long-term
scenarios 3 [32] provides the overall hydrogen supply
and demand as well as the distribution between import
and electrolysis as well as the demand sectors. The
045-power scenario, which assumes high electrifica-
tion, states an import share of 57 % and exclusive de-
mand in the sectors industry and energy (power plants).
The total demand adds up to 305 TWh (see Table 1).
For the simulation, these values have to be regionally
distributed and associated with hourly profiles. Within
the project TransHyDE [33], the demands of different
sectors, as well as production from electrolysis until
2050 have been modelled with a NUTS-3 spatial and



Table 1: Overview of simulation inputs

Infrastructure inputs

Scenario inputs

Number of nodes 282

Number of pipes 330

Total pipeline length 8998.5 km
Total pipeline volume 5.679 Mil. m®
Roughness 0.1 mm

Grid temperature 12 °C

Cavern injection temperature 50 °C

Year 2045
Number of time steps 8760
Length of one time step 1h

H,; supply: Electrolysis 131 TWh
H; supply: Import 174 TWh
H, demand: Industry sector 201 TWh
H, demand: Energy sector 104 TWh

hourly temporal resolution. The data is publicly avail-
able on the FfE Open Data Portal [34]. This study
uses the 2045 profiles of the industry sector [35] and
for electrolysis [36] and scales them to the long-term
scenario totals. Import and energy sector profiles are
taken from the hydrogen dispatch dashboard of the
long-term scenarios [37]. Figure 4 shows the resulting
annual profiles.
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Figure 4: Profiles of hydrogen supply and demand for Germany in
2045 [35, 36, 37]

Applying the regional distribution from TransHyDE
yields the maps in the top row of Figure 5 for hydrogen
supply and demand. Darker colours represent regions
of high supply or demand. While hydrogen generation
is stronger in the North due to large wind capacities,
demand is concentrated around industry clusters in the
east and west, as well as bigger cities. Since not
all districts are intersected by a pipeline of the core
network, the data has to be modified. Assuming that
the regions in question are served by distribution grids
that connect to the transmission grid, the original map is
“condensed” onto the core network with the following
steps:
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Find the closest pipeline to the unconnected district
Of the start and end node, find the closer one
Determine the district the node lies in

Add the data of the unconnected district to this
district

Ll

After condensation, the distributions change as shown
in the bottom row of Figure 5.

In many cases there is more than one node inside
a district. DLR-DUST however requires supplies and
demands per node. To split the total load across nodes
in a realistic way, each node gets assigned its maximum
connected pipeline capacity. This value depends on the
diameter of the largest pipeline the node is connected
to. The load is then distributed proportionally to this
value, preventing overloading of small pipelines. Lastly,
the conversion from power (GW) to hydrogen standard
volume flow (sm?/s) is done with a lower heating value
of 3 kWh/sm?>.

2.4. Dispatch

One of the most challenging aspects of dynamic
gas network simulation is management of the dispatch.
Since line pack adds a degree of freedom to the sys-
tem compared to steady-state modelling, the control
becomes more complex and non-linearities compli-
cate optimization ([22, 23]). In this work, a simple,
curtailment-based approach is pursued for demonstra-
tion purposes but might be replaced by more sophisti-
cated control algorithms in the future.

The key problem, the control algorithm has to solve,
is the management of imbalances in the grid and simul-
taneous adherence to valid operating conditions. The
operative boundaries of the grid are defined in a list of
constraints. In this example, it consists of a minimum
and a maximum pressure of 50 and 70 bar, respectively,
at each node of the network. By default, each node
is controlled by the supply or demand profile it got
assigned. The only exception is Etzel, where the storage
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Figure 5: Distribution of hydrogen supply and demand with NUTS-
3 resolution before and after condensation onto the German core
network (black) [35, 36]

site is connected. Its control is set to a nominal grid
pressure of 60 bar. During each time step, the network is
first solved with its default controls. Following that, the
result is analysed for constraint violations (i.e. pressures
outside the allowed range). In case no violations are
found, the next time step is initiated. If there are
violations, the dispatch tries to resolve them through
curtailment and load shedding. For this, the algorithm
collects all nodes where a violation occurred and divides
them into minimum and maximum pressure violations.
For each minimum pressure violation it finds the closest
load (oftentimes the exact node of the violation) and
for each maximum pressure violation the closest supply.
The identified loads and supplies are then reduced in a
stepwise process until no violations are left. In case a
load or supply is curtailed to zero, this control is marked
undispatchable in order to prevent sinks from becoming
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sources and vice versa. The algorithm then uses the next
closest control to solve the violation. In this manner, all
constraints can be adhered to, while keeping curtailment
or load shedding as low as possible.

Since each adjustment of a control value requires re-
solving of the network, the dispatch is computationally
intensive and overall simulation time strongly depends
on the necessary re-dispatch of the original set of
controls.

3. Dynamic simulation of long-term scenario

This section presents the results from dynamic sim-
ulation of the test scenario defined in section 2.3 with
DLR-DUST. The dispatch (section 2.4) ensures maxi-
mum utilization of the core network’s capacities while
adhering to the pressure constraints of 50 to 70 bar.
Simultaneously, the single storage site in Etzel is used
to maintain a local pressure of 60 bar. It comprises
several caverns of which only one is simulated as a
representation of cavern operation at this location.

From the balance-sheet point of view of the test
scenario, hydrogen supply and demand are perfectly
balanced. However, running the simulation reveals
substantial overloading of the network and subsequent
load shedding and curtailment. Figure 6 shows the spa-
tial distribution of shedded loads and their amplitude.
While load shedding is prevalent across the entire grid,
industry centres with high demand are most affected
(note the logarithmic scale of the markers). In total, the
unsatisfied demand amounts to around 64 TWh, which
is 21 % of the combined annual total.

Load shedding occurs due to under-pressure in the
grid. In order to investigate the causing segments, the
amount of time each pipeline spends within 0.1 bar of
the minimum pressure is displayed in blue. Many of
these critical pipeline segments are located in southern
Germany, far away from Etzel. This hints at the inability
of the storage’s pressure regulation to reach these loca-
tions and load shedding becoming inevitable. Addition-
ally, two other regions of frequent under-pressure can be
observed. One in the central West and one just south-
east of Etzel. Both of these are locations with very
high demand (compare Fig. 5) which seems to overload
the local pipeline infrastructure. Load shedding outside
of these areas can be explained by short term pressure
violations, as well as collateral effects when the load
shedding in the critical regions is not sufficient.

Analysing the time series in Figure 6 reveals a direct
correlation of the amount of load shedding and the
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Figure 6: Spatially and temporally resolved load shedding (red) in
the test scenario with the underlying critical pipeline segments (blue).
Note that some points have been aggregated for better visibility.

demand of the energy sector (Fig. 4). The volatility and
high amplitudes of demand spikes of hydrogen power
plants oftentimes cannot be served by the grid in the
given configuration and therefore have to be curtailed.

On the opposite side, hydrogen supply is a lot more
uniform. Consequently, this leads to lower curtailment
on the supply side, which is shown in Figure 7. The
time series remains below 10 GW at all times and the
curtailment adds up to around 10 TWh, which is just
3 % of the total amount.

The spatial distribution also shows a different pattern
with major curtailment occurring in the very North and
South of the country. While the North has high gener-
ation capacities and therefore overloads the network at
times, the South again suffers from the long distance to
Etzel. The highlighted pipeline segments with frequent
pressures above 69.9 bar confirm this relation with the
outermost segments being most affected. In the South,
the collateral supply curtailment around these regions is
also clearly visible.

The coupled cavern model receives the injection and
withdrawal profile at Etzel and scales it to the size of a
single cavern (Cavern A in [8]). It therefore represents
the necessary average cavern operation at this location.
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Figure 7: Spatially and temporally resolved curtailment (blue) in the
test scenario with the underlying critical pipeline segments (red). Note
that some points have been aggregated for better visibility

As shown by the pressure profile in Figure 8, the storage
is not balanced over the simulated year. This is a
result of the large mismatch between load shedding and
supply curtailment, with the latter being affected less
and thus leading to a mostly filled storage at the end
of the cavern year. The rock temperature reflects this
as well, being around two degrees higher at the end
due to less withdrawal cooling the cavern content. A
consequence of this is that in the following years less
storage capacity is available and supply curtailment will
catch up to load shedding in total amounts.
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Figure 8: Pressure profile (black) in the exemplary cavern during the
test scenario and the resulting temperature distribution in the salt rock

For comparative purposes, the test scenario is also



simulated in two other configurations. Firstly, DLR-
DUST is set to steady-state mode with otherwise iden-
tical inputs. Secondly, it is switched back to dynamic
and the storage is removed entirely in order to obtain a
baseline of curtailment and load shedding. The results
of theses simulations are shown in Table 2. Analysing
the differences between the default configuration and
the steady-state case reveals the buffering capability
of line pack which prevents around 7 TWh of load
shedding and around 11 TWh of curtailment. This once
again emphasises the relevance of dynamic simulation
for these analyses. Removing the storage from the
system results in load shedding of more than 88 TWh
and curtailment of more than 84 TWh. The significant
difference to the previously shown results quantifies
the balancing capability of a well-connected storage
site like Etzel. While load shedding is reduced by
around 27 %, supply curtailment decreases by more
than 88 %. As stated before, for subsequent years the
second percentage would also approach values similar
to those of load shedding. Note that the test scenario’s
balance sheet point of view does not account for any
load shedding or curtailment, underlining the necessity
of technical simulation for a functioning energy system.

Table 2: Overview of simulation results

Configuration Load shedding [GWh]  Curtailment [GWh]
Storage + dynamic 64,160.9 9,818.2
Storage + steady-state 71,397.5 20,926.5
No storage + dynamic 88,781.5 84,497.1

The results of the long-term scenario simulation show
that a single, well-connected storage site is able to sig-
nificantly reduce curtailment and improve reliability. It
is however not sufficient for a fully feasible and resilient
operation of the German hydrogen infrastructure in its
currently planned form. The distribution of sinks and
sources in relation to the storage and the connecting
network between them seems to have a limiting effect
on the storage’s balancing capability. Solutions to
this problem include increasing the number of storage
locations, favouring shorter distances to large demands,
placing compressors throughout the network to adjust
for pressure losses, increasing the grid pressure and a
smart, predictive dispatch. It should be noted however,
that realistically not all of the load shedding can be
mitigated by cavern storage. Especially highly flexible
power plants might require smaller, nearby storage
solutions in order to satisfy sudden high-power demand
spikes. Since large-scale hydrogen storage is limited
to a few geologically feasible locations, the interaction
with the grid has to be thoroughly understood in order
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to quantify its capabilities and ensure a resilient infras-
tructure. The subsequent section aims to investigate this
interaction in a systematic manner.

4. Cavern-grid interaction

As shown in section 3, the grid has a limiting effect
on the cavern’s balancing capability and influences its
operation. In order to quantify this interaction and
gain a deeper understanding, this section investigates it
under synthetic conditions. Since demand spikes and
the subsequent load shedding pose a more serious threat
to nominal operation than supply volatility, the focus is
on the interaction between caverns and loads.

In control theory, a step response analysis is often
used to retrieve the dynamic properties of a system.
By phrasing an analogy to this for the cavern-grid
interaction, information on the flexibility and capability
of the storage inside the core network can be obtained.
The setup once again involves Etzel as the only storage
site and assumes a single sink at one node in the grid.
Initially, all flows are set to 0 and the pressure is uniform
and at the lower limit of 50 bar. At ¢ = O, the step
input, in this case a maximum storage discharge, is
triggered. At the same time, the sink withdraws as
much hydrogen from the grid as possible. Figure 9
shows the step input by the storage in blue and the
resulting response of the sink in red. The storage
output is capped at 40 GW, which corresponds to the
maximum discharge power of around 100 caverns and
is chosen as an upper bound for hydrogen flow from
a single site. However, in the example this flow rate
can only be maintained for about two hours. During
this time, the storage injects more than the network is
able to distribute and thus increases the local pressure.
Once the upper limit of 70 bar is reached, the storage
output has to be throttled. Simultaneously, the sink
withdraws any available hydrogen from the grid by
keeping its local pressure at the lower limit of 50 bar.
As a consequence, the withdrawal power slowly rises
and eventually settles in at a final maximum power P,
when the system is in equilibrium. Analogous to control
theory, the time constant 7 of this step response can be
determined by finding the time it takes until the sink
power reaches 63.2 % of its final value.

Performing the step response analysis for every node
in the network yields a heat map of the deliverable
power from Etzel into the core grid. As visualised
by Figure 10, only the nodes directly adjacent to the
storage are able to receive close to the full power. The
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Figure 9: Example of hydrogen flow and grid pressure profiles of the
storage node and the sink node during a synthetic two-day maximum
load step response benchmark. The remaining grid nodes are shown
in black

further away a load is located, the lower the maxi-
mum power becomes. This is a direct result of the
pressure delta (70-50 bar) having to stretch over larger
distances and therefore allowing smaller volume flows.
Another factor affecting the flow distribution is pipeline
diameter. Bigger pipelines feature a smaller relative
pressure drop. Hence, high deliverable power stretches
further into the network along these main segments.
Conversely, small branch lines, even if located close to
the storage, are limited by their reduced diameter and
capacity.

It is important to note, that the shown maximum node
loads cannot be served in parallel but only in an isolated
setup. Analysing the obtained power values, reveals
that the storage in Etzel is able to supply individual
loads of 10 GW or more in most regions of the network.
However, considering the fact that the scenario contains
peaks of up to 170 GW (Fig. 4) of distributed demand,
it becomes apparent that the grid simply cannot keep up
and transport the necessary hydrogen from storage to
the sinks under these circumstances.

As flexibility is highly important, especially for the
energy sector, the time delay between the storage’s
reaction to imbalances and availability of additional
power in the grid is crucial as well. This delay is
quantified by the time constant 7 and plotted on the core
network in Figure 11. While nearby nodes receive a
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Figure 10: Map of the maximum power the storage site in Etzel can
deliver to each node of the German hydrogen core network with a 50-
70 bar pressure spread

noticeable power increase within the first hour, far-away
sections of the grid have to wait up to eight hours for
significant change.

In case the network is not at the lower pressure limit,
line pack is able to buffer some of the time until the
storage reaction has an effect. The duration however
heavily depends on the load and current grid pressure.
Big loads will quickly deplete the line pack flexibility
and it cannot fully bridge the gap until the additional
storage flow reaches the load. To combat this, smart
storage dispatch strategies could anticipate flexibility
needs and response ahead of time, thus reducing or
eliminating the time delay.

Taking the nodes and arranging them in a plot with
distance from Etzel on the x-axis and the maximum
node load on the y-axis yields Figure 12. This visualisa-
tion enables several observations. Firstly, disregarding
the colour of the markers, the relation between larger
distance to the storage and lower maximum load is
confirmed. Secondly, the left-to-right colour gradient
from blue to red clearly shows the correlation of storage
reaction time and distance. Lastly, the time constant
also exhibits minor dependency on the maximum node
load and therefore pipeline diameter, indicated by the
vertical gradient at medium distances.
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Figure 11: Map of the time delay between a maximum injection from
Etzel into the German grid and availability of 63.2 % of the respective
maximum load at each node

While the investigated setup represents a highly
synthetic edge case, it serves as a showcase of the
limitations the network imposes on cavern storage. It is
found that large and volatile loads and supplies require
a short distance to the next flexibility provider like a
storage. Ideally, the connection uses pipelines with big
diameters, which further improves power delivery and
reduces delay.

In reality the presence of additional loads and dis-
tributed supplies alters the actual pipeline utilization
and resulting constraint violations. Depending on the
boundary conditions, this could lead to better or worse
availability and reaction times. For an exhaustive
analysis different critical cases have to be simulated in
order to obtain applicable resiliency results.

5. Conclusion

This study introduced DLR-DUST, a Python-based,
hydraulic, dynamic gas network simulation tool and
coupled it with a numerical cavern model in order to
investigate the interaction between these infrastructure
components. DLR-DUST was then applied to simu-
late the German hydrogen system in a 2045 long-term
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Figure 12: Arrangement of all network nodes by their distance to
the storage and maximum deliverable power, showing the correlation
between them. The time delay until a significant increase in hydrogen
flow reaches each node is shown by the colour scale

scenario under dynamic conditions. For the analysis,
a single storage site was placed in Etzel in north-west
Germany. While the balance-sheet point of view in
the test scenario provides perfectly balanced hydrogen
supply and demand, the simulation results showed that
actually around 21 % of the loads and 3 % of the
generation have to be curtailed in order to remain
within the pressure limits of the grid. Especially the
volatile demand of the energy sector is affected by
load shedding. Comparison with steady-state results
demonstrated the importance of dynamic simulation for
accurate design and operation data, as line pack showed
a sizeable buffering capability. Further, a comparison
with a configuration without any storage quantified the
balancing capability of the site in Etzel. It was found to
reduce load shedding and supply curtailment by 27 %
and 88 %, respectively. Based on this scenario analysis,
the interaction between storage in Etzel and the core
network was investigated in greater detail. Analogous to
control theory, a step response analysis was performed
for each node of the network. The outcome provided
information about the maximum power delivery from
a single storage site into the grid and the time delay
until a significant change in hydrogen availability was
measured. From this, general correlations were derived.
The deliverable power from a storage to any given
node is dependent on the distance and the connecting
diameters. The latter having the greatest effect, while
the distance acts as an upper bound. In contrast, the
time constant, i.e. the time it takes until 63.2 % of



the maximum power is reached, is only marginally
dependent on pipeline diameter but correlates strongly
with distance from storage. Since especially the energy
sector requires short-term and high-amplitude flexibil-
ity, additional nearby storage solutions and/or additional
compressor stations would be beneficial.

Overall, the presented results show that a functional
and resilient hydrogen infrastructure requires well-
connected storage sites and that network and storage
have to be considered together. In the example, the
single site in Etzel demonstrated substantial potential
in balancing supply and demand. However, it was
also found that beyond capacity, grid topology and
location of loads impact the overall performance. A
well-designed system therefore calls for in-depth un-
derstanding of the cavern-grid interaction. Especially
critical and volatile demands, such as hydrogen-fired
power plants, have to be thoroughly analysed in order to
guarantee a reliable supply of hydrogen. This involves
ensuring sufficient power delivery from storage and
acceptable ramping times during all conditions.

Analyses like these can only be conducted with
transient models and detailed infrastructure data, thus
proving the relevance and importance of dynamic sim-
ulation. The major benefit of DLR-DUST compared to
other models is the added coupling with a cavern model,
which ensures compliance with cavern and surface
facility constraints at all times. In combination, this
encompasses the core hydrogen infrastructure compo-
nents and enables resiliency analyses, line pack studies
as well as design and operation tuning in great detail.

Building on this study’s findings, additional items of
research are proposed. A sensitivity analysis of key
design and operational parameters on the feasibility of
the long-term scenario would provide valuable insight
into the improvement potential. Factors like higher
pressures or different pressure regions, separated by
compressors, could significantly reduce curtailment and
load shedding. Furthermore, the implementation of
smart dispatch strategies that anticipate demand and
supply in the coming hours could more effectively make
use of line pack buffering. In a following step, dynamic
coupling with the electric infrastructure via electrolysis
and hydrogen-fired power plants could be implemented,
allowing a full-picture resiliency analysis of the entire
energy system. In general, the implementation of a
non-linear optimization step, as presented by [22] and
[23], would enable examination of different strategies
and their impact on resilience as well as infrastructure
utilization and overload.
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