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ABSTRACT The gas sector is playing an increasingly important role in the decarbonization of energy
systems. As a result, tools that enable the integrated analysis of power and gas networks are becoming
increasingly essential. Hydrogen-blending is regarded as a promising bridging technology that can accelerate
the adoption of hydrogen. However, it raises the complexity of the gas network simulation as it involves
solving complex partial differential equation systems. This paper presents a new framework for the dynamic
modeling and simulation of gas pipeline flows, capable of tracking the composition of gas mixtures. The
proposed approach decouples the dynamic gas flow simulation and the composition tracking. The dynamic
flow simulation is modeled using the central differencing and the IMEX integration scheme and represented
as an equivalent electric circuit model. The derived model can then be solved using a power system EMT
solver. On top of that, a batch-tracking algorithm is implemented to accurately track the propagation of
the gas mixture composition in the gas pipeline network. Simulations of network models of different sizes
demonstrate the advantages of this proposed modeling and simulation framework and show its potential
applications in gas pipeline network analyses.

INDEX TERMS Composition tracking, dynamic simulation, electrical analogy, gas network simulation,
hydrogen-blending.

I. INTRODUCTION
In recent decades, the increase in the share of renewable
energy sources in power generation has contributed sig-
nificantly to reducing carbon emissions in the electricity
sector. However, the increasing reliance on renewable energy
sources also poses new challenges and concerns regarding
the robust operation of the electricity system. Electrical
flexibility options that can be used to balance generation
and supply patterns are critical to ensuring secure and
uninterrupted power system operation [1]. Among the various
electrical flexibility options, the coupling between the power
and gas sectors is of particular interest [2]. On the one
hand, this integration allows the power sector to leverage
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the enormous storage capacity of the gas sector, which can
be used as seasonal storage for renewable power generation.
On the other hand, comprehensive decarbonization of all
energy sectors highlights the need for integrated energy
systems, and this coupling contributes to the decarbonization
of the gas sector by promoting the share of renewable
gases. A core process in coupling the power and gas
sector is the power-to-gas (PtG) process, in which electricity
generated from renewable sources is converted into hydrogen
or other combustible gases [3]. The produced gases can
be further stored, transported, and utilized in various ways.
Multiple possibilities exist for transporting hydrogen, such
as transporting compressed or liquefied hydrogen using
pipeline systems, using liquid organic hydrogen carriers
(LOHC), or converting hydrogen to ammonia or methanol,
and so on [4]. Because pure hydrogen transportation
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technologies require new infrastructure investment, an alter-
native approach that has drawn considerable attention in
recent years is injecting hydrogen produced using PtG
technologies into the existing natural gas grid. This approach
has the potential to reduce carbon emissions from the gas
sector. The coupling of the electricity and gas sectors could
also significantly reduce the need for grid infrastructure
expansion, which is proving very difficult to implement
in Germany. For example, one of the major obstacles to
Germany’s energy transition is that the electricity generated
by wind farms in the north and east of the country cannot
be fully transported to load sinks in the west and south
of the country due to bottlenecks in the transmission grid.
By strategically locating large electrolyzers in front of these
bottlenecks, this electricity could be used locally, eliminating
grid congestion. The hydrogen produced in this way could
then be distributed widely using gas infrastructures [5].
However, an increasing concentration of hydrogen in the gas
network poses new challenges for the gas network operation.
For example, a higher hydrogen concentration reduces the
energy content per unit volume of the gas mixture, leading
to increased pressure drops in the gas network [6], [7], [8].
In addition, most of the current natural gas infrastructure
is unsuitable for transporting gases with a high proportion
of hydrogen. In most countries, the permissible hydrogen
concentration in the natural gas network is below 10% [9],
and the compatibility with hydrogen content in the gas
mixture varies among network components [10]. At the
same time, the current gas network infrastructure lacks
sufficient gas measurement devices. As a result, newmethods
and tools are needed to accurately model and simulate
gas networks with hydrogen injections in order to make
reliable planning and operating decisions for the future gas
grid.

This paper proposes a new modeling and simulation
approach for the dynamic simulation of gas networks.
The advantages and potential applications of the proposed
modeling and simulation framework are shown together with
the case studies. The key contributions of this work are as
follows:

• A novel modeling approach using an electrical analogy
that is based on the central differencing and the
implicit-explicit integration scheme. The new approach
is symmetric in its topology and has promising numeri-
cal performance.

• A gas composition tracking algorithm is added to the
proposed modeling and simulation framework, which
enables the tool to simulate gas networks with arbitrary
gas mixture compositions.

• The proposed method is tested on different network
cases to showcase its advantages and scalability.

II. STATE OF THE ART
The dynamic gas network simulation is usually formulated on
the basis of the one-dimensional isothermal Euler equations

and solved using techniques for solving partial differential
equations (PDE). Although the pipeline gas flow simulation
is a one-dimensional problem, its complexity increases
exponentially with the size of the simulated network.
Therefore, numerous research works have been conducted
to investigate the possibility of improving the simulation
efficiency of the dynamic gas grid simulation problem
from different perspectives. In [11], the authors propose a
hierarchical modeling framework to switch between the PDE
system and simplified semi-linear and algebraic models to
reduce the simulation time. This method enables switching
between different models with different accuracy levels,
which accelerates the simulation run. In addition to the effort
to accelerate the simulation from the software perspective,
some other research groups try to use hardware acceleration.
For example, in [12], the authors implement a parallelization
method with which pipelines in a network are decoupled
and simulated independently. The network can then be
simulated using GPUs to achieve hardware acceleration.
Instead of improving the simulation speed using algorithmic
or hardware accelerations, several works try to solve the com-
putational problem bymodeling the gas pipeline as equivalent
electric circuits. In [13], [14], the authors present a modeling
framework for the dynamic simulation of gas pipelines based
on an electrical analogy, with which a pipeline model can be
represented as a combination of a resistance, a voltage source,
and a capacitance. However, the value of the equivalent
capacity is defined as the storage capacity of the pipeline
segment per unit pressure difference, which is not a rigorous
mathematical derivation from the governing equations and
hence cannot guarantee high simulation accuracy. To solve
this issue, in [15], the authors introduce a correction factor to
improve the simulation accuracy of the modeling framework
mentioned previously by calibrating the simulation results
with actual measurement values. However, their work does
not present a universal approach to determining the correction
factor, which means a fully automatic process to create an
accurate electrical analogy is still impossible. In [16], the
authors present a modeling and simulation framework for
the dynamic simulation of gas networks. The PDEs are
transformed to be represented with fundamental electrical
circuit elements and solved using the resistive companion
and MNA approach. The pipeline system can, therefore,
be modeled and simulated using power system analysis
software or tools. In [16], the simulation is solved in the
power system simulation software PSCAD, and the results
show great compromises in terms of simulation speed and
accuracy of simulation results. However, since the modeling
approach is tested only using proprietary software designed
initially for power systems, its scalability in modeling and
simulation has not been proven. All studies mentioned above
address and contribute to the acceleration of the gas net-
work dynamic simulation with different methods. However,
tracking the composition and properties of the gas mixture
during the simulation goes beyond the scope of the studies
mentioned above.
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Hydrogen blending into the natural gas network has
attracted a lot of attention in recent years. Numerous studies
have been conducted to analyze the potential and challenges
of hydrogen blending into the natural gas network [7], [17],
[18], [19]. However, most of these studies are based on
steady-state simulations and, therefore, cannot accurately
represent the actual short-term operating conditions of
the natural gas network, especially when simulating gas
transmission networks with hydrogen injections [20], [21],
[22]. A recent study [23] focuses on tracking hydrogen
concentration propagation in the dynamic simulation of trans-
mission gas pipelines. The results show that the propagation
speed of hydrogen concentration is much slower than the
dynamic response of flow rate and pressure in long-distance
transmission pipelines. Therefore, it is essential to model
the propagation of gas mixture composition in the dynamic
gas network simulation in order to obtain reliable results
for analyses of hydrogen-enriched gas networks. In [24], the
authors proposed a simulation framework to address the prob-
lem of tracking gas mixture composition propagation in gas
network transients by adding an additional PDE. The problem
PDE system is then solved using finite differences and an
iterative method using the Newton-Raphson algorithm. With
the additional PDE and the iterative method chosen to solve
the system, the computational cost is relatively high. In [25],
the authors implement two approaches to modeling the
propagation of the gas mixture and tracking its composition
in dynamic gas pipeline simulations. These two modeling
methods are used to model a long-distance gas transmission
pipeline, and the simulation results of both methods are
compared with real measurements. The first method employs
a mathematical formulation of the gas mixture properties
calculated from gas mixture states similar to the method
implemented in [24], which is directly involved in the solving
process of the PDEs. In contrast, the second one is a so-called
batch tracking method that tracks the propagation of the
gas mixture based on the simulation time step and the gas
velocity calculated at each step. Although the latter seems
to be a more straightforward method, it sometimes produces
even better results than the method that uses the equation
of state (EOS) to calculate the gas mixture properties in the
PDE system [25]. In [22], the authors extend the simulation
framework proposed in [16] with the functionality of the gas
mixture composition tracking. This is achieved by modeling
complex gas mixture properties and tracking the propagation
of gas mixture composition using the batch tracking method
described in [23]. The simulation results show that distributed
parameter models are necessary for accurately modeling
the effects of hydrogen propagation on the gas dynamic
simulation. The simulation accuracy increases with the
increase in spatial discretization resolution, which in turn
causes the matrix inversion operation to be performed more
frequently. However, the proposed modeling and simulation
framework is only tested on a minimal network with three
nodes and two pipelines. Thus, its scalability cannot be
validated.

It is worth noting that the dynamic simulation of gas
networks has been widely studied. However, the previous
studies still have notable limitations, such as:
• Most dynamic gas network simulation studies do not
consider the gas mixture property changes with various
gas compositions in the network.

• The studies work on hydrogen-blending are usually
performed only based on steady-state simulations.

• Most of the work on dynamic simulation of hydrogen-
enriched natural gas networks is only performed on
prototype networks, so their scalability cannot be
validated.

III. MATHEMATICAL FORMULATION OF THE DYNAMIC
PIPELINE SIMULATION USING ELECTRICAL ANALOGY
The dynamic gas pipeline flow problem is usually formulated
using the one-dimensional isothermal Euler equation set [26],
which consists of two equations, representing the mass
conservation and momentum conservation correspondingly:

∂ρ

∂t
+

∂(ρv)
∂x
= 0 (1)

∂(ρv)
∂t
+

∂(ρv2)
∂x

+
∂p
∂x
+ ρg sin θ + f

ρv|v|
2D
= 0 (2)

where ρ is the gas mixture density, v is the gas flow velocity, p
is the pressure, f is the friction factor, D is the inner diameter
of the pipeline, g is the standard gravity, θ is the tilt angle of
the pipeline.

In addition to the governing equations for the flow
transients, in order to analyze a natural gas network with
hydrogen blending, an additional differential equation to
calculate propagation of the gas mixture composition c:

∂c
∂t
+ v

∂c
∂x
+ Dx

∂2c
∂x2
= 0 (3)

where c is the composition of the gas mixture, v is the gas
flow velocity, and Dx is the hydrogen diffusion coefficient,
which can usually be neglected. As the gas density ρ is
also dependent on the composition c, for a hydrogen-blended
natural gas network simulation, all three PDEs above should
be solved simultaneously as in [24]. Although this approach
guarantees a high accuracy by comprehensively modeling
the gas mixture properties, the simulation time scales up
quickly with the increase in the simulated network size, as the
gas mixture properties will be updated frequently. In this
work, the gas composition tracking (3) is decoupled from
the flow dynamics equations (1) and (2). The frequency of
the gas mixture calculation is determined by the length of
pipeline segments, which can be predefined ahead of the
simulation and therefore offers the option to compromise
between simulation speed and accuracy.

A. EQUIVALENT ELECTRIC CIRCUIT MODEL BASED ON
THE UPWIND DIFFERENCING AND EXTRAPOLATION
The gas mixture density ρ is usually difficult to measure
directly in real gas network operation, as it depends on the
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FIGURE 1. Electrical analogy model proposed in [16].

temperature, pressure, and composition of the gas mixture.
Therefore, we replace it with the pressure p based on the real
gas law with the compressibility factor Z (cf. [27]).

ρ =
Mp
ZRT

(4)

where M is the molar mass of the gas mixture, p is the
pressure, Z is the gas mixture compressibility factor, R is
the universal gas constant and T is the temperature. And the
flow velocity v is replaced with mass flow rate ṁ using the
definition of ṁ:

ρv =
ṁ
A

(5)

Neglecting the convection term ∂(ρv2)/∂x, the above equa-
tion set can be transformed into (cf. [16]):

AM
∂p
∂t
+ ZRT

∂ṁ
∂x
= 0 (6)

1
A

∂ṁ
∂t
+

∂p
∂x
+
pMg sin θ

ZRT
+
ZRT
Mp

f ṁ|ṁ|
2A2D

= 0 (7)

where A is the inner cross-sectional area of the pipeline.
In our previous work [22], the model proposed by [16] is

adopted as shown in Fig. 1. The (6) and (7) are converted
into an electric circuit analogy by discretizing a pipeline into
multiple uniform sections:

C
dp[n]

dt
= ṁ[n,n+1]

− ṁ[n−1,n] (8)

L
dṁ[n−1,n]

dt
= (p[n] − p[n−1])− kθp[n] − R[n−1,n](t)ṁ[n−1,n]

(9)

where

L =
1x
A

C =
1xAM
ZRT

R[n−1,n](t) =
1xf
2AD

ZRT |ṁ[n−1,n]
|

MAp[n]

kθ =
1xMg sin θ

ZRT

FIGURE 2. Equivalent π-model for a pipeline section (note that new
indexing is used to denote the pressure at both ends of the pipe).

FIGURE 3. Direction of pipelines connected to a node n.

As the model is similar to the 0-model for transmission
lines in power systems, it is referred to as the 0-model in the
rest of the paper.

One major problem we have identified during our work
is that simulations with the 0-model depend heavily on
the pipeline orientation. Specifically, due to the differencing
scheme applied in the0-model, it results in an unsymmetrical
equivalent electrical model as shown in Fig. 1. Moreover,
the integration in the 0-model presumes a positive flow
direction, which means the flow direction should always
match the assigned pipeline direction. One straightforward
solution to this problem is to initialize the dynamic simulation
with a steady-state simulation. In this way, the directions of
the flows can be accurately determined and used to assign
the pipeline directions. However, this method encounters
practical limitations in simulating real network operations,
as some pipelines can be operated in both directions.
To ensure a robust solution in such cases, steady-state
simulations need to be carried out frequently to ensure
the flow directions are known and correctly assigned in
advance so that the convergence of the following dynamic
simulation can be ensured. However, this solution leads to
a considerable slowdown in the dynamic simulation, which
makes it unscaleable for large and complex networks.

B. EQUIVALENT ELECTRIC CIRCUIT MODEL BASED ON
THE IMEX INTEGRATION SCHEME
To overcome the challenges mentioned above, a novel
modeling approach is developed. The new method aims to
obtain a symmetric representation (see Fig. 2) of the pipeline,
so that it can ensure that the flow direction does not have
a negative impact on the convergence and accuracy of the
simulation.

To achieve this, we first apply a spatial discretization of (6)
and generalize it at node n with multiple inflows S←n and
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outflows S→n (see Fig. 3) and it can be transformed into: ∑
i∈S→n ,S←n

AiM1x i/2
ZRT

 dp[n]

dt

+

 ∑
[n,m]∈S→n

ṁ[n,m]
−

∑
[m,n]∈S←n

ṁ[m,n]

 = 0 (10)

Applying trapezoidal rule to (10), we obtain: ∑
i∈S←n ,S→n

AiM1x i/2
ZRT

 p[n](t)− p[n](t−1t)
1t

+

 ∑
[n,m]∈S→n

ṁ[n,m](t)+ ṁ[n,m](t−1t)
2


−

 ∑
[m,n]∈S←n

ṁ[m,n](t)+ ṁ[m,n](t−1t)
2

 = 0 (11)

In (11), the presence of a non-linear friction term in
the momentum conservation equation at (7) complicates the
integration process when using implicit methods. Various
strategies can be employed to address this challenge. One
potential solution is the use of iterative methods, such as the
Newton-Raphson algorithm, as outlined in [24]. However,
this approach increases the computational cost of the
simulation. In [16], the authors use an extrapolation method
to approximate the non-linear terms. However, as discussed
in some literature, using extrapolation for nonlinear terms is
a relatively unstable approach [28]. To address this issue, the
Euler IMEX integration scheme is applied to the above ODE.
The linear term of the function is integrated using the Euler
backward method, while the non-linear term is integrated
using the Euler forward method.

Suppose a pipe section [m, n] with inlet and outlet nodes
m and n. The discretization of the momentum conservation
equation then reads:

ṁ[m,n](t)− ṁ[m,n](t−1t)
1t

+Ai
p[n](t)− p[m](t)

1x[m,n] +
MA[m,n]g sin θ [m,n]

ZRT
p[n](t)+p[m](t)

2︸ ︷︷ ︸
linear term implicitly discretized

+
f [m,n]ZR

2MA[m,n]D[m,n]

2ṁ[m,n](t−1t)|ṁ[m,n](t−1t)|
p[n](t−1t)+ p[m](t−1t)︸ ︷︷ ︸

non-linear term explicitly discretized

= 0

(12)

One disadvantage of this method is the first-order degree of
accuracy of the Euler IMEX method. This may compromise
the temporal accuracy of the momentum equation compared
to the second-order accurate trapezoidal rule used in the
0-model. This issue can be however easily addressed by
applying higher-order IMEX schemes.

FIGURE 4. Resistive companion π-model for a pipeline section.

To implement the derived model in (11) in an MNA solver,
it needs to be reformulated into a resistive companion. First,
we defined dummy mass flows ṁi← and ṁi→ for the inflow
and outflow of the pipeline section. The sum of the incoming
and outgoing dummy mass flow rates of pipelines connected
to node n is zero, which means for node n, the following
constraint applies:∑

[m,n]∈S←n

ṁ[m,n]→
−

∑
[n,m]∈S→n

ṁ[n,m]←
= 0 (13)

Therefore, the capacitance and inductance mass flow rates at
each pipeline section are defined as:

ṁ[m,n]←
C (t) = ṁ[m,n](t)− ṁ[m,n]←(t)

= −G[m,n]
C p[m](t)+ ṁ[m,n]←

C,Eq (t) (14)

ṁ[m,n]→
C (t) = ṁ[m,n]→(t)− ṁ[m,n](t)

= −G[m,n]
C p[n](t)+ ṁ[m,n]→

C,Eq (t) (15)

ṁ[m,n]
L (t) = ṁ[m,n](t)

= G[m,n]
L

(
p[n](t)− p[m](t)

)
+ g[m,n]

θ

(
p[n](t)+ p[m](t)

)
+ṁ[m,n]

L,Eq (t) (16)

where the coefficients of the admittance matrix are:

G[m,n]
L =

A[m,n]1t
1x[m,n] (17)

G[m,n]
C =

MA[m,n]1x[m,n]

ZRT1t
(18)

g[m,n]
θ =

MA[m,n]g sin θ [m,n]1t
2ZRT

(19)

and the current injection of the equivalent pipeline section:

ṁ[m,n]←
C,Eq (t) = G[m,n]

C pm(t−1t)− ṁ[m,n]←
C (t−1t) (20)

ṁ[m,n]→
C,Eq (t) = G[m,n]

C pn(t−1t)− ṁ[m,n]→
C (t−1t) (21)

ṁ[m,n]
L,Eq (t) = −1ṁ[m,n](t−1t)+ ṁ[m,n]

L (t−1t) (22)
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The nonlinear friction term is contained in the term
1ṁ[m,n] expressed as:

1ṁ[m,n](t−1t) =
f [m,n]ZRT1t
MA[m,n]D[m,n]

·
ṁ[m,n](t−1t)|ṁ[m,n](t−1t)|
p[n](t−1t)+ p[m](t−1t)

(23)

This formulation makes sense since summing up (14) of
S←n and (15) of S→n recovers (11) due to (13). Meanwhile,
(12) is captured by (16). Finally, subtracting (14) from (16)
and adding (15) and (16) yields two equations which can be
represented in matrix form:[
G[m,n]
L + G[m,n]

C − g[m,n]
θ − G[m,n]

L − g[m,n]
θ

−G[m,n]
L + g[m,n]

θ G[m,n]
L + G[m,n]

C + g[m,n]
θ

]
︸ ︷︷ ︸

G[m,n]

[
p[m](t)
p[n](t)

]
︸ ︷︷ ︸

x[m,n]

=

[
ṁ[m,n]←
C,Eq (t)− ṁ[m,n]

L,Eq (t)+ ṁ
[m,n]←(t)

ṁ[m,n]→
C,Eq (t)+ ṁ[m,n]

L,Eq (t)− ṁ
[m,n]→
i (t)

]
︸ ︷︷ ︸

b[m,n]

(24)

The full matrix system Gx = b can be constructed by
summing the coefficients of the stamp matrix at each nodes.
The dummy mass flow rates will then cancel each other due
to (13). In the case of a straight pipeline where each section
has the same parameters, then:

G =



Ga Gb 0 · · · · · · · · · · · · 0

Gc Gd Gb 0
...

0 Gc Gd Gb
. . .

...
... 0

. . .
. . .

. . .
. . .

...
...

. . .
. . .

. . .
. . . 0

...
...

. . . Gc Gd Gb 0
... 0 Gc Gd Gb
0 · · · · · · · · · · · · 0 Gc Ge


(25)

x =
[
p1 . . . pN

]
(26)

b =
[
b1 . . . bN

]
(27)

with:

Ga = GL + GC − gθ

Gb = −GL − gθ

Gc = −GL + gθ

Gd = 2GL + 2GC
Ge = GL + GC + gθ

and

b1 = ṁ[1,2]←
C,Eq − ṁ

[1,2]
L,Eq + ṁin

bi = ṁ[i−1,i]→
C,Eq + ṁ[i−1,i]

L,Eq + ṁ
[i,i+1]←
C,Eq − ṁ[i,i+1]

L,Eq

bN = ṁ[N−1,N ]→
C,Eq + ṁ[N−1,N ]

L,Eq − ṁout

FIGURE 5. Overview of the simulation solution flow.

It can be noted that the coefficient g[m,n]
θ of the

voltage-controlled current source is also included in the
admittance matrix calculation. Therefore, no additional
memory and calculation is required to account for the effect
of height differences on the pipeline flow dynamics.

C. INTEGRATION WITH THE BATCH-TRACKING
ALGORITHM
The simulation solution flow overview is shown in Fig. 5.
To start the dynamic simulation, the system must first reach a
steady state. This can be achieved either by using a separate
steady-state gas network simulation solver or by running the
dynamic simulation until it reaches the steady state. Because
of the different simplifications applied to the dynamic and
steady-state models, there are always minor differences in the
steady-state simulation results. Therefore, in this paper, all
initial steady states for the simulation are achieved directly
using the dynamic simulation solver. After initializing the
simulation setup, the admittance matrix G and its inversion
matrixG−1 are calculated. Because of the high computational
cost of thematrix inversion calculation for large systems, both
matrices will only be updated when the analog admittance
GL , GC , or Gθ is changed. The vector b, which contains the
known variables, is then updated. The vector of unknowns
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x can then be calculated with x = G−1b. After calculating
the state variables, the gas mixture composition tracking
algorithm is applied to update the batch head positions and,
if applicable, the nodal gas mixture compositions. For the gas
mixture composition tracking, the batch tracking algorithm is
adopted as shown in (28) (cf. [25]).

z[m,n]
j (t) =z[m,n]

j (t −1t)+ v[m,n](t)1t (28)

where z[m,n]
j is the location of the jth batch head in the

pipeline connecting nodesm and n. If the position of the batch
head z[m,n]

j (t) is greater than the length of the corresponding
pipeline, the outlet composition of this pipeline is updated
with the corresponding composition c[m,n]. The gas mixture
at the junction node n can be updated using (29).

c[n] =

∑
[m,n]∈S←n

Q[m,n]c[m,n]
+

∑
[n,m]∈S→n

Q[n,m]c[n,m]∑
[m,n]∈S←n

Q[m,n] +
∑

[n,m]∈S→n
Q[n,m] (29)

The above steps are repeated until the simulation ends, and
the results are saved and output.

One thing to note is that the burnable gases have different
heating values, which means that the actual gas mass flow
rate can vary depending on the composition of the gasmixture
that reaches the end consumer. Therefore, the corresponding
gas flow rate should also be updated to reflect the actual
gas mixture heating value after the gas batch head arrives
at the demand. To simplify the simulation, we assume the
considered gas mixture to be a binary mixture consisting of
only methane and hydrogen, thereby reducing the number
of state variables that need to be considered. At high
pressures, real gas behavior deviates from the ideal gas, and
the compressibility factor Z is typically determined using
EOS models. However, involving complex EOS models in
the dynamic simulation can be computationally expensive.
An easy workaround is to apply linear mixing models for
the compressibility factor calculation, as shown in [18],
which can slightly improve accuracy without significantly
increasing computational costs. In this work, we adopt the
ideal gas law by assuming a constant compressibility factor
Z = 1 for simplicity. The molar massM and the HHV of the
gas mixtures are calculated using linear mixing rules.

IV. SIMULATION STUDY CASES AND DISCUSSION
For the simulations, the 5-model derived in the previous
section is implemented in an MNA-based power system
EMT simulation solver and used to simulate networks with
different sizes. In this work, all simulations are performed
on an AMD Ryzen Threadripper 3960X machine, which has
24 cores and 256GB RAM and runs Ubuntu OS 20.04.6.

A. SIMULATION OF A SINGLE PIPELINE
First, the simulations are performed on a single pipeline
with different settings. The simulation results are compared
with the 0-model to validate its accuracy and illustrate

TABLE 1. Pipeline parameters.

FIGURE 6. Pressure at the pipeline outlet after demand drop from 20 kg/s
to 10 kg/s.

the advantages of the proposed modeling approach. The
considered pipeline parameters are listed in Table 1.

For the first simulation case, the pipeline inlet (left) is
connected with a pressure source that has a constant pressure
value of 50 bar. The pipeline outlet (right) is connected to a
demand of 20 kg/s. In order to observe the transient gas flow
dynamics, the demand at the pipeline outlet is changed from
20 kg/s to 10 kg/s at 500 s. For this simulation case, different
time steps are chosen for both modeling methods. As can be
seen from Fig. 6, the simulations with the method proposed
in this paper converge with time steps of both 10 s and 30 s.
However, the 0-model only converges with a time step of
10 s. For a time step of 30 s, the simulation quickly diverges
at around 380 s after the change in demand. Therefore, it can
be concluded that the proposed 5-model generally exhibits
better numerical stability than the previous model, which
allows simulation with larger time steps.

As previously discussed, onemajor issue observed with the
0-model is its validity for simulations involving reverse flow
directions. Therefore, the positions of demand and source are
swapped for the second scenario. The boundary conditions
remain the same with 50 bar for the pressure and 20 kg/s for
the demand. The simulation results are shown in Fig. 7. It can
be observed that the simulation with the 5-model converges
with time steps of 1, 10, and up to 30 s. The final state of the
outlet (left) pressure remains almost the same as the initial
state in the previous case. This confirms the effectiveness
of the 5-model under this system setting. However, the
simulation results with the 0-model show strong oscillations,
and it does not converge. With the simulation time step of
30 s, the simulation with the 0-model diverges rapidly after
the start of the simulation and the results are therefore not
shown in this figure.

For the next simulation case, we apply a negative demand
at the pipeline inlet (left), i.e., gas is fed into the pipeline. The
value of the pressure at the outlet (right) is set based on the
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FIGURE 7. Pressure at the pipeline outlet (left) with reversed supply and
demand connection.

FIGURE 8. Pressure at pipeline inlet (left) with reversed flow direction.

steady-state calculated from the previous cases. Therefore,
the operational situation of the pipeline should be the same as
the base scenario. However, the simulations with the0-model
do not converge even with a time step of 1 s. Therefore, only
simulation results with the 5-model are shown in Fig. 8.
It can be seen that the final state of the pipeline inlet (left)
pressure is around 50 bar, which corresponds to the pressure
value used for previous simulation cases.

For the final case, a simulation with hydrogen tracking
is employed on this single pipeline model. The hydrogen
concentration is set to 0 at the beginning of the simulation,
and it increases to 20 vol% at 20000 s. For this simulation,
different section lengths are chosen for spatial discretization,
and the simulation results are shown in Fig. 9. After the
change of the gas mixture composition at 20000 s, the
pressure at the pipeline outlet first begins to drop due to
the propagation of hydrogen in the pipeline. After the gas
mixture reaches the end of the pipeline, the actual gas flow
rate is updated based on the gas mixture heating value
to meet the same energy demand of the end user. In this
simulation case, this results in a slight increase in pressure
at the pipeline outlet. It can be seen from the results that
the pressure at the pipeline outlet changes in a step-wise
manner with a larger section length setting. By reducing
the section length, the pressure changes become smoother

FIGURE 9. Outlet pressure considering hydrogen propagation in the gas
pipeline.

FIGURE 10. A simple 3-node network.

TABLE 2. Node parameters.

and even almost linear when the section length is set to
be 1 km. Another finding from this result is that with a
smaller section length, a lower minimal outlet pressure can be
observed. This is significant because the pressure drop is an
essential criterion in evaluating the safety of the gas network
operation. At the same time, a reduction in the section length
leads to a quadratic increase in the size of the simulation
problem, which worsens even further when calculating the
matrix inversion. It is therefore essential to choose a suitable
spatial discretization resolution so that a compromise can be
achieved between computation time and the reliability of the
results.

To briefly wrap up the simulation results of a single
pipeline, it can be concluded that simulations with the
5-model show a better numerical stability behavior. Because
the gas dynamics are usually much slower than 1 second,
a more numerically stable approach can significantly reduce
the necessary simulation time by simply enlarging the
simulation time step.

B. SIMULATION OF A SMALL TRIANGLE NETWORK
In this subsection, simulations are performed on a simple
fictitious triangle network to further demonstrate the advan-
tages of the proposed modeling approach. Since a triangle
network is the minimal network one can imagine, it can be
used as a prototype and to validate the modeling approach
and the corresponding simulation framework.

The parameters of the network nodes are listed in Table 2.
The pipeline lengths are marked in Fig. 10 and all three
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FIGURE 11. Pressure at node 2 (above) and node 3 (below).

pipelines have a diameter of 0.5m and a friction factor
of 0.01.

For this network, three different network settings are
considered:

1) Pipeline direction assigned as shown in Fig. 10
2) Reversed pipeline direction of the pipeline between

Node 1 and Node 3
3) Reversed pipeline direction of the pipeline between

Node 1 and Node 2

An initial pressure of 47 bar is set for nodes 2 and 3
to start the simulation. The simulation time step for the
5-model is 30 s, while for simulations with the 0-model
it is set to 10 s. The simulation results with the first
two network settings are shown in Fig. 11. It can be
observed that both simulation results for the first network
configuration are almost identical. For the second network
setting, the final steady-state pressure values calculated using
the 0-model are slightly lower than the results of the
simulation of the first network configuration. This finding
further confirms the discussion in the previous sections that
the 0-model cannot guarantee accuracy when the pipeline
flow directions are unknown due to the unsymmetrical
topology.

It is to be noted that for the third system setting, the
network simulation using the 0-model no longer converges,
while simulations with the 5-model still converge with
a simulation time step of 10 s. In combination with the
previous simulation results of a single pipeline with the
reversed flow, it can be concluded that the 0-model loses its
effectiveness if there is a node in the system where none of
the connected pipelines have the same flow direction as the
assigned pipeline direction. In such a system setup, the gas
demand, which is modeled as a current source in the analog
electrical circuit, is no longer connected to a capacitor. The
analogical capacity represents the damping effect in the mass
conservation equation ((8)).

FIGURE 12. The German gas transmission network model.

C. SIMULATION OF THE GERMAN NATURAL GAS
NETWORK
To test the scalability of the proposed modeling and
simulation framework, it is now implemented to perform a
dynamic simulation of the German gas transmission network.
The gas network model is generated based on open-source
datasets comprising a total of 658 nodes and 1019 pipelines.

The network topology data is based on theSciGRID_gas
network dataset, an open-source network topology dataset
based on publicly available data, including map data from
OpenStreetMap [29], press releases, internet data, and
other sources. In addition to the network topology data,
the demand at the network nodes is needed to perform
a gas network simulation. To achieve this, the demand
disaggregation tool DemandRegio [30] is used to generate
demand data with hourly temporal resolution and NUTS-3
spatial resolution for Germany. To balance the network
demand, we assign 13 pressure reference nodes, which are
mainly the import nodes where gas flows into Germany [31].
The other cross-border points are considered to be demand
nodes and the corresponding flow rates are assigned with
values available from the German Federal Network Agency
(Bundesnetzagentur) website [32]. For more details on the
network model, please refer to the following work [33].

To start the simulation, a pressure of 70 bar is assumed
at all nodes in the network. Due to the uneven distribution
of the pipeline length in the network, the section length
is set to 20 km, which means pipelines with a length
shorter than 20 km are not discretized. Because of the
high complexity of the network and possible reverse flows,
simulations with a time step 1t of 1 s do not converge
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FIGURE 13. Nodal hydrogen fraction values when all import nodes have a hydrogen concentration of
20 vol%.

with the 0-model. In contrast, the network simulation using
the 5-model converges within 40 seconds for a daily
simulation with a simulation time step 1t of 1 s. However,
the simulation no longer converges after increasing the
simulation time step. One possible explanation is the highly
uneven distribution of the pipeline length in the network
(see Fig. 14), which in turn results in a poorly conditioned
admittance matrix. A comparison of simulation times using
different methods is shown in Table 3. In this comparison,
the proposed electrical analogy (EA) approach is evaluated
against a non-optimized finite difference (FD) formulation,
as described in equations (6) and (7). For both methods,
the composition tracking (CT) algorithm is applied and
compared with cases where the gas mixture in the network is
assumed to have a single composition (SC). All simulations
are performed on the German network model over 24 hours to
ensure a representative number of composition tracking and
mixing operations for both CT cases. It can be observed that
for single-composition simulations, the proposed EA method
significantly outperforms the FD approach. This speedup
is attributed to the EA method being solved via the MNA
solver, which requires only a single matrix inversion at the
start of the simulation. In contrast, the FD approach requires
a matrix inversion at every time step, which has an O(n3)
complexity. When comparing FD+CT with FD+SC, a small
overhead from the composition tracking algorithm can be
noticed, averaging around 6ms per simulation step. This
indicates the decoupled batch tracking algorithm does not
result in a significant slowdown of the overall performance.
However, the total simulation time of EA+CT is noticeably

TABLE 3. Performance comparison with and without composition
tracking (CT) using the proposed electrical analogy (EA) and finite
difference (FD) methods.

higher than expected, which is the sum of matrix inversion
and composition tracking time. A likely explanation is the
overhead caused by managing and handling cached batch
composition and location information. For the FC+CT case,
these data are cleared at every step immediately after the
matrix inversion is performed. In contrast, for the EA+CT
case, the matrix inversion is performed only when a batch
reaches the end of a pipeline section. Therefore, the size of
vectors used to save the batch location and composition states
increases, leading to higher memory access overhead.

Here, we also conduct a hydrogen tracking simulation
on the German gas grid model. To date, although many
countries and network operators have set guidelines on the
hydrogen blending ratio limit, there is no general limit for
the maximum permissible hydrogen concentration in the gas
network. In Germany, the current regulatory recommendation
is 10 vol%, while the regulatory association is currently
also investigating a higher blending ratio up to 20 vol%.
Therefore, a 20% hydrogen blending ratio is considered for
the following composition tracking scenarios. For the first
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FIGURE 14. Histogram of the pipeline lengths in the German gas
transmission network model.

FIGURE 15. Nodal hydrogen concentration changes during the simulation
run.

case study, it is assumed that there is no hydrogen content
at the beginning of the simulation, and the entire network is
filled with 100% methane. Then, we increase the hydrogen
concentration at all reference nodes from 0 to 20 vol%. The
corresponding simulation results are shown in Fig. 13.
It can be observed that at the beginning of the simulation

(day 0), there is no hydrogen in the network, and it gradually
spreads from the reference nodes into the network over
time. The figure also shows that the propagation rate is
relatively higher at the beginning and becomes slower over
the later days. This can be explained by the fact that the
gas flow rates in the pipelines near the import nodes are
usually higher than those near the end consumers. For a
more detailed examination of the changes in the nodal
hydrogen concentrations, several nodes are selected based on
their indices to show how the nodal hydrogen concentration
changes. The results can be found in Fig. 15.

This case study proves the scalability of the presented
approach. Furthermore, it also highlights the importance
of modeling the hydrogen propagation process in the gas
network simulations. In Fig. 13, it is evident that even after
five days of network operation, the hydrogen concentration
at the network nodes is still not at 20 vol% everywhere.
However, if a steady-state simulation is chosen to perform the
simulation, the hydrogen concentration would immediately
be updated to 20 vol% at each node. In grid operation, strong
fluctuations in the hydrogen injection rate can potentially lead
to significant uncertainties in the simulation results.

The assumption in the previous study is somewhat
unrealistic because gas compositions from different origins
typically vary in real-world network operations. Therefore,
in the following case study, a single nodal hydrogen
injection with 20 vol% from Norway is considered. The

FIGURE 16. Nodal hydrogen concentration with 20 vol% hydrogen
blending ratio from Norway.

composition of all other import nodes is considered to be
pure methane, and the simulation is run until the nodal gas
composition values reach the steady state. The simulation
result is shown in Fig. 16. This figure shows that the
highest hydrogen concentration is in northwestern Germany,
where the connections from Norway land. The gas flow
is then further transported toward the southeast, with a
slight margin to the south. This is interesting in light of
the recent changes in the current gas supply situation in
Germany. Since the Russian gas supply cutoff to Germany,
more parts of Germany have been supplied with Norwegian
gas. Therefore, with the gas composition tracking algorithm,
a better estimation of the gas properties can be derived.
If hydrogen blending is widely adopted in the future, using
the gas composition tracking algorithm together with gas
dynamic simulation can be crucial in making reliable grid
planning and operational decisions.

V. CONCLUSION AND OUTLOOK
In this paper, a novel electrical analogy modeling framework
for gas pipeline networks is presented. The proposed model-
ing approach is based on the central differencing scheme and
uses the Euler IMEX method for time-stepping. The IMEX
integration scheme enhances numerical stability by integrat-
ing the nonlinear term in the differential equation using an
explicit integration method instead of using extrapolation or
simply fixing the term. In addition, the chosen discretization
scheme results in a symmetric equivalent circuit model,
which enables improved performance when simulating
networks with reverse flows, especially when simulating
large-scale networks where the pipeline flow directions are
usually unknown prior to the simulation. Furthermore, the
method includes an algorithm for tracking the composition of
the gasmixture based on the batch-tracking approach. Several
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simulations are performed to compare the proposed modeling
approach with the simulation results of a previously deployed
model based on the 0-model. The proposed modeling and
simulation framework is also tested on a large-scale network
using the German gas grid as an example, which shows the
promising scalability of the approach presented in this paper.

As mentioned previously in the paper, the applied Euler
IMEX integration scheme is a first-order method, which does
not offer as high accuracy as other higher-order methods.
To address this issue, higher-order integration methods can
be implemented to achieve higher accuracy. At the same time,
the proposed IMEX network is easily parallelizable, enabling
further acceleration of the simulation runtime.
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