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composition tracking, simulated concentration profiles are distorted due to the occurrence of numerical
diffusion, a non-physical phenomenon, caused by the 1st order accurate numerical implicit scheme. Intensity
of the numerical diffusion can be decreased by use of §-scheme with arbitrarily chosen implicitness. In order
to evaluate accuracy of such numerical scheme and adequacy for usage in actual application, numerical model
must be evaluated on actual gas pipeline system topology with actual measured boundary conditions and
compared to actual measured results. Aim of this paper is to assess whether hydrogen concentration tracking
is feasible using such approach considering complex grid topologies. Paper highlights the peculiarities of the
proposed 0-scheme and finite difference method and its impact on the calculated concentration profile for
binary gas mixtures. Non-physical flow reversal issue and its impacts on concentration tracking in looped
pipeline system is researched and explained. Simulation results shows high accuracy for simulated values
of hydraulic variables compared to the measured values, in some cases fit is perfect. Discrepancy between
measured and the simulated values of the pressures at nodes on the main transport route is negligible, while
the discrepancy increases with the distance from the main transport routes. The largest discrepancy occurred
on the most distant node and was between 1.7006 bar (4.85%) and 1.7119 bar (4.88%), depending on the
0 value. On the other hand, simulated concentration profile lacks finer details due to the numerical diffusion
effects while the simulated concentration profile lags the measured profile, partly by the impacts of the 1st
order accurate scheme and partly by effects of non-physical reversed flows. Discrepancy between simulated
and measured amplitude of the tracked concentration profile was negligible, while discrepancy due to the time
delay of the simulated and measured profile was more expressed and ranged between 2h to 9h. Largest time
delay was caused by the non-physical flow reversal.

1. Introduction have to transform significantly. Natural gas consumption will have to
be decarbonized, which can be achieved by replacing natural gas with

Gas sector has changed significantly in the recent times and will hydr()gen, biomethane or synthetic methane. Those gases can rep]ace
continue to change, mainly due to the climate agreement requirements natural gas completely, or they can be mixed with it, replacing it
and the recent geopolitical conflict between Russia and Ukraine which gradually although certain limitations apply due to the safety and com-

resulted in war. Climate agreements resulted in EU climate packages
e.g. Fit for 55, which aims at reduction of the green house gas (GHG)
emission for 55% by 2030 compared to GHG levels in 1990 [1].
Ambitious goals of the package Fit for 55 were further increased in
the RePowerEU package — measures to decrease imports of natural
gas from Russia, reduce use of fossil energy sources and to increase
diversification and security of supply as an answer to Russian aggres-
sion in Ukraine [2]. To achieve this ambitious goals, gas sector will

patibility reasons in case of mixing (blending) [3,4]. While biomethane
and synthetic methane are very similar to the natural gas (main com-
ponent of them being methane), hydrogen, on the other hand, is very
different from the methane based gases. Hydrogen thermodynamic
properties differs significantly, for example volumetric calorific value
(GCV) of the hydrogen is only one third of the GCV of natural gas
(gross calorific value (GCV), also known as high heating value (HHV)
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is commonly used by the EU gas system operators and in the EU
gas sector to indicate energy content of the gas). From that reason
the transmission capacity of the hydrogen pipeline system is reduced
compared to the natural gas system [5,6], although such capacity
reduction can be mitigated to a limited extent by e.g. increasing the
gas flow velocity [7].

Research of this paper highlights topic related to natural gas —
hydrogen blending approach to decarbonization of natural gas use.
Other aspects of hydrogen value chain e.g. production [8,9], stor-
age [10,11] and application [12] along with the environmental and
economic assessment [13,14] are out of the scope of this research and
can be found in available literature.

From the reasons explained above, new approaches to the gas
system operation and planning are required by the gas transmission
system operators (TSO). Introduction of renewable hydrogen to the gas
system requires dynamic modeling to capture all phenomena caused
by hydrogen injection, steady-state models are unable to properly
address that phenomena [15]. Renewable hydrogen can be produced
from either biological processes [16] or renewable electricity [17],
primarily from the photovoltaics (PV) and wind, which are intermittent
sources. Since majority of the renewable electricity will be consumed
in power system, only renewable electricity surpluses will be used
for hydrogen production [18,19]. That way hydrogen production will
be affected by both RES production and electricity load consumption
uncertainties [20-22], which will result in a dynamic hydrogen pro-
duction and gas grid injection. Hydrogen blended with natural gas
causes local variations of the GCV, density, compressibility and other
thermodynamic properties which affects the line pack of the system,
pressure levels and flow dynamics of a larger part of the system [5,23].

Implicit finite difference method is a popular method for model-
ing transient gas pipeline hydraulics and gas composition tracking,
although it is not perfect, its main drawback being numerical diffu-
sion caused by 1st order accurate implicit numerical scheme. There
are multiple approaches to reduce impacts of numerical diffusion for
example utilization of higher order numerical schemes [24,25]. Effects
of numerical diffusion can also be reduced by implementation of 6-
scheme, where implicitness of the scheme can be arbitrarily defined
by changing the value of the § parameter. If § = 1, the scheme is
1st order implicit scheme, if § = 0.5, the scheme is 2nd order Crank-
Nicolson scheme. While implicit scheme causes numerical diffusion,
Crank-Nicolson scheme causes spurious oscillation, so they are not
the best choice [26]. That is why we seek better tradeoff between
the two numerical phenomena in schemes with 0.5 < § < 1. If § =
0 the scheme is 1st order explicit scheme, which is subjected to the
CFL condition [27] and therefore limited to small temporal and spatial
discretization steps. From that reason authors avoid schemes with 0
< 6 < 0.5. This paper focus on the validation of the §-scheme on
actual network topology using actual measured boundary conditions.
This paper is the first to offer results of §-scheme model validation. For
comparison, concentration tracking results obtained by implicit scheme
model are also included in this paper.

Papers which address validation of pressure and flow calculations
using actual network topology and real operational data are avail-
able [28,29]. Dynamic models of the gas system utilizing implicit finite
difference method which also enables to address impacts of variable
hydrogen injection are available [15,30-36], yet not many of them are
properly validated.

For example model in [30] is validated using non-realistic gas
system topologies. On the other hand, the same topologies, although
non-realistic, are used in more than just one paper and from that
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reason are useful to compare accuracy and performance of different
modeling and simulation methods and approaches. Example of such
benchmarking of hydraulic variables such as pressure and flow is
a simple triangular network with three nodes and three pipelines.
This network topology is used in [30,37-42] and enable comparison
of many different methods and modeling approaches. Unfortunately
this benchmarking network topology is not used for hydrogen track-
ing in the literature. For example paper [30] proposes method to
track propagation of hydrogen effects in the gas system based on
calorific value tracking, called calorific-value-gradient method. Accu-
racy of pressure and flow simulation is benchmarked using the triangu-
lar network while hydrogen tracking is tested on the adapted triangular
network. Since adapted triangular network is not used for benchmark-
ing purposes in the literature, accuracy of the proposed method cannot
be compared to other methods although paper compares the accu-
racy of calorific-value-gradient method and implicit finite difference
method.

Paper [15] study hydrogen tracking in case of multiple hydrogen
injections. Model is solved by the implicit finite difference method with
Soave-Redlich-Kwong EoS. Although paper uses actual 20-node Belgian
transmission system to validate accuracy of the proposed model, mea-
surement and operational data for actual operation with hydrogen are
not available. In that case calculated hydrogen concentration profiles
cannot be benchmarked against actual measurements. Actual measured
gas flow is also different from simulated gas flow.

Some papers, for example [32] are validated using actual system
topologies and operational data. Results of such model validation are
more valuable to the engineers and system operators as they offer
more detailed insight into the realistic operating conditions and the
phenomena associated with them.

Paper [32] uses actual measurements to validate the accuracy of
the proposed hydrogen concentration tracking model. Paper compares
the accuracy of the Eulerian frame of reference based implicit finite
difference method and Langrangian frame of reference based batch
tracking method. Method uses GERG-2004 equation of state (EoS).
Accuracy of both methods is validated on two cases: onshore pipeline
connecting underground gas storage (UGS) of Polish transmission sys-
tem and an offshore single pipeline of the Norwegian gas export system.
Since hydrogen is not yet present in the simulated pipelines, ethane
concentration tracking is used to validate the model, similarly as in our
paper. In both cases model was validated on a single pipeline model
with no loops. The same pipeline of the Polish transmission system is
also used for model validation in [31].

Authors in [34] test concentration tracking of multiple gas compo-
nents on an actual part of the Spanish gas system. System topology
used for the model validation is more complex compared to [31,32]
since it consists more than just a single pipeline. Paper proposes un-
coupled approach to solve flow and advection equations separately,
applying different mesh size and different numerical equation to each
set of equations. Model does not implement implicit theta scheme
and therefore validation results do not give any insight into the ac-
curacy and performance of the implicit finite difference method and
consequently are not appropriate to assume accuracy of the §-method.
The same gas system topology was used in [35] where finite volume
method was used for simulation. Similar topology complexity was also
used for validation purposes in [33] but also in this paper authors
used finite volume method to simulate gas components concentration
tracking.

Based on the available literature we conclude there are no papers
available on validation of 1st order finite difference method (implicit
or #-scheme) on actual network with complex topology (branched
and looped networks) and with measured data, which are used both
as a boundary conditions in the simulation and as a reference for
simulation results validation. The main motivation for this paper is
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therefore to validate §-scheme finite difference method, which is sim-
ilar to the implicit finite difference method, using measured data and
real network topology. Our paper proposes simplified approach to the
hydrogen concentration tracking, by assuming natural gas — hydrogen
blend is binary mixture instead of simulating multiple gas components.
Complexity of the numerical model is reduced if binary mixture is
assumed. Results of our paper offer insights on the method accuracy in
real network topology and operating scenarios and can help engineers
and operators decide whether #-scheme method and binary mixture
assumption suits the needs of their simulation requirements. Our paper
also addresses impact of non-physical flow reversal on gas species
concentration tracking. Non-physical flow reversal can occur in looped
network topologies and its impact on accuracy of concentration track-
ing is also not addressed in available literature. The main objectives ot
this study are:

1. to investigate if the 6 scheme for the binary mixtures is appro-
priate from the accuracy and complexity point of view for actual
application in the gas hydraulic simulation related tasks used by
the system operators

. to investigate performance of the scheme with finite difference
method in case of complex gas system topologies based on the
actual gas systems.

Novelty of this paper is the investigation of the simplified approach to
the concentration tracking assuming binary gas mixture, which leads to
the reduced mathematical complexity of the model. Proposes simplified
approach was validated on the actual complex gas system topology
using actual measured data.

This paper is organized as follows. In Section 2 mathematical model
and its simplifications are presented and explained. Final form of the
discretized model equations are included in Appendix. Topology of the
actual gas system, part of the Slovenian gas transmission system, used
for the model validation purposes is described in Section 3. Available
operational data used as an input and other input data calculated using
operational data are also explained in the Section 3. Validation of the
simulation results and comparison with the actual measurements is in
Section 4. Final remarks with suggestions for improving the accuracy
of the model using more measured data are in Section 5.

2. Mathematical model

Mathematical model is based on the system of non-linear hyper-
bolic equations, consisting of system of Euler equations which governs
hydraulics and mass transfer equation, also called advection-diffusion
equation. Those equations are presented and explained in [15,23,
28-45]. Model in this paper is simplified, assuming the following
assumptions:

1. natural gas is assumed as a single gas mixture component and

natural gas — hydrogen blend is a binary mixture

. low gas velocities, which are significantly lower than the speed
of sound in the gas mixture

. constant elevation of the gas system

. constant gas temperature and negligible temperature variations
throughout the gas system due to ground laid pipelines

. negligible diffusion mass transfer mechanism

. negligible radial direction changes compared to the axial direc-
tion changes of the simulation variables

. pipeline junctions have no volume

. all input gas flows are mixed perfectly in junction meaning all
output gas flows have the same gas composition

Based on those assumptions, 1-dimensional isothermal model can
be used for the simulation of pipeline hydraulics and gas species
concentration tracking:
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where p, v, p, f, D, g, a and y; are respectively the gas density, the
flow velocity, the gas pressure, the Darcy friction factor, the pipeline
diameter, the gravity acceleration, inclination of the pipeline and the
molar fraction (concentration) of the gas species i. Variables D, rr and
R, are diffusion coefficient and rate of chemical reaction in the mass
flow, but are omitted in our mathematical model since diffusion is neg-
ligible mechanism in case of transmission gas pipeline flows and also
no chemical reactions are occurring during the gas transport. Eq. (1)
is mass conservation or continuity equation, Eq. (2) is momentum
conservation equation or Newton’s second law of motion and Eq. (3)
is advection equation which governs mass transfer of a gas species in
gas mixture. To calculate friction factor Schifrinson equation [46] was
used:

1
1

k

5)

r=o11(g )

Variables p and v in Egs. (1)-(3) are not available through measure-
ments on the gas system. Variable p is replaced by mass flow i, velocity
v is expressed with mass flow r by introducing mass flow equation and
equation of state.

1= pvA )
P _ ZRT, ©
p M

where A, Z, R and M are respectively cross-sectional area of the
pipeline, compressibility factor, gas constant and molar mass of the gas
mixture. Mass flow could be also replaced by volumetric flow or energy
flow, but this model utilizes mass flow, which is also necessary to define
conditions in the pipeline junctions. Molar mass of the gas mixture is
defined by molar fraction of each gas species in the mix:

N

M=ZyiMi=y(MH2_MNG)+MNG @
i=1

where y is a molar fraction of a hydrogen.

Equation of state Eq. (6) introduces gas compressibility Z, which
ca be defined by different equations, for example GERG 2008, Papay,
Soave-Redlich-Kwong, Benedict-Webb-Rubin, etc [37,45]. This paper
utilizes AGA88 equation [23,46]:

T
Z(p.T)=1+02572 —05332%¢
Pe p.T

c
where p, and T, are critical pressure and temperature of the gas mixture
and are can be expressed by molar concentration of each gas species.
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Pipeline system with more than one pipeline contains pipeline
junctions. Two additional equations are necessary to describe pipeline
junction conditions. Pipeline junction hydraulics are defined by mass
continuity equation (11).
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Gas mixture composition of the junction output gas flows is pro-
portional to the mass fraction Y of a gas species i of input com-
ponents, meaning mass concentration of the species of input flows
must be known. Since molar mass is the unknown variable in this
model, mass concentration in expressed by molar concentration by
Eq. (12). Assuming binary gas mixture, junction mixing is defined by
Eq. (13).

Mi

Yi=yi5 ()

Nip n+1 . n+1 n+1 ;s n+1

yin,i MHzmin,i + yinjection Hzminjection
+1 +1
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Pipeline system also consists of gas compressors. In this paper, gas
compressor model is very simplified. It is modeled as a stationary
element, with no transients due to the compressor start and ramping
up to suitable operational point. In this simplified model compressor is

modeled as a node with known pressure ratio:

Pout
F=—

Pin

14)

where r is the compression ratio. In case r > 1, node represent the
compressor, in case r < 1 node represents pressure reduction.

Consumption of the gas consumers is defined by their energy de-
mand and since calorific value of the gas mixture is variable, con-
sumption cannot be expressed in volumetric units, but in energy units.
Since our model operates with mass flows, not energy flows, known
energy offtake must be converted to mass flow with gas composition
(binary mixture in our case) taken into account. Offtake is converted
from energy to mass flow using Eq. (15).

E

At =

1
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Considering Egs. (1)-(3) and (6)-(10), simplified transient gas
pipeline model for concentration tracking of binary gas mixtures is
defined by pipeline Egs. (16)-(21), nodal Egs. (11) and (13), compres-
sor/pressure reduction Eq. (14) and offtake Eq. (15).

(15)

i My,

Y?H(MHZ—MNG)*'MNG (HHZ - HNG) * HNG)

K, Z -
%, ! L ae)
0t y(Mpyy— Myg) + My 0%
1om  op Ky || - a”n
Aot 0x  y(My; - Myg) + Mg
Ko
W, 1 Y _y 18)
ot p(y(Mypy—Myg) + Myg) 0%
Z (y,p, T =const)y=1+ L4
Y(pc.HZ_pc,NG)+pc,NG 19)
19
y(T. yypy =T +T
(0.257—0.533 (Teinz = Ten) “’NG>
T
RT
K, =— 2
1= (20)
RTf
= 21
27 242D @0

This model can be used to simulate multiple hydrogen injections in
various nodes throughout the system.

2.1. Discretization

Pipeline elements of the gas system are discretized — divided into
non-physical nodes which are Ax apart from each other. Discretized
version of Egs. (16)-(18) are applied to each of the non-physical node,
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except to the first node of each pipeline element. Pipeline Egs. (16)—
(18) are discretized using two forms of the §-scheme: centered 6-scheme
(22) and left sided 0-scheme (23).

67‘_ 1 1 1
a_x—E<(1_9)(’?+1_’?71)+9(’711_"?:rl)) 22)
o _ 1
ox ~ 24x (23)

(L =0) (3 —4rm  +r1,) +0 (3t —4rmt! 412 ]))

0-scheme is the convex linear combination ot the implicit and ex-
plicit Euler schemes and is actually a family of schemes with different
implicitness. Level of implicitness is defined by an arbitrarily chosen
parameter 0 € [0, 1]. If & = 0 the scheme is fully explicit, in case 6§ = 1
scheme is fully implicit and if & = 0.5 the scheme is Crank-Nicolson or
trapezoidal. Scheme is absolute stable for § € [0.5,1]. For § = 0.5 the
scheme is second order accurate while for § # 0.5 the scheme is first
order accurate [47,48].

Discretized pipeline system consists of many physical and non-
physical nodes, each with its own input and output options and dif-
ferent sets of equations applied to them. All nodes used in the model
are listed and described in the Table 1. Physical pipeline is defined
with two physical nodes, input node and output node. If the pipeline
input is not connected to pipeline junction, e.g. input pipeline in the
gas system from the gas source or the IP, type A or type B applies. If
pipeline output is not connected to the pipeline junction, e.g. offtake
at the end of the pipeline branch, type C or type D applies. Input
and output nodes of multiple pipelines can be joined into the pipeline
junction. Pipeline junction dynamics are defined by Egs. (11), (13) and
(14). Those equations are not discretized, since they represent element
that has no volume and no length. In our model physical junction
consist of physical input (type E) and physical output (type F) nodes
of the pipelines joined in the junction. Similarly physical compressor
or pressure reduction node is defined by Eq. (14) and it consists of
compressor/pressure reduction input node (type G) and output node
(type H). Discretization of the pipeline creates majority of the model
nodes - non-physical nodes of type I.

For each node of the discretized model, multiple equations apply,
except for the pipeline inputs, which are not directly included into the
numerical formulation, since variables for the first (input) node in a
pipeline (node types A,B,E,G) are already included in the equations of
the downstream nodes. Equations applied to the nodes according to
Table 1 form system of non linear equations, which must be solved
numerically. In this paper Newton-Raphson method [49] is used to
solve the system of nonlinear equations.

3. Gas transmission pipeline system model

Topology of the gas pipeline transmission system model used for
validation of the transient binary gas mixture hydraulic and concen-
tration tracking model is slightly simplified part of the actual gas
transmission system topology. All input data are actual measurements
of flow, pressure and gas composition, obtained from the main SCADA
system of the gas TSO. Flow and pressure measurements are available
for all offtake nodes, while gas composition measurements are available
only on the interconnection points (IP).

Numerical model of the gas pipeline system consists of 9 different
types of nodes, described in Section 2.1. Purposes of nodes like junction
and compressor/reduction nodes is straightforward while input and
offtake nodes can be both flow or pressure type of node and they
must be selected carefully since the type of the selected node can
affect simulation results significantly. All types of nodes are defined
in Table 1.
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Table 1
Model node types.
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Node type Description Known variables Unknown Physical Applied equations Input Output
variables node nodes nodes
A Pressure input Py m Yes / / I
B Flow input E vy m, p Yes / / 1
C Pressure output p m, y Yes (28), (29), (30) I /
D Flow output E m, y, p Yes (15), (28), (29), I /
(30)
E Pipeline junction input Minjection> Vinjection> i, y, P Yes / I F
Mo s frake
F Pipeline junction output 'f”"‘f“’””” Yinjection> i, y, P Yes (11), (13), (28), E 1
Mos f1ake (29, (30), (15)
G Compressor 1np}1t/ . . iy, p Yes / I H
pressure reduction input
- Compressor output/ . iy ¥, p Yes (14), (28), (29), G I
pressure reduction output (30)
I Discretized nodes / m, y, p No (25), (26), (27) A,B,F,H C,D,E,G

When building the gas transmission pipeline system model uncer-
tainties of input data, model uncertainties and numerical uncertain-
ties were considered [50]. Uncertainty regarding input data originates
mostly from the different timescales of measurements of various quan-
tities, which are described more detailed in Section 3.1, and from topol-
ogy simplifications which are explained more detailed in Section 3.2.
Model uncertainty was addressed by applying different 6 parameters to
the simulation while different types of models were not considered in
this paper, since the focus of this paper is #-scheme finite difference
model with binary gas mixtures. Numerical uncertainty, which steam
from the truncation error of the Taylor series representation of the
derivatives was studied through basic model parameter variations —
spatial discretization step and simulation timestep. Both spatial dis-
cretization steps and temporal discretization step were selected based
on optimal accuracy to the computational cost ratio.

3.1. Input data

Measurements of flows, pressures and gas composition are available
in different time resolution. IP quantities are usually measured in finer
time resolution than other quantities on the transmission system. Data
samplings of measurements of all quantities are defined by constant
time resolution (scan rate) and by rate-of-change, meaning if the mea-
sured quantity changes more than defined percentage of the sensor
measurement range, quantity value is measured and stored, regardless
of the preset scan rate. That way TSO have more detailed data in case
of rapid changes of the measured quantity. Constant time resolution for
measurements on IPs are usually set to 2 min, while measurement of
quantities on offtake points throughout the system are usually set to
higher scan rates of up to 1 h. For majority of the measurements used
in this paper, finer time resolution of data is available in some time
periods due to the rate-of-change settings.

Since data measurements required for the simulation are of different
time resolution and not synchronized with each other, linear interpo-
lation was utilized to calculate, if not available, values for all inputs in
1 min time resolution, starting with the same time. That way input data
was synchronized and prepared to be used in simulation with various
simulation time steps.

Natural gas is a mixture of many gases. It consists primarily of
methane (x~95%mol) and other hydrocarbon gases such as ethane
(~3%mol), butane, propane, pentane and their isomers, etc. Inert gases
such as nitrogen and carbon dioxide are also present. Since numerical
model considers binary gas mixtures, mixture of natural gas without
ethane and ethane as a separate gas are considered for model validation
purposes. Composition of natural gas varies with time due to variations
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Table 2
Values of thermodynamic properties for gas mixture without ethane used for the
simulation.

Thermodynamic property Unit Natural gas Ethane
M g/mol 16.615 30.07

H kWh/kg 15.351 14.147
pc bar 46.539 48.820
T K 192.642 305.32

of concentration of all natural gas components, not only ethane, as it is
assumed in our simulation. Thermodynamic input data, such as M, H,
pc and T for natural gas component of the gas mixture are calculated
based on the measured data from the gas chromatograph located on the
input IP. Thermodynamic quantities M, p. and T, of a gas mixture were
calculated using Egs. (7), (9) and (10), respectively. To calculate GCV
in kWh/kg units, required for the simulation, molar fractions were first
converted to mass fractions using Eq. (12), then GCV of gas mixture
was calculated using:
N
H=Y YH, 249
i=1

Time series of the natural gas component of the gas mix are in
Fig. 1. Since our model supports only concentration tracking of two gas
components with constant thermodynamic properties, average values
for the thermodynamic quantities for natural gas component of the mix
are assumed.

With this assumption accuracy of the results is decreased, but not
significantly since the variability of the time series of other natural
gas components is relatively small. Thermodynamic properties are in
Table 2. Since proposed model is isothermal, constant gas temperature
of 283.15 K was assumed for the simulation. Use of isothermal model
results in less accurate results, impacts of isothermal model on the
accuracy is explained in [44].

Offtake measurements are available in volumetric units (Nm?/h).
Model requires offtakes in energy units (kWh/h) and since distribution
of GCV of the natural gas throughout the system at time r = 0 and
measurements of GCV at offtake nodes are not available, GCV measured
at node 1 is assumed to be equal in all nodes at time + = 0 and time
series of GCV variations, measured at the node 1 are assumed to be
equal for all offtake nodes for calculation of the energy offtakes from
measured volumetric offtakes. With this assumption, changes of GCV
in node 1 are instantly (in the same time step) applied in all nodes of
the gas system, which decreases accuracy of the model.
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Fig. 1. From gas composition measurements calculated changes in molar mass, GCV,
critical pressure and critical temperature of the gas mixture without ethane.

Flow measurements are available for all offtake and input nodes,
while pressure measurements are not available for all offtake nodes (or
pressure measurements after pressure reduction at the offtake nodes are
available, but are not suited for the model), but based on experience
gained during building the real case model, only one pressure node (at
least one pressure node is required in the model, to define pressure
levels) is implemented in the model. In the simulated scenario flow
direction in the subsections of the pipeline section between nodes 9
and 16 changes direction multiple times during the simulation period.
In reality, flow did not changed the direction in actual operation during
the simulated period. Since pressure differences on the certain parts
of the system can be very small, pressure measurements in offtake
nodes can be very close to those calculated pressures in non-physical
nodes upstream of the offtake nodes, which could lead to significantly
distorted offtake flow calculations. If calculated pressures in nodes
upstream of the offtake nodes are lower than offtake pressures due to
the accuracy errors, flow direction can even be reversed and offtake
node can become injection node, which distorts hydraulics of the
system significantly. From that reason all offtake nodes are modeled
with flows.

3.2. Transmission system model topology

Transmission gas system, used for validation of the numerical
pipeline model is a part of the actual Slovenian natural gas transmission
system. Only pipelines, necessary to adequately track ethane profile
are used in the model, meaning only pipelines which connects input IP
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chromatograph with output IP chromatograph. Along this main trans-
mission route, designated with thick lines in Fig. 3, offtake branches,
designated with thin lines in Fig. 3 are modeled where distance from
the main transmission pipeline route to the offtake point is too distant
and would cause deviations of simulated results compared to the
measurements due to time delay of the actual offtake profiles caused
by the distance. This paper considers offtake points which are located
less than 2 km away from the main pipeline as offtakes on the main
pipeline (e.g. node 2), while offtake points located more than 2 km are
considered as a separate branch from the main pipeline (e.g. node 24).

More complex branches, e.g. branches originating form nodes 3, 16
and 12 are necessary because of their distance from the main pipeline
and large offtakes at the end of those branches. If all the offtake of the
branch is considered in one single node, simulation results would be
less accurate. For example offtake at node 33 which occurs at time ¢ is
manifested at node 16 at time ¢ — Ar. If offtake profile at node 33 and
all other offtake profiles on the branch originating in node 16 are just
summed and assumed to be located at node 16, actual flow profile at
node 16 is distorted significantly. Since flow measurement in node 16
is not available, offtakes on that branch are modeled more detailed —
as a separate branch. On the other hand, from node 2 whole pipeline
with multiple offtake points and multiple branches originates, but since
flow measurement in node 2 is available, modeling of that pipeline as
a separate branch is not necessary for the simulation scenario. Greater
availability of the measurements of flow and pressure on the various
nodes in the pipeline system leads to less complex topology and reduced
numerical complexity of the model.

Time delays for the offtake profiles are caused by the compressibil-
ity of the gas and the length of the pipeline connecting the remote
offtake node and the main pipeline. Longer pipelines leads to more
elastic behavior of the systems hydraulics meaning higher time delays
between occurrence of hydraulic features (feature on pressure or flow
profile) at the end and at the beginning of the pipeline. If branch
pipeline lengths are small, flow profiles of offtake points, distributed
on a branch could be summed up and considered as if sum of the flows
occurs in the offtake node on the main pipeline. On the other hand,
if the branch lengths are large, such approach is not suitable since it
introduces non-negligible errors in simulation results. Compressibility
of the gas in the system can cause amplitudes of the flow profile on the
node on the main pipeline where the branch originates, to be higher or
lower than amplitudes of the flow profiles of the offtake nodes. Reason
for that are the pressures changes throughout the system, which can
cause pressure waves which causes flow profiles which can be higher
or lower than corresponding offtakes.

In case long branches are neglected and all offtakes are summed and
considered as an offtake on the main pipeline, not only local branch
hydraulics can be affected, but hydraulics on the wider system area or,
if the branches are long enough and pressure variations throughout the
system high enough, hydraulics of the whole system. Effects of both the
time delays of flow profiles due to the branch pipeline length and of
the gas compressibility and pressure variations are simulated on Fig. 2.
Simulated flow profile in node 16 is compared to the sum of measured
offtake flows on all branch nodes (nodes 27 to 33).

Part of the gas system, used for model validation, also has two
pressure reduction nodes, nodes 5 and 40. For both nodes input and
output regulator pressures measurements are available and they are
modeled as a nodes with known pressure ratio. Pipeline lengths and
diameters are presented in Fig. 3.

Since exact pipeline roughness for each pipeline is not available,
roughness of 13 pm was assumed. For this simulation spatial discretiza-
tion step Ax = 1000 m was used. In case smaller spatial discretization
step 4x is used, model is more accurate but computational time increase
significantly. The discretized model consists of 506 nodes. Discretized
pipeline must contain at least three (physical and non-physical) nodes
because of the three node stencil used in the implemented numerical
scheme.
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Fig. 2. Comparison of sum of all measured offtakes in nodes 27-33 and simulated flow
in the branch 16-27 at § = 0.8.

3.3. Simulation scenario

Model is validated on an actual operational case, based on measure-
ments in span of 7 days, taken in February 2022. Simulation scenario
simulates traveling of impulse of ethane, measured on transmission
system entry IP with Austria (node 1), towards the transmission system
exit IP with Croatia (node 23). Measurements of the ethane impulse on
the entry and exit nodes are shown in Fig. 7.

Gas mixture flows from the input node 1 towards the exit node 23
via two routes: longer route 1-4-5-16-23, and shorter route 1-4-40-16-
23. Due to the offtake dynamics in the section 9-16, pressure levels
in that section are very close leading to multiple non-physical flow
reversals on the subsections of the section 9-16. SAlthough measure-
ments for all physical nodes on the section 9-16 are not available, it
is evident that the flow is not reversing on the section 13-16 from
the measured pressure difference as can be seen in Fig. 6. Measured
flow difference between nodes 13 and 16 is always greater than zero
meaning pressure in node 13 is greater than pressure in node 16 during
the whole simulation period, therefore flow from node 16 to node 13
is not possible.

If calculated flow values are not negative in all of the non-physical
nodes between the two physical nodes, flow is not yet reversed. This
is not a problem from the convergence perspective, since a couple
of time steps with negative flow values are not problematic and do
not cause convergence instability, although the mathematical model
assumes constant flow directions. In that case flow values in the partly
reversed branch will either change back to positive values, or all the
remaining positive flow nodes in the branch will change to negative
values. Partial reversal of the flow in a branch is not possible, because
in that case one non-physical node will have two input and no outputs
or two outputs with no inputs, and such topology configuration is
not solvable, as flow direction is implemented in the topology itself.
For that reason virtual non-physical branches are introduced into the
model, such as branches 9-47 and 13-48 which are implemented
purely from numerical stability reasons. If the offtakes in the nodes 47
and 48 are assumed to be on the main pipeline route, in the nodes 9
and 13, respectively, model is not stable. In that case, both nodes could
come into the state where they will have two inputs and no outputs.
Virtual branches are modeled as a 10 m long with Ax = 5 m regardless
of the Ax used for physical pipelines. In that case the 3 node pipeline
requirement is satisfied.
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Fig. 3. Topology of simplified transmission system used for model validation.
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Flow reversal is implemented in the model algorithm but is not a
part of the mathematical formulation of the model. Governing equa-
tions do not support flow reversal. Reverse flows appears as a negative
calculated flow and negative sign causes convergence problem of the
mass transfer equation, leading to the non-physical solutions after a
couple of the time steps with negative flow values. Algorithm checks if
the flows in all non physical nodes (type I) in between the two physical
nodes (types A-H) are negative. If they are all negative, flow direction
is changed on the topology level of the model, meaning all inputs and
outputs of the non-physical type I nodes are simply changed as well as
node types E and F and their inputs and outputs where necessary.

Model algorithm flow chart is presented in Fig. 4. Before the cal-
culations starts, algorithm prepares gas system topology based on the
physical nodes topology and spatial discretization as an input. Using
steady state model, initial conditions for all model nodes are calculated
next based on the measured values at t = 0. When initial conditions
are calculated, algorithm uses transient model to calculate values for
m, p and y for all physical and non-physical nodes of the model for t
=t + At. After values for the next time step are calculated, algorithm
checks if the flow in any of the branches is reversed — meaning in
all non-physical nodes between the two physical nodes. If that is true,
topology is changed accordingly and calculation for current time step
is repeated, otherwise simulation continues to the next time step. It is
possible that flow direction between two physical nodes keeps changing
regardless of changes of topology. For that reason number of changes
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of flow direction for each branch (limited with two physical nodes) in
the same time step is limited. In that case flow direction will get into
more stable state in the next time steps.

4, Validation

To reduce the complexity of the model, some simplifications of
the otherwise known pipeline system topology were implemented and
certain assumption to prepare input data were considered, which both
lead to the reduced accuracy of the model. Those assumptions and
simplifications are:

1. constant composition of the gas without the ethane and con-

sequently constant GCV and molar mass of the natural gas

component of the binary mixture

. simplified network topology

. different time resolution of the measurements of the input data
(some of the up to 1 h)

. GCV measured at the node 1 is used to determine offtakes in

energy units for all offtake nodes

non-physical reversal of flow in parts of the system

use of 1st order numerical scheme

equal pipeline roughness for all pipelines

5.
6.
7.

Assumptions and simplifications are ordered from those with the
higher impact on the accuracy to those of the lowest. Ordering is based
on the experience of the authors and is not necessarily correct as not all
assumptions and simplifications can be assessed separately from each
other.

Model is validated by comparing two kinds of results, namely ethane
concentration tracking results and pressure values in selected nodes
where pressure measurements are available. As can be seen in Figs. 7
and 8, discrepancy between the simulated and measured node pressure
in the beginning of the simulation period is high, for some nodes it
is actually the highest. It should be noted that this discrepancy has no
physical background and it occurs simply due to the fact that the actual
gas composition in all the physical and non-physical nodes, except for
the nodes 1 and 24, at the beginning of the simulation period (t = 0)
is not known. Input thermodynamic properties, presented in Table 2,
although reasonably correct for the majority of the simulation period
regardless of all the simplifications, are not the same as the properties
of the gas mix throughout the system at the time t = 0. From that reason
the energy offtakes of the nodes throughout the system calculated using
too simplified input data results in inaccurate solution. After a couple
of hours in the simulation, when the gas form the input at the time t =
0 reaches all offtake nodes in the system, accuracy of calculated values
increases.

Due to small measured pressure difference between the nodes 9 and
16, calculated flow direction reverses multiple times on that pipeline
system section due to simulation accuracy errors. Since pressure differ-
ence between the both ends of this section is very small, calculation
errors have large impact on the calculated flow directions not only in
this section but also in the subsections, limited with physical nodes in
that section. Calculated flow reversal occurrences on the subsection of
the section 9-16 are presented in Fig. 5. Flow reversed multiple times
during the simulation period in the various subsections of the section
9-16.

Numerical errors in pressure calculations have caused non-physical
flow direction reversals which impacts the accuracy of the ethane
concentration tracking results. Actual physical flow in the section 9-
16 does not change the direction at any time of the simulation period.
In Fig. 6 are presented calculated and measured pressure differences
between physical nodes 13 and 16. Since the pipeline 13-48 is not a
physical pipeline, is modeled only form the numerical reasons and is
very short, it can be assumed that pressures in nodes 13 and 48 are
the same. Where pressure difference measured is the smallest, below
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Fig. 6. Calculated and measured pressure difference between nodes 48 and 16.

0.1 bar, calculated pressure difference becomes negative meaning the
flow direction changes and gas mixture flows from the node 16 to the
node 13. Flow reversals occurs on the section 9-16 because it is a part
of the loop, meaning offtake nodes in the loop can be supplied via two
directions. The actual direction or a path by which an offtake node is
supplied is defined by the hydraulic conditions in the loop, which are
impacted by the amplitude and dynamics of the offtakes in the loop. In
our case, the highest offtakes in the loop occurs in the nodes 9, which
represents the supply of multiple consumers in two geographic regions
(included in the model only as a measured offtake in a single node) and
in the node 16, which also represents an origin for two branches with
high demand. Offtakes from both nodes varies over time and since they
are much higher than the other offtakes in the loop they also define
hydraulic conditions in the loop and therefore the flow direction in the
section 9-16.

Ethane concentration simulation results for § values 0.6, 0.7, 0.8,
0.9, 1 (fully implicit scheme) and 0.51 are presented in Fig. 7. For 6
< 0.51 model is not convergent. Transfer of ethane concentration pro-
file from the input node 1 to the output node 23 was measured at both
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Fig. 7. Measured concentration of mass transfer of ethane component from the input
(Node 1) to the output (Node 23) and comparison of measured output concentration
to the calculated concentration of ethane.

nodes and measured output concentration profile is very similar to the
measured input profile, but not exactly the same since gas was traveling
from the input towards the output in two different routes. Simulated
profile in the output node follows the measured profile yet all the finer
details are lost in the simulated profile, which is to be expected due
to the 1st order numerical scheme related distortions [30,32]. Reduced
level of details of the solution is caused by the numerical diffusion. Loss
of finer details is most visible at large 6 values and with decreasing 6
values the level of details is improving, but simulation results tends to
oscillate more, which results in decreased convergence of the model.

Simulated ethane gradient started to increase sooner than the mea-
sured ethane gradient, regardless of the 6 value used in the simulation.
There could be two reasons for such behavior:

1. simulated flow velocity is higher than actual flow velocity (x-axis
offset)

ethane concentration in the branch 16-23 is less diluted with
lower ethane concentration gas mixture before the ethane pro-
file peak and more diluted with higher ethane concentration
gas mixture after the ethane concentration profile peak (y-axis
offset) due to:

2.

a. smaller flows from pipeline 13-16 due to the smaller
calculated pressure differences compared to the measured
differences,

b. absence of flow from pipeline 13-16 due to the reversed
flow direction.

Flow velocity is affected considerably by the friction, which depends
on the pipeline surface roughness. Since measurements for pipeline
roughness for all the pipelines considered in the model are not avail-
able, the same pipeline roughness was considered in the simulation for
all pipelines. Regarding the dilution of flow in 16-23, actual flow in
16-23 consists of flows from 40-16 and 9-16. Direction of simulated
flow in 9-16 reverses multiple time meaning, that during reversed flow
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Fig. 8. Comparison of calculated pressures with measured pressures for selected physical nodes.

period, 16-23 is supplied only from 40-16 and in that case flow is not
diluted with the flow from 9-16 with the delayed ethane concentration
profile which has lower ethane concentration when it reaches node 16
due to the longer transmission path. Lower calculated pressure differ-
ence between nodes 13 and 16, compared to the measured pressure
difference lead to lower calculated flows than actual flows were, which
contributes to the decreased impact of the composition of the gas from
9-16 to the composition in node 23. Flow and concentration profile
from 40-16 has the dominant impact on the composition in node 23.
This could explain why calculated profile is higher compared to the
measured concentration profile.

The largest time delay between simulated and measured ethane
profile is around 9 h. For comparison, time delay between simulated
and measured ethane profile where flow reversal is not an issue as
in [32], the largest time delay was ~2 h. Effects of amplitude of the
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profile reduction are also visible in both ethane profile peaks, similar
to simulation results in [30,32].

Although the simulation results for concentration tracking are not
perfect, they are still sufficiently accurate for rough concentration
tracking purposes, where great level of details is not necessary, espe-
cially considering all the unavoidable simplifications in the preparation
of the input data and the model topology (in connection with the
reverse flow).

Simulations of the pressures are, on the other hand, considerably
more accurate, regardless of the value of # parameter. Results are
practically identical for all simulated 6 values, as can be seen in Table 3,
where the biggest differences between the measured pressure and the
simulated pressure (pressure error) for each # values and for each of
the nodes, use for pressure validation are presented. Pressure errors
for nodes 48, 26 and 35 are not included in the table, since the
maximal pressure error was 0.4586 bar, 0.4254 bar and 0.5068 bar,
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Table 3
Largest difference between measured and simulated pressure in bar at various values
of 6 parameter.

0 Node 38 Node 8 Node 10 Node 25 Node 33
0.51 1.2198 0.5240 1.5931 0.2973 1.7006
0.6 1.2220 0.5232 1.5891 0.3027 1.7026
0.7 1.2270 0.5257 1.5839 0.3085 1.7062
0.8 1.2291 0.5329 1.5769 0.3139 1.7082
0.9 1.2310 0.5398 1.5706 0.3190 1.7099
1 1.2335 0.5465 1.5651 0.3238 1.7119

respectively. Those errors were the same for all simulated 6 values.
Discrepancy between simulated and measured pressures on the main
transport route (nodes 48, 26, 25, 35) are negligible. Accuracy is
reduced as we move away from the main transmission route (nodes
8, 33). Accuracy is decreased for node pressures in the section 9-
13, where the flow reversal occurred the most often (nodes 10, 38).
Flow reversals occurred not due to physical reasons but due to the
inaccuracy of the model and consequently simulation results for this
section are also the less accurate compared to nodes in other sections.
As can be seen in Fig. 5 nodes 10 and 38 are in the section with the
highest rate of flow reversal occurrence, flow in this section reversed
27 times. Flow in section 15-16 also reverses direction 27 times and
since node 33 is at the end of the branch which originates in node
16, flow reversal also contributes to pressure calculation errors in node
33. Nevertheless the highest discrepancy between the simulated and
measured pressures occurred in the node 33, and is around 1 bar. Node
33 is also the most distant from the main transmission pipeline route
which means the accuracy of the simulation is the lowest in the end of
the offtake branches — branches that are not connected to the other
parts of the system (are not looped). Comparison between simulated
and measured physical node pressures for the selected nodes is in Fig. 8.
Since simulated pressure values are almost identical for all 6 values
results in Fig. 8 are from simulation with § = 0.8.

5. Conclusion

Aim of this paper was to assess accuracy of finite difference method
with 6 scheme with arbitrarily selected implicitness under assump-
tion of binary gas mixture. Suitability of such modeling approach for
simulating distributed and dynamic hydrogen injections in the natural
gas system was analyzed. To obtain confident insights in suitability
of the proposed model for use in actual operation applications, actual
network topology with measured boundary conditions were used for
model validation.

Based on the validation results the model is very suitable for the
hydraulic calculation, where the very accurate distribution of the gas
species is not of the utmost importance, although concentration accu-
racy can be increased by using finer spatial and temporal discretization
steps. In this paper finer time step was not selected due to the fact that
majority of the measured input data was sampled with the resolution of
one hour and since details between the two consecutive measurements
are not known, finer temporal discretization step would not contribute
to the overall accuracy significantly.

Accuracy of the model could be further improved by using addi-
tional available measured data in the simulation, for example measured
pressures in the pipeline junctions or in the offtake points. For the first
case new type of the node with known pressure should be introduced.
For the second case new type of node is not necessary, but due to
the mathematical limitations offtake node cannot have known both
pressure and flow. That can be mitigated by assuming offtake pressure
in the non-physical node upstream of the offtake node which is only
a short distance away from offtake physical node with known energy
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offtake. All the available measured data should be included in the
simulation if possible.

Level of implicitness has impact only on the advection equation and
only concentration tracking results are affected by the # parameter,
while the effect of the implicitness on the simulated pressure results
is negligible. Although this is true for the case with low variability in
concentration of the species, additional analyzes is required to assess
the impact of the level of implicitness on the accuracy of simulated
pressures in case of high concentration variability, which can occur
in actual operating condition with hydrogen injection in case where
hydrogen admissible levels would be high, e.g. 5% or more.

Binary mixture assumption decreased model complexity and en-
abled faster simulation. Although this assumption contributed to lower
accuracy in concentration tracking, it still produced acceptable accu-
racy. Contribution of this assumption to the concentration tracking
error depends on the variability of the concentrations of the com-
ponents of the natural gas (without hydrogen). In case natural gas
composition is stable, this assumption will not have as significant im-
pact on accuracy as in case where natural gas composition is changing
significantly. In case other methane based renewable and low carbon
gases will be injected in the natural gas system in larger quantities,
binary gas assumption should be assessed again.

The most valuable contribution of this research is the validation
of the #-scheme finite difference model with the binary gas mixture
approach for simulation of the gas hydraulics in the complex network
topologies which can be found in an actual gas systems in most coun-
tries. Results of the validation shows that proposed model and binary
gas mixture approach can be used in real life applications regarding
modeling and simulations of the gas system operation. Special atten-
tion was given to the description of the modeling approach from the
perspective of both the preparation of the input data and the topology
modeling. Limitations of the model and mitigations to those limitations
can be helpful for readers when building their own models of complex
gas systems. Occurrence and impact of the non-physical flow direction
reversal was explained in the paper which would also be helpful for the
readers so they could pay special attention to this phenomena when
building their own models for gas species concentration purposes.

Study presented in this paper can be further upgraded assuming
different measured input data (operational cases) are available. Since
measured data of only single occurrence of the gas species change
was available for the model validation conducted in this study, model
should also be validated in case with more dynamic gas species concen-
tration variations. Since the proposed model is intended to be used for
modeling coupled gas in electrical power systems, it should be validated
with operational cases that would more closely resemble expected
operational conditions of such coupled energy system-simulation of
multiple spatially distributed and dynamic hydrogen (or other species
of a gas mix) injections leading to hydrogen concentrations in wider
range of allowable concentrations.
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Appendix

See Egs. (25)-(30) in Box L.
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