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Analysis of numerical 
modeling of steady‑state 
modes of methane–hydrogen 
mixture transportation 
through a compressor station 
to reduce CO2 emissions
Vadim Fetisov 

This study presents a mathematical model to evaluate the performance of gas pipelines during 
hydrogen injection in a gas pipeline-compressor station. The developed model presents the calculation 
of methane–hydrogen mixture (CH4/H2) transportation through the compressor station, where the 
compensation of pressure drops in the mass and energy balance takes place. Simultaneously, in the 
operation of the centrifugal blower system of gas compressor stations, the emissions of CO2 are 
considered, considering the mixing of gas media and the compression of CH4/H2. This mathematical 
model is realized for the pipeline transportation of hydrogen, at which the principle of mixture 
expansion occurs. The aim is to solve the problem of CO2 emissions at compressor stations. The 
optimization procedure has been formulated using a system of nonlinear algebraic equalities. The 
research focuses on the adaptation of existing gas transportation systems to CH4/H2 transportation 
and the impact of environmental risks on the operation of compressor station equipment. In this 
case, it is possible to determine the quantitative amount of hydrogen that can be added to natural 
gas. By solving the problem of finding the inner point of sets using the system of nonlinear algebraic 
equalities, it is possible to obtain the control parameters for safety control of technological modes 
of CH4/H2 mixture transportation. The study findings reveal that the consumption of gas charger and 
hydrogen was 50.67 and 0.184 kg/s, respectively, and the estimated efficiency resulting from the 
modified turbine design was 75.1 percent. These results indicate that the equipment operates more 
efficiently when hydrogen is being transported. The numerical analytical results indicated in this 
study hold practical significance for design applications. It will assist in identifying and evaluating 
the restrictions that may develop during the technological, operational, and design stages of 
decision-making.

Keywords  Hydrogen, Compressors, Pipeline, Safety problems, Simulation model, Natural gas grid, Dynamic 
modeling

List of symbols
H2	� Hydrogen
CH4	� Methan (natural gas)
CO2	� Carbon dioxide
tf 	� Turbulent flow
(

x, y, z
)

	� Cartesian components
α,β	� Injection angle relative to flow direction
ǫ	� Wall roughness
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k	� Von–Kármán constant
µ	� Dynamic viscosity
µt	� Turbulent Eddy viscosity
ν	� Momentum diffusivity
ω	� Rate at which turbulent kinetic energy is converted into thermal energy
σ	� Prandtl numbers(variance)
τ	� Shear stress
τRe	� Reynolds stress tensor
ε	� Average rate of dissipation of turbulent kinetic energy
c	� Concentration volume fraction (constant)
e	� Relative error
TI	� Turbulence intensity
U 	� Mean velocity
(u, v,w)	� Velocity Cartesian components
uτ	� Friction velocity
v	� Velocity vector
y+	� Characteristic length
‘ 	� Fluctuation
+	� Wall function
A	� Area
D	� Diameter
E	� Energy transport rate
F	� External body force
f 	� Moody frictional factor
fN	� Numerical friction factor
g	� Gravitational acceleration
Gb	� Generation of turbulence kinetic energy
Gk	� Generation of turbulence kinetic energy due to mean velocity gradients
hL	� Frictional head loss
I	� Unit tensor
k	� Turbulence kinetic energy
ks	� Grain roughness
L	� Length
m	� Mass flow rate
mpq	� Mass transferred from phase p to phase q
mqp	� Mass transferred from phase q to phase p
P	� Pressure
Re	� Reynolds number
S	� Source term
t 	� Time
T	� Temperature
u	� Inlet velocity
υ	� Average flow velocity
V 	� Volume
x	� Displacement
Ym	� The contribution of the fluctuating dilatation
αq	� Volume fraction of q-th fluid
ρ	� Gas or fluid density

The problems of emissions that cause the greenhouse effect and their control through the introduction of energy-
efficient technologies in the operation of gas trunkline system facilities such as compressor stations are faced with 
the need to realize the technological requirements of the energy policy of each country where the gas transmis-
sion system for gas supply to consumers is developed. Among the various environmental areas of new energy 
compounds, hydrogen (H2) is one of the most promising energy alternatives among other "unconventional" gases. 
Most of the studies1–5 prove that the transport of methane-hydrogen mixtures (CH4/H2) in small proportions 
can be carried out through existing gas pipelines without upgrading the system with H2. H2 replacement does 
not significantly affect the hydromechanical constraints of the system; the constraints relate to the tolerances of 
pipe structural materials, compressor station equipment, and other elements of the natural gas infrastructure 
through which CO2 is emitted into the atmosphere. This work focuses on the adaptation of existing pipeline 
systems for gas transport through a compressor station, with the possible conversion of certain system facilities 
to pure hydrogen transmission to prevent CO2 emissions to the atmosphere.

The transition to a situation where hydrogen becomes an important energy carrier requires decades, but great 
efforts are being made worldwide in the production, delivery, storage, and utilization of hydrogen6. From this 
point of view, analyzing the potential of using real gas pipeline systems for hydrogen delivery is a valid argument. 
Determining the conditions under which hydrogen can be added to natural gas is the first step of this study. 
The chemical and physical properties of hydrogen and natural gas differ significantly, which affects the safety of 
gas transport and use as well as the integrity of the network. In a study carried by Öney et al.7, they provided a 
techno-economic assessment of the pipeline transport of hydrogen, natural gas, and their mixtures in pipeline 
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design, which has a direct bearing on the final present value of the transport. Several studies devoted to the 
analysis of natural gas flow through gas pipelines using hydrogen mixtures8–10 have shown the fact that there are 
gaps in the study of the hydrogen’s effect on the compressor station’s system, which pumps natural gas through 
the pipeline. Therefore Obanijesu et al.8 proposed a temperature-seeking method to investigate the possibility 
of using pure H2 and N2 gases to suppress hydrate formation in a subsea gas pipeline. Hydrates of the CH4/CO2 
mixture were formed in a cryogenic sapphire cell to study the interaction of the components. They confirmed 
that the addition of either gas would either prolong hydrate formation during operation or prevent agglomeration 
of the formed hydrate. This ensures successful hydrocarbon transport, allowing the industry to operate at any 
desired pressure while controlling hydrate formation and emissions.

Furthermore, Lowesmith et al.9 have developed a mathematical model describing the release of gas when it 
mixes with air and forms a layer of gas-air mixture in the upper part of the ventilation equipment casing. The 
proposed model considered both wind and buoyant ventilation resulting from gas accumulation. Hsin-Yi Shih 
et al.10 performed simulations using a three-dimensional compressible k–ε turbulent flow model and an assumed 
chemical reaction probability density function. They studied the combustion and emission characteristics at a 
variable hydrogen volume fraction from 0 to 90%. They result of their study show that, as methane is substituted 
for hydrogen at a fixed fuel injection rate, the flame temperature becomes higher, but the lower fuel consumption 
and heat input at higher hydrogen substitution percentages cause turbine power shortages. Consequently, to 
utilize blended fuels at constant fuel consumption, they increased the flame temperature with an increasing 
percentage of hydrogen, which improved the performance of the gas turbine, but CO2 emissions remained 
major problems. When fixing a certain heat input of the engine with blended fuels, a wider but shorter flame is 
found with a higher percentage of hydrogen, but a significant increase in CO emissions indicates a decrease in 
combustion efficiency. For a micro gas turbine engine with fuels blended with hydrogen and methane, further 
modifications, including fuel injection and cooling strategies, are needed as an alternative. As a result, with the 
use of mathematical analysis, it will be possible to trace the transient steady-state modes of the methane-hydrogen 
mixture flow parameters through the compressor station’s technological pipelines. The latter will make it possible 
to control the process pipelines of gas compressor units and centrifugal blowers at the compressor station and, 
consequently, to predict and prevent sudden changes in the behavior of gas flows (methane and hydrogen), which 
can lead to terrible accidents at compressor stations.

The field of gas flow modeling has garnered growing attention from both engineers and researchers. The rea-
son is that the methane-hydrogen mixture is a promising energy carrier, and its application is rapidly increasing 
with the development of technical equipment and the demand for hydrogen as an energy carrier5,6. From the 
perspective of basic science, the choice of mixing hydrogen with natural gas and further transporting it through 
existing gas pipelines7,8 makes the control of the transient parameters of the gas flow more interesting to control 
CO2 emissions when using this type of fuel as an energy carrier at all stages of production and storage (Fig. 1).

In fact, for the delivery of gaseous hydrogen to the end users (which are petrochemical plants and industries 
that use hydrogen as an integral element in the production of end products), methane-hydrogen mixtures can 
be provided11–13 with continuous delivery methods. If existing pipeline systems are utilized3,14, transporting 
methane-hydrogen mixtures through trunk pipelines is an efficient and economical choice. Consequently, 
injection and sequential mixing of hydrogen with natural gas have been proposed as economical means of 
hydrogen transport in several studies. Thus, the analysis of steady-state and transient flows of hydrogen mixtures 
with natural gas is a key point for determining permissible concentrations of hydrogen in natural gas to ensure 
safe gas mixture transportation through the compressor station process pipeline system15,16.

The effect of hydrogen on the pressure drop in pipelines was calculated by Schouten et al.17. Moreover, In 
Brown et al.18, analyzed the construction costs of gas pipelines and studied the effect of hydrogen on the global 
cost. Then, Fekete et al., 2015; Raab et al., 2021 in their study19,20 described the calculation of the economic cost of 
gas pipelines. The cost depends on the diameter of the pipes, and the cost of a hydrogen pipeline can be 50–80% 
higher than that of a gas pipeline of the same size. They inferred that regional transport costs can be five times 
higher than those of natural gas, primarily due to the lower volumetric energy density of hydrogen.

It is worth noting that upgrading compressor stations to H2 inevitably generates CO2 as a by-product. In a 
low-carbon society, the storage or reuse, where possible, of captured CO2 will be of fundamental importance21,22. 
The CO2 produced from CH4/H2 processing can either be transported by pipeline and stored in underground 
geological formations (i.e., in a sequestration scenario) or converted into a higher-energy synthetic gas through 
an energy-to-gas conversion process (i.e., using electrolysis and methanation plants)23,24. High-temperature 
electrolysis processes can convert surplus electricity from intermittent, large-scale renewable power plants into 
synthetic hydrocarbon fuel gases25,26. If low levels of hydrogen (up to 10%) should not be critical for pipework, 
compressors, metering, calculation equipment, and industrial equipment (e.g., gas turbines, gas engines, and 
compressed natural gas (CNG) fueling stations) (if the Wobbe index is within the required range), there are 
sensitive components that can be damaged by the presence of hydrogen27. There are proposals to inject hydrogen 
(H2) from renewable sources into the natural gas grid. This measure would utilize the very large transport 
and storage capacity of existing infrastructure, especially high-pressure pipelines, for indirect transport and 
storage of electricity. Korb et al.28 show that the effect of adding hydrogen to natural gas on the operating range, 
emissions, and efficiency of engines running on depleted gas mixtures is investigated from an experimental point 
of view. One of the main factors in determining the limit of hydrogen injection into the natural gas network 
is the behavior of devices or energy conversion technologies in a hydrogen-rich atmosphere, such as engines. 
Some results are related to gas quality assurance, which includes changes in calorific value, Wobbe index, and 
mixture density. Safety aspects, strictly related to the amount of hydrogen mixed with the natural gas stream, 
are decisive points for establishing the actual grid capacity that exceeds the requirements determined by quality 
issues. Recent interest has been devoted to the analysis of the transient behavior of gas pipelines. In another study 
Gato and Henriques29 provided a numerical simulation of dynamic gas flow in high-pressure pipelines, which 
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is then applied to understand pressure fluctuations due to the rapid closure of a downstream shut-off valve by 
solving the conservation equations for one-dimensional compressible flow using the discontinuous Runge–Kutta 
Galerkin method with a third-order approximation in space and time.

The other studies proposed boundary conditions using a new weak formulation based on characteristic 
variables and studied the occurrence of pressure fluctuations in gas pipelines due to a compression wave arising 
from the rapid closure of downstream shut-off valves. Also, they analyzed the effect of partial reflection of 
pressure waves at the transition between pipes of different cross-sectional areas. Considering the modeling of 
a complete gas network, several models can be found in the literature30,31. For example, Malke et al. showed the 
mathematical optimization of a non-stationary gas network, including the application of an annealing simulation 
algorithm. They presented how difficult the problem of unsteady gas network optimization is compared to 
stationary applications. In further studies32,33 a non-isothermal dynamic model of a gas transmission network 
with special attention to mathematical methods capable of solving discontinuities in possible operating states 
was investigated. In their work, a non-isothermal model of natural gas in pipelines, including mass, momentum, 
and energy balance equations, is used as a model equation for the modeling and condition assessment of gas 
pipeline systems. It is shown that the differential equations describing the dynamic behavior of a high-pressure 
and long-range gas transmission network can be efficiently solved using the orthogonal collocation method. An 
algorithm for handling discontinuities arising in the dynamic model of the gas transmission network is proposed.

Roger and Conrado34 considered in detail the optimization problems applicable to natural gas networks. 
Several issues are considered, including line packing management, and associated short-term storage, gas quality 
assurance, and fuel cost minimization at the compressor station. However, the paper is mainly based on an 
operations research perspective and does not include any review related to the behavior of natural gas networks 
in low-carbon energy scenarios under CO2 emissions35,36. Conversely, the analysis of gas pooling problems in 
natural gas networks could be a generalization of quality assurance for alternative fuel injection into natural 
gas networks. Only a limited number of papers have been published that include multiple components and 
gas networks of variable composition. These models appear in some cases for networks with simple topology 
or are based on a hypothesis that may be restrictive (e.g., isothermal model). Tabkhi et al.37 proposed several 
correlations for expressing the compressibility coefficient in gas flow mathematical modeling in pipelines. The 

Figure 1.   Stages of H2/CO2 production and storage in the oil and gas industry.
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numerical model was solved using a semi-implicit finite volume method to track the transient behavior of the 
gas38,39. By analyzing the other studies33–35, several divergent approaches to numerical modeling of steady-state 
and transient gas flow in pipelines have been proposed. These approaches were developed by computational 
software as Aspen Hysys [aspenONE Suite v14 (40.0.0.359)], MATLAB [R2024a version 24.1.0.2537033], and 
Ansys [v2024 R1].

Hydrogen can be transported through an existing gas pipeline either homogeneously or by injection of pure 
hydrogen into the natural gas stream40–42, which is then mixed, and as a result, hydrogen regasification units from 
natural gas need to be applied. In the study by Weiner43, he investigated the impact of hydrogen injection into 
the gas pipeline system using the method of gas characteristics and gas compressibility coefficients at various 
hydrogen fractions44–46. Many studies devoted to the influence of a fixed amount of hydrogen on the parameters of 
the gas mixture flow47–49, mathematical models of binary gas mixtures50,51, momentum, and continuity equations 
have been analyzed52. Thus, in the other studies53,54, the authors presented a non-isothermal model of gas flow, 
which was compared to the isothermal model, through which they proved its applicability in modeling the flow 
process of methane-hydrogen mixtures over long distances. This description facilitates a physical comprehension 
of the methane-hydrogen mixture transportation process within the compressor shop system, including potential 
variations in the operation of gas pumping equipment.

Another issue that should not be ignored is the CO2 emissions from gas compressor operations. Existing H2 
compressors are expensive because the overall compression ratio is very high and, in part, because they require 
stainless steel construction to avoid metal saturation of hydrogen and the hydrogenation and deterioration of 
the compressor steel material55,56, as well as to absorb CO2 in the presence of water vapor. This problem is widely 
presented in such studies as57–62. For example, Vanchugov et al.57 analyzed and assessed the underground space for 
the utilization of carbon dioxide, including after emissions from oil refineries because of hydrogen production. 
Shirizadeh et al.58 modeled the economic path of the energy transition and show that while renewable energy 
is a key driver of climate neutrality, the role of natural gas is highly dependent on action to reduce associated 
CO2 and methane emissions. Moreover, clean hydrogen (produced mainly from renewable energy sources) 
can replace natural gas in a large part of its end use, meeting almost a quarter of the final energy demand in 
climate-neutral Europe. Bistline and Young59 assessed the potential role for natural gas and carbon removal 
in deeply decarbonized electricity systems in the U.S. and evaluated the robustness of these insights to key 
technology and policy assumptions. They quoted that “We find that natural gas-fired generation can lower the 
cost of electric sector decarbonization, a result that is robust to a range of sensitivities when carbon removal is 
allowed under policy”. Wei Liu et al.60 describes various methods for producing green hydrogen, which provides 
methods for calculating greenhouse gas emissions from different hydrogen production pathways. They discuss 
the world’s largest green hydrogen standardization initiative, analyzes the key factors of the global green hydrogen 
standard, and explain about how to establish quantitative standards and evaluation systems for low-carbon 
hydrogen, clean hydrogen, and renewable hydrogen using the method in China. Moreover, Frank Markert et al.61 
compare a range of EOS to predict hydrogen properties typical of different storage types. In their study, tank 
dynamics are simulated using simplified design and CFD models to evaluate the performance of different EOS 
for predicting tank pressure, temperature, mass flow, and jet flame length. The selected EOS and selected specific 
heat correlation are shown to be important for accurately modeling hydrogen evolution at low temperatures that 
impact air emissions. On the other hand, Zhiyong Li et al.62 examined the consequences of accidental emissions 
from Cryo-compressed hydrogen, LNG, and liquefied natural gas storage facilities for automotive applications. 
They assessed both non-flammable and flammable effects, including exposure to cold, heat, overpressure, and 
missiles. The results show that cryo-compressed hydrogen emissions always lead to the worst effects for non-
flammable effects, and for flammable effects, the worst effects depend on the ignition time. The longest deadly 
and dangerous distances are associated with cryo-compressed hydrogen emissions, not CNG and LNG emissions. 
From a net loss perspective, CNG storage is safer than LNG storage in the event of a catastrophic failure but 
more dangerous in the event of a leak.

As can be seen from the analysis, the issue of CO2 emissions during the transport of a methane-hydrogen 
mixture remains open, and the topic is interesting from the point of view of the influence of these emissions on 
the operation of compressor station equipment during gas transportation.

This study is devoted to the development of a mathematical model capable of describing the physical processes 
of CH4/H2 transport by pipeline pipework at a compressor station, considering the operation of minimum CO2 
emissions due to capture technology in a gas turbine unit. In addition, the developed model can consider a gas 
mixture of different compositions, including the following main compounds: Methane, Ethane, Propane, Butane, 
Carbon Dioxide, Nitrogen, Carbon Monoxide, and Hydrogen. In general, the developed model is a tool of the 
system of nonlinear algebraic equations for controlling parameters of safety control of technological modes of 
CH4/H2 mixture transportation, as the compression power is a strong function of the thermodynamic process 
and is determined not only by the compressor efficiency. To optimize heat integration, compression systems 
should be integrated with both the power unit and CO2 capture units. A two-stage CH4/H2 mixture combustion 
technology is proposed for high operating efficiency and reduced operating costs in carbon dioxide capture and 
sequestration systems.

Methodology
Description of the model
The CH4/H2 transportation problem model is general enough to consider various equipment operating modes. 
As mentioned above, this study examines the impact of CH4/H2 mixtures in the operation of a compressor sta-
tion and centrifugal blowers on CO2 emissions. The pressure drop in the gas pipeline is an essential parameter 
for determining the required compression power for the gas, which is described by the differential pulse balance 
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equation. The interaction between the boundary layer of liquid and the inner surface of the pipe results in energy 
dissipation, which therefore causes a reduction in gas pressure. The fundamental mathematical modeling of the 
key network elements involves the use of material balance and momentum conservation equations, along with 
other essential equations. The necessary equations in the gas transmission network system have been developed 
to determine conditions such as pressure and flow. The balance of moments for one pipeline is formulated in 
relation to the compressor and its impact on optimizing the operating conditions of the gas pipeline system. Vari-
ous connections between elementary sections of the network are determined using incidence matrices (Fig. 2). 
Compressor stations compensate for pressure drops due to friction in pipelines, fittings, and other components, 
as well as due to elevation changes.

In pipeline networks, compressor stations consume a small share of transported gas63. The relationship 
between the suction and discharge pressures of a centrifugal compressor and the power transferred to the 
gas is represented by determining the isentropic height of the compressed fluid64. This study assumes that 
the compressor performance, represented by classical characteristic curves, is compatible with the case of 
transporting a CH4/H2 mixture.

The normalized parameters P2H2/CH4, J2H2/CH4, T2H2/CH4 and ξ2H2/CH4 are used to describe the characteristic 
curves of the resulting compressors. Thus, the rotation speed of all compressors is between the two boundaries.

The example used as a test bed in this study is a gas turbine plant for natural gas application65, which is 
considered for the case of mixtures of CH4/H2 (Fig. 2). Hydrogen added to natural gas is considered constant 
during optimization of the composition of natural gas.

In this figure, technological gas pipelines at the compressor station are represented by conditional lines, and 
the arrows indicate the direction of the gas mixture, which passes through the outlet manifold, which is depicted 
as a rectangle, and the compressor shop in the form of a trapezoid depicting centrifugal blowers (Supplementary 
1).

This didactic network consists of a system of process pipelines, between which are located three compressors 
that work to compress the gas mixture and regulate the pressure in the transport system. Each gas turbine unit 
comprises three centrifugal compressors arranged in parallel, which are connected in parallel by pipelines. As for 
each compressor unit, there is a gas stream carrying fuel to it; fuel streams, to avoid complexity, are not shown 
in Fig. 2. For each compressor, this flow originates from the incoming unit (red pointer), following the example 
of a natural gas compressor station.

Gas mixture parameters
The physical and chemical properties of hydrogen are quite different from those of natural gas. Table 1 shows 
some indicative values of the relevant properties for the gas chain from source to end user (some of them will 
be used in the model development). As a result of these opposing properties, a system designed for natural gas 
cannot be used without appropriate modifications for pure hydrogen, and vice versa. Even the addition of a 
certain percentage of hydrogen to natural gas will have a direct effect on combustion properties66, diffusion into 
materials, and the behavior of the gas mixture in the air. These aspects are discussed below.

Adding hydrogen to natural gas changes its transportation and calorific properties and affects the safety of fuel 
delivery in the system, the longevity and reliability of the pipeline, and the operation of all combustion chambers, 
the mode of which is always the same. It is important to consider the fuel gas supply to the combustion cham-
ber of the gas pipe, particularly when dealing with the H2/CH4 mixture. The operating mode of all combustion 

Figure 2.   Schematic of the pipeline system under consideration for studying the effect of hydrogen injection on 
a compressor station.
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chambers is always the same. The two thickest manifolds are the main ones. These are D5 and PM3. The other 
two are auxiliary (correction) manifolds. These are PM1A and PM1B. Each combustion chamber has five noz-
zles. The gas supply to the chambers is more complex than just manifold-to-nozzle. Indeed, only the PM1A and 
PM1B correction manifolds supply fuel gas to only one "own" injector. The D5 manifold communicates with 
all five injectors at once, and the PM3 manifold communicates with three injectors. Below is a diagram of the 
manifold’s communication with the injectors (Fig. 3).

Modification of the combustion chamber of a gas turbine plant to accept H2
In combustion chambers, the internal energy of fuel during combustion is converted into potential energy 
for the working body. In modern GTUs, liquid or gaseous fuel is used. Fuel combustion requires an oxidizer, 
which is air oxygen. High-pressure air enters the combustion chamber after the compressor. The combustion of 
fuel produces gaseous combustion products of high temperature, which are mixed with additional air. The gas 
turbine receives the resulting hot gas, known as the working body. According to the proposed solution (Fig. 3), 
the two thickest collectors are the main collectors. These are labeled as D5 and PM3. The other two manifolds 
are auxiliary (correction) manifolds; they are PM1A and PM1B. Each combustion chamber has five nozzles. 
The gas supply to the chambers is more complicated than just connecting the manifold to the nozzles. Indeed, 
only the PM1A and PM1B correction manifolds supply fuel gas to only one "own" injector. The D5 manifold 
communicates with all five injectors at once, while the PM3 manifold communicates with three. The scheme of 
communication between manifolds and injectors is shown in Fig. 3.

A compressor is an integral part of any hydrogen gas storage, transportation, and distribution system. To 
determine what type of compressor system is needed to do the job, a lot of detailed data must be ascertained. At 
a minimum, a good knowledge of gas analysis, suction and discharge pressures, suction temperature, and flow 
rate is required67.

To reduce hydrogen leakage in the compressor and the associated risks, compressors must have a proper 
sealing system installed to ensure safe operation68. Explosion-proof components are recommended for all 
hydrogen compressors. And for those installed in confined spaces, hydrogen concentration sensors are required, 
as suggested in the example. The compressor outlet pressure varies depending on the type of unit.

Initial data are presented in the value of the coefficient of pressure losses in the gas pipeline process at the 
compressor station, which is given in the following equations:

And in the downstream process pipelines:

The choice of compressors largely depends on the initial thermodynamic parameters of the hydrogen enter-
ing the pipeline. In all cases, it is assumed that hydrogen is initially generated at 4 MPa and 28 MPa and then 

(1)ξH2i1 =
�i1

Di1
+ (ξH2add)i1,

(2)ξH2i2 =
�i2

Di2
+ (ξH2add)i1,

Table 1.   Comparison of physical properties of hydrogen and methane as the main component of the 
transported gas mixture.

No Physical properties H2 CH4 Unit

 1 Molecular weight 2.02 16.04 g/mol

 2 Critical temperature 33.2 190.65 K

 3 Critical pressure 1.315 4.55 MPa

 4 Acentric factor − 0.215 0.008 –

 5 Vapour density at normal boiling point 1.34 1.82 kg/m3

 6 Vapour density at 293 K and 1 bar 0.0838 0.651 kg/m3

 7 Heat capacity at constant pressure at 25 °C 28.8 35.5 J/mol K

 8 Specific heat ratio (Cp/Cv) 1.4 1.31

 9 Lower heating value, weight basis 120 48 MJ/kg

10  Higher heating value, weight basis 142 53 MJ/kg

 11 Lower heating value, volume basis at 1 atm 11 35 MJ/m3

 12 Higher heating value, volume basis at 1 atm 13 39 MJ/m3

 13 Maximum flame temperature 1800 1495 K

14  Explosive (detonability) limits 18.2–58.9 5.7–14 vol% in air

 15 Flammability limits 4.1–74 5.3–15 vol% in air

 16 Autoignition temperature in air 844 813 K

 17 Dilute gas viscosity at 299 K 9 × 10−6 11 × 10−6 Pa s

 18 Molecular diffusivity in air 6.1 × 10−5 1.6 × 10−5 m2/s
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compressed to the initial pipeline parameters of 9.8 MPa. Depending on the mass flow rate of hydrogen, three 
types of compression processes were proposed for the length of the gas pipeline discharging the methane-
hydrogen mixture from the centrifugal blower (Fig. 4). Where PM is pre-mixing (pre-mixing of hydrogen and 
methane), and D is diffusion (diffusion combustion of a gas mixture).

The numerical value in the term corresponds to the quantity of injectors that are linked to the fuel manifold 
within a single chamber. D5 manifold supplies fuel gas in the form of a methane-hydrogen mixture to all the 
combustion chamber nozzles so that it burns before it mixes with air in the diffusion combustion mode, reducing 
CO2 emissions. The remaining manifolds feed the methane-hydrogen mixture to the same nozzles, but in such 
a way that it is mixed with air before combustion (premixed combustion) (Figs. 5 and 6).

The distinction between the two types of combustion depicted in Figs. 3 and 4 lies in the fact that in Fig. 3, 
the burning of the methane-hydrogen mixture occurs at the interface with air, whereas in Fig. 4, it takes place 
uniformly throughout the full volume of the combined mass, referred to as "hydrogen-methane-air". It can be 
guessed that the second way of combustion is obviously more qualitative and provides lower emissions of harm-
ful gases (mainly CO2, CO). However, gas turbine units cannot operate in this mode in the whole range of loads 
because this combustion is stable only in high loads. Usually, the gas turbine unit is started in diffusion mode, and 

Figure 3.   Combustion chamber operation of methane-hydrogen mixture with low emission of CO2.

Figure 4.   Gas collector (centrifugal blower) for methane-hydrogen mixture.
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after gaining 50% of power, it switches to pre-mixing mode (the same way back). The transition occurs almost 
imperceptibly: collector D5 gradually closes, and collectors PM3, PM1A, and PM1B open by the same amount.

It should be noted that in the diffusion mode, the gas turbine unit can operate in a wide range of loads and 
usually works like this until the combustion chambers are adjusted. Therefore, for steady-state modeling, it is 
desirable to have experimental data for all centrifugal blowers. In this case, the methodology uses the nameplate 
data of the centrifugal blowers, considering the estimated wear characteristics of the equipment.

Model of methane‑hydrogen mixture transportation
In the mathematical model of construction of the compressor unit operation algorithm, objects such as air-
cooling units and dust collectors can be included, but it should be considered that the inclusion of these objects 
will make the calculations complicated, and the inclusion of these models in the description of the general system 
of compressor shop operation will not affect the stated method of mathematical modeling of the group of gas 
compressor units. Therefore, in this study, the mathematical description of the air-cooling apparatus’s operation 
and dust collectors is not considered69, which does not violate the general condition of the study.

This section models the pipelines to predict their temperature and pressure profiles under various boundary 
conditions. Consequently, the modeling results are compared with the three approaches found in the literature in 
terms of predicting pressure and temperature profiles70. The results of the comparative evaluations are presented 
in Fig. 7. These results are obtained for pure hydrogen and methane, considering the pipeline characteristics, 
shown in Table 2, where the temperature is fixed at 0 to 60 °C under normal environmental conditions of 28 and 
the total heat transfer coefficient is assumed to be 3.75 W m−2 K−1.

In the first case, the model was compared with a steady-state non-isothermal ideal gas flow model, developed 
under the assumption of ideal heat capacity at constant pressure. Instead, the compressibility coefficient is 
calculated for each discretization of the pipeline. Figure 7 shows the temperature and pressure profiles calculated 
using the ideal gas model. Since the steady-state non-isothermal ideal gas flow model is based on ideal gas 
behavior, it is unable to simulate the Joule-Thompson effect. In fact, the gas reaches the soil temperature after 
a few meters regardless of the temperature at the inlet section of the pipeline, and no noticeable differences are 
observed in terms of predicting pressure profiles due to the equality of the mean temperature used for the flow 
equation.

When modeling the stationary mode of a compressor station when transporting a methane-hydrogen mixture, 
the following independent variables can be used: the pressure at the inlet of the centrifugal supercharger and the 
mass flow rate of the methane-hydrogen mixture in the process working pipeline at the compressor station, the 
compressibility coefficient which is calculated by the Peng-Robinson equation of state for real gas—Robinson 
to calculate gas equilibrium and thermodynamic parameters.

Parameters are described in Eqs. (4)–(5):

(3)p =
RT

Vm − b
−

aα

V2
m + 2bVm − b2

,

(4)a = �α

R2T2
c

pc
,

Figure 5.   Diffusion combustion.

Figure 6.   Combustion with pre-mixing of gases.
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The dimensionless Peng–Robinson parameters In polynomial form:

(5)b = �b
RTc

pc
,

(6)ηc =
[

1+
(

4−
√
8

)1/3

+
(

4+
√
8

)1/3
]

,

−1

(7)α =
(

1+ k
(

1−
√

Tr

))2

,

(8)Tr =
T

Tc
,

k ≈ 0.37464+ 1.5422ω − 0.26992ω2,

(9)A =
αap

R2T2
,

(10)B =
bp

RT
,

Figure 7.   Change in pressure and temperature at the pipeline inlet.

Table 2.   Characteristics of the pipeline.

Pipeline parameters Unit

Length 100, km

Diameter 650, mm

Roughness 10,µm

Mass flow rate 62, kg/s

External temperature 28,◦C

Heat transfer coefficient [W m−2 K−1] 3.69 3.7, W m−2 K−1
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In this model, when hydrogen and methane flows are separated at the inlet group of gas pumping units, the 
process is isothermal. Local resistances in the branching zone of process gas pipelines are neglected to avoid 
throttling. The pressure distribution in the branching zone is static, i.e., the pressure after the branching zone 
is equal to the pressure before the branching zone. The temperature of the methane-hydrogen mixture before 
and after the branching zone will take the form of a constant value. Provided that the mass flow rates before and 
after separation of the gas mixture flows in the inlet manifold are constant, they will take the form of the below 
Eqs. (4)–(8):

To exclude the occurrence of counter-lows in the gas mixture and to analyze the situation at the shutdown of 
gas compressor units, inequalities (12) and (13), depending on the set of independent variables, can be applied 
alternately. In the case of stationary operation of the compressor station pipeline system, the mass flow rates 
are equal in accordance with the law of conservation of mass. The Peng–Robinson method in its iterative form 
allows you to calculate the gas compressibility coefficient Z, which must know when selecting equipment for a 
compressor station:

The temperature of the methane-hydrogen mixture, which is delivered in sections on the outflow manifold, 
will have varying limits behind the centrifugal blower, assuming an isothermal operation.

Model equations
Dimensionless parameters
In the analytical technology modeling of methane-hydrogen mixture transportation through the compressor 
shop, we can consider the adiabatic process of mixing gas mixture streams (Fig. 8). In order to create a homo-
geneous gas mixture, it is not sufficient to simply connect the pipelines supplying hydrogen and natural gas into 
one single gas mixture. The most characteristic in this respect is the task of adding to the main stream of one gas 
a small amount of the other. For example, to 75% CH4, 25% of H2 should be added. In such a situation, there is 
a high probability of creating an inhomogeneous mixture that varies considerably over time. The homogeneity 
of the mixture will be affected by the degree of turbulence in the main gas flow, the geometry of the pipeline 
section where mixing takes place, and the physical properties of the gases, such as density and viscosity. Meth-
ane, which constitutes the major part of the gas mixture, is fed perpendicularly through a compression-type 
connector through a pipeline, while hydrogen is fed parallel to the methane flow. The turbulent, well-mixed and 
homogeneous CH4/H2 gas mixture is discharged through the remaining third connector into the combustion 
chamber. Three flow controllers of appropriate rating and one mixing unit are sufficient.

In this case, it should be considered that in the mixing zone of gas mixture flows, the pressure distribution 
looks static, i.e., it will be equal to that before the mixing zone (Supplementary 2).

(11)Z3 − (1− B)Z2 +
(

A− AB− 3B2
)

Z −
(

AB− B2 − B3
)

= 0

(12)�α =
8+ 40ηc

49− 37ηc
≈ 0.45724,

(13)�b =
ηc

3+ ηc
≈ 0.07780,

(14)Z =
Z

Z − B
−

AZ

Z2 + 2BZ − B2
,

Figure 8.   Schematic diagram of the gas mixture flow mixing unit.
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The H2/CH4 transfer equations can be represented in the following form:

To describe the mathematical model of compressor shop operation under the condition of methane-hydrogen 
mixture transportation with given hydrogen parameters can be solved using equations with dimensionless 
parameters, which play an important role in the research on the study and analysis of fluid behavior. In my case, 
I used Reynolds number and Reynolds Navier–Stokes (RANS).

The Reynolds number describes the relationship between viscous forces and forces that affect (inertial), these 
forces can be written as:

Using the Reynolds Navier–Stokes (RANS) equations, a time-average statistical method is used in which 
parameters such as speed, pressure and temperature are decomposed into the sum of a time average and a 
variation over a specific average.

Substituting those variables into Eqs. (14) to (17), the RANS incompressible fluid flow can be written.

As can be seen from the equations in (23–25), there are six new unknowns that physically represent the 
transfer of momentum between the turbulent field and the mean field. These terms form the turbulent stress 

tensor or Reynolds stress tensor 
(

τR = −ρυ ‘
iυ

‘
j

)

 : τR = −ρ

[

u‘u‘u‘υ ‘u‘ω‘
υ ‘u‘υ ‘υ ‘υ ‘ω‘
ω‘u‘ω‘υ ‘ω‘ω‘

]

The appearance of the Reynolds tensor terms in the equations with (23–25) makes the system of equations 
open, which means that there are more unknowns in the RANS equations than in the equations. To close the 
system, a turbulence model is needed71. The presented substitution process is also performed for the hydrogen 
and natural gas particle transport equations, therefore substituting (21) into Eqs. (18) and (19) to obtain transport 
equations capable of simulating turbulent flow to describe the absence of countercurrents in the branch process 
pipelines connecting a group of gas pumping units.

Construction and numerical analysis of mathematical models
In many problems of gas dynamics, it is possible to disregard the molecular structure of the gas and consider 
the gas mixture of hydrogen and natural gas as a continuous medium. When talking about infinitesimal small 
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elements of the volume of a gas mixture, it is implied that the volume is small compared to the characteristic 
size of the system but contains a very large number of molecules72. Similarly, when one speaks of the motion of 
hydrogen and methane gas particles, one does not mean the motion of a single gas molecule, but the displacement 
of an element of the gas volume containing many molecules, in gas dynamics this is considered as a point.

Suppose the gas mixture is travelling at a velocity v(M, t) = v(x, y, z, t) , projections, where on the coordinate 
axes denote vx , vy , vz .  Note that, v(M, t) is the velocity of the gas mixture at a given point v(x, y, z) , of space at 
time t, that is, it refers to specific points in space, not to specific particles of gas moving in space.

Let us also introduce the density of hydrogen and natural gas ρ(M, t) , the pressure p(M, t) and the density 
of external acting forces F(M,t), calculated per unit mass. In this way of description, the problem is said to be 
considered in Euler coordinates. First, let us obtain the equation of motion of the gas mixture. Let us denote by 
�VH2/CH4 some volume of hydrogen in natural gas bounded by the surface �SH2/CH4 . The equidistance of the 

pressure forces applied to the surface �S , is equal to − 
�VH2/CH4

∫

SH2/CH4

pndσ , where n is the unit vector of the external 

normal and the surface �S.
To transform this integral we will use the Ostrogradsky formula, which can characterize the processes 

occurring in technological pipelines transporting methane-hydrogen mixture:

where, i, j, kis unit vectors of the orthonormalised basis, multiplying formula (26) by i, formula (27) by j, formula 
(28) by k, we obtain:

Considering the last formula, the equation of motion for the volume of methane–hydrogen mixture �VH2/CH4 
in the integral form will be as follows:

calculating the acceleration ∂v
∂t  of some particles of a gas mixture, it is necessary to consider the displacement of 

a particle of each component. The trajectories of individual particles of a gas mixture are defined by Eqs:

where;

here the operator v∇ is defined as follows:

Considering that the functions included in the equation of motion for the volume of gas in integral form are 
smooth enough, let us carry out our standard procedure: applying the mean value formula and going to the limit, 
shrinking the volume of methane-hydrogen mixture �VH2/CH4 to a point, we obtain the equation of motion of 
the gas mixture in Euler form:
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Let us now derive the continuity equation expressing the law of conservation of matter. Let the separated 
volume �VH2/CH4 have no gas sources and sinks. Then the change per unit time of the quantity of the gas mixture 
enclosed inside the volume �VH2/CH4 , is equal to the gas flow across the boundary:

The transform the first part of formula (35) by Ostrogradsky’s formula:

We obtain:

Applying the mean value formula and going to the limit, we obtain the equation of continuity of gas mixture 
flow through the pipeline system:

To the obtained equation of motion of the gas mixture and the equation of continuity of flow it is necessary 
to add the thermodynamic equation of state, which can be written in the form:

where, C is a given function.
The result is a system of five scalar equations with respect to five unknown functions vx, vy, vz,p and ρ:

Thus, have a closed system of equations of gas dynamics.
In many problems of gas dynamics, it is possible to disregard the molecular structure of the gas and consider 

the gas mixture of hydrogen and natural gas as a continuous medium73. When talking about infinitesimal small 
elements of the volume of a gas mixture, it is implied that the volume is small compared to the characteristic 
size of the system but contains a very large number of molecules. Similarly, when one speaks of the motion of 
hydrogen and methane gas particles, one does not mean the motion of a single gas molecule, but the displacement 
of an element of the gas volume containing many molecules, in gas dynamics this is considered as a point. Thus, 
we have a closed system of equations of gas dynamics.

Due to the smallness of oscillations in a sound wave, the velocity v in it is small, so that in the equation 
∂v
∂t + (v∇)v = F − 1

ρ
gradp,  we can neglect the second-order terms of the form vx ∂vx

∂x
 and etc. For the same 

reason, the relative density and pressure changes of hydrogen and natural gas between the layers are also small.
Let’s suppose p(M, t) = p0(M)+ p, ρ(M, t) = ρ0(M)+ ρ

where p0(M)andρ0(M) is equilibrium values of gas pressure and density for the two mixtures; 
p(M, t)andρ(M, t) re the changes in the sound wave, that p << p0,ρ << ρ0 ; p(M, t) is the sound pressure.

Neglecting the second order terms in the system, we obtain a linearized system. We decompose the function 
C(ρ) into a series of powers of  ρ and consider the first order terms. As a result, we obtain:

Thus, the closed system of small acoustic oscillations in a continuous medium will have the form:

Now we obtain the equation of the relative function ρ(M, t) . Let’s differentiate the equation ∂ρ
∂t + div(ρ0v) = 0, 

to t and let`s get:
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And let’s use the operator div on the equation ρ0 ∂v∂t = −gradp+ ρ0F, let`s get:

In the linear approximation from  p = C‘(ρ0)ρ  let`s get:

Let us denote k(M) = C‘(ρ0) and f (M, t) = −div(ρ0F). Then from the last three equations we obtain the 
second order equation with respect to the function ρ(M, t) for the oscillation equation in the three-dimensional 
case:

In the case of adiabatic process, the equation of gas state has the form:

where, γ is constant, adiabatic exponent γ = cp

cv ; c
p is heat capacity at constant pressure; cv is heat capacity at 

constant volume.
In the linear approximation will have:

The compare Eq. (29) with Eq. (46), and obtain:

Thus, the model of differential equations describing the changes occurring in the process pipeline at the 
compressor station, which occur because of oscillatory movements of the gas mixture at the sound wave, at each 
point of which there is a transverse compression and rarefaction of the gas mixture.

In this model, when hydrogen and methane flows are separated at the inlet group of gas pumping units75, the 
process is isothermal74. Local resistances in the branching zone of process gas pipelines are neglected to avoid 
throttling75. The pressure distribution in the branching zone is static, i.e., the pressure after the branching zone 
is equal to the pressure before the branching zone ( PH2in).The temperature (TH2in) of the methane-hydrogen 
mixture before and after the branching zone will take the form of a constant value76.

Gas mixture diffusion
Let u(M, t) is concentration of a substance at point M at time t. Let us write by diffusion:

where, −→ϕ   is flow of gas mixture; d (M) is diffusion coefficient.
Then, the change of the quantity of matter in the region �V  for time �t will have the form:

In this case, it should be considered that in the mixing zone of gas mixture flows, the pressure distribution 
looks static, i.e., it will be equal to that before the mixing zone. In this case, taking all simplifications and 
assumptions of the condition of conservation of the mass flow rate of the gas mixture into account, the expression 
(57) will have below form:
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If the space �V  contain external sources (heat absorbers), then for time �t they can release matter equal to:

where, f (M, τ) is specific power of matter sources, which is determined by the amount of matter emitted by 
external sources in a unit volume per unit time, which can be written as the law of conservation of matter:

In this case, the temperature at the compressor shop outlet manifold is determined by the formula:

Let’s apply the mean value formula and go to the limit, tending to �V → 0,�t → 0 :

To build a numerical model for transporting a methane-hydrogen mixture, considering changes in the trans-
portation method, the dependence of influencing factors such as the hydrogen content in natural gas on system 
failure was calculated (Fig. 9). Thus, the Green’s function is formed through a system of Fourier series, which 
should be supplemented with simple restrictions on the desired variables, considering limiting inequalities. To 
construct a numerical model for transporting a methane-hydrogen mixture, considering changes in the trans-
portation method, the dependence of the influencing factors of system failure and the pressure drop in steady 
state caused by friction between the gases and the pipeline wall was established.

It follows that the pressure in all parallel branches of the pipeline system of the considered group of gas 
compressor units at the compressor station is the same. By analyzing the mathematical model, which is a set of 
as a Green’s function through Fourier series. That describe the parameters of steady-state modes of methane-
hydrogen mixture transportation through a group of gas compressor units of a compressor station, equations 
describe operational, technological and construction features.

(58)�m2 =
t+�t
∫

t

dτ

t+�t
∫

�VH2/CH4

f (M, τ)dV ,

(59)�m = �m2 −�m1,

(60)

t+�t
∫

t

dτ

t+�t
∫

�VH2/CH4

ut(M, t)dV =
t+�t
∫

t

dt

t+�t
∫

�VH2/CH4

f (M, t)dV +
t+�t
∫

t

dτ

t+�t
∫

�VH2/CH4

div(d(M)∇u(M, t)dV .

(61)ut(M, t) = div(d(M)∇u(M, t))+ f (M, t).

Figure 9.   Changes in the mode of methane-hydrogen mixture transportation because of gas mixing.
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If: d = const ⇒ ut = d�u+ f (M, t), then at stationary diffusion ( ∂
∂t = 0

) , which is described by the Pois-
son equation: �u = − f (M)

d  changes in the operation of gas compressor units occur under the condition that 
f ≡ 0 ⇒ �u = 0.

Equations show the minimum flow rate value, which corresponds to the maximum pressure value, and vice 
versa. The constraints’ description on the variables describes the methane-hydrogen’s transport technology 
as well as the technical condition of the equipment and design features of the pipeline system. Description of 
values, which consider technical and other characteristics in mathematical modeling of the pipeline system at 
the compressor station, ensure the condition of preservation of mass flow rates of the gas mixture before and 
after the conditional point of separation of gas flows.

Results and discussion
This section presents the results of an optimization problem considering a system of nonlinear algebraic equalities 
to describe the safety parameters for controlling technological modes of transporting a CH4/H2 mixture through 
the technological pipelines of a compressor station. Based on the above formulas, the following methodology is 
presented for the selection of restrictions on the transport of methane-hydrogen mixtures through the system 
of technological pipelines at the compressor station:

1.	 The expressions of initial conditions for all gas pumping units of the modelled group are found, considering 
the hydrogen concentration: u|t=0 = ϕ(M).

2.	 The gas pumping unit with the largest area of permissible values and boundary conditions is determined: 
u|S = µ(P, t).

3.	 Based on claim 2, for the selected gas pumping unit, means that a predetermined concentration of the 
methane-hydrogen mixture is maintained at the boundary:

4.	 The mathematical description of the whole system of equations of the gas pumping system operation will 
be very labor-intensive from the point of view of the analytical component. Therefore, the mathematical 
model can be simplified by passing from consideration of the parametric difference equation to consideration 
of the Green’s function through the system of Fourier series as an example for natural gas with hydrogen 
corrections.

In the presented work several differential equations describing physical processes of different nature have been 
considered on the example of transportation of methane-hydrogen mixture through process pipelines through 
the compressor shop. When comparing mass flow rates in each branch of the pipeline system, both indices 
will have relatively low values. Therefore, the use of quadratic values of mass flow rates in the model is quite 
justified77. The first preliminary optimization task is to minimize the total fuel consumption at the compressor 
station at a constant pipeline capacity. The pressure is 5 MPa at the inlet, as well as the gas injection point at the 
nodes with 5.5–6 MPa.

However, in this problem, finding the starting point is a bit difficult because the variables are implicitly related 
to each other by highly nonlinear constraints. The calculation results are presented in Table 3.

For each centrifugal supercharger, the flow coefficient is defined as the fuel flow rate divided by the input 
mass flow rate. In this problem, fuel consumption is kept constant in the form of a constraint. The curve in Fig. 9 
expresses the optimal values of the consumed share CH4/H2 in percentage terms depending on the transmitted 
power at the end points of the network. According to this graph, an increase in energy transmitted through the 
pipeline leads to an increase in the share of transported gas consumed at compressor stations. It must be said 
that beyond the top of the curve the optimization procedure ends up with an unfeasible solution.

Conclusions
This study proposed its own view on the mathematical model of methane and hydrogen transport through 
an existing gas pipeline in a compressor station system and presented a proposal for improving a centrifugal 
supercharger to reduce CO2 emissions. The main interest of this work is to consider the amount of hydrogen 

∂u

∂n

∣

∣

∣

∣

�SH2/CH4

= v(P, t).

Table 3.   Optimal values of discharge flow, rotation speed, fuel consumption, isentropic pressure, and 
isentropic efficiency of a centrifugal supercharger.

Centrifugal supercharger Unit

Discharge flow (kg/s) 50.67

Rotation speed (s) 287.43

Fuel consumption (kg/s) 0.184

Consumption Rate (%) 0.275

Isentropic head (kJ/kg) 14.72

Isentropic efficiency (%) 75.11
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that can be added to a pipeline network traditionally dedicated to transporting natural gas, without any changes 
to the system. The key to this research is to determine the conditions under which hydrogen can be added to 
natural gas, and how much hydrogen can be injected into an existing pipeline network78,79 while minimizing 
fuel consumption.

The main hydraulic limiting factor for introducing hydrogen into an existing pipeline is that the specific 
volume of hydrogen is much greater than the corresponding volume of natural gas, resulting in a severe reduction 
in pipeline capacity (mass flow) and therefore the energy transferred80,81.

Several operational variables were selected as solution variables82 for the gas pipeline optimization problem. 
Optimization procedures83 including minimizing fuel consumption, amount of hydrogen added, maximizing 
power transfer and discharge pressure were performed for various gas mixtures of natural gas and hydrogen57,84,85.

The maximum achievable fraction of hydrogen that can be added to natural gas for the example studied is 
about 25 wt.%. which significantly reduces the transmitted power.

According to this study, adapting existing natural gas transmission networks to hydrogen transportation 
seems possible until low values are achieved that can be quantified using system optimization tools.

The perspective of this work is now to consider the constraints or safety criteria during the design and 
operation phase, and to determine the values of CO2 emissions resulting from the operation of the compressor 
shop. In this context, the use of nonlinear algebraic equations and inequalities is, in my opinion, an interesting 
look at a new opportunity to describe processes in a system.

Solving the system of Green’s function through a system of Fourier series showed that the objectives of this 
study were successfully met. When additional variables, such as the level of CO2 emissions produced by the gas 
turbine and the gas compressor unit, are considered, the existing system of equations can be modified to include 
both equalities and inequalities. The equations presented by both groups are comparable in terms of physics. 
In general, the equation model for gas pumping units allows using physical quantities to understand possible 
changes in the operation of gas pumping equipment during transportation of methane-hydrogen mixture through 
compressor shop units. The adaptation of the system of equations should be described as an algorithm of a 
computer programme to fully understand the effect of hydrogen on the operation of the gas pumping unit. The 
results of calculations using mathematical models coincide based on the condition of mass flow rate conservation 
through the inlet and outlet process pipelines. Within the framework of realization of mathematical models for 
gas pumping units operating under the parallel-sequential scheme, the parameter of total fuel gas consumption 
in the gas turbine unit (or electricity) at use of electric drive is considered. This parameter is determined by 
summing up the energy consumption at each gas pumping unit and depends on the power of the centrifugal 
blower.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The 
data are not publicly available due to containing information that could compromise the privacy of research 
participants.

Received: 27 November 2023; Accepted: 6 May 2024

References
	 1.	 Haeseldonckx, D. William D’haeseleer, The use of the natural-gas pipeline infrastructure for hydrogen transport in a changing 

market structure. Int. J. Hydrogen Energy 32(10–11), 1381–1386. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2006.​10.​018 (2007).
	 2.	 Witkowski, A., Rusin, A., Majkut, M. & Stolecka, K. Analysis of compression and transport of the methane/hydrogen mixture in 

existing natural gas pipelines. Int. J. Press. Vessels Pip. 166, 24–34. https://​doi.​org/​10.​1016/j.​ijpvp.​2018.​08.​002 (2018).
	 3.	 Guandalini, G., Colbertaldo, P. & Campanari, S. Dynamic modeling of natural gas quality within transport pipelines in presence 

of hydrogen injections. Appl. Energy 185(Part 2), 1712–1723. https://​doi.​org/​10.​1016/j.​apene​rgy.​2016.​03.​006 (2017).
	 4.	 Hafsi, Z., Mishra, M. & Elaoud, S. Hydrogen embrittlement of steel pipelines during transients. Proc. Struct. Integr. 13, 210–217. 

https://​doi.​org/​10.​1016/j.​prostr.​2018.​12.​035 (2018).
	 5.	 Sebastian, S., Josef, D. H., Dieter, B. Challenges of compressing hydrogen for pipeline transportation with centrifugal compres-

sors. In Proceedings of Global Power and Propulsion Society. 2504–4400 (2020). https://​gpps.​global/​wp-​conte​nt/​uploa​ds/​2021/​02/​
GPPS-​TC-​2020_​RC_​45.​pdf.

	 6.	 Litvinenko, V. S., Tsvetkov, P. S., Dvoynikov, M. V., Buslaev, G. V. & Eichlseder, W. Barriers to implementation of hydrogen initia-
tives in the context of global energy sustainable development. J. Min. Inst. 244, 428–438. https://​doi.​org/​10.​31897/​PMI.​2020.4.5 
(2020).

	 7.	 Öney, F., Vezirolu, T. N. & Dülger, Z. Evaluation of pipeline transportation of hydrogen and natural gas mixtures. Int. J. Hydrogen 
Energy 19(10), 813–822. https://​doi.​org/​10.​1016/​0360-​3199(94)​90198-8 (1994).

	 8.	 Obanijesu, E. O., Barifcani, A., Pareek, V. K. & Tade, M. O. Experimental study on feasibility of H2 and N2 as hydrate inhibitors 
in natural gas pipelines. J. Chem. Eng. Data. 59(11), 3756–3766. https://​doi.​org/​10.​1021/​je500​633u (2014).

	 9.	 Lowesmith, B. J., Hankinson, G., Spataru, C. & Stobbart, M. Gas build-up in a domestic property following releases of methane/
hydrogen mixtures. Int. J. Hydrogen Energy 34(14), 5932–5939. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2009.​01.​060 (2009).

	10.	 Shih, H.-Y. & Liu, C.-R. A computational study on the combustion of hydrogen/methane blended fuels for a micro gas turbines. 
Int. J. Hydrogen Energy 39(27), 15103–15115. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2014.​07.​046 (2014).

	11.	 Weber, A. C. & Papageorgiou, L. G. Design of hydrogen transmission pipeline networks with hydraulics. Chem. Eng. Res. Des. 131, 
266–278. https://​doi.​org/​10.​1016/j.​cherd.​2018.​01.​022 (2018).

	12.	 Kim, J., Lee, Y. & Moon, Il. An index-based risk assessment model for hydrogen infrastructure. Int. J. Hydrogen Energy 36(11), 
6387–6398. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2011.​02.​127 (2011).

	13.	 Kameswara Rao, C. V. & Eswaran, K. On the analysis of pressure transients in pipelines carrying compressible fluids. Int. J. Press. 
Vessels Piping 56(1), 107–129. https://​doi.​org/​10.​1016/​0308-​0161(93)​90120-I (1993).

	14.	 Hafsi, Z., Elaoud, S. & Mishra, M. A computational modelling of natural gas flow in looped network: Effect of upstream hydrogen 
injection on the structural integrity of gas pipelines. J. Nat. Gas Sci. Eng. 64, 107–117. https://​doi.​org/​10.​1016/j.​jngse.​2019.​01.​021 
(2019).

https://doi.org/10.1016/j.ijhydene.2006.10.018
https://doi.org/10.1016/j.ijpvp.2018.08.002
https://doi.org/10.1016/j.apenergy.2016.03.006
https://doi.org/10.1016/j.prostr.2018.12.035
https://gpps.global/wp-content/uploads/2021/02/GPPS-TC-2020_RC_45.pdf
https://gpps.global/wp-content/uploads/2021/02/GPPS-TC-2020_RC_45.pdf
https://doi.org/10.31897/PMI.2020.4.5
https://doi.org/10.1016/0360-3199(94)90198-8
https://doi.org/10.1021/je500633u
https://doi.org/10.1016/j.ijhydene.2009.01.060
https://doi.org/10.1016/j.ijhydene.2014.07.046
https://doi.org/10.1016/j.cherd.2018.01.022
https://doi.org/10.1016/j.ijhydene.2011.02.127
https://doi.org/10.1016/0308-0161(93)90120-I
https://doi.org/10.1016/j.jngse.2019.01.021


19

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10605  | https://doi.org/10.1038/s41598-024-61361-3

www.nature.com/scientificreports/

	15.	 Abdollahi, S. A. et al. Application of multi-extruded fuel injectors for mixing enhancement of hydrogen gas at scramjet engine: 
Computational study. Sci. Rep. 13, 18839. https://​doi.​org/​10.​1038/​s41598-​023-​46217-6 (2023).

	16.	 Kitaev, S. V., Farukhshina, R. R. & Darsaliya, N. M. Study of the work of gas turbine engines on methane–hydrogen mixture in the 
main transport of natural gas. Transp. Storage Pet. Prod. Hydrocarb. 3, 52–64 (2022) (In Russ).

	17.	 Schouten, J. A., Michels, J. P. J. & Janssen-van Rosmalen, R. Effect of H2-injection on the thermodynamic and transportation 
properties of natural gas. Int. J. Hydrogen Energy. 29(11), 1173–1180. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2003.​11.​003 (2004).

	18.	 Brown, D., Reddi, K. & Elgowainy, A. The development of natural gas and hydrogen pipeline capital cost estimating equations. Int. 
J. Hydrogen Energy 47(79), 33813–33826. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2022.​07.​270 (2022).

	19.	 Fekete, J. R., Sowards, J. W. & Amaro, R. L. Economic impact of applying high strength steels in hydrogen gas pipelines. International 
Journal of Hydrogen Energy 40(33), 10547–10558. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2015.​06.​090 (2015).

	20.	 Raab, M., Maier, S. & Dietrich, R.-U. Comparative techno-economic assessment of a large scale hydrogen transport via liquid 
transport media. Int. J. Hydrogen Energy 46(21), 11956–11968. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2020.​12.​213 (2021).

	21.	 Leung, D. Y. C., Caramanna, G. & Maroto-Valer, M. M. An overview of current status of carbon dioxide capture and storage 
technologies. Renew. Sustain. Energy Rev. 39, 426–443. https://​doi.​org/​10.​1016/j.​rser.​2014.​07.​093 (2014).

	22.	 Kondratenko, E. V., Mul, G., Baltrusaitis, J., Larrazábalc, G. O. & Pérez-Ramírez, J. Status and perspectives of CO2 conversion into 
fuels and chemicals by catalytic, photocatalytic and electrocatalytic processes. Energy Environ. Sci. 6, 3112–3135. https://​doi.​org/​
10.​1039/​C3EE4​1272E (2013).

	23.	 Pozzo, M., Lanzini, A. & Santarelli, M. Enhanced biomass-to-liquid (BTL) conversion process through high temperature co-
electrolysis in a solid oxide electrolysis cell (SOEC). Fuel 145, 39–49. https://​doi.​org/​10.​1016/j.​fuel.​2014.​12.​066 (2015).

	24.	 Jensen, S. H. et al. Large-scale electricity storage utilizing reversible solid oxide cells combined with underground storage of 
CO2 and CH4. Energy Environ. Sci. 8, 2471–2479. https://​doi.​org/​10.​1039/​C5EE0​1485A (2015).

	25.	 Graves, C., Ebbesen, S. D., Mogensen, M. & Lackner, K. S. Sustainable hydrocarbon fuels by recycling CO2 and H2O with renewable 
or nuclear energy. Renew. Sustain. Energy Rev. 15(1), 1–23. https://​doi.​org/​10.​1016/j.​rser.​2010.​07.​014 (2011).

	26.	 Giglio, E., Lanzini, A., Santarelli, M. & Leone, P. Synthetic natural gas via integrated high-temperature electrolysis and methana-
tion: Part II—Economic analysis. J. Energy Storage 2, 64–79. https://​doi.​org/​10.​1016/j.​est.​2015.​06.​004 (2015).

	27.	 Altfeld, K. & Pinchbeck, D. Admissible hydrogen concentrations in natural gas systems. Gas Energy. 3, 1–12 (2013).
	28.	 Korb, B., Kawauchi, S. & Wachtmeister, G. Influence of hydrogen addition on the operating range, emissions and efficiency in lean 

burn natural gas engines at high specific loads. Fuel 164, 410–418. https://​doi.​org/​10.​1016/j.​fuel.​2015.​09.​080 (2016).
	29.	 Gato, L. M. C. & Henriques, J. C. C. Dynamic behaviour of high-pressure natural-gas flow in pipelines. Int. J. Heat Fluid Flow 

26(5), 817–825. https://​doi.​org/​10.​1016/j.​ijhea​tflui​dflow.​2005.​03.​011 (2005).
	30.	 Bermúdez, A., González-Díaz, J., González-Diéguez, F. J., González-Rueda, Á. M. & Fernández de Córdoba, M. P. Simulation and 

optimization models of steady-state gas transmission networks. Energy Proc. 64, 130–139. https://​doi.​org/​10.​1016/j.​egypro.​2015.​
01.​016 (2015).

	31.	 Schmidt, M., Steinbach, M. C. & Willert, B. M. High detail stationary optimization models for gas networks. Optim. Eng. 16, 
131–164. https://​doi.​org/​10.​1007/​s11081-​014-​9246-x (2015).

	32.	 Mahlke, D., Martin, A. & Moritz, S. A mixed integer approach for time-dependent gas network optimization. Optim. Methods 
Softw. 25(4), 625–644. https://​doi.​org/​10.​1080/​10556​78090​32708​86 (2010).

	33.	 Behrooz, H. A. & Boozarjomehry, R. B. Modeling and state estimation for gas transmission networks. J. Nat. Gas Sci. Eng. 22, 
551–570. https://​doi.​org/​10.​1016/j.​jngse.​2015.​01.​002 (2015).

	34.	 Ríos-Mercado, R. Z. & Borraz-Sánchez, C. Optimization problems in natural gas transportation systems: A state of-the-art review. 
Appl. Energy 147, 536–555. https://​doi.​org/​10.​1016/j.​apene​rgy.​2015.​03.​017 (2015).

	35.	 Pavel, T., Amina, A. & Oleg, K. The impact of economic development of primary and secondary industries on national CO2 emis-
sions: The case of Russian regions. J. Environ. Manag. 351, 119881. https://​doi.​org/​10.​1016/j.​jenvm​an.​2023.​119881 (2024).

	36.	 Pavel, T. & Polina, S. Heterogeneity of the impact of energy production and consumption on national greenhouse gas emissions. 
J. Clean. Prod. 434, 139638. https://​doi.​org/​10.​1016/j.​jclep​ro.​2023.​139638 (2024).

	37.	 Tabkhi, F., Azzaro-Pantel, C., Pibouleau, L. & Domenech, S. A mathematical framework for modelling and evaluating natural gas 
pipeline networks under hydrogen injection. Int. J. Hydrogen Energy 33(21), 6222–6231. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2008.​
07.​103 (2008).

	38.	 Elaoud, S., Hafsi, Z. & Hadj-Taieb, L. Numerical modelling of hydrogen–natural gas mixtures flows in looped networks. J. Pet. Sci. 
Eng. 159, 532–541. https://​doi.​org/​10.​1016/j.​petrol.​2017.​09.​063 (2017).

	39.	 Zemenkova, MYu., Gladenko, A. A., Chizhevskaya, E. L. & Zemenkov, Y. D. Intelligent monitoring and management of the state 
of hydrocarbon transport systems. AIP Conf. Proc. 2784(1), 050001. https://​doi.​org/​10.​1063/5.​01417​92 (2023).

	40.	 Zemenkova, M. Y., Shipovalov, A. N. & Zemenkov, Y. D. Mathematic modeling of complex hydraulic machinery systems when 
evaluating reliability using graph theory, in international scientific and practical coference on urgent problems of modern mechani-
cal engineering. IOP Conf. Ser. Mater. Sci. Eng. https://​doi.​org/​10.​1088/​1757-​899X/​127/1/​012056 (2016).

	41.	 Seleznev, V. E. & Pryalov, S. N. Numerical forecasting surge in a piping of compressor shops of gas pipeline network. J. Zhejiang 
Univ. Sci. A 8, 1775–1788. https://​doi.​org/​10.​1631/​jzus.​2007.​A1775 (2007).

	42.	 Pak, S. et al. Case study of surge avoidance design for centrifugal compressor systems during emergency shut-down (ESD). Korean 
J. Chem. Eng. 33, 764–774. https://​doi.​org/​10.​1007/​s11814-​015-​0219-3 (2016).

	43.	 Weiner, S. C. Advancing the hydrogen safety knowledge base. Int. J. Hydrogen Energy 39, 20357e61. https://​doi.​org/​10.​1016/j.​ijhyd​
ene.​2014.​08.​001 (2014).

	44.	 Alencar, M. H. & de Almeida, A. T. Assigning priorities to actions in a pipeline transporting hydrogen based on a multicriteria 
decision model. Int. J. Hydrogen Energy 35, 3610e9. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2010.​01.​122 (2010).

	45.	 Darsaliya, N. M., Farukhshina, R. R. & Saddik, Z. E. Transportation of hydrogen by main gas pipelines as a methane-hydrogen 
mixture. Liq. Gas. Energy Resour. 3(1), 1–6. https://​doi.​org/​10.​21595/​lger.​2022.​23097 (2023).

	46.	 Tan, K., Mahajan, D. & Venkatesh, T. A. Computational fluid dynamic modeling of methane-hydrogen mixture transportation in 
pipelines: Understanding the effects of pipe roughness, pipe diameter and pipe bends. Int. J. Hydrogen Energy https://​doi.​org/​10.​
1016/j.​ijhyd​ene.​2023.​06.​195 (2023).

	47.	 Behbahani-Nejad, M. & Shekari, Y. Reduced order modeling of natural gas transient flow in pipelines. World Acad. Sci. Eng. Technol. 
Int. J. Mech. Aerosp. Ind. Mechatron. Manuf. Eng. 2, 868–872. https://​doi.​org/​10.​5281/​zenodo.​10774​37 (2008).

	48.	 Abeysekera, M., Rees, M. & Wu, J. Simulation and analysis of low pressure gas networks with de-centralized fuel injection. Energy 
Proc. 61, 402–406. https://​doi.​org/​10.​1016/j.​egypro.​2014.​11.​1135 (2014).

	49.	 Ke, S. L. & Ti, H. C. Transient analysis of isothermal gas flow in pipeline network. Chem. Eng. J. 76(2), 169–177. https://​doi.​org/​
10.​1016/​S1385-​8947(99)​00122-9 (2000).

	50.	 Tentis, E., Margaris, D. & Papanikas, D. Transient gas flow simulation using an adaptive method of lines. ComptesRendusMécanique 
331(7), 481–487. https://​doi.​org/​10.​1016/​S1631-​0721(03)​00106-2 (2003).

	51.	 Behbahani-Nejad, M. & Bagheri, A. The accuracy and efficiency of a MATLAB-Simulink library for transient flow simulation of 
gas pipelines and networks. J. Pet. Sci. Eng. 70(3–4), 256–265. https://​doi.​org/​10.​1016/j.​petrol.​2009.​11.​018 (2010).

	52.	 Nouri-Borujerdi, A. Transient modeling of gas flow in pipelines following catastrophic failure. Math. Comput. Model. 54(11–12), 
3037–3045. https://​doi.​org/​10.​1016/j.​mcm.​2011.​07.​031 (2011).

https://doi.org/10.1038/s41598-023-46217-6
https://doi.org/10.1016/j.ijhydene.2003.11.003
https://doi.org/10.1016/j.ijhydene.2022.07.270
https://doi.org/10.1016/j.ijhydene.2015.06.090
https://doi.org/10.1016/j.ijhydene.2020.12.213
https://doi.org/10.1016/j.rser.2014.07.093
https://doi.org/10.1039/C3EE41272E
https://doi.org/10.1039/C3EE41272E
https://doi.org/10.1016/j.fuel.2014.12.066
https://doi.org/10.1039/C5EE01485A
https://doi.org/10.1016/j.rser.2010.07.014
https://doi.org/10.1016/j.est.2015.06.004
https://doi.org/10.1016/j.fuel.2015.09.080
https://doi.org/10.1016/j.ijheatfluidflow.2005.03.011
https://doi.org/10.1016/j.egypro.2015.01.016
https://doi.org/10.1016/j.egypro.2015.01.016
https://doi.org/10.1007/s11081-014-9246-x
https://doi.org/10.1080/10556780903270886
https://doi.org/10.1016/j.jngse.2015.01.002
https://doi.org/10.1016/j.apenergy.2015.03.017
https://doi.org/10.1016/j.jenvman.2023.119881
https://doi.org/10.1016/j.jclepro.2023.139638
https://doi.org/10.1016/j.ijhydene.2008.07.103
https://doi.org/10.1016/j.ijhydene.2008.07.103
https://doi.org/10.1016/j.petrol.2017.09.063
https://doi.org/10.1063/5.0141792
https://doi.org/10.1088/1757-899X/127/1/012056
https://doi.org/10.1631/jzus.2007.A1775
https://doi.org/10.1007/s11814-015-0219-3
https://doi.org/10.1016/j.ijhydene.2014.08.001
https://doi.org/10.1016/j.ijhydene.2014.08.001
https://doi.org/10.1016/j.ijhydene.2010.01.122
https://doi.org/10.21595/lger.2022.23097
https://doi.org/10.1016/j.ijhydene.2023.06.195
https://doi.org/10.1016/j.ijhydene.2023.06.195
https://doi.org/10.5281/zenodo.1077437
https://doi.org/10.1016/j.egypro.2014.11.1135
https://doi.org/10.1016/S1385-8947(99)00122-9
https://doi.org/10.1016/S1385-8947(99)00122-9
https://doi.org/10.1016/S1631-0721(03)00106-2
https://doi.org/10.1016/j.petrol.2009.11.018
https://doi.org/10.1016/j.mcm.2011.07.031


20

Vol:.(1234567890)

Scientific Reports |        (2024) 14:10605  | https://doi.org/10.1038/s41598-024-61361-3

www.nature.com/scientificreports/

	53.	 Kessal, M. Simplified numerical simulation of transients in gas networks. Chem. Eng. Res. Des. 78(6), 925–931. https://​doi.​org/​10.​
1205/​02638​76005​28003 (2000).

	54.	 Pourrahmani, H. et al. Simulation and optimization of the impacts of metal-organic frameworks on the hydrogen adsorption using 
computational fluid dynamics and artificial neural networks. Sci. Rep. 13, 18032. https://​doi.​org/​10.​1038/​s41598-​023-​45391-x 
(2023).

	55.	 Bashar, I., Yu, V., Karen, B. & Karapetyan, G. The role of multi-phase metal content in corrosion and premature failure mitigation 
of steel equipment in oil refiniers. Part 1. CIS Iron Steel Rev. 25, 90–96. https://​doi.​org/​10.​17580/​cisisr.​2023.​01.​15 (2023).

	56.	 Bashar, I., Yu, V., Karen, B. & Karapetyan, G. The role of multi-phase metal content in corrosion and premature failure mitigation 
of steel equipment in oil refiniers. Part 2. CIS Iron Steel Rev. 26, 122–128. https://​doi.​org/​10.​17580/​cisisr.​2023.​02.​20 (2023).

	57.	 Vanchugov, I., Zharkova, V., Sun, F. & Shestakov, R. Prospects for the development of the carbon capture, use and storage industry 
in Russia. Ecol. Ind. Russ. 27(8), 42–49. https://​doi.​org/​10.​18412/​1816-​0395-​2023-8-​42-​49 (2023) (in Russ).

	58.	 Shirizadeh, B. et al. The impact of methane leakage on the role of natural gas in the European energy transition. Nat. Commun. 
14, 5756. https://​doi.​org/​10.​1038/​s41467-​023-​41527-9 (2023).

	59.	 Bistline, J. E. T. & Young, D. T. The role of natural gas in reaching net-zero emissions in the electric sector. Nat. Commun. 13, 4743. 
https://​doi.​org/​10.​1038/​s41467-​022-​32468-w (2022).

	60.	 Liu, W., Wan, Y., Xiong, Y. & Gao, P. Green hydrogen standard in China: Standard and evaluation of low-carbon hydrogen, clean 
hydrogen, and renewable hydrogen. Int. J. Hydrogen Energy https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2021.​10.​193 (2022).

	61.	 Markert, F., Melideo, D. & Baraldi, D. Numerical analysis of accidental hydrogen releases from high pressure storage at low tem-
peratures. Int. J. Hydrogen Energy 39, 7356e64. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2014.​02.​166 (2014).

	62.	 Li, Z., Pan, X., Sun, K. & Ma, J. Comparison of the harm effects of accidental releases: Cryo-compressed hydrogen versus natural 
gas. Int. J. Hydrogen Energy 38, 11174e80. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2013.​01.​183 (2013).

	63.	 Golik, V. V., Zemenkov, Y. D., Zemenkova, M. Y. & Gladenko, A. A. Monitoring structural reliability and mechanical safety of 
underground oil pipelines taking into account the dynamics of the structure change of permafrost soils. AIP Conf. Proc. 2412(1), 
060008. https://​doi.​org/​10.​1063/5.​00758​72 (2021).

	64.	 Ilyushin, Y. V. & Afanaseva, O. V. Development of Scada-model for trunk gas pipeline’s compressor station. J. Min. Inst. 240, 
686–693. https://​doi.​org/​10.​31897/​PMI.​2019.6.​686 (2019).

	65.	 Zemenkova, M. Y., Chizhevskaya, E. L. & Zemenkov, Y. D. Intelligent monitoring of the condition of hydrocarbon pipeline transport 
facilities using neural network technologies. J. Min. Inst. 258, 933–944. https://​doi.​org/​10.​31897/​PMI.​2022.​105 (2022).

	66.	 Pryakhin, E. I. & Azarov, V. A. Increasing the adhesion of fluoroplastic coatings to steel surfaces of pipes with a view to their use 
in gas transmission systems. Chernye Metally 3, 69–75. https://​doi.​org/​10.​17580/​chm.​2024.​03.​11 (2024).

	67.	 Lurie, M. V. Modeling of Oil Product and Gas Pipeline Transportation, vol. 8, 1–214. https://​doi.​org/​10.​1002/​97835​27626​199 (Wiley, 
2008).

	68.	 Yury, I. & Martirosyan, A. The development of the soderberg electrolyzer electromagnetic field’s state monitoring system. Sci. Rep. 
14, 3501. https://​doi.​org/​10.​1038/​s41598-​024-​52002-w (2024).

	69.	 Asadulagi, M.-A.M., Pershin, I. M. & Tsapleva, V. V. Research on hydrolithospheric processes using the results of groundwater 
inflow testing. Water 16, 487. https://​doi.​org/​10.​3390/​w1603​0487 (2024).

	70.	 Asadulagi, M.-A. M., Fedorov, M. S., Trushnikov, V. E. Control methods of mineral water wells. In 2023 V International Conference 
on Control in Technical Systems (CTS), Saint Petersburg, Russian Federation 152–155 https://​doi.​org/​10.​1109/​CTS59​431.​2023.​10288​
866 (2023).

	71.	 Marinin, M. A., Marinina, O. A. & Rakhmanov, R. A. Methodological approach to assessing influence of blasted rock fragmenta-
tion on mining costs. Gornyi Zhurnal 2023(9), 28–34. https://​doi.​org/​10.​17580/​gzh.​2023.​09.​04 (2023).

	72.	 Ilyushin, Y. V., Novozhilov, I. M. Temperature field control of a metal oil-well tubing for producing of high-paraffin oil. In Proceed-
ings of 2020 23rd International Conference on Soft Computing and Measurements, SCM 2020, 149–152. https://​doi.​org/​10.​1109/​
SCM50​615.​2020.​91988​16 (2020).

	73.	 Afanaseva, O., Bezyukov, O. K. & Ignatenko, A. A. Method for assessing the relationship between the characteristics of vibroactivity 
and the design parameters of a marine diesel. Proc. Eng. Sci. 5(S2), 415–422. https://​doi.​org/​10.​24874/​PES.​SI.​02.​017 (2023).

	74.	 Golovina, E. I. & Grebneva, A. V. Features of groundwater resources management in the transboundary territories (on the example 
of the Kaliningrad region). Geol. Miner. Resour. Sib. 4, 85–94. https://​doi.​org/​10.​20403/​2078-​0575-​2022-4-​85-​94 (2022).

	75.	 Golovina, E. I. & Grebneva, A. V. Management of groundwater resources in transboundary territories (on the example of the 
Russian Federation and the Republic of Estonia). J. Min. Inst. 252, 788–800. https://​doi.​org/​10.​31897/​PMI.​2021.6.2 (2021).

	76.	 Sidorenko, S., Trushnikov, V., Sidorenko, A. Methane Emission Estimation Tools as a Basis for Sustainable Underground Mining 
of Gas-Bearing Coal Seams. Sustainability, 16, 3457. https://​doi.​org/​10.​3390/​su160​83457 (2024).

	77.	 Nechitailo, A. R., Marinina, O. A. Analysis of technological directions of electrification of hydrocarbon production facilities in 
poorly developed territories. In Sever i rynok: formirovanie ekonomicheskogo poryadka [The North and the Market: Forming the 
Economic Order], no. 2, 45–57. https://​doi.​org/​10.​37614/​2220-​802X.2.​2022.​76.​004 (2022).

	78.	 Aleksander, G. P., Yifan, T. & Fuming, Z. Predicting service life of polyethylene pipes under crack expansion using “Random For-
est” method. Int. J. Eng. 36(12), 2243–2252. https://​doi.​org/​10.​5829/​ije.​2023.​36.​12c.​14 (2023).

	79.	 Palaev, G. A., Fuming, Z. & Yifan, T. Method for assessing damage to gas distribution network pipelines based on nonlinear guided 
wave. Int. J. Eng. 37(5), 852–859. https://​doi.​org/​10.​5829/​ije.​2024.​37.​05b.​04 (2024).

	80.	 Eremeeva, A., Kondrasheva, N., Nelkenbaum, K. Studying the possibility of improving the properties of environmentally friendly 
diesel fuels. In Scientific and Practical Studies of Raw Material Issues—Proceedings of the Russian-German Raw Materials Dialogue: 
A Collection of Young Scientists Papers and Discussion, vol. 2019, 108–113. https://​doi.​org/​10.​1201/​97810​03017​226-​16 (2020).

	81.	 Babyr, N. V. Topical themes and new trends in mining industry: Scientometric analysis and research visualization. Int. J. Eng. Trans. 
A Basics 37(2), 439–451. https://​doi.​org/​10.​5829/​ije.​2024.​37.​02b.​18 (2024).

	82.	 Keksin, A. I., Sorokopud, N. I. & Zakirov, N. N. Peculiarities of abrasive finishing of surfaces of parts made of aluminium alloy of 
AMts Grade in magnetic field. Int. J. Eng. 37(6), 1098–1105. https://​doi.​org/​10.​5829/​ije.​2024.​37.​06c.​06 (2024).

	83.	 Pervukhin, D., Davardoost, H., Kotov, D., Ilyukhina, Y. & Hasanov, K. A sustainable development goals-based mathematical model 
for selecting oil and gas investment projects under uncertainty and limited resources. Adv. Math. Models Appl. 8(3), 502–528 (2023).

	84.	 Vanchugov, I. M., Rezanov, K. S. & Shestakov, R. A. On the issue of transportation of liquefied carbon dioxide. News of Tomsk 
Polytechnic University. Georesour. Eng. 334(8), 190–209. https://​doi.​org/​10.​18799/​24131​830/​2023/8/​4016 (2023).

	85.	 Buslaev, G., Lavrik, A., Lavrik, A. & Tcvetkov, P. Hybrid system of hydrogen generation by water electrolysis and methane partial 
oxidation. Int. J. Hydrogen Energy 48(63), 24166–24179. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2023.​03.​098 (2023).

Acknowledgements
This research was a personal initiative of the author.

Author contributions
V.F. Methodology; investigation, visualization; writing-original draft preparation; conceptualization. All authors 
critically reviewed and approved the manuscript.

https://doi.org/10.1205/026387600528003
https://doi.org/10.1205/026387600528003
https://doi.org/10.1038/s41598-023-45391-x
https://doi.org/10.17580/cisisr.2023.01.15
https://doi.org/10.17580/cisisr.2023.02.20
https://doi.org/10.18412/1816-0395-2023-8-42-49
https://doi.org/10.1038/s41467-023-41527-9
https://doi.org/10.1038/s41467-022-32468-w
https://doi.org/10.1016/j.ijhydene.2021.10.193
https://doi.org/10.1016/j.ijhydene.2014.02.166
https://doi.org/10.1016/j.ijhydene.2013.01.183
https://doi.org/10.1063/5.0075872
https://doi.org/10.31897/PMI.2019.6.686
https://doi.org/10.31897/PMI.2022.105
https://doi.org/10.17580/chm.2024.03.11
https://doi.org/10.1002/9783527626199
https://doi.org/10.1038/s41598-024-52002-w
https://doi.org/10.3390/w16030487
https://doi.org/10.1109/CTS59431.2023.10288866
https://doi.org/10.1109/CTS59431.2023.10288866
https://doi.org/10.17580/gzh.2023.09.04
https://doi.org/10.1109/SCM50615.2020.9198816
https://doi.org/10.1109/SCM50615.2020.9198816
https://doi.org/10.24874/PES.SI.02.017
https://doi.org/10.20403/2078-0575-2022-4-85-94
https://doi.org/10.31897/PMI.2021.6.2
https://doi.org/10.3390/su16083457
https://doi.org/10.37614/2220-802X.2.2022.76.004
https://doi.org/10.5829/ije.2023.36.12c.14
https://doi.org/10.5829/ije.2024.37.05b.04
https://doi.org/10.1201/9781003017226-16
https://doi.org/10.5829/ije.2024.37.02b.18
https://doi.org/10.5829/ije.2024.37.06c.06
https://doi.org/10.18799/24131830/2023/8/4016
https://doi.org/10.1016/j.ijhydene.2023.03.098


21

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10605  | https://doi.org/10.1038/s41598-024-61361-3

www.nature.com/scientificreports/

Competing interests 
The author declares no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​61361-3.

Correspondence and requests for materials should be addressed to V.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-61361-3
https://doi.org/10.1038/s41598-024-61361-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Analysis of numerical modeling of steady-state modes of methane–hydrogen mixture transportation through a compressor station to reduce CO2 emissions
	Methodology
	Description of the model
	Gas mixture parameters
	Modification of the combustion chamber of a gas turbine plant to accept H2

	Model of methane-hydrogen mixture transportation

	Model equations
	Dimensionless parameters
	Construction and numerical analysis of mathematical models
	Gas mixture diffusion

	Results and discussion
	Conclusions
	References
	Acknowledgements


