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Abstract: Pipeline transportation is widely regarded as the most cost-effective method for conveying
substantial volumes of hydrogen across extensive distances. However, before hydrogen can be widely
used, a new pipeline network must be built to reliably supply industrial users. An alternative way
to rather expensive investments in new infrastructure could be to use the existing pipeline network
to add pure hydrogen to natural gas and further transport the gas mixture in an industrially safe
way. The new solution necessities will be examined for compression, transportation, and fire hazard
accidents, which have not been scrutinized by other scholars. This study presents the results of a
comprehensive analysis of the methane–hydrogen mixture compression process and a mathematical
description of the main pipeline operation during gas mixture transportation, considering industrial
fire safety issues. By examining a case study involving a main gas pipeline and its associated
mathematical model for hydrogen transportation, it becomes feasible to assess the potential hazards
associated with various leakage areas and the subsequent occurrence of fires. The findings of this
investigation demonstrate that the spontaneous combustion of hydrogen due to leakage from a
natural gas pipeline is directly influenced by the proportion of hydrogen present in the gas mixture.
If the hydrogen percentage reaches a balanced ratio of 50–50%, it is plausible that the equipment at
the compressor station could be subject to detrimental consequences, potentially leading to accidents
and fires. Furthermore, the obtained results from modeling in ANSYS Fluent software propose two
practical scenarios, which demonstrate that despite the limited research conducted on the safety
aspects and the occurrence of fires during the operation of hydrogen gas pipelines, industrial and fire
safety necessitate the inclusion of hydrogen transport infrastructure as a pivotal element within the
broader framework of hydrogen infrastructure development.

Keywords: natural gas; methane–hydrogen mixture; hydrogen; mixing; pipeline transport; compression;
industrial fire safety

1. Introduction

Hydrogen is widely recognized as a significant prospective energy carrier that holds
promise for providing sustainable, dependable, and economically viable potential energy
for industrial applications. Applications include the use of hydrogen for the long-term
balancing of electricity production with grid needs by utilizing locally available resources
such as wind, biogas, solar, or nuclear resources, depending on the production regions
and industry sectors [1–3]. Hydrogen possesses the capability to be employed in hydrogen
fuel cells or to facilitate the restoration of electricity in gas turbines [4,5]. One of the major
obstacles to the transition to a hydrogen economy is the difficulty of developing a reliable
and cost-effective hydrogen delivery system [6–8]. The hydrogen gas delivery pathway
includes compression, storage, and transport [6]. Some operations, such as compression,
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occur at multiple points between the production facility and the consumer. Pipeline
transmission appears to be the most economical means of transporting large quantities of
hydrogen over long distances [9–11]. According to a comprehensive analysis of the existing
literature, it has been determined that the cost of transporting hydrogen through pipelines
is approximately 30–50 percent higher in comparison to natural gas [12,13]. One way to
reduce the cost of pipeline transport for hydrogen is to blend it with natural gas [14–16].
Several variants of hydrogen market development are possible: 1. a hydrogen-containing
gas mixture can be transported for export through pipeline systems to end users, and
2. hydrogen can be extracted and used to meet the needs of industry in the domestic market.
Under appropriate conditions and relatively low concentrations of hydrogen, blending may
require little change in the operation and maintenance of the pipeline system. Based on
existing research, it has been observed that incorporating less than 10% to 25% hydrogen by
volume into natural gas blends generally leads to only minor challenges, contingent upon
specific conditions and the composition of the natural gas. Further investigations have been
conducted in previous studies [17–19] to provide a more comprehensive analysis of the
volume of hydrogen admixture in natural gas. More significant problems arise at higher
hydrogen volume fractions in the range of 25–50%. Fractions above 50% present various
challenges across multiple domains, encompassing considerations such as the selection
of appropriate piping materials, ensuring safety measures, and implementing necessary
system modifications to accommodate end-use devices. Thus, Lurie [20] considered the
underwater section of the main gas pipeline “Nord Stream” as an example. In their study,
they outlined the theory of the calculation of methane–hydrogen mixture movement in
gas pipelines, including those with a large difference in altitude and high and ultra-high
pressures (from 10 to 25 MPa). The calculation theory considers the fractional composition
of the transported mixture. In a different study by Golunov [21], they proposed their
own variation of the calculation of methane–hydrogen mixture transportation along the
section of the Nord Stream-2 gas trunkline. The calculation of methane–hydrogen mixture
transportation can be represented in the system of equations for the unsteady operation of
a high-pressure gas pipeline, which was thoroughly expanded upon by Lurie et al. in their
publication [22].

The overall findings derived from the outcomes of the studies presented in the papers
regarding the introduction of hydrogen in low concentrations to pre-existing gas pipeline
systems, specifically at levels not exceeding 25 percent, indicate that this blending approach
is associated with marginal elevation in the potential for ignition.

However, adding more hydrogen to a pipeline line results in a significant increase
in overall transport safety risk. Furthermore, these levels of risk are associated with the
introduction of hydrogen mixtures into existing gas pipelines and do not apply to new
pipelines specifically designed to transport hydrogen, which require necessary design
and management, unlike existing hydrogen pipelines in Europe and the USA. Any intro-
duction of hydrogen mixture concentrations will require extensive research, testing on
existing pipelines, mixture compression processes, monitoring, and the maintenance of
pipeline systems.

One of the subsequent significant challenges involves the careful consideration and
implementation of a dependable compression technology that is both economically vi-
able and energy efficient. This technology should be capable of handling high hydrogen
concentrations and achieving a minimum mass flow rate [23]. In the studied case which
was conducted by Bolobov et al., the minimum mass flow rate was 1.03 kg/s. There are
two compression technologies available for hydrogen: reciprocating compressors and
centrifugal compressors. For gas compression, reciprocating compressors are typically
used for volume flow rates less than 0.472 m3/s [24]. Centrifugal compressors are the
recommended choice for applications involving high flow rates. However, centrifugal
compressors pose more operational problems than reciprocating compressors. Because of
the low molecular weight of the mixed gas with a high hydrogen concentration, higher
circumferences are required, which in turn requires the use of different materials [25]. To
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achieve high hydrogen pressures, these compressors require multiple stages operating at
high rotational speeds, as well as special seals and high mechanical tolerances. Centrifugal
compressors designed to handle hydrogen are under development under an EU program
called “The Hy Under Project” [26].

For process modeling, they used the Aspen Plus software package [27] to calculate
the thermodynamic properties of the gas mixture flow under the required conditions and
to quantify performance and transport [27,28]. The Peng–Robinson equation of state [29]
and the newly developed Klaus Ludtke-modified Lee–Kesler equation of state [30] were
both used to accurately calculate the thermodynamic parameters of the methane–hydrogen
mixture under real gas behavior. These equations of state parameters are the most suitable
and applicable equations for the appropriate calculation of the thermodynamic parameters
of the methane–hydrogen gas mixture under real gas behavior conditions. Because the
pressure losses during the transport of a methane–hydrogen mixture under conditions of
real gas behavior were estimated using the Beggs and Brill empirical correlation method,
they had more efficient results in their studies.

Even though numerous investigations have been conducted to examine the phe-
nomenon of hydrogen ignition resulting from gas pipeline leakage within a confined
environment, the results obtained through modeling in ANSYS Fluent software coincided
with the patterns observed in other scientific studies that investigated the scenario of hy-
drogen propagation resulting from the rupture of a methane gas pipeline. The primary
objective of the initial scenario is to generate a volumetric fire by simulating a gas pipeline
explosion. This outcome is contingent upon the propagation of both the shock wave and the
thermal field. The second calculation involves examining the interdependencies between
the hydrogen concentration in the gas mixture and natural gas. It focuses on analyzing the
effects of hydrogen concentration, temperature, and pressure on the system.

The structure of this study is organized as follows: Section 2 provides research methods
and describes the possibility of hydrogen transportation through the existing gas pipeline
network with due regard to fire safety and the proposed model. Section 3 presents the
results of the study and discusses fire risk assessment. Sections 4 and 5 are devoted to the
discussion and the conclusions and recommendations for further studies respectively.

2. Materials and Methods
2.1. Possibilities of Hydrogen Transportation through the Existing Gas Pipeline Network with due
Regard to Fire Safety

In the process of transporting a methane–hydrogen mixture, the most important
problem is finding the maximum safe transport distance. At a given pressure, the pressure
drop along the pipeline depends on the flow velocity, ambient temperature, insulation
layer, and geometrical characteristics of the pipeline, such as diameter, length, and height
variation [31–33]. Pressure drops and temperature changes along the pipeline reduce the gas
density and increase the velocity, which in turn increases the pressure drop and therefore
creates throttling conditions over a certain distance [34,35]. Any optimization must consider
the effect of ambient temperature [36,37] due to the importance of heat transfer between the
gas in the pipe and the environment along the pipeline [38,39]. In gas transport, the pipeline
can be buried and insulated to minimize heat losses [40,41]. The implementation of an
underground pipeline mitigates pressure drops and subsequently minimizes energy [42,43]
losses within the system, albeit at the cost of heightened investment and operational
expenditures. In this study, maximum and minimum ambient temperatures were assumed,
which can reach +45 and −65 ◦C. A layer of thermal insulation was also assumed on
the outer surface of the pipe to prevent corrosion by preventing direct contact with the
steel [44,45]. The pipeline is assumed to be at least 0.8 m underground. As an example,
an underground insulated gas pipeline with an internal diameter of 1000 mm, insulated
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with 5 cm of foam glass, is considered. The following formula determines the heat transfer
coefficient from gas to the environment for an underground main gas pipeline [46]:

Km =

(
Rin +

1
αg

)2
, (1)

ag =
λg

10−3·dm
·

0.65 +

10−3·dm

H0 +
λg
aB

2
, (2)

αair = 6.2 + 4.2v, (3)

where Rin is the thermal resistance of the pipeline insulation, m2K/W; aair is the heat
transfer coefficient from the pipeline to the ground, W/m2K; H0 is the depth of the pipeline
axis from the ground surface, m; λg is the heat transfer coefficient of the ground, W/mK;
and αair is the heat transfer coefficient from the ground surface to the atmosphere, W/m2K.

It is assumed that the temperatures of the inner wall of the pipe and the gas in the
same cross-section are equal. The pipe wall thickness g in meters is given as:

g =
pmax·d2

2SEF
, (4)

where pmax is the maximum working pressure in the pipeline (MPa); d2 is the outside
diameter of the pipeline (m); S is the specific yield strength of the pipe material (MPa); E is
the longitudinal weld coefficient (reflecting the different types of longitudinal welds in the
pipe); and F is the design factor (introduced to add a safety margin to the wall thickness
calculation).

For estimating the pipe wall thickness in this study, the maximum pressure is assumed
to be 9.8 MPa, the longitudinal weld coefficient is 1.0; and the design factor is 0.72. The
pipe strength class K 5, yield strength N/mm2 (kgf/mm2) σT = 343 (35), is set in the range
of 483 MPa. Based on the above data, the calculated pipe wall thickness g is 30 mm for a
1000 mm pipeline, and the distance between the ground surface and the center of the pipe
is z = 1.25 m. The heat transfer coefficient k between the air and the mixture calculated by
Equation (1) is 1.5 W/m2, Figure 1.
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2.2. Model of Methane–Hydrogen Mixture Transportation

As an important step in the use of pure hydrogen in the smooth operation of an
existing gas pipeline designed to transport natural gas exclusively, it is necessary to know
the hydrogen volume content ratio. For this purpose, a hydrodynamic model is calculated
to quantify the friction losses and energy efficiency of the transport of methane–hydrogen
mixtures along a linear section of the pipeline. Simultaneously, it is important to acknowl-
edge that the adoption of hydrogen as an energy source may result in elevated energy
expenses due to the displacement of methane, which possesses a higher density compared
to hydrogen’s lower density.

When conducting a model of the stationary mode of a compressor station for the
transportation of methane–hydrogen mixtures, the following independent variables can be
utilized: PH2i1 is the pressure at the inlet to the centrifugal blower, and JH2i1 is the mass
flow rate of the methane–hydrogen mixture in the process working pipe at the compressor
station, which is represented in the following equations:

JH2i1(PH2i1) = Sri1

√
P2

in − P2
i1

PH2in
·ρH2in; (5)

Srij =
πD2

ij(
4
√

lijξij

) , (6)

jH2 = 1, 2; (7)

where ρH2in is the density of the methane–hydrogen mixture at the inlet of the compressor
station and is estimated using the applied simplified equation of state for natural gas
considering the addition of pure hydrogen in the gas pipeline, and i is the number denoting
the belonging of this parameter to the branch with the i-th centrifugal blower.

Equation (8) below uses the pressure variable PH2i1 of Formula (3) in the augmented form:

PH2i1(JH2i1) =

√
P2

H2in
P2

in − J2
i1

ρH2inS2
ri1

; (8)

In modeling, 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 PH2in. The temperature TH2in 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 NH2 of the gas mixture flows in the inlet
manifold are kept constant, it will take the following form:

JH2in −∑NH2
i=1 JH2i1 = 0; (9)[

PH2in > PH2i1
∨

JH2i1 > 0
]
∀i = NH2. (10)

Provided that there are no countercurrents, inequalities (9) and (10) represent Kirch-
hoff’s first law. To exclude the occurrence of counterflows in the gas mixture and to analyze
the situation at the shutdown of gas compressor units, inequalities (9) and (10), depending
on the set of independent variables, can be applied alternately. In the case of the station-
ary operation of the compressor station pipeline system, the mass flow rates are equal
in accordance with the law of conservation of mass. With the help of the Stepanov A.’s
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mathematical model and considering the isothermal mode of operation, it is possible to
establish functional, unambiguous dependencies.

PH2i2 = PH2i2

(
nH2i, TH2in, PH2i1

JH2i1
ρH2i1[PiH21]

)
, (11)

i = N1; (12)

TH2i2 = TH2i2

(
nH2i, TH2in, PH2i1,

JH2i1
ρH2i1[PH2i1]

)
, (13)

i = NH2; (14)

NH2drive,i = NH2drive,i

(
nH2i, TH2in, PH2i1,

JH2i1
ρH2i1[PH2i1]

)
(15)

i = NH2; (16)

ρH2i2 = ρH2i2(PH2i2) = ρH2i2

(
nH2i, TH2in, PH2i1,

JH2i1
ρH2i1[PH2i1]

)
, (17)

i = NH2; (18)

where PH2i2 is the pressure of the methane–hydrogen mixture at the outlet of the i-th
centrifugal blower; nH2i is the shaft speed of the i-th centrifugal blower; TH2in is the
temperature of the methane–hydrogen mixture at the outlet of the i-th centrifugal blower;
ρH2i1 is the density of the methane–hydrogen mixture at the inlet of the i-th centrifugal
blower, which is determined by the equation of state; NH2drive,i is the power supplied to
the shaft of the i-th centrifugal blower from the gas turbine unit through the coupling; and
ρH2i2 is the density of the methane–hydrogen mixture at the outlet of the i-th centrifugal
blower, which is determined by the equation of state.

Behind the centrifugal blower, considering the isothermal process, the temperature of
the methane–hydrogen mixture, which is delivered in portions in the outlet manifold, will
have different limits.

3. Results
Fire Risk Assessment Considering Industrial Safety in Case of Hydrogen Leakage on the Pipeline

To evaluate the potential fire hazard associated with the operation of a gas pipeline
designed for the transportation of a methane–hydrogen mixture, it is imperative to conduct
hydraulic calculations pertaining to the pipeline. To achieve this, the computation was
executed utilizing the algorithm depicted in Figure 2.

where P1 is the pressure in the upstream gas pipeline; P2 is the pressure at the end
of the pipe; Q1 is the gas mixture flow rate at the beginning of the leak; and Q2 is the gas
mixture flow rate at the full pipeline rupture.

The first step of the presented algorithm is to enter the values of several input pa-
rameters, such as inlet pressure, pipeline length, linear length, internal diameter, ground
temperature, inlet and outlet gas temperature, gas mixture flow rate, natural gas compo-
sition, thermodynamic parameters for each component of the gas mixture, average gas
temperature, and hydrogen and methane density. In the next step, the outlet pressure (at
the end of each pipeline section) and other gas parameters such as density and velocity
are calculated in Table 1. The calculation process is repeated until the last section of the
pipeline, after which the results obtained for each section of the pipeline are compared with
the results for the entire length of the pipeline. The algorithm can be modified or extended
with additional parameters or dependencies, such as changes in gas mixture components
and temperature at each pipeline section.
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Table 1. Effect of hydrogen volume concentration on the mass flow rate of the gas mixture at the
existing pipeline inner diameter d = 1000 mm, transport length L = 1000 km, temperature of the
transported gas T1 = 300 K, and pressure p1 = 9.8 MPa.

H2/CH4
%

M,
kg/s

P1,
MPa

ρM1,
kg/m3

C1,
m/s

VH2,
m3/s

VCH4,
m3/s

H2
kg/s

CH4
kg/s

P2
MPa

ρM2
kg/m3

C2
m/s

∆p
MPa

T2
K

VΣ

m3/s

10/90 449 9.8 32 10.4 4 7.2 5 445 5,5 27 20 4.5 300 8

25/75 383 9.8 42 10.6 2 6 13 370 7,5 27 17 3.5 299 8

50/50 269 9.8 53 10.6 0.09 4 26 243 8 24 14 2.5 299 8

To carry out a comparative assessment of fire risks on an operating gas pipeline, an
assessment was carried out between different hydrogen concentrations with the same gas
velocity in the pipe at the inlet (=20 m/s) and temperature (=300 K), with the internal
diameter of the pipeline DN = 1000 mm.

Hydrogen jet fires due to gas pipeline ruptures have an inherently smaller flame size
and emissivity and, consequently, thermal radiation compared to natural gas. And the
distance of thermal radiation (the estimation of thermal radiation is significantly influenced
by the presence of wind) decreases due to the decrease in the view factor and the increase
in atmospheric radiation for a certain distance, m. In a pipeline accident, when hydrogen is
present, the heat emission region is lower than that of natural gas, which affects the level
of damage to infrastructure and people. Damage to the surrounding area (buildings, the
environment, and people) decreases much faster with distance. In the open-source analysis,
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hydrogen exposure is 300–400 m from the accident site; in the case of a ruptured natural
gas pipeline, this value is 500–800 m.

To be able to see the process occurring in the pipeline and after the rupture, the authors
carried out modeling using the software ANSYS Fluent, and by comparing the data, they
obtained a calculation of the time and distance of flame propagation. To solve this problem,
the authors analyzed some interesting papers on pure hydrogen and methane–hydrogen
leakage fires. Thus, in a scientific paper [47], the authors presented their technical ideas to
the reader and analyzed accidents in hydrogen pipeline structures. The authors of [48–50]
modeled the fire jet of a methane–hydrogen mixture using CFD Fire FOAM and calculated
the flame length that results from an accident in which the reflectivity does not affect the
surface emissivity or radiant fraction [51]. The authors, in their work [52,53], showed the
use of a new thermal radiation method for calculating large fires using the methods of shear
stress transfer and eddy dissipation. And in another work [54,55], the authors modeled
and calculated the dangerous distance in various cases of accidents on the gas pipeline
and its consequences. Kuibin et al. [56] carried out numerical modeling using the accident
analysis equation for a pipeline transporting hydrogen.

During the research, a section of a pipeline with a pipe diameter of 1000 mm was
modeled, which runs along a country road with an internal pressure of 7.5 MPa, the result
of an accident, a leak from a crack, and a wind speed of 5–6 m/s, the direction of the
methane leak is the hydrogen mixture is vertical, ignition occurs within 0.10 s after the
gas pipeline ruptures, and the atmospheric temperature is 25 ◦C. The main buildings are
auxiliary premises for organizing gas pipeline measurement; along the gas pipeline, there
are water crossings 100 m long and 10 m wide, and there are emergency valves every 50 m.
The flame and the temperature-dependent range of heat flow change because of a pipeline
rupture (Figures 3 and 4). The parameters are also presented in Table 1.

The flame variation and heat flow range are represented by a region moving vertically
upward, and after the pipe ruptures, the hydrogen volume fraction contours in the X, Y,
and Z planes are released into the atmosphere from the inlet section of the pipe. However,
the modeling did not consider diffusion during a sharp decrease in pressure in the pipe.
This is clearly visible in Figure 4. The calculation results and subsequent calculations in
ANSYS Fluent are based on a small transient process, that is, 10 s after the start of the fire,
the temperature begins to rise (a) and then decreases (b), as shown in Figure 4. Further
along the temperature trend (Figure 5), you can see the spread of the shell of a dangerous
fire, while the vibrations are turbulent in nature.
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Figure 5. Explosion propagation area in the event of a pipeline rupture due to pressure drops and
gas mixture velocity.

The orange line indicates thermal radiation exposure over 480 m, and the purple line
indicates thermal radiation exposure over 680 m.

From Figures 4 and 5, the height of the flame that is ejected from the pipe and the
distance at which the effect of thermal radiation is accompanied (the orange line) are directly
related to the wind speed (the blue line) at which the accident occurred. Obviously, the
flames of the fire will be tilted by the wind in the direction in which they blow, and because
of this, thermal radiation will expand and have a not-clearly round shape, represented in
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the figure by a violet line. At the same time, it must be considered that with an increase
in wind speed, the height of the flame decreases, but the impact of thermal radiation
increases significantly.

4. Discussion

There are multiple factors that can contribute to explosions and fires occurring during
the operation of main gas pipelines while pumping methane–hydrogen mixtures. These
can be third-party interference in the pipeline system operation, as well as problems of a
technological nature, corrosion, flange joint defects, factory defects, environmental impact,
and human factors.

According to the length of the pipeline, the presented algorithm for calculating hydro-
gen pipeline transport is a straightforward tool for determining the main thermodynamic
parameters of the transported gas medium. This algorithm is useful for calculating the pres-
sure drop and predicting the occurrence of an emergency to prevent pipeline ruptures. The
presented algorithm can be improved or modified by introducing some other additional el-
ements affecting the pipeline transport of hydrogen or a mixture of methane and hydrogen
that will increase its safe operation and the accuracy of the calculated parameters. Since the
mole fraction of H2 in the H2/CH4 mixture causes smaller pressure drops during pipeline
transport, it leads to a smaller increase in the flow rate of the methane–hydrogen mixture.
The question of the efficiency of hydrogen transport through pipelines may possibly be
considered along with the question of its safety.

In further research, all these issues need to be addressed to answer questions on the
safety and energy efficiency of the entire pipeline system more accurately, through which
hydrogen is to be transported.

5. Conclusions

This article presents a study of the use of the main gas pipeline as a transport medium
for a methane–hydrogen mixture considering the issues of industrial fire safety. The study
examined the possible influence of the methane–hydrogen mixture in the operation of
an existing gas pipeline and calculated the distance of impact of an accident when a gas
pipeline ruptures, which is determined by the magnitude of the thermal field. These data
can provide technical support in determining the safe distance from gas pipelines that have
been converted to transport a methane–hydrogen mixture.

The thermal field was changed considering changes in wind speed. The calculations
considered the following parameters: leakage rates of the methane–hydrogen gas mixture,
wind speed, and the percentage of the hydrogen mixture in natural gas. From the results
obtained, we can conclude that the intensity of the change in the thermal field depends
on the level of intensity of thermal radiation as a result of a pipeline rupture with the
following parameters: % hydrogen concentration in natural gas (comparative assessment
and calculation of the risks of fire in and rupture of the pipeline, the influencing factor of
which is the percentage of hydrogen content), the pressure created in the pipeline section,
and the diameter of the pipe through which the gas mixture is transported.

It is imperative to address the following limitations: the insufficiency and need for
additional advancement of regulatory frameworks that govern the specifications for hydro-
gen transportation; concerns regarding safety [57–59]; expenses related to the establishment
of technological infrastructure (“ensuring safety in production, transportation, storage, and
distribution”); fire safety in industrial emissions; and the energy consumption associated
with the hydrogen transportation process.

Despite the economic advantages of hydrogen transportation via pipelines, limited
research has been conducted on the safety aspects and the occurrence of fires during the
operation of hydrogen gas pipelines.

Simultaneously, it is important to acknowledge that when the volume fractions of
hydrogen in natural gas reach higher levels within the range of 15% to 25%, notable
concerns regarding industrial and fire safety may arise. These concerns encompass various
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aspects such as the suitability of pipeline materials, the assurance of safe transportation,
and the necessity for equipment upgrades at compressor stations.
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