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Abstract. The purpose of the study was to improve the reliability and safety of gas pipeline operation through a detailed
analysis of modern technical solutions, innovative technologies, and effective control methods. Modern technical and
organisational solutions for ensuring the safety of pipeline gas transport at industrial facilities were analysed. It was
established that the highest efficiency is demonstrated by the combination of automated control systems, the use of
corrosion-resistant materials, and network segmentation using emergency valves. The technical characteristics of the
main pipe materials were analysed: in particular, austenitic stainless steel can withstand up to 2.5 megapascals at a
temperature of +120°C, which makes it suitable for main gas pipelines; polyethene (PE100) provides operation at a
pressure of up to 1.0 megapascals and a temperature of +40°C, which is suitable for underground gas supply. Sensor types
were also considered, in particular, methane gas analysers with an accuracy of #2 particles per million and a reaction
time of up to 5 seconds, which is especially effective for polymer pipes. The article summarised the experience of using
intelligent devices for in-tube diagnostics that can detect mechanical defects without stopping transportation. Special
attention was paid to the use of unmanned aerial vehicles: multicopters with thermal imagers and cruise drones with
a laser scanner allow quickly examining hard-to-reach areas up to 50 km long. It was concluded that it is necessary to
integrate these solutions into a comprehensive maintenance system. The results obtained can be used to develop and
implement modern integrated safety systems at industrial facilities, which will help reduce accidents and improve the
reliability of gas transmission infrastructure
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Introduction

Pipeline transport is a key element of the infrastructure of
large industrial facilities, ensuring a continuous supply of
natural gas for production needs. However, the operation
of such systems is associated with increased risks, includ-
ing gas leaks, explosions, fires, and environmental pollu-
tion. The issue of safety is becoming particularly relevant
in the context of the increasing technological complexity

of facilities and tougher environmental requirements. Tra-
ditional methods of pipeline control and maintenance are
gradually being supplemented or replaced by modern tech-
nical solutions based on automation, digital technologies,
and innovative materials. In this context, there is a need for
a systematic analysis of the effectiveness of such solutions,
considering the practical needs of industrial enterprises.
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Timely detection and elimination of emergencies, such
as gas leaks, corrosion and mechanical damage to pipe-
lines, is an important issue in ensuring the safety of pipe-
line gas transport at large industrial facilities. L. Kutsenko et
al. (2023) emphasised the importance of automating control
processes to improve maintenance efficiency. Investing in
these technologies helps reduce the risk of accidents and
simplifies the monitoring of pipeline condition. M. Waqas &
M. Jamil (2024) pointed out the advantages of using Supervi-
sory Control and Data Acquisition (SCADA) systems, which
provide remote monitoring and control over all parameters
of gas pipelines. This allows quick detection of anomalies
and prevents serious accidents. J. Yao et al. (2022) stressed
the importance of using intelligent pigs for intra-tube di-
agnostics, which allows detecting defects at an early stage.
Such a system enables the timely detection of corrosion
zones and mechanical damage to pipelines. I.A. Aromoye et
al. (2025) noted that the use of drones for pipeline inspec-
tions allows inspections to be conducted in hard-to-reach
places without risking the lives of personnel. This greatly
increased the efficiency of maintenance and reduced labour
costs. J. Zishu et al. (2025) drew attention to the need to use
anticorrosive materials to extend the service life of gas pipe-
lines. The choice of such materials has reduced the likeli-
hood of leaks and other problems associated with pipe wear.

S.F. Pichugin et al. (2023) underlined the importance of
implementing emergency shut-off systems to quickly shut
off gas flow during an accident. This has helped prevent es-
calating emergencies and reduce risks to the environment
and workers. A.H.A. Nasser et al. (2021) accentuated the im-
portance of training personnel for effective emergency man-
agement. A high level of training of employees is critical for
ensuring safety at all stages of gas pipeline operation. G. Fi-
dalgo-Valverde et al. (2024) recommended the use of degas-
sing and gas extraction technologies to minimise the envi-
ronmental risks associated with gas leaks. These methods
provide for a timely reduction of the gas concentration in
the atmosphere, preventing explosions and environmental
pollution. J.S. Ahari et al. (2025) proposed the installation
of flare combustion systems for the safe disposal of excess
gases. This made it possible to avoid explosive situations
and ensure effective management of excess gas. D. Beben
& T. Steliga (2023) underscored the importance of regular
monitoring and diagnostics of pipelines to detect problems
in a timely manner and prevent accidents. Continuous mon-
itoring is the basis for the safe operation of gas pipelines.

However, despite numerous achievements, there are
gaps in research that require further study. This includes
a more detailed analysis of combined systems to ensure
safety, integrating the latest technologies into real-world
production conditions, and developing new methods to mi-
nimise environmental risks associated with gas leaks. The
issues of adapting technologies to various climatic and geo-
graphical features and the development of effective meth-
ods of teaching and training personnel to work with new
systems remain insufficiently researched. The study aimed
to evaluate modern design, engineering, and organisational
solutions for ensuring the safety of pipelines, particularly
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through the improvement of materials, control systems, ac-
cident prevention tools and innovative approaches for large
industrial facilities. Research objectives: review of the ef-
fectiveness of using the latest materials and technologies to
ensure the reliability of pipelines, evaluation of monitoring
and control systems, in particular, SCADA systems and leak
sensors, and research of innovative approaches, such as the
use of IoT sensors, artificial intelligence-based analytics
(Al-analytics), and drones for inspections.

Materials and Methods

The study conducted a comprehensive analysis of techni-
cal solutions aimed at improving the safety of pipeline gas
transport at large industrial facilities. In the field of struc-
tural solutions, the use of anticorrosive materials, in par-
ticular, stainless steel and composite coatings, which en-
sure the resistance of pipelines to aggressive environments
and extend their service life, was analysed. The expedi-
ency of using polymer pipes for internal networks within
the limits of regulatory restrictions was investigated. The
effectiveness of modern connection methods, such as au-
tomated welding using non-destructive testing, as well as
flanged connections that can withstand high pressure, was
evaluated. Considerable attention was paid to the division
of pipeline systems into segments with insulating valves
and the use of bypasses in critical areas — as a means of im-
proving maintainability and rapid response to emergencies.

In terms of control and monitoring, the use of SCADA
systems that provide remote equipment management and
operational collection of telemetry data was analysed (Eso
& Eseosa, 2022). The possibilities of detecting leaks using
methane, pressure and noise sensors, as well as mass flow
balancing methods that allow rapid localisation of hazard-
ous areas, were investigated. The use of video surveillance
and thermal imagers that help detect extraneous interfer-
ence or overheating of equipment is considered. In the di-
rection of emergency response solutions, the effectiveness
of emergency shutdown systems that automatically block
the gas flow in case of exceeding the permissible param-
eters was investigated. The paper analyses the use of de-
gassing systems, in particular, ventilation equipment and
flare gas combustion, as well as fire protection measures —
including flame extinguishers, fire-fighting valves, and
fire-resistant pipe coatings.

The study pays special attention to organisational and
technical security measures. The effectiveness of sched-
uled licensing inspections, which allow timely detection
of critical wear and tear and violations, is considered. The
use of intelligent devices for in-tube diagnostics, in par-
ticular, pigs, capable of detecting corrosion, cracks, and
mechanical defects without stopping transportation, is an-
alysed in detail. Attention is paid to the training of per-
sonnel - in particular, training in responding to accidents
and working with modern monitoring systems. The impact
of implementing the standards ISO 14001:2015 (2015),
ISO 45001:2018 (2018), and EN 15001-1:2023 (2023) on
improving the level of technological and environmental
safety was also assessed.
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Lastly, the study covered innovative technologies —
the use of IoT sensors, digital doubles, artificial intelli-
gence-based analytics, and drones for inspections of hard-
to-reach areas. The theoretical potential of using the latest
technologies to improve the efficiency of pipeline inspec-
tions and emergency detection was considered. In particu-
lar, the possibilities of aerial photography and detection of
temperature anomalies were analysed using a DJI Matrice
multicopter equipped with a 4K camera and a FLIR thermal
imager. The use of the eBee X cruise drone for terrain scan-
ning and external risk assessment, which has Light Detec-
tion and Ranging (LIDAR), Global Positioning System (GPS),
and an RGB camera, was also evaluated. The use of a hybrid

WingtraOne equipped with a CHy4 gas analyser and a thermal
scanner was reviewed to detect gas leaks. These technologies
were explored in terms of their ability to integrate into ex-
isting infrastructure with minimal interference, allowing for
early detection of system deviations and accident prevention.

Results

The choice of materials for pipelines is one of the most im-
portant aspects in the engineering of gas supply systems,
as it determines their durability, resistance to aggressive
environments, and ability to withstand high loads. Modern
pipelines use a variety of materials that meet the highest
safety and efficiency standards (Table 1).

Table 1. Comparison of pipeline materials

Material Corrosion resistance

Max. working pressure
(MPA)

Temperature limit (°C) Main application

Main gas pipelines,

Austenitic stainless steel High +120 .
compressor stations
Aluminium composite High +95 D1§tr1but10n networks,
internal networks
Polyethene (PE100) High +40 Underground gas supply,
medium pressure
Polypropylene (PP-R) Medium +70 Domestic

and industrial pipelines

Source: compiled by the authors based on I.M. Chohan et al. (2023)

One of these solutions is anticorrosive alloys and
coatings, including austenitic stainless steels, aluminium
composites and multilayer polymer materials. Austenit-
ic stainless steels, due to their high corrosion resistance
and ability to withstand extreme temperatures, are opti-
mal for use in aggressive environments. These alloys en-
sure a long service life of pipelines, minimising the risks
of intergranular corrosion, which can lead to structural
destruction. Aluminium composites, due to their lightness
and high corrosion resistance, are used in less aggressive
conditions, such as external coatings of pipelines exposed
to atmospheric factors. Thereby, polymer materials, in
particular, polyethene (PE) and polypropylene (PP-R), are
used for internal gas pipelines that are subject to less me-
chanical loads, but require excellent resistance to chemical
influences and water corrosion. Such materials that meet
the modern requirements of State Building Codes can no-
tably reduce maintenance costs and increase the reliability
of gas supply (Gharbia et al., 2022). In addition, pipelines
designed for increased operating loads must withstand high
internal pressure of more than 1.6 MPA and temperature
fluctuations up to +120°C. These characteristics are
especially important for gas pipelines operating under
high-pressure conditions or transporting gas that has an
elevated temperature. Therefore, pipelines must have high
strength characteristics and the ability to operate for a
long time under variable loads (Topolski et al., 2022). The
reliability of connections is a critical aspect for ensuring the
tightness and safety of pipelines. Traditional connection
methods, such as welding and flanging, should be optimised
for each specific case, accounting for the operating
conditions and safety requirements (Zeng et al., 2021).

For pipeline welding, automated welding complexes
are used, which are equipped with non-destructive testing
systems, such as ultrasonic flaw detection and radiography.
This guarantees the quality of welds and ensures that there
are no hidden defects that can lead to leaks or accidents.
Ultrasound can detect internal defects in the material that
are not always visible during visual inspection, and radiog-
raphy can check the thickness and quality of joints at the
molecular level. This control can remarkably improve the
safety of pipelines. Another important aspect is flanged
connections, which are used to connect pipes in plac-
es where it is necessary to provide convenient access for
maintenance or repair. Multi-layer seals made of fluoro-
plast and reinforced graphite, which provide resistance to
high temperatures, pressures, and protect against aggres-
sive chemical influences, are used to increase the tightness
of such connections.

One of the key elements for ensuring the safety of gas
pipelines is segmentation and redundancy of the pipeline
system. In the event of an accident, it is critical to quickly
localise the damaged area and minimise the consequenc-
es for the entire network. Pipeline projects provide for the
formation of technological zones using remote-controlled
isolation valves. These valves allow effectively blocking
certain sections of pipelines, which provides for a quick
response to accidents without stopping the entire system.
Isolation valves are usually installed in key areas where
there is a chance of leaks or other malfunctions. It is also
necessary to provide bypass circuits (bypass lines) in crit-
ical areas that ensure the continuity of gas supply dur-
ing maintenance or in the event of an emergency. Bypass
lines help avoid interruptions in gas supply and ensure
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its transportation via alternative routes, which greatly
reduces risks and increases the overall reliability of the
system. These design and engineering solutions provide
the basis for safe, efficient, and reliable operation of gas
supply systems, helping to minimise risks and ensure a
stable supply of energy resources to consumers (Song et
al., 2021). In modern gas transmission networks, control

and monitoring systems are a critical element of safe and
efficient operation. These systems provide continuous
monitoring of the technical condition of pipelines, rapid
detection of deviations and maintaining the stability of
technological processes. Comprehensive automation pro-
vides for moving from reactive to proactive risk manage-
ment (Table 2).

Table 2. Types of sensors for detecting gas leaks

Sensor type What it records Accuracy Reaction time Features
. High sensitivity.
+ < ’
CH, gas analyser Methane concentration 2 ppm 5s recommended for PE
Acoustic sensor Leakage ultrasound High <1s It w01.rks even without
direct contact
Pressure gauge module  Sudden pressure drops 0.05 MPA instant Easy installation, cheap
IR optical sensor Spectral analysis +1 ppm s Contactless,

of hydrocarbons

high-precision

Source: compiled by the authors based on A. Swain et al. (2022)

The sensors considered for detecting gas leaks have
different characteristics and applications. The CH4 gas
analyser detects methane concentrations with high sensi-
tivity and accuracy up to #2 ppm, with a reaction time of up
to 5 seconds, making it effective for polyethene pipelines.
The acoustic sensor, which detects leaks with ultrasound,
has high accuracy and a response rate of up to 1 second,
working without direct contact with the surface, which
gives it an advantage in remote monitoring. The pressure
gauge module detects sudden pressure drops with an accu-
racy of 0.05 MPA and responds instantly to changes, which
ensures easy installation and low cost. The IR optical sen-
sor performs spectral analysis of hydrocarbons, has a high
accuracy of up to £1 ppm and responds in 3 seconds, while
not requiring contact with the object, which ensures high
accuracy and safety during operation.

A key component of the digital transformation of the
gas transportation infrastructure is the introduction of
SCADA platforms. These complexes provide centralised
management and monitoring of the entire gas supply sys-
tem in real time. SCADA integration allows controlling
electric gate valve drives, pressure regulators, gas analy-
sers, temperature sensors, and emergency shut-off valves
without the physical presence of the operator on site. In
addition to management, SCADA systems implement te-
lemetry with a high frequency of data collection, which al-
lows dispatchers to quickly respond to changes in the func-
tioning of the network. Due to the modular architecture,
such complexes can be easily scaled and integrated with
other digital platforms, in particular, analytical modules
based on artificial intelligence (Eso & Eseosa, 2022).

One of the most dangerous incidents in gas transmis-
sion networks is a gas leak, so modern infrastructure should
be equipped with high-precision leak detection systems.
The most effective approach is the introduction of multi-
modal sensor networks, which include gas analysers that
measure the concentration of methane (CHy), propane,
butane, and other hydrocarbons, acoustic sensors that de-
tect sound signals characteristic of pipeline depressurisa-
tion, as well as pressure sensors that can detect abnormal
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fluctuations and drops that indicate losses. The Mass Flow
Balance method is used to improve the accuracy of local-
isation, which is based on a mathematical analysis of the
difference between the supplied and received gas volumes.
This approach allows identifying not only the fact of the
leak but also its approximate location with an accuracy of
several tens of meters (Menon et al., 2025).

A separate role in the monitoring structure is played
by optical and thermal imaging systems that allow moni-
toring both the technical condition of equipment and the
safety of objects from external interference. Video surveil-
lance is implemented on the basis of intelligent analyti-
cal systems that can recognise non-standard behaviour of
personnel, unauthorised entry, and other factors that can
lead to a violation of the security regime. Such systems
use computer vision algorithms that automatically identi-
fy events and generate alarm signals when threats are de-
tected. High-resolution thermal imagers are used to detect
equipment overheating, leaks, hot zones, or local insula-
tion defects. This is especially important in high-load en-
vironments, where timely detection of overheating avoids
failure of critical components (He et al., 2024).

Thus, modern control and monitoring systems pro-
vide an opportunity to exercise full-scale control over all
parameters of the pipeline network, ensuring its stable,
safe, and predictable operation. Combined with analytical
platforms and artificial intelligence, they become the basis
for creating intelligent infrastructures capable of self-di-
agnosis and adaptive management. A reliable emergency
protection system is a critical component of any gas trans-
portation infrastructure. In conditions of increased man-
made risks and difficult operating conditions, only timely
detection of deviations and their automated localisation
can guarantee the preservation of the integrity of the sys-
tem, the life and health of personnel and the environment.

Emergency Shut Down (ESD) systems provide instant
emergency response to prevent an event from escalating.
They operate on the principle of automatic cut-off of gas
supply when exceeding the specified parameters: tem-
perature — to prevent thermal degradation of materials;

(53)
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pressure — to avoid pipeline breaks; gas concentration in
the air - to prevent the formation of explosive mixtures.
It is based on electric shut-off valves with integrated con-
trollers. In the event of a complete power outage, manual
duplication is triggered - this allows technical personnel to
manually cut off the supply, minimising the consequences
even if automatic systems fail (Yusifov et al., 2024).

In areas where explosive gases may accumulate, de-
gassing systems are being introduced that operate on the
principle of active ventilation and utilisation of excess gas.
Ventilation units with adjustable air exchange ensure effi-
cient dispersion of methane or other hydrocarbon accumu-
lations, especially in technical rooms, wells, and chambers.
In the event of a sudden release, the gas is sent to the gas
collectors, where it accumulates and is then transferred to
the flare installations. The latter implement controlled gas
combustion, which allows avoiding explosions in case of
uncontrolled leaks. These technologies minimise the risk
of ignition and also comply with environmental standards
for reducing emissions of hazardous substances into the
atmosphere (Song et al., 2021).

Active and passive fire protection systems are used
to limit the spread of fire within the infrastructure. Ac-
tive means are flame extinguishers — special devices that
extinguish the reverse flame, preventing its penetration
through the pipeline, and non-return valves with thermal
protection, which are triggered when critical temperatures
are reached, automatically blocking the gas transmission
channel. Passive protection is implemented through the
use of fire-resistant materials, in particular, compounds
based on silicone, graphite, or cement matrices, for ther-
mal insulation and thermal protection of pipes, and the ap-
plication of fire-resistant paints and varnishes that foam
when heated, creating a heat-insulating barrier. These
measures can significantly improve the heat resistance of
equipment and extend the time for personnel evacuation
or emergency services (Donohue et al., 2021).

Thus, a comprehensive emergency security system is
not only a set of individual devices, but also an integrat-
ed preventive protection architecture that can diagnose a
threat in a timely manner, neutralise its source, and localise
its consequences. Its effectiveness largely depends on the
technical level of implementation, routine maintenance,
and continuous improvement in accordance with current
risks. The functioning of gas transmission infrastructure
facilities is impossible without a well-organised system of
technical regulation, training of personnel, and ensuring
compliance with international standards. It is organisa-
tional and technical security that creates a structured ba-
sis on which all processes of operation, maintenance, and
emergency response are based.

Proper maintenance begins with system maintenance
work performed following current regulations and license
conditions. Scheduled licensing works include technical
inspection of pipeline components, shut-off valves, pres-
sure regulators, and other critical elements. The frequen-
cy and scope of work are determined individually for each
object based on risk analysis and the age of the system.

One of the most effective tools of modern diagnostics is
in-tube inspection using intelligent pistons (smart pigs).
These devices, equipped with a magnetic, ultrasonic, or
electromagnetic sensor system, allow detecting internal
defects in pipes (corrosion foci, reduced wall thickness,
mechanical displacements, cracks) without stopping the
gas supply. These measures increase the level of secu-
rity and extend the life cycle of infrastructure facilities
(Amaechi et al., 2022).

The human factor remains one of the main sources of
risk in any production processes, so a high level of person-
nel training is a critical condition for safe operation. Emer-
gency response training includes modelling critical situ-
ations (gas leak, fire, explosion) using realistic scenarios.
Such training allows developing the skills of staff to quick-
ly assess the situation and make decisions. Additionally,
training is provided on working with modern monitoring
and automation tools — from SCADA systems to local sen-
sor modules. Employees should be able to quickly interpret
signals, diagnose malfunctions, and initiate emergency re-
sponse (Chen et al., 2021).

Documenting all technical and organisational pro-
cesses ensures transparency, accountability, and compli-
ance with government and international regulatory re-
quirements. The key standards that ensure the safety and
efficiency of work in gas transmission networks are inter-
national and European standards that regulate various
aspects of safety, labour protection, and environmental
management. ISO 45001:2018 (2018) is an international
occupational health and safety management system that
is the basis for creating a safe working environment. This
standard defines the requirements for the development
and implementation of an occupational safety manage-
ment system in organisations, ensuring effective control
over possible risks to the health and safety of personnel.
According to ISO 45001:2018 (2018), organisations must
implement safety policies, risk assessment, accident pre-
vention measures, and the creation of safe working con-
ditions. The standard provides for the active involvement
of management in the implementation of security policies,
monitoring, and measuring the results of the system, in ad-
dition to the regular improvement of security practices in
accordance with changing production conditions.

ISO 14001:2015 (2015) is an international standard
for environmental management that sets out require-
ments for the creation, implementation, and improve-
ment of an environmental management system (EMS).
ISO 14001:2015 (2015) requires organisations to constant-
ly monitor emissions of harmful substances into the atmo-
sphere, water, and land resources, along with the leaks of
toxic gases or other hazardous materials. This allows not
only to minimise the negative impact on the environment
but also to ensure compliance with environmental require-
ments defined by international agreements and national
legislation. The implementation of ISO 14001:2015 (2015)
requires monitoring environmental indicators, conducting
environmental impact assessments, and identifying pre-
ventive measures to prevent environmental disasters.
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EN 15001-1:2023 (2023) is a European standard that
defines technical requirements for the design, installa-
tion, and operation of gas distribution systems. It covers
both the construction of new gas installations and the
modernisation of existing ones. EN 15001-1:2023 (2023)
provides requirements for the quality of materials used in
the construction of gas pipelines, safety during their in-
stallation, and for pipeline monitoring and maintenance
systems during operation. The standard aims to improve
the safety of gas installations, reduce the likelihood of ac-
cidents such as gas leaks or explosions, and ensure proper
energy and resource efficiency in gas systems. EN 15001-
1:2023 (2023) also contains recommendations for regu-
lar inspections and diagnostics of gas networks to detect
possible defects or malfunctions in their operation in a
timely manner. These standards provide an integrated
management system for safety, occupational health, envi-
ronmental responsibility, and quality in the gas industry,

which is essential to reducing risks and improving oper-
ational efficiency in this area. All processes must be ac-
companied by technical documentation, which includes:
passports and diagrams of objects, maintenance logs, in-
spection and repair reports, protocols for training person-
nel and responding to accidents.

Together, these organisational and technical measures
form a single safety management system that both min-
imises the risks of accidents and guarantees compliance
with the highest industry requirements. Their implemen-
tation requires continuous improvement, a systematic
approach, and integration with modern technology plat-
forms. In modern operating conditions of complex engi-
neering facilities, such as gas transmission systems, in-
novation becomes not just a factor of modernisation, but
a necessary condition for ensuring reliability, safety, and
efficiency. Infrastructure intellectualisation allows moving
from reactive to proactive risk management (Table 3).

Table 3. Unmanned pipeline inspection platforms

UAV type Sensors on board Range (km) Purpose Advantages
. . . . . High accuracy,
DJI Matrice multicopter 4K camera, FLIR thermal imager 5 Local node diagnostics vertical take-off/landing
EBee X cruise drone LIDAR, GPS, RGB camera 50 Aerial p.hotography ng.h autonomy,
of main sections covering large areas
Hybrid WingtraOne Gas analyser CHy + thermal scanner 15 Probing Combines range

hard-to-reach areas and flight stability

Note: UAV - an unmanned aerial vehicle

Source: compiled by the authors based on Y.M.R. Da Silva et al. (2022)

Three types of UAVs for pipeline inspection are pre-
sented, each of which has its own characteristics and pur-
pose. The DJI Matrice multicopter is equipped with a 4K
camera and a FLIR thermal imager, which allows local diag-
nostics of pipeline components at a distance of up to 5 km.
The main advantage is high accuracy and the possibility of
vertical take-off and landing, which is convenient for ex-
amining complex objects. The eBee X cruise drone with LI-
DAR sensors, GPS, and an RGB camera is designed for aerial
photography of main sections of pipelines, covering large
areas with a range of up to 50 km. Its advantage is high
autonomy and the ability to work over long distances. The
hybrid WingtraOne, equipped with a CH4 and gas analyser
and a thermal scanner, allows probing hard-to-reach areas
at a distance of up to 15 km. The advantage of this drone is
the combination of flight range and stability, which is im-
portant for accurate measurements in difficult conditions.
In general, each UAV has its own specifications for different
tasks, which provides flexibility in applications for moni-
toring and inspecting pipelines.

The use of IoT devices provides for continuous mon-
itoring of critical parameters of the pipeline infrastruc-
ture-pressure, temperature, vibrations, humidity, and the
composition of the gas mixture. Data from thousands of
nodes is read in real time, transmitted to analytical plat-
forms, and enables quick detection of even minor devi-
ations from nominal values. Due to this, it is possible to
quickly identify potential problems and take timely mea-
sures to eliminate them, which increases the safety of
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operation and lowers the risk of accidents. Of particular
importance is the concept of digital twin - a virtual mod-
el of a real object, which is updated based on factual data
from field sensors. Engineers can conduct virtual tests of
equipment degradation scenarios, simulate the conse-
quences of accidents or emergencies, and optimise main-
tenance schedules using this model. The digital twin pre-
dicts the behaviour of the pipeline system, which allows
planning for more efficient use of resources and reduces
the possibility of equipment failures, identifying poten-
tially dangerous areas in a timely manner. This substan-
tially improves risk management and ensures the conti-
nuity of the gas transmission network (Singh et al., 2021).
Al is increasingly being implemented in the service sector
of pipeline systems. Its main function is to analyse large
amounts of data to identify hidden patterns and trends that
may indicate the approach of a potential failure or critical
state of a system element. The use of AI can immensely
improve pipeline monitoring and management processes,
making them more efficient and secure.

In particular, machine learning algorithms are used to
classify behavioural anomalies in the operation of equip-
ment, which allows identifying non-obvious changes in the
operation of the system that may precede serious problems.
Neural network forecasting models based on historical data
from previous incidents are also actively used, helping to an-
ticipate possible failures and take the necessary measures
in a timely manner. In addition, automatic decision-making
systems are being developed that generate recommendations
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to dispatchers in real time, contributing to a quick response
to potential emergencies. Thus, Al becomes a key element
of the transition to predictive maintenance, which vast-
ly reduces the risk of accidents, allowing maintenance and
repairs to be conducted based on real data, rather than on
schedule, which in turn helps to optimise costs and improve
the efficiency of the pipeline system (Sircar et al., 2021).

Monitoring the state of gas transportation infrastruc-
ture, especially in hard-to-reach areas (mountainous ter-
rain, forest areas, swampy areas), is greatly simplified by
using UAVs. Modern drones are equipped with high-preci-
sion cameras, thermal imagers, LiDAR, and gas analysers,
which enables aerial photography of linear objects with
precise positioning, detection of temperature anomalies
associated with gas leaks or thermal degradation of mate-
rials, scanning of terrain and vegetation to assess external
risks (soil erosion, damage to root systems, etc.). Automat-
ed drone patrolling not only increases the speed of the sur-
vey but also reduces costs and risks for personnel (Askar-
zadeh et al., 2024). Innovative solutions are not the future,
but an integral part of the present gas transportation in-
dustry. Their implementation allows identifying potential
threats even before they materialise and creating an adap-
tive, self-learning infrastructure that can quickly respond
to the challenges of the man-made environment. The de-
velopment of such technologies defines a new paradigm -
an intelligent infrastructure with zero fault tolerance.

Discussion

In the course of the study, structural and engineering solu-
tions aimed at improving the reliability and durability of
pipeline systems were analysed. Special attention was paid
to the quality of materials — the use of anticorrosive alloys,
in particular, stainless steels and composites, substantial-
ly reduced the risk of premature wear of pipes. The high
resistance to pressure and temperature also confirmed the
effectiveness of the selected materials, and polymer pipes
showed the feasibility of using them in internal networks,
provided that the standards are met. This problem was also
investigated by A. Reda et al. (2025), where the results con-
firmed that corrosion is one of the main causes of prema-
ture pipeline wear, especially in aggressive environments.
The use of corrosion-resistant alloys, such as stainless
steel or titanium, considerably extends the service life of
the equipment. A good choice of material reduces repair
and maintenance costs, increasing the overall reliability of
the system. A.C.C. De Leon et al. (2021) also indicated that
polymer and metal composites exhibit high strength and
chemical resistance, making them promising for pipeline
systems. Their use decreases the weight of structures and
improves corrosion protection without losing mechanical
properties. Modern composite manufacturing technologies
also contribute to improving the energy efficiency and du-
rability of the gas transportation infrastructure.

Notably, the choice of materials should consider corro-
sion resistance, along with the economic feasibility and op-
erating conditions of the pipeline. For example, in regions
with high humidity or in environments with aggressive

impurities, it is more appropriate to use more expensive but
durable materials. In addition, the technological compati-
bility of materials with existing systems and the possibility
of their maintenance throughout the entire life cycle play a
major role. It was determined that the reliability of joints in-
creased remarkably when using automated welding systems
supplemented with non-destructive testing. Quality control
of welds using ultrasound or radiography has reduced the
likelihood of defects leading to leaks. Furthermore, flanged
connections with highly reliable seals demonstrated high
tightness under high-pressure conditions. J.L. Veldzquez de
la Hoz & K. Cheng (2021) concluded that automated weld-
ing systems provide high accuracy and repeatability of the
process, which is especially important in the construction
of long-haul pipelines. The use of non-destructive testing —
ultrasonic, X-ray, or magnetic — allows detecting defects
even at the installation stage. This approach increases the
reliability of the system and reduces the risk of accidents
during operation. B. Li et al. (2024) established that flanged
connections designed for high pressure provide tightness
even in difficult operating conditions. They are easily dis-
mantled and help to quickly maintain or replace individual
pipeline components. Due to the use of modern sealing ma-
terials, the probability of leaks is noticeably reduced, which
is critical for the safety of gas transportation infrastructure.
These results confirm the above study, as they demonstrate
a close relationship between the quality of welding seams
and the overall reliability of the gas transmission system.
Automation of processes and the introduction of non-de-
structive testing allow minimising the human factor, which
is a fundamental factor in ensuring the stable operation of
pipelines. Consequently, improving quality standards at the
construction stage directly affects the safety and durability
of the entire infrastructure.

The results of zoning pipeline networks showed that
the division into isolated sections with remote control and
the presence of bypass lines greatly increased the flexibil-
ity and safety of the system. In the event of an accident, it
became possible to quickly localise the problem area with-
out stopping the entire complex. The paper of S. Zhang et
al.(2023) is notable, having determined that the integration
of remote-controlled gate valves into the pipeline assists in
timely isolating the emergency section without having to
stop the entire system. This minimises the response time
and potential gas losses. This segmentation enhances op-
erational safety and simplifies maintenance of large gas
transmission networks. In turn, J. Chen et al. (2022) con-
cluded that bypass lines allow redirecting the flow of gas to
bypass the damaged or serviced area, while maintaining a
constant supply to consumers. They are particularly effec-
tive in case of accidents or during scheduled repairs, when
it is crucial to avoid interruptions in the supply. Thus, such
lines help to increase the reliability and flexibility of the
entire gas transmission system. These data correspond to
the theses given in this study, confirming the effectiveness
of using remote-controlled gate valves and bypass lines
in ensuring stable operation of the system. Due to such
technical solutions, the gas transmission infrastructure
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becomes more adaptive to emergency situations and less
vulnerable to interruptions. This, in turn, strengthens the
overall security and energy independence of regions that
depend on a continuous gas supply.

Control and monitoring systems were also analysed,
among which SCADA complexes demonstrated their effec-
tiveness in collecting and processing telemetric data. Leak
detection systems that use methane, pressure, and noise
sensors accurately detect even minimal deviations from
normal conditions, and mass balancing methods help local-
ise leaks with high accuracy. E.B. Priyanka et al. (2021) also
conducted a study, the results of which confirmed that the
introduction of SCADA systems with telemetry allows mon-
itoring and controlling the operation of gas pipelines in real
time. Intelligent analysis of data from such systems helps to
anticipate possible emergencies and take timely measures
to prevent them. This substantially increases the efficien-
cy of infrastructure management and minimises the human
factor in the control and configuration process. J. Bin et
al. (2022) also proved that sensor technologies, along with
thermal imaging diagnostics, provide fast and accurate
detection of gas leaks, which is critical for pipeline safety.
Thermal imagers allow detecting even the slightest temper-
ature changes that may indicate a gas leak, while sensors
constantly monitor the composition of the air. These inno-
vative methods enable a swift localisation of the problem,
minimising the risks and costs of repairs. Comparing the
data obtained in the course of the current study, it can be
concluded that the integration of SCADA systems and sen-
sor technologies greatly increases the level of safety and ef-
ficiency of the gas transmission infrastructure. The use of
these technologies provides for not only quickly identify-
ing emergency situations but also predicting possible prob-
lems, which reduces the time to fix them. This integrated
application of intelligent systems and sensors creates pre-
requisites for more stable and safe operation of pipelines.

In the field of safety, emergency shutdowns and de-
gassing systems were effective, which made it possible to
quickly stop the gas supply and remove surpluses from haz-
ardous areas. The incorporation of fire protection meas-
ures, specifically thermal fuses and fire-resistant materials,
enhanced the overall fire resistance of the object. K. Cam-
eron et al. (2023) concluded that ESD emergency modules
can instantly stop gas supply in the event of an emergen-
cy, thereby preventing further spread of the danger. The
electric drive fittings integrated with these modules ensure
fast and accurate execution of necessary operations in re-
mote areas without human intervention. This lowers the
response time to accidents and increases the reliability of
the gas transmission system. K. El-Borhamy et al. (2022)
stated that degassing and ventilation systems provide ef-
ficient removal of hazardous gases from pipelines and pre-
vent the accumulation of explosive mixtures in confined
spaces. Fire-resistant systems, in turn, minimise the risk of
fire and provide additional protection in high-temperature
conditions. The integrated use of these systems in critical
areas can increase the level of safety and ensure the conti-
nuity of the gas transmission infrastructure.

Prospecting and Development of Oil and Gas Fields, 2025, Vol. 25, No. 1

When analysing the results of the study, it is clear that
the integrated use of emergency ESD modules, electric drive
fittings, in addition to degassing, ventilation, and fire pro-
tection systems, can remarkably reduce the risks of accidents
and ensure the reliability of the gas transmission infrastruc-
ture. The use of automated systems for emergency response
both improves safety and optimises management processes
under high loads. These technologies are an important step
towards creating more stable and resistant gas pipelines to
external and internal threats. Finally, organisational and
technical measures played an equally important role. Rou-
tine inspections and in-tube diagnostics helped detect dam-
age at an early stage, and staff training ensured an effec-
tive response in emergency situations. In general, the study
confirmed that the safety of gas pipeline systems is possi-
ble only with a comprehensive approach that covers mate-
rials, technologies, monitoring, operation, and innovation.

Conclusions

As a result of the study, it was determined that modern gas
transmission systems require a comprehensive approach to
design, monitoring, and operation. The basis of a reliable
infrastructure is the use of high-quality pipe materials that
can withstand aggressive environments and high loads. For
example, austenitic stainless steel has a high resistance to
corrosion, operates at pressures up to 2.5 MPA and temper-
atures up to +120 °C, which makes it optimal for main gas
pipelines. PE100 polyethene is widely used in distribution
networks, designed for pressures up to 1.0 MPA and tem-
peratures up to +40 °C. Leak detection has become more
accurate due to modern sensors. Methane gas analysers re-
spond with an accuracy of #2 ppm in <5 seconds, and con-
tactless IR optical sensors and acoustic modules ensure fast
response even without physical access to pipes. The com-
bination of these technologies with thermal imagers and
SCADA systems for real-time monitoring is particularly ef-
fective. Drones are used for inspections of hard-to-reach
areas. For example, the DJI Matrice multicopter (radius up
to 5 km) is equipped with a 4K camera and a FLIR thermal
imager, while the winged eBee X (up to 50 km) has LIDAR
and an RGB camera. The hybrid WingtraOne combines a
CH4 gas analyser and a thermal scanner, which allows sens-
ing even in difficult terrain.

Overall safety is maintained through emergency sys-
tems, degassing installations, fire protection, and com-
pliance with international standards ISO 14001:2015,
ISO 45001:2018, and EN 15001-1:2023. Development pros-
pects are connected with digital doubles, IoT, and Al ana-
lytics, which form a new quality of operation. A limitation of
the study was that the analysis was conducted on the basis
of theoretical models and general technical solutions with-
out accounting for the specifics of specific operating condi-
tions in individual regions. Further research should focus on
the effectiveness of using artificial intelligence in long-term
forecasting of pipeline system wear in various climatic zones.
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AHOTAaLLif. MeTOI0 LIbOro JOCTiIKeHH 6y/10 3a6e3IeueHHs i ABMUIIeHHS HafiiiHOCTi Ta 6e3I1eKM eKCITyaTalii ra30Bux
TPYOOINPOBO/iB IIJISIXOM JeTaabHOTO aHaIi3y CyuacHUX TeXHIUYHUX pillleHb, iIHHOBALiifHMX TeXHOMOTii Ta eeKTUBHUX
METOAIB KOHTpOI0. IIpoaHa/si30BaHO CydacHi TeXHiuHi Ta opraHisauiifHi pimieHHsS Ay 3a6e3medyeHHsT 6e3meKu
TPYGOIPOBiZHOTO TPAHCIIOPTY ra3y Ha MPOMUCIOBUX 06’€KTaxX. BcTaHOBIIEHO, 110 HAMBUIY e(DeKTUBHICTh JEMOHCTPYE
MO€NHAHHS aBTOMAaTM30BaHMX CUCTEM KOHTPOJIIO, 3aCTOCYBaHHSI KOPO3iMIHOCTIiKMX MaTepialiB i cerMeHTalii Mmepex
3a JI0NIOMOTOI0 aBapiifHMX 3acyBok. [I[poaHaai30BaHO TexHIUHi XapaKTepUCTUKM OCHOBHUX MaTepiasiB Tpyb: 30Kpema,
ayCTeHITHa HepXKaBiloua CTajib BUTPUMYE OO 2,5 MeramackaiiB rpu temmeparypi +120°C, o po6uTs ii mpumaTHO©O
IJIsl MaricTpanbHUX ra3onpoBopis; monietwien (PE100) 3abesmneuye ekcIulyaTaliio mpu TUCKy mo 1,0 meramackaiis i
TeMmmepatypi +40°C, 1m0 miAXOAUTH AJ1s1 MifA3€MHOTO ra3omnocTavyaHHs. TakoK PO3IISIHYTO TUIIM CEHCOPiB, 30KpemMa
razoaHai3aTopu MeTaHy 3 TOYHICTIO 2 YaCTMHKM Ha MilbifOH i yacoM peakiiii 7o 5 cekyH[, 10 0c06a1MBO eheKTUBHO
I7s1 TIofiMepHMX Tpy6. Y3aralabHeHO [OCBi BMKOPUCTAHHS iHTeNeKTYyaldbHUX TNPUIALIB IJiI BHYTPIlIHbOTPYOHOL
IiarHOCTUKM, 3[ATHUX BUSIBJSITM MeXaHiuHi medekTu 6e3 3yNMMHKM TPAHCIOPTyBaHHS. OkpeMy yBary MpuiiieHo
3aCTOCYBaHHIO 0e3MiIOTHMX JIiTaTbHUX arapartiB: MYJAbTMKOITEPU 3 TeIUIOBi3opamu i KpuiaTi APOHU 3 Jla3ePHUM
CKaHepOM J03BOJISIIOTh OTIepaTMBHO 06CTEXYBATM BaXKKOAOCTYIIHI JiISTHKYM MPOTSKHICTIO 10 50 KM. 3p0671€HO BUCHOBOK
MpOo HeoOXimHICTh iHTerpanii Mx pilleHb y KOMIUIEKCHY CUCTeMY TEeXHIYHOTO 06CIyroByBaHHs. OTpuUMaHi pe3yabTaTu
MOXYTb OYTU BUKOPUCTAHI 111 PO3POOKY Ta BIIPOBA/IKEHHS CyYaCHUX KOMIIEKCHUX CUCTeM 6e3MeKy Ha TPOMUCIOBUX
006’€KTAaX, IO CIIPUSITUME 3MEHIIEHHIO aBapiifHOCTi Ta MiIBUIEHHIO HAaiiHOCTi ra30TPaHCIIOPTHOI iHdpacTpyKTypn
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