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Introduction

The oil and gas industry is one of the key sectors contributing to energy security
and industrial development; however, it also has a considerable potential for adverse
environmental impacts. Drilling, extraction, treatment, processing, storage, and
transportation of oil and gas may generate atmospheric emissions, wastewater,
oil-contaminated soils, and industrial waste with varying levels of hazard.
The deterioration of technological equipment, corrosion of pipelines, loss
of storage tank integrity, and uncontrolled gas releases increase the scale of these
impacts.

The main sources of atmospheric pollution include gas flaring, process venting,
fuel combustion, evaporation from storage tanks, and equipment leaks. As a result,
carbon dioxide, methane, nitrogen oxides, sulphur compounds, and volatile organic
compounds are released into the environment. Produced water, drilling fluids,
equipment-washing effluents, and surface runoff may transport petroleum
hydrocarbons, dissolved salts, and chemical reagents into water bodies. The
penetration of oil into soil disrupts its water-air balance, microbiological activity,
and fertility.

The relationship between the main technological stages of the oil and gas
industry, the environmental impact pathways arising during these stages, and their
consequences for environmental components is presented in Figure 1.

Addressing environmental problems only after pollution has occurred is
insufficient. The modern approach involves the early identification of
pollution sources, reduction of resource consumption, monitoring of the
technical condition of equipment, and continuous observation of environmental
indicators.
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Fig. 1. Mechanism of the environmental impact of oil and gas industry
enterprises

In this context, the purpose of the study is to systematize the factors affecting
the environmental conditions of oil and gas enterprises, develop an integrated
assessment model, and substantiate priority measures for improving environmental
performance.

Materials and methods

The study employed systems analysis, comparative assessment, a risk-based
approach, expert evaluation, indicator normalization, and scenario modelling. A
representative oil and gas enterprise integrating production, processing, storage, and
transportation operations was selected as the research object. The assessment was
conducted using indicators related to atmospheric air protection, water resource
management, soil protection, greenhouse gas emissions, waste and resource
management, and environmental monitoring.

Normalization was performed to ensure the comparability of indicators
expressed in different units of measurement. For indicators whose increasing values
represent an improvement in environmental conditions, the following relationship
is applied:

. xi- xmin {
Xi = ximax _ximin ( )

For emission, pollution, and waste indicators whose increasing values
represent a deterioration in environmental conditions, reverse normalization is
applied:

max
* Xi — Xi
Xi = “max __mm 2)
x{M8 — xj
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The normalized indicators range from 0 to 1. A value close to zero indicates an
unsatisfactory level, whereas a value close to one represents a high level of
environmental performance. The integral environmental condition index of the
enterprise 1s determined as follows:

Eeco = Ww1A + w,W + w3S + w,G + wgR + wgM (3)
where A4 represents atmospheric emission management, W represents water resource
protection, S represents soil protection, G represents greenhouse gas reduction, R
represents waste and resource management, M represents the level of environmental
monitoring, and w; denotes the corresponding weighting coefficients. The sum of
the weighting coefficients is assumed to be equal to one:

boaw =1 (4)

The probability of occurrence, severity of consequences, and vulnerability of
the affected system were considered when prioritizing environmental risks:

R; = PGV, (5)

The scenario analysis compared the current state, technological modernization,
digital monitoring, and an integrated approach. The values presented are not based
on actual measurements from a specific enterprise but constitute illustrative
modelling data intended to demonstrate the application of the proposed method.

Results and discussion

The analysis indicates that the primary direction for improving environmental
conditions is the technical control of pollution sources. Obsolete equipment,
defective valves, poorly sealed connections, and corroded pipelines contribute not
only to planned emissions but also to an increase in fugitive leaks. Therefore, in
addition to scheduled maintenance, predictive maintenance based on sensor data
should be implemented.

To reduce atmospheric emissions, gas flaring and process venting should be
minimized, gas and vapour recovery systems should be installed, and leak detection
and repair programmes should be implemented on a continuous basis. The
integration of stationary sensors with infrared cameras and unmanned aerial vehicle
monitoring provides both continuous control and extensive spatial coverage. The
use of recovered gas for fuel or electricity generation can simultaneously reduce
emissions and product losses.

For the protection of water resources, an appropriate combination of closed-
loop or semi-closed-loop water circulation, oil-water separators, flotation,
physicochemical treatment, membrane filtration, and sorption methods should be
applied. Reusing treated water in production processes reduces both freshwater
demand and the volume of discharged wastewater. Continuous measurement of
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water quality enables the early detection of deviations from permissible limits and
the diversion of contaminated flows to an additional treatment circuit.

To prevent soil contamination, secondary containment systems, impermeable
surfaces, drainage systems, and emergency collection facilities should be
established in storage tank and pipeline areas. When contamination occurs, its
spread should be contained, and the remediation method should be selected
according to the depth of contamination and soil characteristics. Bioremediation and
phytoremediation are more suitable for large areas, whereas soil washing and
thermal treatment are more appropriate for highly concentrated contamination.

The main priorities in waste management are waste prevention, source
segregation, reuse, and recycling, as presented in Table 1. Drilling cuttings, oily
sludge, used oils, and contaminated sorbents should not be mixed within a single
waste stream. Energy efficiency should also be regarded as an integral component
of environmental measures.

Table 1
Main environmental risks and priority mitigation measures
Environmental . Possible . .
. Main source Priority measure
risk consequence

Methane and gas
leakage

Valves, flanges, and
COmpressors

Emissions, fire risk,
and product losses

LDAR programme, sensor-
based monitoring, and
infrared inspection

Wastewater
contamination

Produced water and
technological
processes

Adverse effects on
aquatic ecosystems

Multistage treatment and
water reuse

Oil spills on soil

Pipeline and storage
tank leaks

Soil degradation and
groundwater
contamination risk

Secondary containment,
drainage, and rapid
containment

Hazardous waste

Drilling,
maintenance, and
cleaning operations

Soil and water
contamination

Source segregation, safe
storage, and treatment

Operating compressors and pumps under optimal conditions, reducing heat
losses, and recovering waste heat contribute to lower fuel consumption and indirect

emissions.

Digital technologies improve the timeliness and efficiency of decision-making.

Internet of Things sensors continuously generate data on emissions, pressure, flow
rate, liquid levels, and water quality. Geographic information systems integrate
pollution sources and environmentally sensitive areas into a unified spatial map.
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Artificial intelligence can identify early signs of leaks and equipment failures by
analysing simultaneous changes in multiple parameters. A digital twin enables the
comparison of actual and expected system behaviour and facilitates the assessment
of modernisation and emergency scenarios without interfering with the real
production process.

The integration of environmental data collection, risk assessment, decision-
making, and corrective measures within a unified management cycle is presented in
Figure 2.

According to the scenario results, the integral index increases from 0.454 under
the current conditions to 0.648 under technological modernization, 0.599 under
digital monitoring, and 0.742 under the integrated approach (Table 2). These results
demonstrate that monitoring does not replace modernization. Monitoring supports
the early detection of pollution but does not eliminate its physical source.
Technological modernization reduces emissions, but hidden leaks may remain
undetected for an extended period in the absence of continuous monitoring. The
highest level of environmental performance is achieved through the complementary
application of technical, informational, and managerial measures.
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Table 2
Results of environmental improvement scenarios
Scenario Main characteristic Integral index
- Limit i .

Current conditions imi ed'modermza ion and periodic 0.454
monitoring

Technological Improvement of equipment, treatment 0.648

modernization processes, and resource efficiency '

. o Application of , UAVs, GIS, and

Digital monitoring b l(fa 101 O SCNSOrS > an 0.599
analytical systems

Integrated approach Comb‘ina‘Fion of technological, digital, and 0.742
organizational measures

Environmental management should be organized according to a closed-loop
principle. Environmental indicators should be measured, risks should be assessed,
priority measures should be selected, and implementation results should be
measured again and compared with the established targets. This approach makes it
possible to regard environmental measures not as an additional cost, but as a
management instrument that reduces product losses, water and energy consumption,
emergency downtime, and remediation costs.

Conclusion

The environmental condition of oil and gas industry enterprises is shaped by
the combined influence of factors associated with atmospheric emissions, water
resources, soil quality, greenhouse gases, waste generation, and resource
consumption. Therefore, the application of separate treatment facilities alone is
insufficient to ensure continuous environmental improvement. Emission recovery,
closed-loop water circulation, soil protection, waste segregation, energy efficiency,
and predictive maintenance of equipment should be coordinated within an integrated
environmental management system.

The proposed integral assessment model makes it possible to combine various
environmental indicators into a single index and compare alternative improvement
measures. In the illustrative scenario analysis, the integrated approach outperformed
the other scenarios, achieving an index value of 0.742. This result demonstrates that
supplementing technological modernisation with IoT sensors, UAVs, geographic
information systems, artificial intelligence, and digital twin technology provides a
higher level of environmental performance.

Future research should focus on validating the model using actual monitoring
data from specific enterprises, refining the weighting coefficients through expert and
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statistical methods, and jointly optimising environmental outcomes and economic
indicators.
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