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Abstract: The issues surrounding the employment of technology targeted at enhancing environmental
safety to increase the productivity of the reproduction process of the natural gas and oil resource base
are equally important. The paper discusses the use of green seismic survey technology to determine
the oil and gas potential of the subsoil. A methodological toolkit is proposed for carrying out technical
and economic calculations to determine indicators of the environmental and economic efficiency of
using innovative resource-saving technology for geological surveys in areas densely planted with
forests. The purpose of the work is to establish the viability of employing resource-saving technology
known as green seismic technology to search for promising hydrocarbon resources in forested areas
and determine the expected environmental and economic benefits of geological exploration using the
suggested enhanced methodology for their evaluation. The tasks set to achieve the goal were solved
using methods of geological and economic assessment of the hydrocarbon raw material potential of
territories and water areas; environmental assessments of the negative influence of anthropogenic
environmental impacts on the natural environment; and economic and statistical methods of perform-
ing technical and economic calculations to determine performance indicators for the implementation
of innovative projects in the field of geological exploration. The novelty of the results obtained lies
in the proposed improved algorithm for conducting an environmental and economic assessment of
geological exploration for hydrocarbon raw materials; a conceptual description of the green seismic
technology; systematization of technical, economic, and environmental risks; and justification of new
regional directions for geological exploration using resource-saving seismic exploration technology.

Keywords: resource-saving technology; industrial ecology; environmental management; green
seismic technology; geological exploration; raw materials; environmental and economic efficiency;
hard-to-reach (forested) areas

1. Introduction

The establishment of a circular economy in the mining sector, taking advantage
of innovations in the exploration and development of hydrocarbon reserves [1], their
transportation [2,3] and subsequent processing [4] are significant concerns.

Raising the effectiveness and efficiency of geological exploration activity is one of the
key objectives for the growth of the Russian oil and gas production complex. Currently,
most of the territories where prospecting and exploration of hydrocarbon deposits are
planned are characterized by poor geological knowledge, inaccessibility, harsh climatic
conditions, and environmental vulnerability. Oil and gas companies carry out geological
exploration mainly in poorly studied taiga territories and swampy areas using traditional
seismic exploration methods. This is often characterized by their low geological and eco-
nomic efficiency and negative impact on the environment. To advance the geological
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exploration of oil- and gas-bearing regions and expand the base of viable hydrocarbon
raw materials, it is imperative to enhance the economic efficiency of geological exploration.
Maintaining the quality of the subsoil area studies [5] and, more specifically, the environ-
mental safety of the areas that are part of the Russian Federation’s Arctic zone (AZRF), are
crucial requirements [6,7]. For such activities to take place, cutting-edge technology and
techniques for performing fieldwork with the least amount of technogenic influence on
the environment must be developed. Additionally, methodological approaches [8,9] for
evaluating the expected consequences must be improved [10,11].

In this regard, issues related to the introduction of green technologies into the geologi-
cal exploration process and the improvement of the methodology for assessing geological
exploration in terms of taking into account environmental factors are a very relevant and
promising industry task. At the same time, it is of no small importance, firstly, to establish
the technical feasibility of using innovative green seismic technologies, and secondly, to
justify the environmental and economic feasibility of their use in forested areas.

The purpose of the study is to establish the viability of employing resource-saving
technology known as green seismic technology to search for promising hydrocarbon
reserves in forested areas and determine the expected environmental and economic benefits
of geological exploration using the suggested enhanced methodology for their evaluation.

The following practical and scientific tasks were resolved in the study in order to meet
this goal:

1. An enhanced algorithm for performing an environmental and economic assessment of
the use of resource-saving technologies for oil and natural gas exploration in forested
areas is proposed. This comes after a critical analysis of the current methodological
approaches and criteria for judging the effectiveness of exploration for hydrocarbons.

2. A conceptual description of the green seismic technology, used to conduct prospecting
work on hydrocarbons in forested areas is presented.

3. The realization of hydrocarbon exploration projects in environmentally sensitive
locations was the subject of an issue analysis. The findings of this analysis were
used to identify and categorize the technical, financial, and environmental issues that
prevent these projects in forested areas from becoming more efficient.

4. Technical and economic calculations were carried out to justify the feasibility of
using green seismic technology in comparison with traditional methods of geological
exploration for hydrocarbon raw materials in regions with forested areas.

Resolving the conflicts between environmental preservation and economic growth is
currently a crucial and promising problem while working on production projects. This is
important, since the biosphere and human existence are negatively impacted by the growth
of the industrial sectors of the economy. In the context of the strategic role of sustainable
development, the economy and the environment are becoming increasingly interdependent.
The research and implementation of resource-saving technologies in production processes
directly affects the profitability of doing business.

A growing body of scientific research is being done in the modern era to support the
viability of utilizing green technologies in the oil and gas sector. This is justified through a
comprehensive technical, environmental, and financial evaluation of industrial projects,
including geological exploration. Therefore, the combined scientific efforts of ecologists
and economists during the last ten years have constituted the most important study in
this field. In addition to offering suggestions for enhancing techniques for evaluating
the anticipated technological, environmental, and economic effects, these works describe
novel resource-saving technologies for geological exploration while also considering the
mitigation of the adverse effects of production factors on the environment.

In 2017, a Canadian scientific team released the findings of a study [12] that examined
the detrimental effects on the environment of small-width (between 1.5 and 3 m) and
high-density seismic clearings, specifically with regard to damage to forested areas and the
delayed restoration of forest plantations following logging. Compared to clearings of tradi-
tional width (10 m), small clearings lead to long-term fragmentation of the landscape and
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negative consequences for biodiversity and ecosystem processes. According to the authors,
relatively narrow seismic clearings lead to forest fragmentation. In seismic clearings and
in the forest at 5 m from the edge of the clearing line, the diversity and cover of plants is
reduced compared to the interior forest. Subsequently, this may lead to a slowdown in the
natural recovery of seismic clearings, since the sources of propagation are reduced in the
forests closest to the zones of initial disturbance.

An overview of both national and global green seismic technologies is given in ref. [13].
The authors determined a list of main indicators characterizing the environmental effect
of forest conservation during geological exploration, which include: the length of seismic
profiles in licensed areas; number of trees saved; volume of wood saved; environmental
value of the preserved forest; and average cost of preserved forest per 1 linear km of green
seismic profile. As per the evaluation findings, the average expense of the preserved forest
for a 1 linear km seismic survey was RUB 25.8 thousand in monetary terms, equivalent to
300 trees or 57 m3 of wood in physical terms. These findings confirm the resource-saving
nature of the implementation of the green seismic method studied by the authors. By
using lesser volumes of explosives needed to create excitation waves, the method under
consideration ensures minimal impact on the environment. However, at present, in the
practice of assessing environmental and economic efficiency, there is no methodology for a
precise quantitative assessment of the expected environmental gain, which is an incentive
for further research in this direction.

A green seismic technology which uses cable-free equipment to conduct seismic
research for oil in difficult-to-reach areas was examined in [14]. The authors substantiated
the technical and geological efficiency of using cableless technologies in the taiga, but
there was no assessment of the environmental and economic efficiency of its use, since this
problem was not solved in the study. Romanov [15] confirmed the high geological efficiency
and increased productivity of using cableless equipment during seismic exploration, but
also did not determine the environmental and economic effect in the published article.

Jorgenson et al. [16] examined the effects of wintertime geological exploratory activity
on the natural environment utilizing lightweight, compact equipment. The soil layer was
less negatively impacted by excavation equipment because of the coating of snow and
frozen soil, but clearing green spaces for clearings was still required. At the same time, the
impact on the soils and vegetation at the clearing site remained noticeable two to three
years after the geological exploration was finished.

Ilyinsky and Ilchenko [17] described a remote technology for investigating the sub-
surface for hydrocarbon raw materials. By optimizing the density of the seismic profile
network and lowering the amount of prospecting and appraisal drilling, the authors hoped
to lessen the detrimental effects of technology on the ecosystem. An alternative to ground-
based geochemical surveys that covers significantly larger study areas situated in remote,
understudied places is laser sensing technology [18,19]. The geological effectiveness of the
technology lies in the increased accuracy of localization of hydrocarbon accumulations in
the subsoil. It is worth noting that laser probing does not replace traditional methods of
searching for hydrocarbon accumulations and only complements them in combination with
seismic exploration. Cherepovitsyn and Metkin conducted the aforementioned studies in
their scientific work [20]. The authors analyzed the environmental and economic efficiency
of using laser sensing of industrial facilities located in remote and hard-to-reach regions
of Russia (Arctic zone of the Russian Federation) for the purpose of carrying out their
environmental monitoring. It is possible to identify current and future negative sources
affecting the natural environment based on the results of sounding the environmental situa-
tion within the boundaries of the oil and gas complex’s industrial infrastructure, including
during the implementation of exploration projects. This enables the timely implementation
of measures to eliminate these sources. The authors of the work present an algorithm for
calculating a complex criterion for the economic and environmental effectiveness of imple-
menting projects in the oil and gas sector, including geological exploration. This algorithm
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considers the effects of ecosystem modifications brought about by environmental protection
measures, as well as the total integral effect of direct and indirect environmental effects.

Apart from scientific investigations into the application of green seismic exploration
technologies and their viability in forested areas, encompassing geological success as
well as environmental and economic implications, several works aim to enhance the
methodological framework for evaluating environmental and economic efficacy. Among
these is a research paper by Esterhuyse [21]. Although the author focuses on projects for the
development of areas with unconventional hydrocarbon reserves, geological exploration
work can also benefit from the methodological approach suggested for evaluating the
environmental and financial viability of implementing such projects. The author presents a
methodological tool known as a strategic environmental assessment. It enables one to assess
the efficacy of an oil and gas production field’s conceptual design from an environmental
perspective and to consider environmental risks and aspects when making critical project
management decisions. The work observes that the practical application of a system of
strategic environmental evaluation of projects is not codified in legislation in numerous
countries that engage in the industrial production of hydrocarbon raw materials. Therefore,
oil and gas companies do not conduct such assessments on a regular basis but perform
them only for projects implemented in environmental protection zones.

Study [22] outlines a categorization of the detrimental effects of soil disturbance and
deforestation on the ecosystem resulting from the commercial operations of oil and gas
companies, including geological exploration. In addition to formulas for calculating the
cost of deforestation in relation to the area of deforestation, a method for calculating
the cost of lost carbon capture and the cost of harm to fauna is presented. These tools
provide a methodological approach to evaluating the economic losses associated with
deforestation during the development and operation of oil and gas fields. The calculations
were performed using the example of a subsoil site located in tropical forests in Ecuador.
Since the detrimental effects on the environment last for a long time, the authors suggest
calculating the mentioned consequences while considering discounting cash flows. Based
on the results of the work performed, one of the conclusions is the need to increase
investments in new projects to consider the environmental risk factors of production
processes. It should be noted that the suggested environmental and economic efficiency
indicators do not include a quantitative evaluation of hazards associated with the execution
of projects for the geological exploration and industrial development of oil and gas fields
located in forested areas. This, in our opinion, is a prerequisite that must be met when
choosing which technologies to apply for the prospecting, exploration, and development of
the hydrocarbon raw material base.

The findings of [23] are aimed at a comprehensive environmental assessment of
projects for the preparation and development of offshore oil fields. The authors proposed
organizational and technical approaches aimed at reducing the negative impact of the
industrial implementation of oil and gas projects on the environment. The scientific
technique suggested in the work for evaluating the efficacy of environmental measures can
be used in projects that are carried out on land, even though the study focused on offshore
oil and natural gas fields. The authors point out that improving the current methodological
tools to span the life cycle of such projects and account for total environmental risk is
important to achieve impartial assessments of the detrimental effects of projects on the
environment. To this end, scientists recommend conducting a full-scale environmental
assessment of oil and gas field development projects, starting from the moment of geological
exploration, and ending with activities related to the liquidation of the field. The authors
suggest the following organizational and managerial strategies to manage environmental
risks: evaluate the current environmental conditions at each stage of the project, create
environmental protection strategies that guarantee environmental protection, evaluate the
anticipated environmental effects of the proposed strategies both before and after they
are put into action, and make necessary adjustments based on the assessment strategies
that are put into action. Finally, they suggest implementing environmental monitoring at
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every stage of the ongoing complex of design work. In addition to having a high degree
of methodological uncertainty in the results, the suggested approach to evaluating the
environmental effects of oil and gas project implementation does not permit evaluating
the indirect technological impact of the ongoing production work on the environment.
The system of indicators does not contain an economic component, which is an important
aspect when justifying management decisions.

In a comprehensive study using over fifteen thousand accessible sources from the
Scopus database, Cherepovitsyn et al. [24] performed a critical bibliometric analysis of sci-
entific knowledge gaps in evaluating the sustainability of oil and gas projects undertaken in
the Arctic region. The authors categorized the main concerns, including evaluating projects’
economic viability, identifying environmental safety metrics, locating utilized technology,
and evaluating social impacts. The results of the study showed a relatively small number
of works devoted to the sustainable development of oil and gas development projects in
the Arctic. Due to the high dangers of disrupting the stability of Arctic ecosystems and the
lack of adequate management mechanisms, the authors stressed the ineptitude of creating
programs for the preparation and production of hydrocarbons in the Arctic zone. One of
the key conclusions of the study is that in the conditions of underdeveloped, hard-to-reach
areas, high economic results are inversely proportional to the negative environmental
impact. The factors determining sustainability, sustainability assessment, justification of
sustainability assessment results, and sustainability management are the parts that make
up the authors’ map of methodological issues with sustainability of vulnerable Arctic oil
and gas projects.

A relatively small number of studies are devoted to resolving methodological issues of
assessing the environmental and economic efficiency of work on the preparation of hydro-
carbon reserves, despite the growing interest in science and technology in the assessment
of geological exploration work in environmentally vulnerable territories, including the
northern regions of Russia. This suggests that there are certain gaps in this field of study.
An increase in environmentally focused projects for the replication of the hydrocarbon raw
material base will be ensured by the development of scientific and methodological tools
that offer a comprehensive assessment of the economic and environmental efficiency of
utilizing resource-saving technologies in the geological exploration process.

2. Materials and Methods

Geological exploration projects are complex, since their effectiveness is ensured
through the simultaneous interaction of technical, technological, organizational, envi-
ronmental, and economic components.

It is necessary to consider specific conditions and potential issues when developing
projects for geological exploration and production organization within forested areas.
These include the need for special equipment, the complexity of the terrain, the inability
of individuals to physically maneuver large equipment used in field geophysics, and
climate factors. The listed conditions significantly increase the volume of investments in
the implementation of geological exploration projects, especially when performing the field
stages of work.

A subsoil site located on the territory of the Khanty-Mansi Autonomous Okrug was
chosen as a calculating example. Integrated initial data for carrying out work at the site, as
well as characteristics of the raw hydrocarbon potential, are presented in Table 1.

Various methods for making and justifying decisions help to comprehensively analyze
all types of factors that reduce the efficiency of oil and gas geological exploration. The
Ishikawa diagram is a problem analysis model that allows delving deeply into the under-
lying causes and their implications in the context of the object under investigation. It is
also referred to as a cause-and-effect diagram or fishbone diagram [25]. It is one of the
instruments for analyzing an object’s structure and evaluating it. In this study, the Ishikawa
diagram is utilized to identify risk concerns completely and methodically for exploration
activities within a forested area, as well as to visually depict cause-and-effect links.
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Table 1. Initial data of the subsoil site where 3D seismic exploration is planned.

Item
No. Name of the Indicator, [Units of Measure] Value of the Indicator

1. Ecological and Economic Indicators for Carrying Out Work on the Site

Traditional Areal Seismic
Survey Green Seismic Survey

1.1 Area of work along the contour of excitation points, [km2] 304

1.2 Area of work along the contour of reception points, [km2] 516

1.3 Length of seismic profiles (forest clearings), [km] 2180

1.4 Length of crossline profiles, [km] 350 255

1.5 Length of inline profiles, [km] 350 255

1.6 Profile width, [m] 4 1.5

1.7 Rent of forest land, [RUB/ha] 8813

1.8 Area of forest land, [ha] 1761 1286

1.9 Volume of cut wood, [m3] 172,800 126,203

1.10 Cost of wood, [RUB for 1 m3] 109

1.11 Average forest density, [pcs/ha] 2000

1.12 Degree of forest cover of the territory, [%] 80

1.13 Area of land subject to reforestation work, [ha] 1023 747

1.14 Cost of reforestation work, [RUB/ha] 470,000

2. Characteristics of the Raw Hydrocarbon Potential of the Licensed Subsoil Area

2.1 Volume of predicted resources, [thousand tons] 720

2.2 Number of prospect wells, [units] 1

2.3 Prospect well depth, [m] 2750

The main groups of factors influencing the efficiency of geological exploration and
used in constructing the Ishikawa diagram include geographical location of the study area
or license area, geological and geophysical equipment, personnel, ecology, and production
geology. Each category of components can be broken down to identify the processes and
reasons influencing the effectiveness of geological exploration. This information is then
used to clarify environmental and economic assessments, which must be conducted in the
face of risks and uncertainties [26].

Numerous unique aspects of carrying out geological and economic research are con-
sidered in the scientific works of economists, which serve as the foundation for the de-
velopment of an algorithm for evaluating the environmental and economic efficiency
of geological exploration for hydrocarbon raw materials. The degree of geological and
geophysical knowledge influences the presence of geological uncertainty, which in turn
determines the specificity of the geological and economic evaluation of hydrocarbon items
projected for finding. Verifying the development of prospective locations for the replication
of the mineral resource base of hydrocarbon raw materials is the goal of the geological and
economic evaluation [27].

The study uses universal tools to justify the economic feasibility of putting an oil
and gas facility into industrial development, as discussed in [28]. The algorithm includes
six stages: probabilistic assessment of the oil and gas potential of a subsoil site; building
an optimization geological and production model that examines all technological factors;
building a production and economic model; building a financial and economic model
which includes all necessary costs; conducting an analysis of the stability of economic
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model indicators to changes in oil prices, capital costs, etc.; and comparative analysis of
assessment results.

In [29], the author proposes a transition from a deterministic assessment of hydrocar-
bon resources to a probabilistic one, improving methods for distributing predicted volumes
of oil and gas among promising objects and clarifying the methodology for forecasting
mining and geological factors. The author states that prospecting success rates and a
differentiated risk premium should be used in the risk assessment of oil and gas field
development.

In [30], deterministic and stochastic factor analysis was carried out to assess the effec-
tiveness of geological exploration. The primary metrics for assessing the economic and
geological effectiveness of oil and gas exploration are identified, along with the formulas
needed to compute them. The paper presents recommendations for analyzing the effective-
ness of geological exploration work carried out in poorly studied and inaccessible territories
using deterministic analysis methods. The advisability of using stochastic methods only
for established industrial production areas is noted due to the availability of a lot of reliable
statistical data based on previously conducted geological exploration and production work.

The authors of [31] developed a methodology for the geological and economic evalua-
tion of the forecasted raw material potential of hydrocarbons. This methodology is based
on a well-organized series of studies of understudied oil and gas reserves and consists
of four stages: resource base analysis, raw material potential assessment, technological
parameter determination for field development, and economic evaluation. The authors set
out methods for the probabilistic assessment of hydrocarbon resources of forecast objects,
considering geological risk, using the software products «EVA-Risk Analysis» and «EVA-
Economic Assessment of Oil and Gas Field Development Projects» as calculation tools.
Indicators of the geological and economic efficiency of geological exploration work were
established because of testing the suggested methodological approach on the example of
little-studied objects of the Timan–Pechora oil and gas province, taking into consideration
the potential confirmation of raw hydrocarbon potential.

In order to evaluate shale oil and gas projects at any point in project development, [32]
created a methodology that uses a probabilistic approach to reserve assessment in order to
account for geological uncertainty. The cost of hydrocarbon raw materials on the market, tax
rates and budgetary payments, exchange rates, and other ranges of initial basic economic
parameters are used in the calculations to produce probabilistic net present values (NPVs),
which are then used to recommend the most objective management decisions.

3. Results and Discussion

Figure 1 shows the Ishikawa diagram, which allows us to determine the factors that
negatively affect the environmental and economic efficiency of geological surveys carried
out in forested areas. The listed factors are not exhaustive, but their total influence on the
efficiency of implementation of geological exploration projects exceeds 90%.

It is advisable to use seismic technology, which uses wireless receivers and narrow-
sized seismic signal excitation sources, to reduce the amount of deforestation and increase
the environmental and economic efficiency of geological exploration for hydrocarbon raw
materials in forested areas. This will also lessen the negative impact of the listed factors on
the effectiveness of the geological exploration process.
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The expected effects from the introduction of this technology into the geological
exploration process are as follows:

- minimizing the negative effects of technology on the environment by cutting down on
the amount of forest destruction on seismic profiles and by not using heavy machinery,
which lessens the strain on the soil cover;

- enhancing productivity in the areas of industrial safety and labor protection by exe-
cuting safe drilling, lowering the number of field crew mobilizations, and reducing
injuries during seismic surveys;

- enhancing the quality of primary geophysical data by means of seismic investigation
in densely forested areas that were previously unreachable.

The utilization of a wireless radiotelemetry system for seismic data recording is the
technological solution’s main component. The machinery avoids the huge trees that are
present throughout the profile drilling process, leaving a clearing that is between 1.0 and
1.5 m wide. There is a decrease in the volume of cut forest by narrowing the profile. Wells
are drilled using small-sized drilling rigs, which improves the industrial safety of the
drilling process. The resultant wells are filled with explosive charges, which are remotely
detonated. Installed in the area, these sensors gather data and send it to a seismic station
for further processing.

Clarification of current analytical approaches to the environmental and economic
assessment of the implementation’s efficacy is necessary with the introduction of such
technology for seismic exploration. After summarizing the body of research on estimating
the geological and economic viability of hydrocarbon raw material exploration, it appears
feasible to enhance and then implement an algorithm that guarantees the computation of
economic and environmental variables that establish project viability.

The extent of expenses and outcomes related to the detrimental effects of geological
exploration work on the environment should be considered when performing technical
and economic cash flow calculations. These include, on the one hand, environmental safety
precautions and, on the other, financial savings from the preservation of natural objects.

The stages of evaluating the geological and economic viability of hydrocarbon raw
material exploration for objects situated in environmentally sensitive areas within forested
areas are depicted in Figure 2, with consideration given to the anticipated environmental
impacts that will positively influence the ensuing economic indicators. At the same time,
the set of resulting indicators of economic assessment of the effectiveness of geological
exploration depends on their type and scale of impact on the surrounding ecosystem.

The algorithm includes a block for assessing environmental efficiency, which calculates
indicators characterizing measures to preserve the natural environment during geological
exploration. Based on the results of calculations in this block, the indicators presented in
Table 2 are determined.

Following the determination of the indicators, an economic assessment is conducted to
determine the efficacy of industrial development of the oil and gas raw material potential,
considering the calculated integral effect of implementing measures intended to preserve
the environment. Therefore, the potential financial savings from utilizing the resource-
saving technology examined in this study are factored in when determining the economic
efficiency indicators of implementing a geological exploration project. The primary impact
of the resource-saving technology under consideration is to lower the exploration work
costs for the corporation on money gathered for forestry usage.
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expected environmental effects compiled by the authors based on [28,29,31].
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Table 2. Initial data of the subsoil site where 3D seismic exploration is planned.

Item
No.

Name of the Indicator,
[Units of Measure] Equation Characteristics

of Indicators

1. Ecological Efficiency Indicators

1.1 Volume of wood [m3]

V1 = V0 − Vrs (1),
where V1 is the change in wood volumes;
V0 is the volume of wood cut down when
using traditional geological exploration
technology;
Vrs is the volume of wood cut down when
using resource-saving technology.

The indicator characterizes the change
in wood volumes that can be achieved
because of the use of resource-saving
technology for geological exploration in
forested areas.

1.2 Area of forest land within
the licensed area [ha]

R1 = R0 − Rrs (2),
where R1 is the change in the area of leased
forest lands;
R0—area of leased forest land using traditional
technology;
Rrs is the area of leased forest land using
resource-saving technology

The indicator characterizes the amount
of change in leased forests that can be
achieved because of the use of
resource-saving technology during
geological exploration.

1.3 Scope of reforestation
work [ha]

F1 = F0 − Frs (3),
where F1 is the change in area for reforestation;
F0—volume of reforestation work using
traditional technology;
Frs—volume of reforestation work using
resource-saving technology.

The indicator characterizes the
magnitude of the change in the
necessary reforestation work [33] after
geological exploration using
resource-saving technology.

1.4 Number of trees [trees]
saved

N = D × S × (R0 − Rrs) (4),
where N is the number of preserved trees in
the study area;
D—average forest density (density of forest
plantations) (trees/Ha), determined depending
on avg. distances between trees, height and
completeness of the forest stand, etc.;
S—degree of forest cover of the territory, (%) is
determined by the ratio of the forested area of
land to the total area of the licensed area.

The indicator characterizes the number
of trees saved from felling due to a
decrease in forest lands during
geological exploration using
resource-saving technology.

2. Economic efficiency indicators

2.1 Savings from
deforestation [RUB]

EV = (R0 − Rrs) × C (5),
where C is the cost of cutting down 1 hectare
of forest.

The indicator characterizes the amount
of money that a company will save
when cutting down forests and carrying
out geological exploration work.

2.2 Savings on forest land
rental [RUB]

ER = (R0 − Rrs) × P (6),
where P is the price for renting forest land
depending on the region of work and is
determined in accordance with [34].

The indicator characterizes the amount
of money that the company will save
when renting land for geological
exploration.

2.3 Savings on wood fees
monetary units [RUB]

Ew = (V0 − Vrs) × W (7),
where W is the cost of wood (RUB per 1 m3)
and depends on the type of forest plantation
and the distance of its removal, determined in
accordance with [34].

The indicator characterizes the amount
of money that the company will save
when determining the payment for
felled trees to ensure geological
exploration.

2.4 Savings on reforestation
work [RUB]

EF = (F0 − Frs) × R (8),
where R is the cost of reforestation work (RUB
per 1 hectare) and is determined in accordance
with the contract depending on the conditions
of the area, its geographical location and type
of work.

The indicator characterizes the amount
of money that the company will save
when assessing the implementation of
reforestation work.
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Table 2. Cont.

Item
No.

Name of the Indicator,
[Units of Measure] Equation Characteristics

of Indicators

2.5 Integral economic effect
[RUB] E = EV + ER + Ew + EF (9)

This indicator shows how much money
is saved by using resource-saving
technology for geological investigation
while still maintaining the natural
environment.

The application of the proposed methodological tools is carried out using the example
of a comparative assessment of the use of traditional seismic technology and the resource-
saving green seismic technology on a subsoil site located in the forested territory of the
Khanty–Mansi Autonomous Okrug (KhMAO)—Yugra. The assessment of geological
exploration work was carried out in accordance with the «post facto» and «greenfield»
approach set out in [35] and in accordance with the algorithm proposed in this article. We
intended to conduct 3D seismic research for hydrocarbon raw materials in the region of the
subsurface site under consideration utilizing two methods: classic areal seismic exploration
and a resource-saving technology known as green seismic technology.

The necessary felling for the preparation of seismic profiles when using traditional
technology is the laying of a clearing 4–5 m wide. Considering the average cost of cutting a
linear kilometer of a 4-m profile, which is 40,000 RUB, and the length of the forest in terms
of one hectare per linear kilometers (1 ha = 2.5 linear km), the unit cost of excavation will
be 100,000 RUB.

The reduction in leased land due to the use of resource-saving technology will be
475 hectares, the reduction in deforestation in physical terms is estimated at 46,597 m3, and
the reduction in the volume of reforestation will be 276 hectares.

Savings on the costs of seismic exploration using resource-saving technology are
summarized in Table 3, considering the average forest density (2000 trees/ha), the average
distance between trees (2.4 m), the percentage of the territory covered by forest (80%), as
well as the cost of renting forest land, the unit cost of cutting a clearing, and the cost of
reforestation and timber.

Table 3. Calculation of savings from the use of resource-saving technology for seismic exploration
using the example of a licensed subsoil area located in the Khanty–Mansi Autonomous Okrug.

Item Appraisal Value ∆
Savings

[Thousand RUB]

Deforestation [ha]
Post facto 1761

475 47,500
Greenfield 1286

Volume of wood [m3]
Post facto 172,800

46,597 5079
Greenfield 126,203

Area of forest land within LA [ha]
Post facto 1761

475 4174
Greenfield 1286

Scope of reforestation work [ha]
Post facto 1023

276 131,362
Greenfield 747

Total savings 188,115

A definite possibility for growing savings to boost the financial efficiency of geological
research is indicated by scaling up the use of resource-saving technologies for seismic
surveys in regions with comparable natural conditions.



Sustainability 2024, 16, 1476 13 of 22

To improve the validity of management decisions made at the outset of work in poorly
studied forested areas, the derived environmental efficiency indicators should be used in a
thorough evaluation of the efficacy of geological exploration activity.

The efficacy of seismic exploration in the licensing region under analysis, utilizing
both resource-saving (greenfield assessment) and traditional (post facto assessment) tech-
nologies, is determined by technical and economic calculations, as shown in Table 4.

Table 4. Results of technical and economic calculations to determine the effectiveness of seismic
exploration work in the licensed area using traditional and resource-saving technologies.

Item
No. Name of the Indicator

Traditional
Technology

Resource-Saving
Technology

Variation

+/− %

1 Net Present Value [million RUB] 320.5 327.2 6.7 1.02

2 Internal rate of return [%] 18.7 18.9 0.2 1.01

3 Net Present Value of Returns 1.46 1.50 0.04 2.74

4 Payback period [years] 4.4 4.1 −0.3 −6.8

5 Expenditure on oil and gas
exploration [million RUB] 592 403.9 −188.1 −31.8

After completing technical and financial calculations to ascertain the efficiency in-
dicators of geological exploration based on the suggested algorithm, a qualitative and
quantitative evaluation of the implementation risks is conducted in relation to the potential
application of resource-saving technology in the area.

We can determine the most important elements affecting the security, environmental
friendliness, and financial viability of geological exploration projects by evaluating the
risks associated with the use of geophysical technology in forested areas. This study uses
the method of grouping risks by area of manifestation and the brainstorming method [36]
to collect information and analyze the causes of risks [37] when carrying out seismic
exploration using traditional and resource-saving technology (Table 5).

Table 5. Risks of geological exploration work in forested areas using traditional and resource-saving
technologies.

Sphere of Display
Risks

Traditional Technology Resource Saving Technology

1. Geological risks

1.1 Reduced success rate of exploratory drilling

1.2 Unconfirmability of the value of hydrocarbon potential reserves

1.3 Geological features of the license area (complex geological structures, obstacles to drilling)

1.4 Erroneous interpretation of geological data obtained during research

2. Ecological risks

2.1 Negative impact on the natural environment (deforestation)

2.2 Forest fires [38]

2.3 Increased load on the soil due to the operation
of heavy equipment -

2.4 Increased CO2 emissions -

2.5 Impact on surface and groundwater -

3. Production risks
3.1 Injury to personnel during topographic and geodetic work, incl. felling

3.2 Personnel health (working in low temperatures)
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Table 5. Cont.

Sphere of Display
Risks

Traditional Technology Resource Saving Technology

4. Technological risks
4.1 Unreliability of technology during geological exploration due to equipment failure

4.2 Technical risks associated with the operation of transport and technical equipment in impassable
taiga, under difficult weather conditions

5. Economic risks

5.1 Reducing the volume of seismic exploration while reducing the cost of hydrocarbons on the market

5 2 Delays in work completion, equipment downtime

5.3 High volumes of investment in equipment production

In this study, qualitative risk analysis was carried out using the pairwise comparison
method [39] for the subsequent development of a thermal risk matrix (probability and
impact). The pairwise comparison method has the advantage of comparing each pair of
risk occurrences to identify the most significant one, as a qualitative assessment can only
be conducted by carefully examining and comparing two objects. The pairwise comparison
method allows us to assess risks using an integral indicator of the overall riskiness of the
project in relation to the technology used:

R = ∑n
i=1 Pi × wi (10)

where Pi is the probability of the ith risk occurring; wi—specific weight of the ith risk;
n—number of risks considered.

The probability of the occurrence of the ith risk is assessed on a 100% scale, where 0.01
is the minimum probability of risk occurrence, 1.0 is the maximum.

To estimate the weight of the ith risk, the pairwise comparison method is used, where
scores of 0.5 indicate that the risk is less significant in comparison; 1.0—equivalent risk;
1.5—the risk is the most significant. The risk weight coefficient is calculated as the ratio of
the number of points of the ith risk to the total value of points for all risks. The potential
damage of consequences from a risk event (x) is determined by the ratio of the ith risk score
to the maximum possible score for the risk. At the same time, initially, when identifying
risks, the probabilities of their occurrence (y) are determined.

Interpretation of the results of the integral risk level:
1 ≤ R < 35—low level of risk of the project under consideration;
35 ≤ R < 65—average level of risk;
65 ≤ R ≤ 100—high level of risk.
Groups related to production, environmental, and technological hazards were chosen

for qualitative analysis, since these are the most relevant and of interest when evaluating
geophysical methods for oil exploration in challenging environments, such as forested areas.

The matrix of the degree of probability of risks occurring and their impact on the
result of geological exploration is presented in Table 6. When determining the degree
of risk influence, the following scale was used: «critical», «high», «medium», and «low»
probability of the occurrence of a risk event and its impact on the effectiveness of the
exploration project.

The result of the risk assessment using the pairwise comparison method is presented in
Table 7. Figure 3 shows heat maps of the dangers associated with utilizing traditional seismic
technology versus resource-saving seismic technology based on the results collected.
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Table 6. Matrix of the degree of probability of risks occurring and their impact on the result of
geological exploration work.

Probability of a
Risk Event (y)

The Degree of Influence of the Risk
Event on the Project (x)

Weak
(0–0.4)

Medium
(0.4–0.8)

Strong
(>0.8)

High (>0.8) Medium High Critical
Medium (0.4–0.8) Medium High High
Low (0–0.4) Low Medium Medium

Table 7. Resulting risk assessment indicators when using traditional and resource-saving technologies
for seismic exploration in the licensed area.

Risks

Traditional Technology Resource-Saving Technology

Potential
Damage

Consequences
from the Risk

(x)

Probability
of Risk

Occurrence
(y)

Potential
Damage

Consequences
from the Risk

(x)

Probability
of Risk

Occurrence
(y)

Ec
ol

og
y

E1 Negative impact on the natural
environment (deforestation) 0.75 0.97 0.73 0.25

E2 Forest fires 0.42 0.75 0.40 0.75

E3
Increased load on the soil due to
the operation of heavy
equipment

0.71 0.73 - -

E4 Increased CO2 emissions 0.42 0.51 - -

E5 Impact on surface and
groundwater 0.63 0.67 - -

Pr
od

uc
ti

on P6
Injury to personnel during
topographic and geodetic work,
incl. felling

0.96 0.79 0.93 0.20

P7 Personnel health (working in
low temperatures) 0.63 0.57 0.60 0.57

Te
ch

no
lo

gy

T8
Unreliability of technology
during geological exploration
due to equipment failure

0.88 0.10 0.80 0.31

T9

Technical risks associated with
the operation of transport and
technical equipment in
impassable taiga, under difficult
weather conditions

0.63 0.78 0.53 0.24

Using conventional geophysical technologies to estimate the level of the main group-
ings of dangers that could result from geological investigation, the results come out at
64.6%, which is on the boundary between medium and high risk. Utilizing resource-
saving technology carries a risk rating of 34.6%, which is on the edge between lower and
medium risk.

Resource-saving technology greatly decreases the possibility of deforestation hazards
and, consequently, the risk of worker injury. It also lessens the impact of the excessive load
of heavy equipment on the soil because it is no longer necessary to utilize it. However,
even with the application of new technology, some risk events continue to fall into the high
medium zone.
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The study conducted a quantitative assessment to support the viability of utilizing
resource-saving technologies in the studied location, after a qualitative evaluation of the
primary dangers that arise during geological exploration.

This paper uses the fuzzy logic method, an approach in which the variables involved
in the analytical description of the model can take on linguistic values, to quantitatively
analyze the risks of utilizing resource-saving technologies on the territory of the region
under study [40].

Approximately 54% of Khanty–Mansi Autonomous Okrug—Yugra (KhMAO-Yugra)
is covered in forests, making up 4.3% of the Russian Federation’s total forest area [41]. In
addition, the region is characterized by harsh climatic conditions, swampy conditions, a
sensitive ecosystem, and a high probability of force majeure events associated with various
natural and man-made factors. At the same time, the oil and gas fields of the Khanty–
Mansi Autonomous Okrug—Yugra make the largest contribution to the production of
hydrocarbons in the country [42].

To assess the risks of using resource-saving technology when carrying out geological
exploration for hydrocarbon raw materials, the following statistical indicators were selected
(Table 8) [43].

Each of the input factors xi is normalized into a metric in the interval [0; 1] in accor-
dance with the equation:

x =
Xi − Xmin

Xmax − Xmin
(11)

where x is the normalized value of the variable, xi is the initial value of the variable (accord-
ing to Khanty–Mansi Autonomous Okrug—Yugra), xmin/max is the minimum/maximum
value of the variable (for Russia).
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Table 8. Indicators for assessing the environmental risk of the region for geological exploration for
hydrocarbon raw materials [44,45].

Ecology

x1 x2 x3 x4

Region/
Indicator

Environmental Rating
(Qualitative

Indicator)

Ratio of the Area of
Reforestation and

Afforestation to the
Area of Cut Down
and Dead Forest
Plantations [%]

Emissions of
Pollutants into the

Atmospheric Air from
Stationary Sources

[Thousands of Tons]

Expenses for
Environmental

Protection [Million
RUB]

KHMAO-Yugra 50.00 73.00 1,142.00 29,896.00

Maximum value for Russia 76.00 1,657.80 2,540.00 55,661.00

Minimum value for Russia 43.00 23.60 2.00 63.00

Table 9 presents the values of the normalized variables xi.

Table 9. Normalized values of variables xi.

Factor Value of xi
Normalized
Value of xi

x1 50.00 0.212

x2 73.00 0.970

x3 1142.00 0.449

x4 29,896.00 0.463

At the next stage of calculations, the intervals for the normalized values of the variables
and the values of the membership function are determined (Table 10).

Table 10. Classification of the level of factors xi and general risk.

Range of Values, x(y) Membership Function

0 < = x(y) < = 0.167 X1, Y1 (Very low) 1

0.167 < x(y) < 0.333 X1, Y1 µ1 =
0.333−y

0.167
X2, Y2 (Low) 1 − µ1 = µ2

0.333 < = x(y) < 0.5 X2, Y2 µ2 =
0.5−y
0.167

X3, Y3 (Average) 1 − µ2 = µ3

0.5 < = x(y) < 0.667 X3, Y3 µ3 =
0.667−y

0.167
X4, Y4 (High) 1 − µ3 = µ4

0.667< x(y) < 0.833 X4, Y4 µ4 =
0.833−y

0.167
X5, Y5 (Very high) 1 − µ4 = µ5

0.833< x(y) <= 1 X5, Y5 1

Table 11 presents a matrix of risk level values for the region under study, with the
level of significance for each factor determined by the equation:

ri =
2 × (N − i + 1)
(N + 1)× N

(12)

where ri is the level of significance, N is the number of variables, and i is the ordinal number
of the variable.
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Table 11. Matrix of risk level values for the region under study.

Factor
Subset Scale

Significance
LevelVery

Low Low Average High Very
High

x1 0.72 0.28 0.1

x2 1 0.4

x3 0.30 0.70 0.2

x4 0.22 0.78 0.3

classificator level 5 4 3 2 1

For the integral risk assessment (Table 12), nodal points are determined using the equation:

yj = 0.833 − 0.167 ∗ (j − 1) (13)

where yj are nodal points, and j is the serial number of the level.

Table 12. Matrix of weighted values of factors and integral risk.

Factor
Subset Scale (Weighted)

Very Low Low Average High Very High

x1 0.07 0.03 - - -

x2 - - - - 0.40

x3 - 0.06 0.14 - -

x4 - 0.07 0.23 - -

Sum 0.07 0.15 0.37 - 0.40

nodal points 0.165 0.332 0.499 0.666 0.833

y 0.012 0.051 0.186 - 0.333

y integral 0.583

The resulting risk assessment is carried out using the equation:

y = ∑5
j=1 ∗yj ∗ ∑N

i=1 ∗ri ∗ λij (14)

where yj are nodal points, ri is the weight of the ith factor in the convolution, λij is the value
of the membership function of the jth qualitative level relative to the current value of the
ith factor, and 5 is the number of classifier levels.

Table 13 presents a fuzzy value scale for assessing the risk of the study region.
The region under investigation has an integrated risk assessment of 0.583, which

falls between medium and high levels and suggests that there may be issues with the
implementation of the environmental protection measures in the region. The ratio of the
area of reforestation and afforestation to the area of cut down and dead forest plantations
for the analyzed period is less than 100%, which indicates the low efficiency of reforestation
work. The value of CO2 emissions corresponds to a level below the average in comparison
with other regions of Russia, while the amount of expenditure on environmental protection
is above the average level for Russia.

Thus, the implementation of projects using resource-saving seismic survey technology
in the region under study will improve the levels of environmental protection activities,
environmental safety, as well as indicators of activity in the use of technological innovations
in production processes.
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Table 13. Fuzzy value scale for assessing the risk of the study region during geological exploration
[compiled by the authors].

Set of y
Values Level of Risk Description

0.000–0.333 Very low level

- the highest level of environmental friendliness of the region: high level of novelty of
environmental projects, activity of public organizations, absence of
environmental incidents;

- large volumes of reforestation work in the region, exceeding the figures for cut
down plantings;

- carrying out special programs for afforestation in the region;
- virtually no CO2 emissions;
- serious volumes of investments aimed at environmental protection and rational use of

natural resources from local and federal budgets.

0.167–0.500 Low level

- the intensity of the processes of creation, implementation, and practical use of
environmental innovations in the region is above the national average;

- afforestation and reforestation cover more than the area of the dead forest;
- low level of CO2 emissions;
- environmental protection costs in the region are significantly higher than the

Russian average.

0.333–0.667 Medium level

- average social and environmental indicators for Russia;
- the reforestation area is equal to the clearing area;
- greenhouse gas emissions are normal and do not exceed the average for Russia;
- funds are spent annually on environmental protection, but do not adequately cover

damage from negative impacts.

0.500–0.833 High level

- reforestation work does not cover the full volume of cut down and dead forest
plantations;

- CO2 emissions meet the standards, but are higher than the national average;
- innovative environmental projects are rarely implemented in the region, and there is

little activity in environmental protection measures;
- insignificant investments of companies and budgets of various levels in the restoration

and protection of the natural environment.

0.667–1.000 Very high level

- poor ecological state of the subject: environmentally significant events, incidents
and problems;

- there are no reforestation works;
- high greenhouse gas emissions;
- there are practically no investments in environmental protection from the budgets of the

region and the Russian Federation.

4. Conclusions

Even with the advancement of technology, it is currently impossible to conduct a
geological investigation of the subsurface without endangering forests. For this reason, the
issue of adverse effects on the environment persists. Businesses involved in the oil and
gas production complex have contributed to the development of the trend of integrating
“green technologies” into geological exploration and production activities. The goal of
introducing these technologies is to increase their environmental friendliness and stan-
dardize organizational mechanisms for implementation. They do this by using ongoing
environmental projects for the extraction of hydrocarbons as an example. By cutting the
costs of preparing the area for geological survey by 31.8%, resource-saving technology will
increase the economic efficiency of hydrocarbon geological exploration work by 1.02%.
Moreover, compared to traditional technologies, there will be a significant decrease in
incident risks.

Subsoil user companies planning an environmentally safe and cost-effective search
for and exploration of hydrocarbon deposits in forested areas of the region using resource-
saving technology should implement several measures:
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- obtain environmental insurance, which provides coverage for the risks of harm to the
environment, life, health, and property of third parties in the process of work;

- carry out corporate examination of geological exploration projects to improve the
quality of documentation in terms of making timely environmental decisions aimed
at reducing environmental risks.

The use of resource-saving technology is economically feasible for work areas charac-
terized by high forest cover and the level of environmental risk, which ranges from 0.333 to
1.0 on a scale of fuzzy values, which include the Khanty–Mansi Autonomous Okrug, the
territories of Eastern Siberia, and the Republic of Sakha (Yakutia).

Due to industry restrictions on the import of high-tech products, which in turn affect
the lengthening of time it takes to introduce technological solutions into production, it
should be noted that the current geopolitical environment has a negative effect on the
development of innovative resource-saving geological exploration technologies in Russia.
Resource-saving technology is, however, often connected with implementation risks for
projects, requiring large initial investments for the re-equipment of seismic workers and
modifications to the current technological chain.
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