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© Abstract. Aviation enterprises (airports) are massive facilities with a variety of effects on the environment, yet,
those influences are significantly understudied and lack structuring, leaving the airports at low levels of sustainability
and with impaired management. Thus, the aim of this research was to compile the mind map to describe a system of
environmental impacts and problems associated with the airports. The model (map) was created by conducting complex
multi-stage expert surveys with scoping of elements of airport management system, which identified 68 factors belonging
to 8 groups. The factors are related to atmospheric air, soil and water, flora and fauna, physical impacts, organisational,
environmental, administrative, logistical and spatial issues, construction and technical solutions as well as social,
economic and human factors. With the help of ranking based on experts’ judgements, 13 most relevant (key) factors of
the impact on the environment were distinguished. To build an oriented graph of the airport management system and

Suggested Citation: Horobtsov, ., Cherniak, L., Radomska, M., Tykhenko, O., & Synylo, K. (2023). Development of a cognitive model
for the analysis of relationships in the airport environmental management system. Ecological Safety and Balanced Use of Resources, (14)2,
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Development of a cognitive model...

analyse it, the approach of drawing arcs (arrows) of impact was used. It is found that the most influential factors tend
to be dynamic, related to the planning stages of airports and instead of purely environmental ones are interdisciplinary.
The annual passenger traffic at the airport, compliance with the standards of sanitary protection zones, airport’s capacity
and types of aircraft received by the airport demonstrated the highest impact on the airport environmental management
system. In combination with studies of the effects of individual factors and the impact of the airport on the environment,
the results of the work can be applied practically in the management and decision-making processes regarding the

environmental safety of the airport

© Keywords: mind map; aviation industry; factors of influence; expert assessment; environmental protection; decision-

making

@ Introduction

In ensuring the sustainable development of the aviation
industry, an important role is attributed to the environ-
mental vector and compliance with international standards
regarding the impact on the environment of both aircraft
and airport infrastructure. The impact of airports on the
environment is manifested both locally (pollution of the at-
mosphere, hydrosphere, soil, acoustic pollution, etc.), and
in global changes of landscapes and ecosystems, displace-
ment of populations from their natural habitats. Solving a
number of current problems in this area at the global level
can significantly improve the general environmental situ-
ation in Ukraine and the world. However, the aviation in-
dustry as a whole, airports as its principal structural units
and even individual aircrafts are extremely complex sys-
tems with many elements and influencing factors, threats
and relationships. It is essential to identify, consider, and
analyse the internal connections within those entities and
the effects of altering individual elements within them on
all other components and the system overall. Thus, the
ranking of environmental issues of the aviation industry
and its individual divisions, particularly airports, will allow
to properly determine the priorities of their solution.

The study of environmental problems of the aviation
industry is not a new topic for the scientific community.
However, as R. Qiu et al. (2021) noted, this topic always
remains relevant. For a long time, the main attention of
research was given to environmental problems related to
airplanes and the process of air transportation itself, and
not to the ground infrastructure of airports. A lot of atten-
tion is paid only to certain causes and threats that lead to
the negative impact of airport infrastructure on the envi-
ronment. N. Bahman (2023) provided an environmental
impact analysis and a life cycle assessment of auxiliary
power plants and ground support equipment at the airport,
but did not give recommendations for mitigation or man-
agement. In turn, V. Parkhomenko (2020) considered the
causes and threats that lead to the appearance of birds and
other wildlife at the field, but only brief recommendations
were given to minimise such collisions.

A significant amount of research is focused on the
problem of adverse impacts of an airport’s infrastructure on
the quality of atmospheric air on a local and regional scale.
The problem of regional air pollution by civil aviation air-
ports is discussed in the recent work by O. Zaporozhets et

10

al. (2018). But the given strategy of environmental protec-
tion regulation involves the organisation of airport’s mon-
itoring system, oriented towards the established priorities
in regulating the quality of atmospheric air only. Other fac-
tors of negative influence are not considered. In conducting
this kind of research, it is quite difficult to investigate direct
cause-and-effect relationships in this system and establish,
in particular, the place of biota in the general objectives of
airport environmental management, or to investigate the
consequences of secondary effects arising from other im-
pacts as highlighted by E. Greer et al. (2020). As a result,
threats to the environment resulting from the activities of
airports are studied in isolation from each other, either very
specifically, that is, with reference to a separate airport, or
more generally, analysing all possible environmental con-
sequences.

As noted by R.C. Alberts et al. (2023), determining the
extent of impact is one of the preliminary stages of envi-
ronmental impact assessment in environmental quality
management. This is important when summarising and
assessing the significance of the potential impacts of a pro-
ject (or activity such as airport construction or operation)
and its alternatives (e.g. airport construction alternatives or
operating modes). Furthermore, R.C. Alberts et al. (2020)
emphasised that it also allows to narrow the range of is-
sues that require further consideration and careful assess-
ment, and guide subsequent decision-making processes.
E. Zarghami & D. Fatourehchi (2020) argue that impact
scoping is often considered very important (sometimes —
of utmost importance) in the general practice of environ-
mental impact assessment, but according to K. Emerson et
al. (2022) it is still understudied.

The later research indicates insufficient attention to the
environmental impact of airport operations. While various
aspects have been examined individually, there’s a lack of
efforts to consolidate these factors into a cohesive frame-
work. Such a system could reveal interconnections between
environmental issues, offering insights into their mutual
influence. To enhance aviation sustainability, creating such
a model is a pertinent scientific endeavour. Therefore, de-
veloping a comprehensive model of significant airport-en-
vironment impacts and their interactions is crucial for a
holistic environmental management system (EMYS) at air-
ports. The purpose of the study was to develop a cognitive

Ecological Safety and Balanced Use of Resources, 2023, Vol. 14, No. 2



model of the complex impact of the airport on the envi-
ronment. To achieve this goal, the following research tasks
were defined: to determine the main factors of airport’s im-
pact on the environment and evaluate their significance; to
develop a cognitive model for the analysis of relationships
in the EMS of the airport.

© Materials and Methods

The model for the analysis of interrelationships in the EMS
of the airport was developed using the method of con-
structing cognitive maps. This method was proposed by
R. Axelrod (1976). This study followed one of the most de-
tailed examples in Axelrod’s methodology (Chernyshev et
al., 2021). The core of the research was a series of surveys
to assess the environmental impact of airports survey by
the given methodology, involving experts in the field with
special knowledge of certain aspects of the aviation indus-
try. The surveys took place during the first half of 2021 via
correspondence (in absentia). Overall, 7 experts were ques-
tioned. All experts were informed about the anonymity of
the survey, the ways of information protection, purpose of
the investigation and related risks. They also did not have
the opportunity to participate in discussions or meetings
regarding their expertise and conducted their evaluations
independently. In the course of the surveys, the ethical
norms of social work with people were adhered (The ethics
of social work..., 1994). Due to the announcement of mar-
tial law in early 2022, Ukrainian airports have been closed,
making it impossible to conduct the second qualitative ex-
pert survey after 2021.

The experts were asked to identify, in accordance with
their expertise, the full scope of factors, which influence or
form the system of environmental management in airports.
Further, with the help of cross-examination, grouping and
clustering, the main factors of airports impact on the en-
vironment were determined. 68 influencing factors were
identified, which were grouped into 8 categories. The next
step was the ranking procedure, during which experts were
asked to evaluate the importance of all factors by two inde-
pendent scales:

@® absolute, with values from 1 (the least important
variable, the impact of the factor on the state of the en-
vironment is insignificant), to 4 (moderately important
changes in the environment status and impact), to the
highest score — 7 (the change is extremely important, the
factor has a significant qualitative and quantitative impact);

@ relative, with points from 1 to 100, by the procedure
of factor’s weight assessment. Given the division of varia-
bles into groups, it was recommended in each category to
assign 100 points to the most significant impact factor with
the greatest weight, and then evaluate other factors in the
group relative to this variable.

After ranking, all scores were collected and ordered,
rating each factor within a separate group. Based on this,
the most significant factors were defined by selecting one
to three variables from each category based on the sum

Horobtsov et al.

of their average absolute and relative scores. In this way,
13 main variables were obtained. The subsequent task was
to identify interdependencies between the selected varia-
bles and to build the table of interdependencies. For this,
once more, experts were asked the following questions: “Is
there a connection between these two factors?” and “If de-
pendency exists, what is its nature/quality - is it direct or
inverse?” Then, for the processing purposes, all data (an-
swers) were placed in a table with the following symbols:
“+” - positive connection, direct impact; “-” - negative
connection, reverse effect; “0” - the impact is absent or
negligent; “?” - the relationship is uncertain, the nature of
the impact is unclear. The following rules were established
during this procedure:

@ if at least 85% of experts (6 out of 7) believe that an
impact (with a certain sign) exists, then there is an impact
curve; otherwise, the curve is not drawn;

@ the sign of the impact curve is placed only if at least
85% (6 out of 7) of the experts agree on the nature of the
influence;

@ if there is uncertainty about the nature of an impact,
but there is clear certainty (agreement) about its presence
among experts — the impact curve is drawn, but marked as
unclear (“?”);

@ if experts’ opinions were split (three different opin-
ions or more), the impact curve is not drawn at all.

At the end of the study, a cognitive map was built based
on the table of interdependencies, which reflects the system
of sources and ways of the airport’s impact on the environ-
ment from the perspective of their significance.

© Results and Discussion

68 factors of environmental impact of airports were ini-
tially identified, and were grouped into 8 groups. The 1
group of factors is related to the impact on atmospheric air.
It includes the following variables: emissions of NO , CO,
greenhouse gases, particulate matter, volatile hydrocarbons
CH, other possible pollutants (e.g. SO,, N,, O,, etc.), inte-
gral air quality index (AQI) by target pollutants, the nature
and scale of interaction of pollutants (persistence, accumu-
lation, magnification, etc.), availability and quality of work
of the atmospheric air monitoring service.

The 2" group of factors is related to the impact on soil
and water bodies. It includes the following variables: the
area of the territory with a solid cover, pollution of soils
and water bodies by heavy metals, petroleum products, an-
ti-icing and de-icing agents, the total quantity and quality
of effluents/wastewater, secondary pollution (water pollu-
tion via soil or soil pollution via water), the type of affected
soils and the class of adjacent water bodies, availability and
quality of work of the soil and water monitoring service,
the efficiency of the wastewater collection and treatment.

Impact on flora and fauna was the focus of the 3%
group of factors. It includes the following variables: the
intersection of wildlife migration routes (especially birds)
with airport (or its immediate vicinity), the number of Red
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List species in the impact zone, the abundance and density
of populations around the airport, the levels of habitat frag-
mentation and destruction, the types of surrounding eco-
systems and ecotopes, the distance to the nearest protected
areas (sites), availability of ornithological safety service,
availability and quality of functioning of ornithological
monitoring service, the overall risk (probability) of intro-
ducing invasive or pathogenic organisms into the zone/re-
gion due to airport activities.

Factors of the 4™ group are related to the physical im-
pacts caused by an airport. They include: levels of noise,
light, electromagnetic fields and radiation, heat, vibration,
visual pollution, protection from exposure to physical fac-
tors outside the airport, effectiveness of protective meas-
ures for the control of physical factors.

5% group of factors concentrated on organisational,
environmental and administrative decisions. The following
variables were included: the amount and composition of
waste generated at the airport, the method of disposal of
solid waste, the presence of solid waste sorting at the air-
port, the presence and size of payments for comprehensive
impact on the environment, the regularity of inspections
of technical equipment and airport facilities, approved en-
vironmental policy, the presence and nature of voluntary
mitigation measures, the number and complexity of addi-
tional services on the territory (aircraft repair and mainte-
nance, accommodation, etc.).

Factors related to logistical and spatial decisions are list-
ed in the 6™ group. They include the following variables: cli-
mate zone of airport, geological and geographical location of
the airport (relief and geological-dynamic situation), social

and political situation in the area (political tension in the
region, proximity to areas of armed conflicts, etc.), compli-
ance with the standards of the sanitary and protective zone
for this type of industrial objects, location of airport relative
to the nearest population centres and settlements, types of
airport commuting, location of the airport relative to large
water bodies (levels of sea/ocean etc.), location relative to
important airways/hubs (international and domestic).

Construction and technical solutions made up the 7
group of factors. In this group the following variables are
included: environmental friendliness of the airport design
(degree of its integration into the environment), number
and length of runways on the territory, total size of the air-
port, types of aircraft served by airport (by take-off weight
or passenger capacity), airport capacity (average number of
aircrafts received simultaneously, the number of terminals
and/or boarding gates), the structure of fuel depot, the type
of aircraft refuelling system, depreciation of the airport’s
ground and air equipment.

Finally, 8" group of factors is related to social, econom-
ic and human factors, and includes: average annual passen-
ger traffic at the airport; level of qualification of service
personnel; environmental training of the staff; frequency
of emergency situations; availability, quantity and quality
of environmental advocacy, general level of environmental
performance and environmental awareness of the country
hosting the airport, the image and popularity of the airport,
the level of economic development of the country hosting
the airport. The results of ranking, arrangement and selec-
tion of the most significant factors in each category are pre-
sented in Table 1 and Table 2.

Table 1. Expert assessment of the primary factors of the airport’s impact on the environment

Expert assessment

G;I(:) P Factors Absolute value (from 1 to 7) Relative value (from 1 to 100)
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Impact on atmospheric air 6 6 7 7 6 6 6 95 95 100 99 100 83 78
1 T . .
Availability and quality of air 5.7 6 7 5 6 6 8 100 8 100 75 8 76
monitoring system
Soil and water pollution by 7 7 7 7 6 6 7 100 97 100 98 91 80 98
5 petroleum products
Efficiency of wastewater 7 7 6 7 5 7 7 100 9 8 100 59 98 100
collection and treatment
Intersection of wildlife
(especially birds) migration 7 7 7 7 7 7 6 100 98 70 100 100 97 83
3 routes with the airport
Availability and quality of
functioning of the ornithological 6 7 6 4 7 7 6 9 100 100 75 99 92 85
monitoring service
Airport’s noise pollution level 6 7 7 7 7 7 7 90 100 100 100 100 99 93
4 . .
Effectiveness ofprotectlon from 7 7 6 6 6 7 7 100 99 30 94 86 100 100
exposure to physical factors
Theamountand compositionof 5, ¢, 5 g5 190 0 100 98 94 92
waste generated at the airport
> Availability of solid waste
. Y 7 6 6 6 7 6 7 9 8 60 8 97 76 93
disposal methods
L 12 Ecological Safety and Balanced Use of Resources, 2023, Vol. 14, No. 2
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Table 1. Continued

Expert assessment

G;;:) up Factors Absolute value (from 1 to 7) Relative value (from 1 to 100)
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Compliance with the standards =, o, o 50 95 100 96 99 100 76
6 of the sanitary protection zone
Location of the airport relative ” 6 7 7 7 5 5 100 80 100 92 100 69 73
to the nearest settlements
Types ofaircraftaccepted by the o0 6 00 97 100 95 99 62 76
7 airport
Airport capacity 6 6 7 6 7 7 7 9 8 9 87 98 99 9
Average annual passenger traffic 6 7 7 7 7 7 7 85 100 100 100 98 100 100
8
The general level of 7 5 6 6 6 7 6 100 8 70 85 80 96 82
environmental performance
Source: made by the authors
Table 2. The results of the assessment of significance of the primary variable (ordered ranking)
Me.:an.absolute Median position N[.ean. relative Relative
Group significance significance .
Factors . (absolute . significance
No. according to expert .. according to expert o
. significance) . position (rank)
evaluation evaluation
Impact on atmospheric air 6.29 5 92.86 5
1 o1 . .
Avall.abll_lty and quality of air 6.00 7 85.86 13
monitoring system
Soil and water pollution by 671 ) 94.86 4
5 petroleum products
Efﬁc1e1.1cy of wastewater 6.57 3 90.71 9
collection and treatment
Intersection of wildlife (especially
birds) migration routes with the 6.86 1 92.57 6
3 airport
Availability and quality of
functioning of the ornithological 6.14 6 91.57 8
monitoring service
Airport’s noise pollution level 6.86 1 97.43 2
4 . .
Effectiveness of Rrotec‘uon from 6.57 3 87.00 12
exposure to physical factors
The amount and compo§1t10n of 6.57 3 89 86 10
. waste generated at the airport
Ayallablllty of solid waste 6.43 4 8414 15
disposal methods
Comph‘ance with th.e standards of 6.86 1 95.14 3
6 the sanitary protection zone
Location of the airport relative to 6.29 5 8771 11
the nearest settlements
T.ypes of aircraft accepted by the 6.57 3 89.86 10
7 airport
Airport capacity 6.57 3 92.00 7
Average annual passenger traffic 6.86 1 97.57 1
8
The general level of 6.14 6 85.43 14

environmental performance

Source: made by the authors

Based on the data obtained in Table 1 and Table 2, the
key factors of the impact of airports on the environment

were determined - they are 20% (13 out of 68) of all the
factors, and are listed in Table 3.
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Table 3. Key factors of the airport’s impact on the environment

No. Factors
1 Average annual passenger traffic at the airport
2 Noise pollution level
3  Compliance with the standards of the sanitary protection zone
4  Soil and water pollution by petroleum products
5 Intersection of wildlife (especially birds) migration routes with the airport
6  Availability and quality of air monitoring system
7  Airport capacity (the average number of aircraft received at the same time, the number of terminals and/or departure locations)
8  Availability and quality of the ornithological monitoring service
9  Efficiency of wastewater collection and treatment system
10 The amount and composition of waste generated at the airport
11 Type of aircraft served by the airport (by take-off weight or passenger capacity)
12 Location of the airport relative to the nearest settlements

13 Effectiveness of protection from exposure to physical factors

Source: made by the authors

Having examined the identified interdependencies, a cog-
nitive map (model) was drawn up in accordance with the con-
struction method (Fig. 1). On this model the factors presented

in Table 3 are marked with numbers, regular arrows show a
positive interaction — a direct dependence, dotted arrows indi-
cate a vague influence which requires additional consideration.

Figure 1. Cognitive model (oriented graph) for the analysis of the environmental situation in the airport impact area

Source: created by the authors

When considering the results of the first stage of expert
evaluation (ranking factors by importance), it immediate-
ly becomes obvious that most experts consider the factors
that are dynamic and/or related to the planning stages of
airport facilities to be most important. That is, these are the
factors that are not changeable at the existing object, but
can be influenced at the stages of planning and construc-
tion. Even if the variable is a characteristic of an existing
facility, experts also usually prefer those that can be affected
in some way during airport operations (e.g. NO_emissions
or noise pollution levels). At the same time, a ratio of 8:5
is observed between purely environmental and interdisci-
plinary factors. This fact provides important insights into
the dependence between the environmental situation in the
airport impact area and airport management.

14

Analysis of relations between individual pairs of factors
provides mostly obvious and expected conclusions regard-
ing their interaction. However, for such key factors as 1, 3,
7 and 11 (Table 3) the number of connections and, in par-
ticular, the influence on other variables differ significantly.
In addition, all these factors are not direct environmental
indicators; rather, they are at the edge of environmental
components with organisational, technical, logistical, ad-
ministrative, etc. This means that 4 out of 5 interdiscipli-
nary factors have the highest number of interconnections in
the current system. It once again confirms the importance
of interdisciplinary factors for the environmental situation
in the airport impact area. In turn, most environmental
factors are dependent rather than influential, that is, they
play certain role in the environmental situation, but their
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role is passive and/or indicative, so they must be controlled
by influencing higher-order or wider-ranging components.
As a result, it is possible to formulate the following conclu-
sions, which are important for analysis, planning and deci-
sion-making regarding the management and control of the
environmental situation in the airport impact area.

Factor number one is the average annual passenger
traffic at the airport. It is related to many environmental
factors (such as noise level, water and soil pollution around
the airport, NO_emissions, waste generation, etc.). It also
has some direct interactions with other complex factors,
such as airport’s capacity or the types of aircrafts served.
Thus, this variable has significant impact on the environ-
mental situation and contributes to the overall instability of
the system (since all the identified relationships of this var-
iable are positive), as well as the complexity of its tangential
management (especially the reduction of the value). This
means that it needs to be controlled directly, for example
by setting limits on its value, in order to achieve the desired
environmental status at the airport area. This factor is also
the least manageable, as airport traffic is of primary impor-
tance to the administration.

Third factor - the compliance with the standards of san-
itary protection zones for these objects — has the opposite
situation, since most experts recognize its importance for
the environmental situation of the airport territory and the
overall stability of the system. But this variable has a high
level of uncertainty about the nature and quality of its inter-
actions, which, on the one hand, indicates their complexi-
ty and dependence on other sub-factors, and on the other
hand, provides potential opportunity for their regulation.

The situation is quite similar with factors that took the
seventh and the eleventh positions according to relative im-
portance — namely, airport capacity (average number of air-
craft received at the same time, number of terminals and/
or departure points) and types of aircraft received by the
airport (by take-oftf mass or passenger capacity), which also
occupy a prominent place in the overall system, but unlike
the factor that took the third position, these factors also have
strong destabilising effect on a number of other important
environmental indicators, but they could be managed eas-
ier by controlling variables that affect them, which to some
extent puts them in a somewhat intermediate position.

Significant number of works are dedicated to sustain-
able aviation and aircraft. However, the consideration of
airport infrastructure has begun gaining momentum only
recently. As suggested by A. Graham (2023), scientists
working in this field are in agreement that such develop-
ments call for reconsideration of airport’s EMS. Some in-
stances of knowledge generalisation on airport’s sustaina-
bility and its components were made by I. Karagiannis et
al. (2019), F. Greer et al. (2020) and S. Sreenath et al. (2021).
All those works provide valuable insights in the structure
of environmental management of airports, however they
still miss some important points on the environmental
part, while concentrating on economic, social and tech-
nical-operational ones. Their studies identify and evaluate
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sustainable practices and dimensions in airport operations
giving a thorough overview of environmental, social and
economic elements and assessing how they are implement-
ed. Yet, those researches also underline that while there are
lots of works on aircraft emissions, greenhouse gases, noise,
bird strikes — other environmental and especially interdis-
ciplinary factors still remain unexamined and ill-included.

More practical approaches to comprehensive view on
elements of the airport’s EMS are suggested in works relat-
ed to airport design and planning. Research by S.K. Kaya &
N. Erginel (2020) suggest a way of assessment and integra-
tion of sustainability requirements into the airport planning,
yet authors note that this is the sole application, meaning
the approach is not really practical in terms of management.
Investigation by S.L. Boca Santa et al. (2020) is the closest
to the given research in terms of results, as they were work-
ing on indicators — elements of airport’s sustainability, rele-
vant for EMS. Still, instead of modelling they incorporated
descriptive methods in order to establish the characteris-
tics. Thus, this and previous works lack the understanding
of interrelations between separate factors or their groups,
and they do not consider how those connections may af-
fect the whole system. Ukrainian examples by V. Isaien-
ko et al. (2019) and D. Kalnytska (2020) suggest a more
structured and mathematical approach to administration
of the airport’s technoecosystem, focusing on management
and partially addressing the interactions between different
components. Yet they consider only generalised environ-
mental and technogenic parts without an in-depth detailed
view on the actual multitudes of factors in those groups.

In contrast with all those previous studies, the given
work combines comprehensive analysis of environmen-
tal management and sustainability factors, as well as both
modelling and expert assessment offering a qualitative-
ly new view on the investigated system. Additionally, the
proposed model allows a certain degree of flexibility in
depth of examination, which can be reached by increasing
the number of relevant elements in the system. All those
components were identified and presented in the paper,
and more complex models may be built by expanding this
research and increasing the number of experts involved.

Here, it is worth noting that application of the meth-
odology of expert evaluations has certain limitations. As
mentioned by S. Durst & M. Zieba (2019), the most im-
portant are their subjective character and human factor.
Expert judgments depend on the qualifications of experts,
and in case of expert groups, rely on the assumption that if
the majority agrees, the results will be true. But in practice
this is not always the case. Thus, the higher the qualification
is, the higher the probability of reliable results will be. In
order to solve this issue, experienced scientists and envi-
ronmentalists from the aviation industry were involved in
this research.

Another significant limitation is the attitude of ex-
perts, who can either take the research and its results very
seriously or rather lightly. Additional negative point is the
discrepancy of repeated assessments, i.e. same experts may
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give different assessments of the same impact factor over
time, in case of repeated assessments. O. Boiko et al. (2021)
suggest that this problem can be managed by incentivizing
experts (e.g. remuneration), which was not the case in this
study. In this work, the basis for ensuring objectivity was
the strict rules of evaluation, work ethics and the respon-
sible nature of experts. If repeated discrepancies occurred,
they were usually resolved by repeated assessments, averag-
ing, or identification of discrepancies and their exclusion.
While drawing up this study the usefulness of individual
repeated assessments was emphasised, although this was
not required.

It should also be noted that cognitive maps themselves
have certain limitations in terms of application as stated
by G. Felix et al. (2019). They are quite complex in their
design and interpretation, and their complexity increases
proportionally to the complexity of the system under con-
sideration. Additionally, there is an increased likelihood of
deviations from the original research topic, resulting in a
final sign graph that may not accurately reflect the problem
intended for research. Finally, cognitive maps are hardly a
stand-alone scientific tool, that is, they should not be relied
upon as a single comprehensive answer to all questions.
These maps may reveal additional aspects of systems or
events, structure well-known ones, assist in decision-mak-
ing or drawing conclusions, but they are not exclusive in
nature and should be used as an additional tool to increase
reliability and efficiency.

Nevertheless, the developed model allows for new re-
search and decision-making possibilities. Suggested cogni-
tive map lays the foundation for further research of interde-
pendencies between different groups of factors that create
the environmental situation in the airport impact area. It
also has a great potential to support administrative and
managerial decisions. Thus, despite certain constraints the
model still proves to be useful, relevant and applicable both
from purely scientific and applied point of view.

© Conclusions

The given study has focused on the system analysis of
airports environmental impacts, their management and
links to sustainability. It also attempted to generalise ele-
ments and interrelations of the studied system and create

© References

its comprehensive model (cognitive map) for further use
in science, decision-making and administrative work. In
accordance with the first objective of the paper, 68 most
significant and influential system elements, grouped into 8
categories, were established via expert survey and literature
analysis, confirming that the airport’s EMS is complex and
multi-layered. Using the method of expert evaluation, the
main elements and factors of airport’s impact on the envi-
ronment were analysed and evaluated by weight and sig-
nificance and narrowed down to 13 main factors by means
of ranking. On the basis of this analysis, a cognitive model
of the relationships between the identified factors within
the airport management system was created, pursuing the
second objective of the research.

Expert evaluation reveals that factors which tend to be
dynamic, related to the planning stages of airports and in-
terdisciplinary (instead of purely environmental) have the
highest impact on the overall system (with the ratio of 8:5
between environmental and interdisciplinary factors). Key
factors — (1) annual passenger traffic at the airport, (3) com-
pliance with the standards of sanitary protection zones, (7)
airport’s capacity and (11) types of aircraft received by the
airport, — exhibit distinct connections and effects, therefore
being central to the system. Most environmental factors are
passive, necessitating control through higher-order compo-
nents. Factor (1) significantly impacts various environmen-
tal aspects, demanding direct control and management to
improve environmental performance. In contrast, factor (3)
holds importance but has uncertain interactions, being both
dependent and having potential for tangential regulation.

Further research is possible in directions of errors
identification and correction, increase in model detail,
consideration of individual factors as separate systems,
deepening the understanding of their role in the system of
environmental impacts of the airport; finding ways to apply
the achievements of this research to regulate the environ-
mental situation in the area of influence of the airport.
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© AHoTauif. Asiauiiini migupuemcrBa (aepomopTy) - 1€ MacuBHI OG'€KTM 3 PISHOMAHITHUMM BIUIMBAMM HA
HaBKOJIMIIHE CEPENOBHIIE, TPOTE, I1i BIVIMBY JOCi € HEJOCTaTHbO BUBYEHVIMIA, iX PO3ITIANY He BUCTaYa€e CTPYKTypU3aliii,
IO COPUYMHAE HM3BKY CTIMIKICTP aepoNopTiB Ta MOripIIye YHpPaBMHCBKI MOXIMBOCTI. ToMy MeTon mHaHOTO
TOCTiKeHH: OYII0 CK/IACTY KOTHITMBHY MaIly JyLA OIUCY CUCTEMY BIUIVBIB Ha HABKOJIMIIIHE CEPeOBIIIe Ta €KOTOT YHNX
mpo6sieM, OB’ sI3aHMX 3 aepornopraMu. Mopenb (Mamy) CTBOPEHO LUISIXOM IPOBEEHHs KOMIUIEKCHNX 6araToeTamHmx
eKCIIepTHUX ONUTYBAHb 3i CKOYIIIHIOM €/IeMEHTIB CUCTEMI YIIPAB/IHHS aePOIIOPTOM, Y Pe3y/IbTATi AKMX OY/I0 BUSHAYEHO
68 daxropis, W0 HamexaTb Jo 8 yMOBHUX rpyn. DakTopy IOB’A3aHI 3 BIUIMBaMM Ha aTMOCQepHe HOBiTps, I'PYHTH i
Boqy, Qropy it dayny, GisuYHUMM BIUIMBAaMM, OpPraHi3alifiHNMM, eKOJIOT{YHMMY, aiMiHiCTpaTUBHIMY, JIOTiCTUYHIMI,
IIPOCTOPOBUMIL, OYAIBEIBHIMI TA TEXHIYHMMU PIlIEHHSIMM, @ TAKOX BPAXOBAHO COL{ia/IbHi, EKOHOMIYHI Ta JIIOACHKI
¢daxrTopu. Excriepramu BumokpemsieHo 13 HaiiOinbn peneBaHTHUX (KM04oBUX) (aKTOpiB BIUIMBY Ha JOBKILIA 3a
IOIIOMOTOI0 METOAY PaHXyBaHHs. [I/is1 OOYIOBN Opi€HTOBAHOrO rpada CUCTEeMN YIPABIiHHS AePOIOPTOM Ta IOr0
aHa/Ii3y BMKOPMCTAHO HiAXin mpokaamaHHA AyT (CTpilok) BIUIMBY. BussieHo, mjo Haiibinblle Ha 3arajibHy CUCTEMY
BIUIMBAIOTh (aKTOPY, AKi MAIOTh AMHAMIYHWIT XapaKTep, 0B’ A3aHi 3i CTaliAMU IUIaHYBaHH: aepOIIOPTIB, a 3aMiCTb CYTO
€KOJIOTiYHMX € MDKIVCIMUIIIIHAPHUMU. BCTaHOBIIEHO, 1[0 piYHMII TACaKMPOIOTIK B a€PONOPTi, JOTPUMMaHHA HOPMAaTHUBiB
CaHiTapHO-3aXMCHMX 30H, MPOITYCKHA CIIPOMOXKHICTh aepoNOPTY Ta TUIIM HMOBITPAHMUX CyJeH, AKi NpUiMae aeponopT,
MalOTh HaM3HAYHIIINMII BIUIMB Ha CHCTEMY €KOJIOTiYHOTO MEHEIKMEHTY aepOIopTy. Y IOENHAHHI 3 MOCTiKEHHAMMI
BIUIMBY OKpeMux (GakTopiB Ta BIUIMBIB aepoIOPTY Ha HAaBKOJNUIIHE CepefOBMINE, pe3yIbTaT poOOTH MOXYTb
3aCTOCOBYBATHCSI IPAKTUYHO B IIPOL[eCaX YIIPABIiHHSA Ta IPUITHATTS PillleHb LIOAO eKOJIOridHOI Ge3leKy aeponopry

© KnioyoBi cnoBa: KOTHITMBHA Mara; aBialjiliHa NIPOMMC/IOBICTh; YMHHMKM BIUIMBY; €KCIIEPTHA OILIiHKa; 3aXMCT
TOBKIi/I/IA; IPUHATTA pillleHb
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© Abstract. The identification of groundwater sources and the prediction of possible water level fluctuations are crucial,
as the study of these indicators is important for understanding the renewal of water resources and their efficient use in
specific territorial conditions. The purpose of this study was to identify groundwater sources in the area of Mykulychyn
village and assess their changes during the period from 2016 to 2022. The study was based on the Korkmaz method and
analysis of data on water level in the well and precipitation level in the study area. The structural analysis of groundwater
recharge in the Mykulychyn village in Nadvirna district was carried out using the Korkmaz method. It is established that
groundwater recharge in Mykulychyn village is due to precipitation. The correlation between the water flow rate from the
source and the water level in the well is demonstrated, allowing for projection of the study results to both objects. The
average annual rainfall on the territory was 1,055.7 mm. The results of the linear regression analysis showed a connection
between the water level and the total precipitation. The analysis of water level fluctuations in the well revealed that the
annual water level recharge varies from 782 mm in 2017 to -254 mm in 2022. This indicates that some smaller aquifers may
have dried up in 2022. The average annual recharge for the period from 2017 to 2022 is 347 mm, which is about 32.88% of
the average annual precipitation. The results of the study can be useful in practice for water management and planning in
Mykulychyn village, as well as in similar geographical conditions

© Keywords: precipitation; source renewal; level fluctuations; wells; seasonality

@ Introduction

In 2023, the world is facing numerous challenges in the field ~ population and the increasing pressure on water resources.
of water resources, such as the reduction of the amount of ~ The issue of water resources management is becoming par-
available freshwater, groundwater pollution, and the insta- ticularly relevant due to the increasing burden on natural
bility of aquatic ecosystems. These problems are becom-  water sources and the impact of climate change. One of the
ing increasingly serious due to the growth of the worlds  key components of water resources is groundwater, which
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plays an important role in meeting the needs of the popu-
lation, the agricultural sector, and industry. The analysis of
groundwater recharge and understanding of its cycle is of
scientific and practical importance for sustainable develop-
ment and ensuring access to water resources.

Recent scientific research in the field of hydrology and
hydrogeology, such as P. Varnakovida et al. (2023), de-
scribes the growing interest in the analysis of groundwater
recharge and their impact on water resources, noting the
consensus on the urgency of this issue. They emphasize
that modern hydrology and hydrogeology require a deep
understanding of the processes that determine the quantity
and quality of groundwater resources to ensure sustainable
use and planning of their use. P. Chacuttrikul & S. Thuek-
sathit (2023) focus on the importance of understanding the
water balance and sources of groundwater recharge. They
consider issues related to the processes that determine the
quantity and quality of water that enters underground res-
ervoirs. These studies provide the opportunity to establish
which sources of water input to groundwater systems are
the most important, as well as which factors affect the level
of groundwater.

Other studies, including M.N.H. Mahmud et al. (2023),
focus on the relationship between precipitation and
groundwater level. They study the impact of precipitation
on groundwater level fluctuations and develop methods for
predicting these changes. The results of these studies pro-
vide the opportunity to better understand the relationship
between precipitation and groundwater level, which is im-
portant for rational water resources management, especial-
ly in the context of extreme climate change. Z. Hossain &
S.K. Adhikary (2023) proposed an interesting method of
groundwater replenishment by applying the definition of
potential groundwater recharge zones in the Barind Region
of Bangladesh using geospatial techniques. This research
method is convenient for faraway regions but it includes
subjectivity in assigning hierarchical expert assessments,
which can lead to inaccurate results. D.N. Dralle et al. (2023)
applied a modified method based on the Korkmaz method
to study groundwater replenishment in a forested remote
region. The researchers also studied a particularly wet cycle
in conditions of limited monitoring and taking into account
the steepness of the slopes of the hills of the mountainous
region. O.A. Bamisaiye (2023) studied the impact of climate
change on groundwater replenishment, using historical
rainfall data obtained by satellite observation for analysis.
By predicting climate change and comparing the obtained
data with historical periods, the feasibility and accuracy of
using satellite observation data for rainfall have been proven.

Among Ukrainian researchers, V. Khilchevskyi &
R.L. Kravchynskyi (2020) are studying groundwater in the
region. Based on their monitoring data and local explora-
tion and mapping of sources, a sufficient amount of input
data has been obtained for research to determine the level
of groundwater replenishment. The importance of replen-
ishment regimes is further traced in the studies of M. Ko-
rchemlyuk et al. (2019), which note the close links between
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diffuse pollution and the feeding of water bodies. Howev-
er, taking into account the regular monitoring component
of these authors and access to the necessary input data on
changes in water levels in springs and wells, it would be
advisable to use a variety of methods for analysing ground-
water replenishment.

Although enough attention has been paid to monitor-
ing aspects by scientists, the issue of determining the per-
centage of groundwater recharge from precipitation has not
been resolved and has been considered insufficiently thor-
oughly for the study region, has not been considered in the
context of the use of more accurate satellite data, but used
data on precipitation obtained from local meteorological
stations. The totality of these aspects served as the reason to
carry out this study. The purpose of this study was to ana-
lyse the recharge of groundwater in the Mykulychyn village
of the Nadvirna district, to identify sources of recharge, and
to study possible trends and fluctuations in water level in
the period from 2016 to 2022.

© Materials and Methods

To analyse the impact of precipitation on groundwater re-
charge, data from the Earth Observing System (EOS) sat-
ellite observation systems were used. These data included
historical precipitation observations from local meteoro-
logical zones, as well as data from EOS satellites. Data on
the amount of rainfall were available from 2016 to 2022
(EOSDA crop monitoring, n.d.).

The study also used data from monitoring of water lev-
els in wells and the discharge of a spring, which allowed to
determine the recharge of groundwater by precipitation in
the study area of the Mykulychyn village. A well located in
the Mykulychyn village, Nadvirna district, Ivano-Frankivsk
Region, was selected for the study and analysis of ground-
water recharge. It is located at coordinates 48°25'6 ” latitude
and 24°36'31” longitude, at an altitude of 650 meters above
sea level; it is located in an area with great tourist potential
for the study of water resources.

Groundwater recharge in this area is mainly due to at-
mospheric precipitation, in particular rainfall. These pre-
cipitations affect soil moisture and the water level in the
well. The well is located 20 meters from the spring. There is
a high degree of correlation between the discharge of water
from the spring and the water level in the well, which is con-
firmed by the Pearson correlation coefficient r*=0.99. To
obtain the correlation relationship, the average daily mon-
itoring data of the water level in the well and the discharge
for 2017 were analysed. This means that changes in the wa-
ter level in the well almost 100% correspond to changes in
the water level in the spring, which justifies the choice of
these objects for comparative analysis and further research.

To analyse the level of groundwater and its recovery,
monitoring of the mentioned well and a nearby spring was
established. The monitoring was conducted by the authors
in cooperation with the staff of the Carpathian Nation-
al Nature Park (CNNP) from 2016 to 2022. Data on the
fluctuations of the groundwater level were systematically
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measured several times an hour every day. These data were
used to establish seasonal patterns of groundwater level
fluctuations, which allowed to obtain more detailed and
accurate data on its fluctuations.

In this study, only rainfall is considered among the
forms of precipitation. The study was conducted using the
method of N. Korkmaz (1990), a detailed description of
which is contained in one of his works, where an assess-
ment of groundwater recharge from the hydrography of
springs was conducted. To analyse the data on precipitation
and groundwater levels, Excel software was used. In this
study, Excel and a computerized approach were used for
convenience, in contrast to the original Korkmaz method,
which was performed manually with paper and graphs. Us-
ing Excel, the data were processed and analysed, including
the calculation of the average annual precipitation and the
construction of graphs of the relationship between precipi-
tation and groundwater level.

© Results and Discussion

Recharge of groundwater is a hydrological process where wa-
ter is directed from surface sources to underground areas. It
is the primary mechanism by which water enters an aquifer.
Recharge can be defined as the water that is introduced into
an aquifer through the unsaturated zone after infiltration
and percolation as a result of any intense rainfall. This pro-
cess occurs through infiltration on the surface of the land
(land infiltration) or under a surface water body, such as a
pond (pond infiltration). In both cases, some of the water
evaporates through evapotranspiration, and the remainder
is eventually delivered to the groundwater level as recharge.
This process is important for addressing agricultural chal-
lenges, forming river flows, and providing local popula-
tions with drinking water, and groundwater problems.

Klymchuk & Arkhypova

The amount of moisture that an area loses through
evapotranspiration primarily depends on the amount of
precipitation, secondly on climatic factors such as tem-
perature, humidity, etc., and thirdly on the type, method
of cultivation, and degree of vegetation cover. In a dry pe-
riod, when evapotranspiration rates exceed the available
moisture from precipitation, groundwater table recharge
is negligible, and groundwater levels decline. In the study
region, I. Klymchuk et al. (2022) conducted sociological
surveys among the local population. The results showed
that 48.8% of the surveyed residents of the region use wa-
ter from underground reserves for everyday consumption,
and 17.5% have surface waters as a source of water supply.
This distribution of water sources necessitates research to
determine the recharge of groundwater reserves and to an-
alyse climate change with an emphasis on geographical and
topographic factors of the region.

Records of water level fluctuations in wells are impor-
tant and laborious to collect as they are used as the basis for
hydrological interpretations. Therefore, the authors of the
study joined monitoring expeditions of the Carpathian Na-
tional Natural Park, as their monitoring group already had
historical data on the parameters of the source discharge
and water level in the well in the Mykulychyn village. Mon-
itoring studies of water levels in the region are important
for reaching conclusions about the distribution and devel-
opment of groundwater in specific areas, and many records
are still waiting for interpretation. Regular measurements
and access to accurate EOS climate data in the study re-
gion allowed for a deeper investigation of the dynamics of
water level changes in wells and their change according to
precipitation. Daily precipitation indicators for the periods
of 2016-2022 were selected and the sums of annual precip-
itation are presented in Table 1.

Table 1. Monthly precipitation by year in the Mykulychyn village, mm

months

Years

1 2 3 4 5 6 7 8 9 10 11 12
2016 - - - - - - - - - 142 155.2 45.9
2017 32.1 107.8 112.5 170.5 193.6 227.2 119.5 98.5 129.1 149.5 100.8 190.5
2018 30.8 66.7 63.1 26 70.7 195.6 174 78.4 42 38.3 48.2 76
2019 55.1 25.6 32.3 55.1 247 80.1 95 73.1 47.5 36.9 36 72.2
2020 20.3 90.4 56.5 25.8 163.5 204.4 98.2 44 120.4 81.7 26.5 41.8
2021 79.6 184.8 107.4 212.9 213.8 159.1 208.4 76.7 15.2 7.9 16.9 55.8
2022 31.5 26.6 11.2 34.6 349 18.1 55.5 32 37.4 - - -

Source: created by the authors based on EOSDA crop monitoring data (n.d.)

The Korkmaz method was applied due to the corre-
spondence of the data that this method requires, and the
data collected during monitoring and satellite observa-
tion analysis. This distinguishes this study from the arti-
cle by D. Nayak et al. (2023). It was not possible to apply
the methods mentioned by these scientists to the study
region to determine similar goals, since the authors did
not have enough input data to apply the method using
geographic information systems, which requires a differ-
ent amount of input data by type and by representation.

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2

All of these factors made the well in the Mykulychyn
village an ideal object for research using the Korkmaz
method to carefully analyse and understand the process-
es of groundwater recharge in this region. Table 2 con-
tains data on the average monthly water levels in the ob-
servation well located in the Mykulychyn village. These
data show the average monthly water level in this well
during the study period. Data on the water level above
the discharge level for the period from January 2016 to
January 2022 are given in Table 3.

21 |




Analysis of groundwater recharge...

Table 2. Average monthly water levels in the observation well in the Mykulychyn village

o months

1 2 S 4 5 6 7 8 9 10 11 12
2016 - - - - - - - - - - - -
2017 252 31.7 32.2 30.1 37.2 30.6 26.9 255 33.8 27.1 26.8 33.1
2018 24 24.6 27.5 26.4 31.9 37 34.8 37.4 26.9 233 22.7 212
2019 22.8 19 16.4 16.8 30.5 34.5 27.9 27.8 21.4 16.6 16.2 18.3
2020 16 18.9 20.1 20.9 28.4 333 28.1 19.8 24.2 29.7 24 18.8
2021 15.8 27 38.6 36.8 39.1 32.7 38.7 34.5 24 22.1 16.8 22.5
2022 18.5 19.9 20.1 18.6 17.5 16.2 17 19.5 20.1 18.8 19.1 17.5

Source: created by the authors !
Table 3. Water level from the maximum level in the observation well in the Mykulychyn village

Years months

1 2 B 4 5 6 7 8 9 10 11 12
2016 - - - - - - - - - - - -
2017 15.8 9.3 8.8 10.9 3.8 104 14.1 155 7.2 13.9 14.2 7.9
2018 17 16.4 13.5 14.6 9.1 4 6.2 3.6 14.1 17.7 18.3 19.8
2019 18.2 22 24.6 24.2 10.5 6.5 13.1 13.2 19.6 244 24.8 22.7
2020 25 22.1 20.9 20.1 12.9 7.7 12.9 21.2 16.8 11.3 17 222
2021 25.2 14 2.4 4.2 1.9 8.3 2.3 6.5 17 18.9 24.2 18.5
2022 22.5 21.1 20.9 224 23.5 24.8 24 21.5 20.9 222 21.9 23.5

Source: created by the authors

The level of groundwater fluctuates naturally in re-
sponse to the sequence of climatic events and the limita-
tions imposed by hydrogeological and topographic char-
acteristics. Groundwater recharge is greatest during the
late autumn, winter, and spring when plants are dormant
and evaporation intensity is low. In the summer, when

evaporation intensity exceeds the available moisture from
precipitation, groundwater recharge is negligible and the
groundwater level decreases. The recovery of the water
level (AH) and the total amount of precipitation (Pt) dur-
ing the wet period of the year for 2016-2022 are shown in
Figure 1 and Figure 2.
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Figure 1. Months with significant average monthly precipitation that affect the increase in water level in the well

Source: created by the authors
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Figure 2. Fluctuations of the water level in the studied well are caused by precipitation that replenishes water reserves

Source: created by the authors

The results of the linear regression analysis are shown
in Figure 3. The equation of the linear regression for the

selected period is given below. The average level of precipi-
tation (Re) for this aquifer is 170 mm.

35
30 R*=0.8211
25
20
15

10

y=0.0241x - 4.037

100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600

AH =4.037 + 0.0241 Pt

Total precipitation, Pt

Figure 3. Total precipitation during the wet period - recovery

Source: created by the authors

Calculated values of total precipitation for the years
2016-2022 are given in Table 4. The results of the calculation

of the groundwater level in the Mykulychyn village and the studied well

of recharge due to atmospheric precipitation of this aquifer
for the same period are given in Table 4 and Figure 3.

Table 4. Combined hydrological characteristics of the Mykulychyn village and the studied well

Well: Mykulychyn village, 48°25°6” 24°36'31" (AH-b)/m comi fl‘t’zg’i_t*gi‘zﬁarge
N VR
2017 1,455.9 1,533.9 27 952.8215768 782.8215768
2018 959.5 1,188.1 25 869.8340249 699.8340249
2019 706.1 873.3 15 454.8962656 284.8962656
2020 649 968.6 5 39.95850622 -130.0414938

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2
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Table 4, Continued

q R TAT Gy ORI Precipitation
Well: Mykulychyn village, 48°25°6 " 24°36'31 (AH-b)/m i - Rad g
Precipitation Total Precipitation
Year AH Precipitation AH computed Recharge
2021 1,086.4 1,407.9 25 869.8340249 699.8340249
2022 256.9 362.4 2 84.52282158 -254.5228216
Recharge
Average 852.3 1,055.7 16.5 517.13693 347.1369 32.88%

Note: b = 4.037; m = 0.00241

Source: created by the authors based on rainfall data of EOSDA crop monitoring (n.d.) |

Annual recharge in this area during the study period
ranged from 782 mm in 2017 to -254 mm in 2022, indicat-
ing possible drying up of some smaller aquifers in 2022. A
similar pattern of decreasing precipitation and drying up of
water sources was found in 2022 in the work of I.Ya. Klym-
chuk (2022). As a result of monitoring studies during the
periods of spring flood and autumn low water in the re-
gion, the scientists traced the drying up of some water
sources. A similar situation is observed in Iran in the work
of R. Noori et al. (2023). Iranian scientists note groundwa-
ter depletion and the tendency to deplete drinking water
reserves. The key role in this process is played by climate
change. Similar conclusions were also reached by C. Yang
& E.P. Bertetti (2023): on the territory of the United States,
there are also such trends towards decreasing precipitation
and changes in the renewal of water reserves. The trend
toward depletion of groundwater is noted in all the men-
tioned works, and the authors of this study also join this
opinion. It can be assumed that climate change has a global,
not regional significance and can pose a threat to the pop-
ulation’s access to drinking water not only in the studied
region but also in the world as a whole.

The average annual recharge for the period from 2017
to 2022 is 347 mm. This is about 32.88% of the average an-
nual rainfall. The study of groundwater recharge using the
Korkmaz method, which was used in this article, proved
to be an effective alternative to complex methods, such as
the method using geographic information systems, which
is presented in the study of D.M. Gururani et al. (2023),
which requires a large amount of additional data, such as
soil and rock composition, density, angles of inclination,
drainage characteristics, and other parameters. Due to the
high correlation between the water level in the well and
the source, the Korkmaz method allowed to achieve sig-
nificant scientific results and understand the processes of
groundwater recharge using a minimum set of input data.
This method opens up new opportunities for the study and
monitoring of water resources, especially in conditions
where other methods become extremely expensive and dif-
ficult to implement due to the lack of necessary data.

For the studied region, it is proposed to adopt the ex-
perience of Chinese colleagues R.-F. Meng et al. (2023),
who, based on similar results for the restoration of shallow
groundwater depression, developed a plan for optimizing

(24

the processes of groundwater recharge. According to the
authors, this approach can be applied in Ukraine. The
methods of combining several methods have been well es-
tablished in the work of M.H. Ali et al. (2022). These meth-
ods of combining methods can have a positive projection
on the Nadvirna Region since there is a large amount of
other climate data that can be used in combination with
several methods to obtain more accurate and comprehen-
sive results of similar studies.

Groundwater management, including artificial re-
charge proposed by A.S. Jasrotia et al. (2019), plays an im-
portant role in ensuring the sustainability of water resourc-
es on the surface and in-depth. The study was aimed at
identifying suitable sites for artificial groundwater recharge
in the Himalayas, Jammu division, India, using geospatial
techniques and groundwater modelling. It is important
to apply the proposed approach in the studied region of
Ukraine, anticipating possible climate changes and ana-
lysing periods with low precipitation. Artificial recharge
could prevent critical loss of groundwater or lack of natural
recharge. S.G. Ratna et al. (2023), in their conclusion, iden-
tified key aspects of the impact of climate change on the
hydrogeological systems of Tumakuru, India. The recom-
mendations for optimizing the use of groundwater and in-
creasing groundwater recharge can be applied to the stud-
ied region to preserve sustainable groundwater recharge
and mitigate the sharp impact of climate change on them.

An important aspect is the monitoring of water quali-
ty in aquifers, which is based on measurements at specific
points with a limited number of wells, which causes uncer-
tainty in the assessment of the distribution of parameters due
to limited data availability. An important problem is to re-
duce uncertainty to obtain accurate and reliable monitoring
results. According to the work of D.W. Gladish et al. (2023),
who used geostatistical kriging and a differential evolution
algorithm to optimize the design of a groundwater monitor-
ing network in the Namoi Region of Australia, the author’s
study has taken on the challenges of monitoring the Myku-
lychyn village aquifer. The authors propose the integra-
tion of geostatistical methods for parameter interpolation.

Foreign practices for determining groundwater re-
charge often involve complex methods that require signifi-
cant resources and, in some cases, participation in state en-
vironmental monitoring or supervisory programmes. The
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Korkmaz method used in the study of water resources in
Mykulychyn village offers a new approach to analysing and
understanding groundwater recharge processes in Nadvir-
na district. This method may help to address the issue of
groundwater use.

© Conclusions
As a result of the study on the analysis of groundwater re-
charge in the Mykulychyn village, Nadvirna district, us-
ing the Korkmaz method, the following conclusions were
drawn, which will contribute to a better understanding
of the groundwater regime and its use in this region. The
study results show that atmospheric precipitation is the
main contributor to groundwater recharge in the Mykuly-
chyn village, accounting for a significant share of the total
precipitation in the region. On average, the amount of pre-
cipitation was 1,055.7 mm per year, which emphasizes the
importance of atmospheric precipitation as a key source of
water for groundwater in this area. No less important is the
high correlation between the discharge of water from the
spring and the water level in the well, which almost reached
0.99. This indicates a close relationship between these two
parameters and suggests the possibility of using the results
of the study for effective water management and forecasting.
The study revealed the dynamics of changes in the wa-
ter level and the amount of precipitation over the years. The
annual water recharge, which ranged from 782 mm in 2017
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to -254 mm in 2022, may indicate the possible drying up of
some aquifers in 2022. The average annual recharge dur-
ing the study period was 347 mm, which is approximately
32.88% of the average annual rainfall. The study also traces
the global trend of climate change, as similar conclusions
are made by scientists from the United States and China.
The results obtained are important for further research
and strategic planning of water resources in the Mykuly-
chyn village and similar regions. In connection with cli-
mate change and economic development, understanding
groundwater recharge is a key factor in ensuring the sus-
tainability of water resources and their efficient use. Future
research in this area may include more detailed consider-
ations of hydrogeological conditions and their impact on
groundwater recharge in the region, as well as an analysis
of the impact of climate change on the groundwater regime.
Such studies will help to develop more effective water man-
agement strategies and ensure their sustainable use in the
future. The study also requires analysis of a large amount of
climatic and other hydrological data, which can serve as a
continuation of the development of current research.
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© AHoTauif. BusHaueHHA [yKepes KUBIEHHA Tif{3eMHIUX BOTL i IPOTHO3 MOXK/IMBUX KONMBAHD PiBHS BOAM € AKTya/TIbHIM
NUTAHHAM, aJKe JOC/IIPKEHH A JaHUX IIOKA3HUKIB Ma€ BE/IMKE 3HAYEHHS JI/IA PO3YMiHHS IIOHOB/IEHHA BOJHIX PECYpCiB
Ta IX e(eKTMBHOrO BMKOPUCTAHHs B KOHKPETHUX TEPUTOPIaIbBHMX yMOBAaX. MeTOI MAHOrO AOCTIIKeHHs OyIo
BCTAaHOBUTH JpKepesia )KUBJIEHHA Mi/I3eMHMX BOJ| Ha TepUTOPii ¢. MUKY/IMYMH Ta OLiHUTH iX 3MiHy IPOTATOM Iepiofgy
32016 o 2022 poxu. Hocmimkennsa 6azysanocs Ha MeToni Kopkmasa Ta aHasisi JaHuX po piBeHb BOAM B KONIOAA31 Ta
piBeHb omafiiB Ha TepUTOPii focmimKeHHA. IIpoBefeHO CTPYKTYpHNIT aHaTi3 )XMBIEHHA MiI3€MHIX BOJ| Ha TEPUTOPII C.
MuxymunH y HagBipHAHCbKOMY paiioHi 3a gormoMoroo Metony Kopkmasa. BcTaHOB/IEHO, 10 SKMBJIEHHS Mifj3eMHIX
BOJ Y ¢. MuKy/muduH Biff0yBaeThcsl 3a paxyHOK aTMOC(epHIX OIafiB. TaKoX IMOKa3aHO KOPEJISILIHY 3a/TeXHICTh MK
nebitoM BOOM 3 IPKepena Ta piBHeM BOAM B KOJMOAASI, 10 A0 MOXX/IMBICTb IIPOEKTYBATU PE3YAbTaTU LOCIIIKEHHS
Ha obupBa 00’ eKTH. CepegHbopiuyHa KinbKicTh omafiB Ha TepuTopil ctaHoBWIa 1 055,7 MM. Pesynprarty niniliHOrO
perpeciiiHoro aHajli3y ITOKasaau 3B’A30K MDK piBHeM BOJY Ta CYMapHOIO Ki/lbKicTIO omafiB. B pesymbraTi anHamisy
KOJIMBaHb PiBHA BOIM B KOJIOZA31 0Y/I0 BUABIIEHO, IO I[OpiuHe IOIIOBHEHHA PiBHA BOAU BapiloeTbcs Bix 782 MM y 2017
poui o -254 Mmm y 2022 pouii. Ie cBifumTh Mpo MOXK/INBE NepecUXaHHA TeAKNX MEHIINX 3a 06’€MOM BOJJOHOCHIX IIJIACTIB
y 2022 poui. CepentbpopiuHe IOOBHEHHsI 3a mepiog i3 2017 mo 2022 poku CTaHOBUTD 347 MM, IO CK/Iafa€e OIM3bKO
32,88 % Bif cepenHbOpiuHOI KiNbKOCTi onafiB. OTpuMaHi pe3ynbTaTy JOCIIIKEHHA MOXKYTDb Oy TV KOPUCHI Ha IIPaKTULI
ISl KepyBaHHA Ta IVTAHYBaHHA BOJHUX PeCypciB Ha TepuTopil c. MUKY/INYMH, @ TAKOX Y CXOXKUX reorpadiyHuX yMoBax
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© Abstract. Growing urbanization creates air pollution problems, which is becoming dangerous for human health and
unsuitable for indoor ventilation. An effective solution is the combination of green structures with engineering systems,
which requires the development of new methods and quantitative laboratory studies of gas and mass exchange processes
of plants. The purpose of the study was to quantify the ability of plants of the common privet (Ligustrum vulgare L.) to
release and absorb oxygen and CO,, as well as to study the effectiveness of air purification from particulate matter in
order to properly take into account the impact of plants in the process of their selection for greening urban landscapes.
The research was carried out according to the methodology developed by the authors in a gas exchange chamber, which
was upgraded to model external conditions and study plants with small leaf area and developed stems. The results of the
experiment showed that Ligustrum vulgare L. bushes with a small total photosynthetic leaf surface area are inefficient for
carbon dioxide absorption in an urbanized environment, so plants with a significant proportion of photosynthetically
active biomass and fast-growing plants should be preferred. It was determined that at maximum illumination, the degree
of absorption of PM2.5 and PM10 by Ligustrum vulgare L. bushes was 8.84-10°...1.5- 10" ug/s, which confirms the effective
absorption of particulate matter with a diameter of up to 2.5 and up to 10 um from the air by the studied plants. The results
obtained indicate an increase in the concentration of total volatile organic compounds in the outlet compartment, which
indicates the active release of volatile phyto-organic substances by plants in the amount of 2.442...2.973 pg/s. The results
of the study can be used for effective taxonomic selection of woody plants during the design and creation of urban green
spaces that are resistant to the conditions of the urban environment
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@ Introduction

Air pollution has become a serious environmental problem
in urban areas of developing countries. The main cause of
this problem is urbanization, which has led to an increase
in construction sites, vehicles, high energy consumption
and industrialization. In this regard, the impact of vegeta-
tion on mitigating these negative effects is of considerable
interest to scientists and urban planners. For example, ur-
ban vegetation is believed to provide a variety of social and
environmental benefits to society, collectively referred to
as cultural ecosystem services, thereby increasing the resil-
ience of cities. Urban green infrastructure is represented by
trees, hedges, and various types of vegetation that can act
as a porous barrier to pollutants, changing their dispersion
patterns and providing additional surface for deposition.

However, according to the literature review, there is
a growing interest in the topic of green structures in the
world due to the combination of various effects in one solu-
tion. Green structures are biotechnical systems in which
the construction of buildings and structures and individ-
ual elements are combined with living plants, forming a
single system of living and non-living components of bi-
ogeocenoses of modern cities in the concept of sustainable
development. Green structures include vertical greening
systems (green walls, facades); horizontal greening sys-
tems (green coatings, green balconies and terraces); kinetic
(mobile) greening; greening with the use of algae, as de-
scribed by such scientists as M. Kravchenko & T. Tkachen-
ko (2023). Green structures provide solutions to a number
of important environmental problems, increasing the en-
ergy efficiency of indoor climate formation and improving
the microclimate of territories through additional thermal
insulation of buildings, providing a cooling effect (evap-
otranspiration) and reflection of solar radiation, and also
allow rainwater retention, which leads to a reduction in the
load on stormwater drainage systems within the concept of
a sponge city (Tkachenko et al., 2023).

A separate important environmental function of green
structures is their impact on the sanation and improve-
ment of indoor and outdoor air quality due to the phyton-
cidal properties of plants and the purification of air from
various pollutants and dust. The removal of air pollutants
by trees and other vegetation, called phytoremediation, is
of particular interest because poor air quality in urban ar-
eas is one of the main environmental problems that have
a direct impact on public health on a global scale. The pa-
per by S. Bandehali et al. (2021) provides comprehensive
information on plant species that can remove pollutants
such as volatile organic compounds (TVOC) and par-
ticulate matter (PM), describes the sources of indoor air
pollutants, and their impact on human health. In addition,
the authors investigated the potential role of green walls
and potted plants in improving indoor air quality, prov-
ing the effectiveness of this process and suggesting a list
of plant species suitable for phytoremediation of indoor
air. According to N.J. Paull et al. (2020), PM removal and
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relative frequencies of particle size fractions were found
to be statistically different between species, locations, and
seasons. It was shown that green wall plants are effective in
accumulating PM of different fractions, as all plant species
studied had the same efficiency in PM removal with mini-
mal influence of leaf characteristics.

An equally important function of the vegetation
of green structures is the absorption of carbon dioxide.
M. Lalogevi¢ et al. (2018) studied green roofs in a densely
populated urban area in the centre of Belgrade (Serbia). To
analyse the impact of residential urban neighbourhoods on
CO, concentrations, they developed a baseline model (fully
consistent with the actual state and real conditions in the
area), as well as modernization models (which include the
baseline model with added elements of extensive and in-
tensive green roofs) and conducted numerical simulations
of CO, concentrations for all presented models. The results
of the numerical modelling showed that the use of green
roofs instead of classical flat roofs in the Belgrade climate
zone can reduce the CO, concentration in the atmosphere
around the building by up to 11%, on average by 2.3%. It
was also found that the greatest impact on reducing CO,
concentration is felt in the immediate vicinity of plants.

A separate type of green structures intended for engi-
neering and technical structures are rain gardens, which
are installed along the road near the roadway and are in-
tended primarily to capture water from both sides. How-
ever, no less important benefits for the urban environment
from this type of structure as sponge agents are the accom-
panying effects, namely noise reduction, air purification,
CO, absorption, O, release, increase of the video-ecolog-
ical aspect and maximum approximation of the urban en-
vironment to the natural one. Vegetation of sponge agents
can be represented by trees, shrubs, bushes and grasses,
occupying a certain part of the land area in cities and im-
proving air quality. According to the analysis of O. Lukash
& A. Kushnir (2023), the leader among the taxons used in
the construction of hedges within large cities of Ukraine
is common privet (Ligustrum vulgare L.), which accounts
for more than 85% of all plants planted in green areas. In
addition, this type of hedges is known for its ability to ab-
sorb harmful substances and produce a significant percent-
age of oxygen in the atmosphere. The purpose of the study
was to investigate gas exchange in plants of the Ligustrum
vulgare L. species, which involves quantifying its ability to
release and absorb oxygen and carbon dioxide, as well as to
purify the air from harmful substances and release volatile
phytobiological substances in order to properly account for
the impact of plants on the ecological situation in urban-
ized cities. In the presented work, it is hypothesized that
green structures, as sponge agents representing the urban-
ized environment, improve air quality compared to areas
without them; the degree of removal of pollutants from the
air is directly related to the volume and structure of vegeta-
tion representing green structures.
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© Materials and Methods

The material for the research was Ligustrum vulgare L., a
tall, upright shrub with a dense crown up to 4-5 m in height,
which is easy to form and resistant to growing conditions in
urban environments. It is widely used in urban greening as

plantings for city parks,gardens, squares, residential areas,
industrial areas, and motor transport systems. Two mature
bushes without pest damage were selected for the study
(Fig. 1). The Convention on Biological Diversity (1992) was
followed during the study. The study was conducted in 2023.

/,

~

Figure 1. Specimens of Ligustrum vulgare L. bushes that were the objects of the study

Source: created by the authors

The dimensions of bushes I and II of Ligustrum vul-
gare L. were, respectively: height - 67 and 72 cm, width -
85 and 93 cm, depth - 56 and 58 cm. The volumes of the
bushes, respectively, were: V, =0.32 m* and V,=0.39 m*.
The plant care regimen before the study was in line with
the recommendations for this species and was as close as

possible to the operating conditions of green structures.
The experiment was carried out in a gas exchange chamber
adapted to reproduce the external conditions of the urban-
ized environment and study plants with a small photosyn-
thetic mass, according to the methodology developed by
the authors (Fig. 2).
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Figure 2. Gas exchange chamber
Notes: I - intake chamber (300x1000x1000(h)); II - gas exchange chamber (1000x1000x1000(h)); III - outlet chamber
(1000x1000x1000(h)); 1 - protective grid at the inlet; 2 — inlet (@ 15); 3 — gas analyser; 4 — overflow hole (o 15); 5 - plants; 6 - lighting
panel with full-spectrum LED (light-emitting diode) phytolamps; 7 - voltage relay with a voltmeter; 8 - lighting regulator; 9 - protective
grid at the entrance to the fan; 10 - mixing fan; 11 - air outlet; 12 - pipelines; 13 - filter; 14 — gas meter; 15 — control valve; 16 — ball valve

(authors’ original scheme); 17 - gas analyser
Source: created by the authors

The chamber operates as follows: air enters through the
protective grid 1 and the inlet 2 into the intake chamber I
with a gas analyser 3. Through the flow hole, it passes to
the gas exchange chamber II with experimental plants 5.
The chamber is illuminated by a lighting panel with LED

30

phytolamps 6, the actual voltage on which is controlled by
a voltage relay with a voltmeter 7, and the brightness of
which is set by the regulator 8. After gas exchange, the air
is forced through the protective grid 9 by the mixing fan
10 to the outlet chamber III. The mixing fan 10 provides
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intensive mixing of air in this chamber to avoid the influ-
ence of uneven distribution of gases in chamber II. From
this chamber, the air exits through an outlet 11 to the pipe-
line system 12, which contains a filter 13, a gas meter 14,
a control 15 and a shut-off 16 valve. The latter is used to
prevent dust from entering when the plant is not in oper-
ation and can be closed without changing the position of
the control valve 15. The gas concentration at the outlet is
controlled by a gas analyser 17 in chamber III

To measure the illumination, a Mustech (China) lux-
meter is used, which is introduced after the experiments and
slowly moved evenly to cover the entire area of the chamber
at the plant level and to average the illumination. The flow
orifices are designed to provide a meaningful velocity to
avoid back-diffusion of gases. Since the mixing fan 10 per-
forms the mixing function, its speed was not regulated. The
lighting regulator 8 should not create electromagnetic in-
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terference that could be induced on the gas analysers or the
luxmeter. Therefore, in this work, a laboratory autotrans-
former (LATR) (Megommeter, Ukraine) was used. Voltage
relays with a voltmeter were installed to record the current
voltage for the possibility of setting the same illumination,
as well as to protect the lamp from accidental overvoltage.
The air density was calculated using the following formula:

Py 1+d _
P = 28697 1+1.6085744d (1)
Pp 1+d

= . )
286.9-(273.15+t) 1+1.6085744-d

where P, is barometric pressure, Pa; T is air temperature, K;
d is air moisture content, g/(kg of dry air); ¢ is air tempera-
ture, °C. The saturated vapour pressure was determined by
the modified BucK’s formula, Pa, after basic simplifications
without loss of accuracy:

T
611.15 - 3(23'85455_ 333.7)'(1_ T+6.67) =611.15- 3(23'036_%3.7)' t+2;9.82’ T < 273.15K,t < 0°C

Psat = EF -

257.14

where EF is the correction for the influence of air molecules
(enhancement factor), which is the ratio of the saturated

EF=1+10-4~EF={

The moisture content of the air was determined by
temperature and hygrometer readings - relative humidity
@, %, or dew point temperature T, K, or T, °C, according
to equation:

_ 0.623-Psqre _ 0.623-Psgeqg
Top b—Psat'® N

(4)

b
Pb_Psat,d

where P_ is the pressure of saturated vapour at a given air
temperature, Pa; ¢ is the relative humidity (dimensionless);
P_, ,isthe pressure of saturated vapour at the dew point tem-
perature, Pa. The calculation of the carbon dioxide absorp-
tion rate AG_ , g/s, was carried out according to formula:

AG,, =0.0015197-(Y, - Y, )G, (5)
where Y, is the mole fraction of carbon dioxide in the
inlet zone, ppm; Y is the mole fraction of carbon diox-
ide in the outlet zone, ppm; G is the mass flow rate of air,
kg/s. Oxygen release was estimated according to the gross
photosynthesis reaction 6CO, +6H,0—CH O + 60,71,
g/s, using formula:

AG,, =0.72709-AG,, . (6)
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611.21- 3(19.84282_ 232'5)'(1_T—16.01) =611.21- 6(18'678_ 2345

)t )
t+25714, T > 273.15K, t = 0°C

vapour pressure in air to this pressure in a “vapour-lig-
uid-only” system:

1.00022 + P, - (6.4 - 10710 - (T — 546.3) - T + 5.1581- 1075), T < 273.15; _
1.00072 + P, - (5.9 - 10710 - (T — 546.3) - T + 4.7220 - 1075), -
_ (1.00022 + 6.4- 10710 - p, - (5,984.375 + t2),
- {1.00072 +5.9-10710. p, - (5,423.7288 + t2),

T > 273.15, (3)
t<O0;
t=>0.

The absorption of harmful impurities s or parti-
cles of a certain size, pg/s, mg/s, was calculated using
formula:

AGS = (qin/Pin - quut/Puut) ’ G = (q)in - q”in) ’ G’ (7)

where g, is the concentration of an impurity or particles
of a certain size, respectively, ug/m’, mg/m’ g , is the
concentration of an impurity or particles of a certain size,
respectively, ug/m’, mg/m? q’, is the concentration of an
impurity or particles of a certain size, respectively, ug/kg,
mg/kg; q”, is the concentration of an impurity or particles
of a certain size, respectively, pg/kg, mg/kg; G is the mass
flow rate of air, kg/s.

© Results

A general view of the gas exchange chamber with Ligus-
trum vulgare L. plants is shown in Figure 3. The studies
were conducted at an atmospheric pressure of 1000 hPa
and at CO, concentrations of 400 ppm and 1025 ppm in
the room. The rates of air density, saturated vapour pres-
sure, and air moisture content at the chamber inlet, outlet,
and in the meter, respectively, are presented in Table 1.
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Figure 3. General view of the gas exchange chamber during the day and at night with plants of Ligustrum vulgare L.

Source: created by the authors

Table 1. Calculated rates of air density, saturated vapour pressure
and air moisture content at the chamber inlet, outlet and in the meter

Air density p, kg/m’ Saturated vapour pressure P_, hPa Air moisture content, d
inlet outlet in the meter inlet outlet in the meter inlet outlet in the meter
1.166 1.152 1.120 29.972 35.820 56.216 0.009 0.012 0.017
1.156 1.143 1.107 35.820 40.251 63.095 0.007 0.015 0.024

Source: created by the authors

The rates of air flow and carbon dioxide concentration in
plants are presented in Table 2. The readings of the gas analyser

in the inlet compartment, in the gas exchange compartment,
and in the outlet compartment are presented in Table 3.

Table 2. Air flow rate and carbon dioxide concentration in plants

Air flow rate Carbon dioxide concentration in plants,
kg/s kg/h g/kg
2.668E-05 0.096 0.992
2.513E-05 0.090 1.589
Source: created by the authors
Table 3. Gas analyser readings in the inlet compartment,
in the gas exchange compartment and in the outlet compartment
Gas analyser PM2.5, PM10, HCHO, TVOC, CO,, Temperature, Relative
readings pg/m® pg/m* mg/m® mg/m’ ppm °C humidity, %
In the inlet 14 15 0.115 0.4915 400 24 48
compartment 19 21 0.089 0.461 1,025 27 33
In the gas - - - - 653 28.5 68.4
exchange
compartment ) ) ) ) 1,046 37 80
In the outlet 10 11 0.599 0.591 678 27 56
compartment 12 14 0.065 0.591 1,048 29 60

Note: HCHO - formaldehyde
Source: created by the authors

The air parameters at the meter inlet, such as temper-
ature and relative humidity, were 34.9°C and 37.0°C and
47.4% and 60.3%, respectively. The elevated temperature
level in the gas exchange compartment can be explained
by the presence of LED phytolamps, which release energy
in the form of light and heat during operation. This effect

is especially important when growing plants in conditions
where lighting and temperature conditions are important
for their growth and development. Calculations of the de-
gree of carbon dioxide absorption and oxygen release were
carried out using formulas (5; 6), the results of which are
presented in Table 4.
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Table 4. The degree of carbon dioxide absorption and oxygen release by plants of the Ligustrum vulgare L. species

Carbon dioxide absorption Oxygen release
g/s g/h g/s g/h
-1.127E-05 -0.040 -8.196E-06 -0.029
-8.785E-07 -0.003 -6.388E-07 -0.002

Source: created by the authors

Plants purify the air around the clock. However, during
active photosynthesis, the plants saturate the air with oxy-
gen, and during respiration only, they secondary pollute it
with carbon dioxide. The photosynthetically active biomass
of Ligustrum vulgare L. is rather small leaves around the
perimeter of the bush. The inner part of the bush consists
of a dense stem system that does not photosynthesize. The
results of the study allow us to conclude that the process
of carbon dioxide emission by Ligustrum vulgare L. plants
prevails instead of its absorption. With a mole fraction of

carbon dioxide in the air near the plants of 653 ppm, a mole
fraction of 678 ppm was recorded at the output. The total
carbon dioxide emission was 11.27 pg/s. With a mole frac-
tion of carbon dioxide in the plant zone of 1,046 ppm, the
outlet was 1,048 ppm, i.e. almost the same mole fraction.
Carbon dioxide emission dropped to an unreliable, close
to zero rate of 0.8785 pg/s. Calculations of the degree of
absorption of PM2.5, fine dust (PM10), HCHO and total
TVOC were carried out according to formula (7), the re-
sults of which are presented in Table 5.

Table 5. The degree of absorption of impurities and particles
of a certain size by plants of the Ligustrum vulgare L. species

Absorption of PM2.5 Absorption of PM10 Absorption of HCHO Absorption of TVOC
ug/s pg/h ug/s pg/h g/s g/h g/s g/h

8.868E-05 0.319 8.840E-05 0.318 -1.125E-05 -0.040 -2.442E-06 -0.008

1.5 E-04 0.537 1.4 E-04 0.535 5.057E-07 0.002 -2.973E-06 -0.010

Source: created by the authors

The most harmful PM is PM2.5. They can penetrate
deeply into the lungs and cause irritation of the alveolar
walls, their damage, and respiratory distress (Li & Liu,
2021). PM2.5 enters the bloodstream through the alveo-
lar-capillary barrier, causing cardiovascular and respirato-
ry diseases, as well as cancer. Moreover, it is now known to
cross the blood-retinal barrier, the epithelial barrier in hu-
man nasal epithelial cells, and the skin barrier (Xian et al.,
2020). PM10 can also penetrate deeply into the lungs and
cause health problems, but they are not as harmfuL. The
results of the study under maximum illumination showed
the degree of absorption of PM2.5 and PM10 by Ligustrum
vulgare L. bushes to be 8.84-10°... 1.5-10"* pg/s, which sug-
gests that the plants under study effectively absorb PM with
a diameter of up to 2.5 and up to 10 um from the air.

Firstly, plants adsorb PM, when in contact with the mi-
crostructure of the leaf surface or when immersed in the
cuticle layer. Secondly, PM around the leaf surface is ab-
sorbed by the plant through stomata in the process of pho-
tosynthesis and transpiration. Thirdly, when the air saturat-
ed with PM reaches the crown layer of the plant, the flow
rate decreases, which leads to a blocking effect. In the case
of the study with Ligustrum vulgare L. bushes, which have
a voluminous stem part but a small leaf area, it is likely that
PM absorption occurred around the leaf surface through
stomata during photosynthesis and transpiration.

An interesting result is the increase in the concentra-
tion of total TVOC in the outlet compartment, which indi-
cates not the degree of absorption, but the active release of
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volatile phyto-organic substances by plants in the amount
of 2.442..2.973 pg/s. No stable absorption of HCHO was
detected, the results were unreliable as they had a very small
order and the opposite sign. It is important to note that an
increase in TVOC concentration is not always a negative
phenomenon. The release of TVOC by plants is an impor-
tant means of communication and self-defense. In nature,
the behaviour of plants that emit TVOC is often consid-
ered a defence mechanism. It can be interpreted as an in-
duced resistance, i.e., the release of volatile compounds
by plants after mechanical damage, stressful situations, or
insect feeding (McCormick et al., 2019). Understanding
the mechanisms and types of TVOC released by plants, as
well as the biological information conveyed by the released
TVOC, can help improve the quality of the urban environ-
ment and individual biogeocenoses (Kim ef al., 2020).

A comprehensive quantitative study of green struc-
tures as sponge agents, taking into account the concomi-
tant positive effects on the air environment, is a fundamen-
tally new approach to the effective development of cities
affected by military operations, as well as to improving
the quality of the urban environment in generaL. There
is a need to grow air-purifying plants in all unused areas
of urban and rural areas, namely along roads, in adjacent
areas, between fields, gardens, etc. Fast-growing orna-
mental phytoncidal shrubs, such as Berberis, Cotoneaster
lucidus, Cornus alba, Ligustrum vulgare L., Physocarpus
opulifolius, Philadelphus coronaries, Spiraea, various shrub
forms of Cupressdceae, including Juniperus, are usually
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recommended for greening. In this study, Ligustrum vul-
gare L. was considered in detail.

Whenever possible, hedges should be preferred to con-
struction fences. If a hedge is not possible, most fences can
be easily vertically landscaped with climbing plants (vari-
ous species of Parthenocissus, Hedera, Clematis, etc.). Simi-
lar vertical (on the facades) and vertical-horizontal (cover-
ing the walls and roof) greening can also provide passive air
conditioning and thermal insulation. And for very intensive
land use, where there is not enough soil for planting, green
roofs and terraces on buildings should be used, which also
provide thermal and solar radiation improvements. The
study confirmed the hypothesis that green structures, as
sponge agents, can improve air quality compared to are-
as without them, and the degree of removal of pollutants
from the air is directly related to the morphological charac-
teristics of the vegetation that represents green structures.

© Discussion

The results of studies presented in the scientific literature
allow to draw a number of valuable conclusions about the
impact of vegetation on changes in air quality, but often
limit the determination of quantitative indicators of the ab-
sorption of certain types of pollutants by specific plants. In
addition, research is hampered by the lack of rapid meth-
ods to determine the uptake process that need to be devel-
oped, and most conclusions that suggest that urban vege-
tation is an effective means of removing air pollutants are
based on modelling results in which pollutant removal is a
simple function of deposition rate, pollutant concentration,
and some parameters describing vegetation structure (such
as biomass index and leaf area).

According to a recent study by J. Linden et al. (2023),
it was determined that the inclusion of detailed vegeta-
tion characteristics in urban air quality modelling would
significantly improve the ability to quantify the pollution
removal potential of different vegetation types. However,
these models often use data from a limited number of sites
within a city, making them unlikely to capture changes in
canopy structure and urban microclimate conditions. In
addition, such models are based on data from chamber
studies of plants conducted in the field or in greenhouses,
where factors affecting plant physiology and physicochem-
ical processes are studied, as well as studies that measure
fluxes of air pollutants, often, for example, over tree crowns.
There are only a few studies in which pollutant fluxes have
been quantified within vegetation or directly in the crowns
of tree and shrub species where pollutant absorption oc-
curs, such as the study by M. Steinparzer et al. (2023).

According to the analysis of literature sources, the
leaves of trees and grasses allow the removal of PM, gas-
eous pollutants such as NO, (Gong et al., 2022) and CO,
(Wang et al., 2021), O, (Grulke & Heath, 2020) by dry dep-
osition. The removal of organic pollutants by plants has
been confirmed by Z. Wei et al. (2021). In addition, plants
are often used as bioindicators to monitor air pollution by
heavy metals. However, the ability of plants to accumu-

late heavy metals can vary significantly depending on the
plant species and its morphology. The authors N. Sevik et
al. (2020) studied the peculiarities of heavy metal accumu-
lation by some landscape plants growing in the city centre
of Kastamonu (Turkey), taking into account plant species
and traffic density. For this purpose, samples of leaves and
branches were collected from various woody plants com-
monly used in urban landscape design, including the Ligus-
trum vulgare L. species. It was found that the concentration
of Pb in branches was higher than in leaves for all species
and depended on traffic density.

Another study conducted by D. Bidolakh & O. Kole-
snichenko (2023) helped to study certain ecosystem func-
tions of green spaces (reduction of pollutants, carbon ab-
sorption and sequestration, amount of oxygen released).
As part of this work, the annual ecosystem function was
calculated to absorb 770 kg of harmful compounds (ozone,
carbon monoxide, nitrogen dioxide, and PM of various siz-
es), reduce air pollution by 7.43 metric tons of gross carbon
sequestration (19 kg per plant), and reduce water runoff by
684.9 cubic meters. In addition, it was concluded that the
highest indicators of ecosystem efficiency belong to park
plantings, while trees and shrubs in the central part of the
city are more efficient at absorbing pollutants.

However, urban vegetation can also have a negative
impact on air quality, in particular through allergenic ef-
fects (Poncet et al., 2020), as well as through the emission of
TVOC that can form ozone over time (Koppmann, 2020).
The results of the experiment in this paper show an increase
in the concentration of total TVOC in the outlet compart-
ment of the gas exchange chamber, which indicates not the
degree of absorption, but the active release of volatile phy-
to-organic substances by plants, the impact of which on the
air needs to be investigated in future experiments.

The study helped to obtain significant results regard-
ing the peculiarities of the photosynthesis process. The
predominance of the process of carbon dioxide emission
by Ligustrum vulgare L. plants, instead of its absorption,
indicates an increase in the photosynthetic mechanism
with an increase in carbon dioxide content. But even at this
mole fraction, the photosynthetic activity of leaves cannot
outweigh the respiration of the entire biomass. The com-
plex and interconnected reactions of photosynthesis are
often limited to two more fundamental processes, which
are the conversion of solar energy into chemical energy or
the diffusion of CO, from the atmosphere through stomata
and, ultimately, into the chloroplast. The authors E.L. Har-
rison et al. (2020) investigated the effect of plant stoma-
tal morphology (shape, size, pattern) and distribution on
photosynthesis through changes in gas exchange, conclud-
ing that stomata are an integral part of the photosynthetic
mechanism that regulates the amount and rate of O, release
and CO, uptake. It would be interesting to evaluate this in
further experiments on the plant species under study.

The results obtained allow us to conclude that the
bushes of Ligustrum vulgare L., which are characterized
by a significant density of sprouts with no leaf mass inside
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the bush and the presence of leaf mass only on the outer
sprouts, have a small total area of photosynthetic leaf sur-
face, are inefficient for carbon dioxide absorption in an
urbanized environment. Thus, for efficient carbon diox-
ide sequestration, plants with a significant proportion of
photosynthetically active biomass and fast-growing plants
should be preferred. This conclusion is in line with the
results of a systematic sampling study of the dependence
of CO, uptake on the productive photosynthetic area of
roadside trees in Bilaspur (India), conducted by A. Ragula
& K.K. Chandra (2020). The tree species with the highest
CO, absorption potential in this study were Delonix regia,
Tamarindus indica, and Ficus religiosa. These were the tree
species with the largest crowns, which led to an increase in
photosynthetic rate and, ultimately, to carbon dioxide ab-
sorption and increased biomass.

Similar to the results of this study, the reduction of
PM2.5 and PMI0 in the air has been confirmed by nu-
merous studies, indicating a negative correlation between
total green area and PM concentrations. However, most
of them emphasize the role of trees in this phenomenon,
although bushes and herbaceous plants significantly sup-
port this potential. In a neighbourhood with high pol-
lution levels and 26% vegetation cover, which is typical-
ly inhabited by low-income citizens, K. Wréblewska &
B.R. Jeong (2021) conducted an experiment that revealed
a 1.6% reduction in PM levels due to trees and another
1.1% due to shrubs and bushes. Similar results were ob-
tained by Z. Cimburova & M. Berghauser Pont (2021),
whose research showed that the leaves of woody plants
provide an effective large contact area for dry deposition
of PM particles, while requiring a relatively small area of
land, unlike herbaceous plant species. Another study by
D.PM. Junior et al. (2022) compared PM2.5 concentra-
tions in two locations (with and without vegetation cover)
in Rio de Janeiro to test how green spaces can actually
affect air quality. The results show that the PM2.5 concen-
trations in the areas with existing tree and shrub vegeta-
tion is 33% lower than in other areas. This confirms the
possibility of reducing PM2.5 levels through urban green
spaces, contributing to the important environmental issue
of improving air quality.

Despite the large number of scientific papers on the
impact of plants on air quality, the issue of gas exchange
in the plant layer plays a key role in ensuring effective
air purification, and without a proper understanding of
this process, it is difficult to draw valid conclusions. The
method and experimental setup for laboratory research
of gas exchange in plants shown in this paper allow us
to determine the exchange of carbon dioxide and other
gases. Tests of the installation confirmed the correctness
of the method. The research will contribute to the ac-
tive implementation of green structures in Ukraine and
increase the environmental awareness of residents of
modern cities, which are key aspects on the way to im-
plementing the concept of sustainable development of
the urban environment.
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© Conclusions

The results of the study allow to confirm the hypotheses
put forward in the work and conclude that the frequency
and efliciency of photosynthesis and respiration of Ligus-
trum vulgare L. are closely related to the size of the stems
and the leaf surface area, which is small in this plant spe-
cies, which explains the negative rates of carbon dioxide
uptake and oxygen release. Ligustrum vulgare L. bushes,
which are characterized by a significant density of sprouts
with no leaf mass inside the bush and the presence of leaf
mass only on the outer sprouts, have a small total area of
photosynthetic leaf surface, are inefficient for carbon diox-
ide absorption in an urbanized environment. They can be
recommended as green barriers in urban environments for
noise insulation.

The ability to effectively capture PM is an important
factor in the selection of optimal plant species for use in ur-
ban greening, so it was important to investigate the ability
to adsorb PM2.5 and PM10 by Ligustrum vulgare L. plants
to optimize their use in green urban environments. As can
be seen from the results, PM2.5 was adsorbed more than
PMI10 in terms of the amount of PM absorption, but this is
more significant, since PM2.5 poses the greatest threat to
human health. It should be concluded that even with a small
leaf mass of the studied bushes of the Ligustrum vulgare L.
species, the amount of adsorbed PM2.5 and PM10 particles
is significant for air purification, especially in an urbanized
environment, where PM can be toxic and destroy leaf cell
tissue, as well as contain heavy metal particles.

By removing pollutants from the air with the help of
sponge agents as a special type of green structures, it is
possible to improve the quality of the urban environment
by reducing the impact of various pollutants. Even if the
percentage of air quality improvement due to this type of
structure is small, it can be increased by expanding urban
vegetation. The methods, techniques, and results obtained
correspond to the current level of scientific and technical
knowledge, have no global analogues, are unique, and al-
low for the systematic implementation of green structures
with maximum positive effects, engineering calculations,
and certification of plant layers.

An increase in the concentration of TVOC in the out-
let compartment of the gas exchange chamber may indi-
cate a defence mechanism of Ligustrum vulgare L. plants
due to stressful situations. However, there is still a lack of
reliable and relevant data to understand the true mecha-
nisms of pollutant removal and factors in these systems
(plant species, microorganism species, pollutant compo-
sition, light source, number of plants), which may be the
direction of further research and development of appro-
priate methods.
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© AHorauif. 3pocrawoya yp6anisanis cTBOpo€e mpo6nemu 3a6pyfHEHHA HOBITPS, IKe CTA€ HeOe3MeTHNM /IS 3O0POB st
JTIOfieli Ta HeIIPUaTHUM JJI1 BeHTIIOBaHHA NpuMilleHb. EdexTuBHe pillleHHA — TOENHAHHA 3e/IeHUX KOHCTPYKIIil 3
iH)KeHepHIMY CUCTEMAMI, [0 BUMAra€ CTBOPEHH HOBIX METO/IB i BUKOHAaHHS KiNbKiCHUX Tab0paTOPHMX JOCTIIKEHD
ra3oMacoOOMIHHMX IMPOIECiB pocinH. MeTow ROCTifKeHHs Oy/I0 KiIbKiCHe BM3HAYeHHs 3MATHOCTI POCINH BULY
6uprounny 3Budattnoi (Ligustrum vulgare L.) BupinaTtu Ta mormHaty kucenb i CO,, a TAKOX BUBYEHHS e()eKTUBHOCTI
OYMIIeHHsI HOBITPS Bifj TBEPAMX YaCTMHOK 3aJIsI MPABIIBHOTO BPAaXyBaHHs BIUIMBY POCIMH y Hpoleci ix gobopy
IIst O3e/leHeHHs ypbaHizoBaHux maHpmadris. JoCmiiKeHHs IPOBOAUINCA 32 PO3POOIEHOI0 aBTOPAMI METOSUKOI0
B ra3000MiHHilT KaMepi, AKa Oyla MOJepHi3OBaHa [yIA MOJE/NTIOBAHHA 30BHILIHIX YMOB Ta [JOCTIIKEHHA POCIMH i3
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cryninp normuuanus PM2,5 ta PM10 xyuramu Ligustrum vulgare L. cknas 8,84-10°...1,5- 10 MKr/c, 1110 MifTBEPIKYE
eeKTVMBHe OIIMHAHHA TOCII/PKYBaHNMI POCMHAMY TBePAUX YaCTUHOK AiaMeTpoM Jo 2,5 Ta go 10 MKM i3 IOBiTpA.
OTpuMaHO pe3ynIbTaTi, IKi CBIAYaTh IIPO 301/IbIIeHHS KOHIIHTPaIlii 3araIbHUX IETKMX OPTAHIYHUX CIIONTYK Y BUXiTHOMY
BIfICIKY, 11J0 BKa3y€ Ha aKTUBHE BUJIICHHs] POC/IMHAMM JIETKUX (PiTOOPraHiuHIX pedoBuH 06csarom 2,442...2,973 Mxr/c.
Pe3ynbraTit OCIifKEHH MOXXYTb OyTU BUKOPUCTaH] /i1 epeKTUBHOTO TAKCOHOMIYHOTO Mig60pYy AepeBHNX POCINH
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© Abstract. Significant quantities of wastewater are generated in dyes synthesis processes and in technologies involving
their use, which are toxic to living organisms, making the purification of industrial wastewater from organic colouring
substances a pressing issue nowadays. The aim of this study was to investigate the prospects of using natural clinoptilolite
from the Sokyrnytske deposit and its activated forms in the purification processes of wastewater from direct dyes. Natural
clinoptilolite was activated by treatment with 5% H,SO, and HCI aqueous solutions and heating at 300°C for two hours.
The impact of activation conditions on the structural adsorption properties of clinoptilolite has been determined using
a comprehensive thermal analysis method. The adsorption of the direct violet dye by natural and activated clinoptilolite
has been investigated using spectrophotometric methods at pH 7 and a light wavelength of 550 nm, corresponding to
the maximum value of light absorption coefficient. According to the results of thermal analysis, activated clinoptilolite
samples exhibited a more developed specific surface area and a higher presence of hydroxyl groups, which can serve as
active adsorption sites on the surface. The results of the violet dye adsorption have corresponded to the monomolecular
Langmuir theory, indicating the energetic homogeneity of the adsorption centres. By linearizing the Langmuir adsorption
isotherm equation, adsorption characteristics of natural and activated clinoptilolite with a 5% HCI aqueous solution
relative to the direct violet dye have been determined. Activated clinoptilolite has shown increased sorption capacity
(9.53 mmol/kg) compared to natural clinoptilolite (2.28 mmol/kg). The improvement in adsorption characteristics of
activated clinoptilolite has been explained by its partial dealumination, resulting in the appearance of meso- and macropores
capable of retaining dye molecules. The use of a 30% H,SO, aqueous solution in activation processes and heating above
400°C has caused mineral degradation, confirmed by electron images of its surface. Practical value of the study lies in the
recommendation to apply activated clinoptilolite in the purification processes of wastewater from organic pollutants
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@ Introduction

One of today’s problems is the reduction of the world’s
freshwater reserves. Particularly harmful pollutants in the
hydrosphere are organic compounds. Among such pollut-
ants, organic dyes, which are widely used in the technolog-
ical processes of the light, food, pulp and paper industries,
occupy a prominent place. In textile production, direct an-
ionic dyes are widely used. These dyes are characterized by
affinity for both cellulose fibres and amphoteric fibres (silk,
leather, fur). According to M.G. Koval (2022), depending
on the type of dye and the method of dyeing the fabric,
from 20 to 50% of dyes enter the wastewater at the end of
the production cycle. When washing dyed fabrics, the un-
fixed dye is washed off the surface of the fibre and enters the
wastewater in significant quantities, many times exceeding
the norms of maximum permissible concentrations. Ac-
cording to a study by J. Pavlovi¢ et al. (2022) the presence of
dyes in water bodies reduces light transmission, negatively
affects photosynthesis, disrupts self-purification processes
and causes significant damage to aquatic ecosystems.

There are many technologies for wastewater treatment
from organic pollutants. Researchers N.M. Tolstopalo-
va et al. (2019) include chemical (coagulation, ozonation,
photochemical reactions, electrochemical destruction,
electrochemical coagulation), physical (adsorption, mem-
brane separation, ion exchange) and biological treatment
to traditional methods of removing dyes from the aqueous
phase. In particular, N. Oz et al. (2021) investigated mem-
brane microfiltration technology in details. According to
spectrophotometric studies, the discoloration effects of dye
solutions were 91-95%, 94-98% and 96-99% at light wave-
lengths of 436 nm, 525 nm and 620 nm. M. Madani (2021)
described the technology of electrochemical treatment of
effluents from direct dyes, investigated the influence of
various factors on the efficiency of dye removal - the dura-
tion of purification, the pH of the medium, the presence of
sodium chloride in the dye solution. Scientists T.V. Solo-
dovnik ef al. (2019) investigated the influence of the con-
ditions of coagulation and flocculation processes on the
degree of purification of dyed model solutions, similar in
composition to wastewater of textile enterprises, using a
natural flocculant - chitosan in combination with inor-
ganic coagulants.

During the period of hostilities and limited funds for
water protection measures, it is important for enterprises to
choose the most optimal wastewater treatment technology.
One of the important methods of elimination of hydro-
sphere pollutants is the technology of adsorption treatment
of effluents with the use of mineral sorbents. Scientists
S. Matiiuk & V. Gribinko (2019) claim that the sorption
method allows to remove a trace amounts of contaminants,
makes it possible to remove substances of an extremely
wide nature from wastewater, regardless of their chemical
resistance. Mineral sorbents of natural origin such as zeo-
lites and clay minerals, which are characterized by a suffi-
ciently high sorption capacity, cation exchange properties,
availability and low cost, are widely used for wastewater

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2

Kochubei et al.

treatment. Natural sorbents are widespread in Ukrainian
deposits and are effectively used in various sectors of the
national economy. Significant deposits of zeolite rocks are
found in Transcarpathia and the mountainous Crimea.
The most significant industrial importance among them
belongs to the Sokyrnytske zeolite deposit. O.I. Ivanen-
ko et al. (2020) note that the reserves of zeolite deposits of
the Sokyrnytske deposit amount to 125.6 million tons, of
which 39.5 million tons are high-quality zeolites. Clinop-
tilolite is one of the varieties of zeolites that belongs to the
heulandite group and is widely used in practice.

The specific properties of this adsorbent are caused
by the structure of the three-dimensional aluminosilicate
framework, the presence of a developed system of cavities
and channels, which contain a complex of exchangeable
cations and water molecules. However, natural zeolites are
not able to absorb molecules of organic pollutants, the size
of which is larger than the size of the voids of the mineral.
To improve the adsorption properties, zeolites are subject-
ed to various types of activation. It is stated in the work
of A. Ivanchenko et al. (2021) that under the influence of
chemical activation, which proceeds as a result of the ac-
tion of mineral acids, partial dealumination of the mineral
occurs, which is accompanied by a change in the structural
and adsorption parameters — specific surface area and pore
size. Scientists I. Fediv et al. (2022) noted that one of the
most common methods of improving the sorption prop-
erties of zeolites is thermal treatment at elevated temper-
atures, which causes water desorption and the release of
zeolite channels.

However, the results of research on the adsorption
properties of zeolites are still not sufficiently complete and
systematized. The method of activation of zeolites, which
makes it possible to form a system of channels in the min-
eral capable of retaining molecules of surface-active sub-
stances and dyes in the process of adsorption, requires a
more detailed study. The efficiency of mineral modification
depends on the nature and concentration of the acid, the
contact time of the acid with the sample, the ratio of lig-
uid and solid phases, the temperature at which activation
is carried out. It is also necessary to take into account the
peculiarities of the structure of adsorbate molecules. In
particular, the ability of zeolites to adsorb dye molecules is
influenced by the property of dyes to dissociate and, under
certain conditions, to form associates. Therefore, the aim of
the work was to investigate the effect of complex thermal
and chemical activation with the participation of solutions
of chloride and sulfate acids on the structural and adsorp-
tion characteristics of one of the types of zeolite, Transcar-
pathian clinoptilolite, for use in the process of wastewater
treatment from dyes.

© Materials and Methods

In this work, the natural zeolite clinoptilolite of the
Sokyrnytske deposit of the Zakarpattia Region (Ukraine)
was studied. Chemical composition of the mineral
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(wt. %): SiO, - 70.21; ALO, - 12.27; Fe O, - 1.2; FeO - 0.55;
TiO, - 0.14; MnO - 0.073; PO, - 0.033; K,O - 3.05; Na,O -
1.77; SO, - 0.10; CaO, MgO - 10.604. The composition of
clinoptilolite corresponds to the formula: 0.2Na O -0.26K,
0-0.43Ca0-0.2Mg0-9.57Si0, - ALO, - 0.09Fe O..

Natural clinoptilolite with an average grain size of
0.25 mm (sample 1) was activated by treatment with a 5%
solution of H,SO, (sample 2) and a 5% solution of HCl
(sample 3) at a ratio of solid and liquid phases of 1:10 dur-
ing the day. After activation, the solid residue was washed
with distilled water until a negative reaction to CI-,SO >
ions. Samples treated with mineral acids were kept for two
hours at a temperature of 300°C.

Thermal analysis of clinoptilolite samples was per-
formed on a Q-1500 derivatograph of the Paulik-Pau-
lik-Erdey system (MOM, Hungary) in the temperature
range of 20-1000°C. The samples were analysed in a dy-
namic mode with a heating rate of 10°C per minute in

an air atmosphere. The mass of the sample of natural
clinoptilolite was 500 mg, the mass of activated samples
was 400 mg. The sensitivity according to the scale of TG
(thermogravimetric curves) was equal to 100 mg, accord-
ing to the scale of DTG (differential thermogravimetric
curves) — 500 uV, and sensitivity according to the scale
of DTA (differential thermal analysis curves) — 100 uV.
Measurement error of mass loss was + 0.5%. The reference
substance was Al O,. Before conducting thermal studies,
clinoptilolite samples were saturated with water vapour for
two hours at room temperature. The specific surface area
of natural and activated zeolite samples was approximately
calculated based on the mass loss during their dehydroxy-
lation. To determine SSA, the area (0.21-107'® m?), which
accounted for one chemisorbed water molecule was taken
into account (Vasilechko et al., 2000). Direct violet (DV)
dye was used to study the adsorption capacity of clinop-
tilolite samples (Fig. 1).

NH,

N—N

OH

HO

Figure 1. Structural formula of direct violet

Source: created by the authors

The surface tension of aqueous dye solutions and the
critical micelle concentration (CMC) were measured by ring
tear-oft method. To study the adsorption, 0.62 g of clinop-
tilolite was mixed with 20 ml of DV dye solution of the prop-
er concentration. That suspension was shaken periodically
during 12 hours. Next, the suspension was precipitated un-
til the clinoptilolite was completely separated from the dye
solution, the liquid phase was filtered out. The adsorption
value of the DV dye was determined by the difference in
the concentrations of the initial and equilibrium solutions.

Concentrations of dye solutions were found using the
Perkin Elmer-402 spectrophotometer (Perten, USA) in the
range of light wavelengths of 195-900 nm. The operating
range of light wavelengths for adsorption studies was estab-
lished by determining the dependence of thelightabsorption
coeflicient on the light wavelength at different pH values.

To measure pH, an ionometer I-160MI (Tensor,
Ukraine) was used, commutated by a system of electrodes
ES-10603 and ESr-10103. In the preparation of alkaline
solutions (pH 13), 0.5 ml of M NaOH was added to 10 ml
of DV dye solution with a concentration of 50 mmol/m?,
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and in the preparation of acidic solutions (pH 1-2), 0.2 ml
of 1.0-10™* M HCl and 0.15 ml of 1,0-10™* M H,SO, were
added to 10 ml of dye solution. The adsorption capaci-
ty of natural and activated clinoptilolite was evaluated by
modelling experimental data with the Langmuir equation
(Alvarez-Ayuso & Garcfa-Sdnchez, 2003):

A Kc
T 14+Kc

(1)

where A - the adsorption value; A_ - adsorption capac-
ity of the monolayer or the limit value of monomolecu-
lar sorption; K - the constant of adsorption-desorption
equilibrium; ¢ - the equilibrium concentration. In order
to study the effect on the structure of clinoptilolite at high
temperatures and acid solutions of higher concentrations,
additional studies were carried out. Clinoptilolite was heat-
ed at a temperature of 500°C for two hours, in some studies
the mineral was activated with a 30% solution of H,SO,.
Surface images of natural and activated clinoptilolite sam-
ples were obtained using an electron microscope JSM T 220
A Scanning microscope (JEOL, Japan).

Ecological Safety and Balanced Use of Resources, 2023, Vol. 14, No. 2



@ Results

Thermal analysis is one of the important methods for stud-
ying the properties of a substance. On the basis of thermal
analysis data, it is possible to get a visual idea of the nature

Kochubei et al.

of water bound by a mineral, and by the nature of its loss
when heated, to investigate the influence of various factors
on its properties. Figure 2 shows a thermogram of clinop-
tilolite activated with a 5% H_SO, aqueous solution.

400 -
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Figure 2. Thermogram of a sample activated with 5% H,SO, aqueous solution (sample 2)

Source: created by the authors

At the first stage of thermolysis of clinoptilolite sam-
ples, there was a separation of physically adsorbed, struc-
tured water, which is coordinatedly bound to exchange-
able cations, and water, which is localized on the surface
of the mineral due to hydrogen bonds with surface OH
groups (hydroxyl groups). This process was accompanied
by a significant loss of sample mass, the appearance of a
clear extremum on the DTG curves and a deep endother-
mic effect on the DTA curves.

At the second stage of thermolysis of the samples,
dehydroxylation of the surface occurred, which was

accompanied by cleavage of OH groups and gradual loss
of sample mass. The process culminated in the destruc-
tion of the structure of the mineral. A broad endothermic
effect appeared on the DTA curve. The loss of samples’
mass at the second stage of thermolysis is proportional to
the content of surface OH groups, which are able to serve
as adsorption-active centres of the mineral.

Figure 3 shows a comparison of the TG curves of
natural and activated clinoptilolite samples. Table 1 pre-
sents the results of complex thermal analysis of clinop-
tilolite samples.

400 1
380 1
ole]
£ 360 1
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340 1
2
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320
0 100 200 300 400 500 600 700 800 900 1,000 t,°C

Figure 3. TG curves

Note: 1 - sample 1; 2 - sample 2; 3 - sample 3
Source: created by the authors
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Table 1. Results of thermal analysis of natural and activated clinoptilolite samples

Sample Stage Sample weight, mg  Temperature interval, °C Weight loss, mg Specific surface area, m*/g

I 20-508 48.5

1 — 500 77.26
IT 508-1,000 5.5
I 20-525 55.1

2 D 400 96.57
II 525-1,000 55
I 20-525 57.5

3 D 400 114.13
II 525-1,000 6.5

Source: created by the authors

As can be seen from Table 1, activated clinoptilolite
samples were characterized by a higher content of hy-
droxyl groups and a more developed specific surface area.
The increase in SSA under the action of mineral acids can
be explained by partial dealuminization of clinoptilolite,
which was accompanied by an increase in pore volume,
the appearance of secondary porosity and, accordingly,
the number of additional adsorption-active centres (Va-
silechko et al., 2015).

Additional OH groups in the process of chemical ac-
tivation of clinoptilolite can appear during the interaction
of exchangeable H* ions with frame oxygen atoms. The
action of temperature can also affect the content of the
adsorption centres of the mineral. It is known that an in-
crease in temperature causes the diffusion of exchangeable

cations into the internal channels of the zeolite structure.
Additional OH groups can appear due to the interaction of
polarized water molecules, which are coordinately bound
to mobile cations (Melnyk et al., 2022).

The choice of the optimal temperature for thermal ac-
tivation of clinoptilolite was established in separate studies.
The sample, thermally activated at a temperature of 300°C,
had the highest adsorption capacity relative to water va-
pour. Heating of clinoptilolite to a temperature of 400°C
caused deterioration of its structural and adsorption char-
acteristics. The result obtained was explained by the partial
destruction and amorphosis of the mineral structure. The
beginning of the destruction of the clinoptilolite structure
at temperatures above 400°C was confirmed by electron
microscope images of its surface (Fig. 4).

20KV

X1,000

Figure 4. Electronic images of the clinoptilolite surface

Note: a - natural; b - heated at 550°C
Source: created by the authors

Clear crystal faces were observed on the surface of the
natural clinoptilolite sample, and there was a system of
voids and channels. When the clinoptilolite sample was
heated to 550°C, defects and disturbances of the crystal
lattice appeared, which were accompanied by a decrease
in the size of elementary cells. The faces of the mineral
became fuzzy and blurred. Under the influence of high
temperatures, the surface of the mineral was “sintered”
and its structure was destroyed.

The concentration of the acid greatly influences the
chemical activation efficiency of zeolite. According to
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the authors X. Chen & W.V. Srubar (2020) found that
H,SO, solutions of low concentration (< 5%) are capa-
ble of causing decation and slight dealuminization of
zeolite, which is accompanied by an increase in its in-
ternal crystalline space and an increase in the number
of adsorption centres. Sulfate acid solutions of higher
concentrations (= 25%) can cause significant changes
in the structure of clinoptilolite and deterioration of its
adsorption characteristics. Figure 5 shows a comparison
of surface images of clinoptilolite samples activated with
5% and 30% H,SO, solutions.
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Figure 5. Electronic surface images of activated clinoptilolite
Note: a - activated with 5% H,SO, aqueous solution; b — activated with 30% H,SO, aqueous solution

Source: created by the authors

Treatment with a 30% H,SO, solution caused certain
changes in the surface of the sample - the edges of the min-
eral became less clear, and the appearance of the surface
blurred, which indicated the initial destruction of the struc-
ture of the mineral. When clinoptilolite was treated with a
5% H,SO, solution, no significant changes were observed
in the image of the sample surface. The processes of partial
dealuminization of clinoptilolite under the influence of ac-
ids of low concentrations (5% H,SO, solution and 5% HCIl
solution) were confirmed by infrared spectroscopy. Acid
solutions caused only a slight dealuminization of clinoptilo-
lite with partial destruction of Si-O-Al bonds, as evidenced
by the displacement of the absorption bands of valence in-
tra-tetrahedral oscillations from 1054.00 cm™ (sample 1)
to 1074.08 cm™ (sample 2) and 1082.30 cm™' (sample 3).
Natural and activated 5% HCI clinoptilolite, which was

appropriate to the highest specific surface area, was studied
for its ability to adsorb molecules of DV dye. Adsorption
of the dye was carried out below the CMC. Dyes are colloi-
dal surfactants that are able to form associates in solution.
The dissolution of dyes in water takes place due to the in-
teraction of polar groups with water. At low concentrations,
the dye molecules are adsorbed on the surface of the liq-
uid. This process is accompanied by a decrease in the sur-
face tension of the solution. When a critical concentration
is reached, a saturated monomolecular layer formed by dye
molecules is formed on the surface of the liquid, and dye
associations — micelles — begin to form in the solution. Due
to the appropriate orientation of the dye molecules in the
micelles, the surface tension of solutions at concentrations
higher than CMC ceases to change. The CMC of the DV
dye was found by breaking in the curve o= f (Inc) (Fig. 6).
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Figure 6. Dependence o = f (Inc) for a DV dye aqueous solution

Source: created by the authors

For a DV dye aqueous solution, the CMC was
0.36 mol/m’. The pH of the medium significantly affects

the optical properties of dye solutions. Ionization of the
electron-donor amino group of direct dyes occurs with
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an increase in the acidity of the medium and consists in
the attachment of a proton to a nitrogen atom. In this
case, the neutral group is converted into a cation (Ya-
hodynets et al., 2019). As a result of the disappearance
of the lone pair of electrons, the amino group ceases to
be an electron donor substituent and the dye molecule

interacts with light as if this substituent does not exist.
This can lead to a shift in the maximum light absorption
to the long-wavelength region and a decrease in the in-
tensity of light absorption. Figure 7 shows the depend-
ence of light absorption coefficients on the wavelength
of light at different pH values.
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Figure 7. Dependence of light-absorption coefficients of DV solutions on light-wavelength at different pH values
Note: 1 - pH 1-2 when adding 1.0-10* M HCI; 2 - pH 1-2 when adding 1.0-10* M H,SO; 3 - pH 7

Source: created by the authors

As can be seen from Figure 7, the DV aqueous solu-
tion at pH 7 (curve 3) was characterized by a symmetrical
band of n-nt" transitions with a maximum light absorp-
tion coefficient (1.18 - 10*) at a wavelength of 550 nm.
At pH 1-2, when hydrochloric acid dye was added to
the solution (curve 1), the absorption band became less
intense and asymmetrical, the maximum of the light
absorption coefficient (0.63 - 10*) was appropriate to a
wavelength of 560 nm. At pH 1-2, when (curve 2) was
added to the H,SO, solution, the maximum of the asym-
metric band was manifested at a wavelength of 600 nm,

it corresponded to the value of the light absorption co-
efficient of 0.68-10%.

The influence of the alkaline environment on the val-
ue of the light absorption coefficient was insignificant and
the appearance of the spectrum (curve 3) of the DV dye
solution practically did not change. Therefore, the adsorp-
tion of DV dye by natural and activated clinoptilolite was
carried out at pH 7 at a light wavelength of 550 nm. Figure
8 shows the isotherms of adsorption of the DV dye by sam-
ples 1 and 3. To depict the dependence A =f(c), the equilib-
rium concentrations of the DV dye in solution were used.
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Figure 8. DV dye adsorption isotherms

Note: 1 - sample 1; 2 - sample 3
Source: created by the authors

| 44 Ecological Safety and Balanced Use of Resources, 2023, Vol. 14, No. 2




As can be seen from Figure 8, the adsorption of the
DV dye corresponded quite well to the monomolecular ad-
sorption of Langmuir. By linearization of the Langmuir ad-
sorption isotherm equation, its constants were found - the
estimated value of the limiting monomolecular adsorbtion

Kochubei et al.

A_ and the adsorption-desorption equilibrium constant
K (Table 2). High values of correlation coefficients (R?)
of experimental and theoretical data evidenced about the
possibility of using the Langmuir equation for modelling
sorption isotherms.

Table 2. Isotherm parameters of adsorption of DV dye by natural and activated clinoptilolite

Sample A_, mmol/kg K, m*/mmol R?
Sample 1 2.28 0.031 0.98
Sample 2 9.53 0.008 0.99

Source: created by the authors

As can be seen from the above data, activated sam-
ple 3 was characterized by a greater adsorption capacity
relative to the DV dye. The result can be explained by the
fact that in the shallow dealuminization of clinoptilolite,
caused by the action of acid, meso- and macropores appear
in its structure, which are able to sorb dye molecules. The
effect of temperature (300°C) can cause the migration of
exchangeable cations to inaccessible areas of the mineral
framework, releasing the volume internal crystalline space,
which acquires the ability to be filled with adsorbate mole-
cules. Activated clinoptilolite was characterized by a great-
er adsorption capacity not only in relative to organic dyes,
but also to water vapour. This was evidenced by a greater
mass loss of activated samples at the first stage of thermoly-
sis in the temperature range of 20-525°C (Table 1).

Adsorption of the dye on the active sites of clinop-
tilolite can occur not only under the influence of disper-
sive forces but also as a result of chemical interactions.
Donor-acceptor interactions can occur between the OH
groups of clinoptilolite (Brensted acid sites) and NH,
groups of the DV dye with the participation of protons of
the hydroxyl group and an unshared pair of electrons of
the nitrogen amino group. Thus, the results of the physical
and chemical studies confirm that the activated clinoptilo-
lite of the Sokyrnytske deposit is an effective absorbent for
wastewaters.

© Discussion

It is also worth to analyse other works on this topic, which
consider types of absorbents other than clinoptilolite.
Adsorption materials used in wastewater treatment tech-
nologies include activated carbon obtained from various
natural materials, solid agricultural waste, clays, silica
materials, zeolites, etc.

N. Ahmad et al. (2023) stated that activated carbon
is one of the best adsorbents for the extraction of direct
dyes and anionic surfactants from wastewater. Scientists
from India N.M. Andal & K. Thangamani (2016) studied
the sorption capacity of activated carbon obtained by heat
treatment of the bark of the Prosopis juliflora shrub. The
sorption capacity of carbon relative to the direct black dye
was high and amounted to 500 mg/g. Researchers E. Chas-
ova & O. Demchyshyna (2019) conducted a study of the
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ability of activated carbon obtained from various raw mate-
rials to adsorb anionic surfactants. The sorption capacity of
stone activated carbon relative to sodium dodecyl sulfonate
was 0.42 mol/g, and wood activated carbon was 0.37 mol/g.
The data above shows that activated carbon can effectively
extract direct dyes as a sorbent. However, its high cost and
the need for regeneration have limited its widespread use.
Much more accessible and cheaper to extract are sorbents
of mineral origin, the most important representatives of
which are zeolites, including clinoptilolite, which was stud-
ied in this study, and clay materials.

Clays are an important class of mineral adsorbents due
to their availability and high sorption capacity. Bentonite
clays are especially widely used, the main rock-forming
mineral of which is montmorillonite (MMT). As stated by
the authors of V. Kochubei et al. (2022), montmorillonite is
a layered aluminosilicate that has a mobile crystal lattice.
In the cavities between the layers there are exchangeable
cations that can be easily exchanged for other organic and
inorganic cations. Ionogenic organic dyes are colloidal
compounds, which are divided into anionic (direct, acidic)
and cationic (basic) according to the sign of the ion charge.
Bentonite clays are able to actively absorb cationic dyes by
the interlayer space, the adsorption of which occurs by the
mechanism of ion exchange. Direct diazo dyes, which in-
clude DV, in water dissociate into an organic anion, which
MMT is able to absorb only by the side faces due to active
groups = Al - OH, which dissociate in an aqueous medi-
um by the main mechanism. According to Q. Zhang et
al. (2019) the adsorption capacity of Shandong Yihe Phar-
maceutical’s Na-montmorillonite with respect to methyl
violet cationic dye was 1.35 mmol/g, and 0.08 mmol/g to
anionic methyl orange dye.

The effect of the pH of the medium on the adsorption
capacity of nanomontmorillonite by Nanosav Company
(Iran) relative to the dye direct red 23 was investigated by
the authors S.M. Pormazar & A. Dalvand (2020). The max-
imum extraction of direct dye from synthetic textile waters
was achieved at pH 2. According to the authors, under these
conditions, protonation of the active groups of the adsorbent
surface occurred, which ensured an increase in the elec-
trostatic attraction of dye anions to the positively charged
areas of the MMT. The maximum extraction of direct red
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23 dye from a solution with a concentration of 0.05 g/l was
2.5 mg/g. According to the results of the research, the sorp-
tion capacity of Transcarpathian zeolite (2.28 mmol/kg) is
significantly inferior to the adsorption characteristics of
bentonite clays. The lower sorption capacity of zeolites is ex-
plained by the peculiarities of their structure — the presence
of a rigid crystal lattice, which is not able to expand when
absorbing large organic compounds and their associates.

However, the ability of zeolites to take part in adsorp-
tion processes is largely determined by the conditions of
formation of the host rock, the nature of exchangeable cat-
ions, and the structural characteristics of the mineral. The
adsorption characteristics of zeolite are significantly influ-
enced by the way it is modified. As confirmed in the studies
carried out by the authors of this work, the action of a 5%
HCIl aqueous solution can cause a threefold increase in the
adsorption capacity of Transcarpathian clinoptilolite rela-
tive to the DV dye (Table 1). Similar results were obtained
by the authors of R. Ebrahimi et al. (2018), who investigat-
ed the effect of acid activation on the adsorption properties
of Iranian clinoptilolite relative to the dye direct red 23. The
adsorption of the dye was subject to Langmuir’s theory. The
action of phosphoric acid caused an increase in the adsorp-
tion capacity of zeolite from 0.3 mmol/kg (natural zeolite)
to 0.6 mmol/kg. Activation with sulfate acid provided an in-
crease in the adsorption capacity of zeolite to 0.9 mmol/kg.
The mean free energy of adsorption was 8.2-8.9 kJ/mol and
indicated that the adsorption of the dye was able to proceed
by the mechanism of weak chemisorptions.

The authors H. Unlii & N.J.M. Horing (2022) noted
that natural zeolites have a three-dimensional rigid frame-
work that has a negative charge and are characterized by
low adsorption capacity relative to direct dyes. To improve
the adsorption characteristics of zeolites relative to anionic
azo dyes, scientists proposed to modify its surface with a
quaternary amine - hexadecyltrimethylammonium bro-
mide (CTAB). As a result of this modification, the surface
of the zeolite acquired a positive charge, which led to an
increase in sorption capacity relative to anionic dyes. Thus,
the modification of Turkish zeolite with CTAB caused
an increase in its sorption capacity with respect to active
black dye 12.93 mg/g (natural zeolite) to 61 mg/g, relative
to active red dye 15.94 mg/g (natural zeolite) to 111 mg/g,
relative to active yellow dye from 13.15 mg/g to 89 mg/g.
Based on the data, it can be confirmed that surface modi-
fication with quaternary amines is more effective than the
acid modification in this article. However, it is known that
CTAB is a cationic surfactant that can pollute the hydro-
sphere, which makes the method proposed by the authors
of the study safer for the environment.

A. Ivanchenko et al. (2021) noted that textile dyes can-
not be completely removed from wastewater by traditional
methods of water treatment, which leads to the introduc-
tion of sorption post-treatment into the complex technolog-
ical scheme. For the final stage of purification, the authors
proposed to use zeolite activated with 7% HCI, H,SO, and
H,PO, aqueous solutions. It was noted that zeolite activated
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by HCl was characterized by the highest efficiency of extrac-
tion of anionic dye methylene orange and the best results in
the release of elements Al, K, Na, Ca, Mg, Fe, which was ac-
companied by an increase in the internal crystalline space
of the mineral and the number of active sites. Similar results
of hydrochloric acid on the structural and adsorption char-
acteristics of Transcarpathian clinoptilolite were confirmed
by the thermal analysis data (Table 1) given in this paper.

Like bentonites, zeolites are characterized by a selective
ability to adsorb cationic dyes, which is largely determined
by the acidity of the medium. M.M. Mahmoudi et al. (2019)
noted that at pH > 8 modified with a 5% H,SO, aqueous
solution, Iranian clinoptilolite was characterized by in-
creased sorption capacity against the cationic dye methyl-
ene blue. A decrease in pH caused a decrease in the nega-
tive charge of the surface, which favoured the adsorption of
anionic forms of substances. Adsorption of direct DV dye
by Transcarpathian clinoptilolite of the Sokyrnytske depos-
it was carried out at pH 7. Probably, a decrease in pH can
cause an increase in the sorption capacity of clinoptilolite
relative to anionic dyes, which may be an interesting object
of further research.

Thus, in terms of adsorption characteristics, natural
zeolites are inferior to some mineral sorbents. But the sur-
face occurrence, low cost of extraction and large reserves of
natural deposits in Ukraine can ensure the widespread use
of these minerals in adsorption technologies for wastewater
treatment.

© Conclusions

According to the results of thermal studies, the chemi-
cal activation of the Transcarpathian clinoptilolite of the
Sokyrnytske deposit caused an increase in the specific
surface area due to the appearance of secondary porosity.
According to thermal analysis, the specific surface area of
natural clinoptilolite was 77.26 m?/g. The action of a 5%
H,SO, aqueous solution led to an increase in the specific
surface area of the mineral to 96.57 m?/g, and a 5% HCI
aqueous solution up to 114.13 m*/g.

Complex thermal and chemical activation of clinop-
tilolite caused the appearance of additional adsorption
centres, which can serve as hydroxyl groups of the mineral.
The appearance of additional OH groups during chemical
activation of the mineral with 5% H_ SO, and HCI aque-
ous solutions is due to the interaction of exchangeable H*
ions with oxygen frame atoms. Additional hydroxyl groups
during heat treatment of clinoptilolite arise as a result of
the diffusion of exchange ions into the internal channels of
the mineral structure and their interaction with polarized
water molecules. The use of mineral acids of higher con-
centration (=25%) in the process of activation and heating
to temperatures above 400°C caused the destruction of the
clinoptilolite structure.

Adsorption of DV dye with natural and activated
clinoptilolite was carried out at pH 7, which corresponded
to the maximum value of the light absorption coeflicient.
In adsorption studies, the initial concentrations of DV dye
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solutions did not exceed the CMC (0.36 mol/m?), at which
the dye is able to exist in solution in the form of associates.
Data of adsorption of DV dye by natural and modified 5%
HCl aqueous solution clinoptilolite were consisted with the
Langmuir’s theory, which testified to the monomolecular
mechanism of adsorption and the energy homogeneity of
the adsorption centres of the mineral.

Clinoptilolite activated by the action of 5% HCI aque-
ous solution was characterized by a higher adsorption ca-
pacity (9.53 mmol/kg) relative to the DV dye, compared
to natural clinoptilolite (2.28 mmol/kg). The use of hy-
drochloric acid in chemical activation processes caused

Kochubei et al.

The absorption of direct anionic dyes by zeolites can
proceed by the mechanism of weak chemisorption, com-
plicated by electrostatic repulsive forces that occur between
the negatively charged surface of zeolite and the anions of
direct dyes. The protonation of the zeolite surface, caused
by a decrease in the pH of the medium, is greatly able to im-
prove the sorption capacity of zeolite. Therefore, the pur-
pose of further research may be to study the effect of the
pH of the medium on the efficiency of extraction of anionic
dyes from their aqueous solutions.
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© AHoTauif. V npouecax cunTe3y GapBHUKIB i TEXHOMOTIAX i3 iX BUKOPUCTAHHAM YTBOPIOIOTHCA 3HAYHI Ki/IBKOCTI
CTIYHMX BOJI, SIKi € TOKCMYHVMMIU I10 BiIHOLIEHHIO /IO KMBMX OPraHi3MiB, 110 pOOUTH OUYMIEHHS IPOMMCIOBMX CTOKIB
Bifj OpraHiuHMX 3a0apB/IIOIOYNMX PEYOBMH AKTYA/[bHOI IPOOIEeMOI ChOrofieHHs. Meroo poborn 6yrno mocmipnTn
MIepCIeKTUBY BUKOPUCTAHHA IPUPOJHOrO KIMHONTIIONITY COKMPHUIIBKOTO POJOBMINA Ta JIOTO aKTMBOBAaHUX (HOpPM
y Ipoliecax OYMIIEHHA CTOKIiB Bifj ImpaAMux 6apBHMKIB. AKTUBaLlig IPUPOJHOIO KIVHONTIWIONITY 37i/ICHIOBAIach
06pobkoro 5 % soguumy posunnamyu H,SO, i HCl Ta HarpiBaHHAM BIPOROBX IBOX TOXMH 3a Temmeparypu 300°C.
BB yMoB akTuBalii Ha CTPYKTYpHO-aicOpOLiiiHI XapaKTepUCTUKU KIMHOITUIONITY BCTAHOB/IIOBABCA METOLIOM
KOMIUIEKCHOTO TEPMIYHOro aHajisy. Amcopbuis 6apBHUKA NpsMOro (ioseToBOr0 MPMPOJHMM Ta AKTMBOBAHNIM
KIMHOITIJIONITOM JOCTiKYBalacsa CIeKTpodoTOMEeTPIIHNM MeTofioM 3a pH 7 3a jomxumHu cBiTI0BOI XBui 550 HM,
AKiJl BIiONOBimanmo MakcMMalbHe 3Ha4eHHA KoedillieHTa CBITIONOITIMHAHHA. 3a pe3y/lIbTaTaMU TEPMIiUYHOro aHaji3y
aKTMBOBAHI 3PasKy KIVHOITWIOJITY BiA3HAYa/mmCs GiIbII POSBIHEHOIO IIMTOMOIO IIOBEPXHEIO TA HASBHICTIO 6i/bIIOL
KIBKOCTI TiIPOKCIIBHMX TPYIL sIKi 3HATHI CIYXUTK afcOpOLiHO-aKTMBHUMU LEHTpaMIU IIOBepxHi. Pesymprartn
apgcop6uii 6apBHMKa IPsIMOTO (io/IeTOBOrO IMiAIOPSIKOBYBAINCh MOHOMOJIEKY/IAPHIl Teopil JIeHrMiopa, 1o CBigImio
IIPO eHepreTHIHY OFHOPiAHICTD afcopbuiuux rentpis. [llnsaxom mineapusauii piBHsAHHA i30TepMu afcop6iii Jlenrmiopa
3HAXOAMIN afCOPOLIIHI XapaKTepPUCTUKY IPUPOZHOrO i1 aKTUBOBAHOTO 5 % BogHuM posunzoMm HCl kmuHonruomity
BifHOCHO OapBHMKa NpsiMOro (¢ioneToBOro. AKTMBOBAHMII KIMHONTWIONIT Bifi3HAUaBCS MifIBUIIEHOI0 COPOLiiTHOI0
€MHICTIO (9,53 MMOJIB/KT) Y IOPIBHAHHI 3 IPUPOZHUM KIMHONTIWIONITOM (2,28 MMob/Kr). [TokpalieHHa agcopOLiitHnx
XapaKTEePUCTUK aKTUBOBAHOTO K/IMHOITWIONITY MOACHIOBA/IM JIOTO YaCTKOBYUM JleaTIOMiHyBaHHAM, II0SBOIO B CTPYKTYPi
Me30- Ta MaKpoIlop, 3IaTHUX yTPMMYBaTK MOJIeKyIu OapBHMKA. 3aCTOCYBaHHA B IIpollecax akrusauii 30 % BopgHOro
posuuny H SO, Ta HarpisanHs jio Temmneparyp sumux 400°C BUKINKAIO JIETPA/IAIliio MiHEpaTy, IO Mi/ITBEPIKYBANTOCh
e/IEKTPOHHUMU 300pa)KeHHsAMM Jioro moBepxHi. IIpakTMyHa IiHHICTD [OCIJKEHHs MOJATAa€E B pPeKOMeHAaLil
3aCTOCOBYBATI aKTMBOBAHWIT KIMHONTIIONIT Y IIPOLI€CAX OYMIEHHsI CTIYHMX BOJ Bifi OpraHivHuX 3a6pygHeHDb

© Kniouosi cnoga: neonit; aficopbenT; 6apBHUKM; TEPMiTHUIT aHAi3; KOeilliEHT CBIT/IONMOITMHAHHS; aficOpOiliHi
XapaKTePUCTUKNI
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© Abstract. The problem of waste is becoming increasingly urgent as the volume of waste and its negative impact on
the environment grow. Thermal treatment is one of the most effective methods of reducing the volume of waste, but it
also results in the release of pollutants into the atmosphere. Therefore, the study of air emissions from the incineration
of different types of waste, as well as pellets made from different types of wood, was the aim of this research. During the
visit to the solid waste landfill in Rybne village, waste samples were collected for further research. A comparative analysis
of the level of emissions into the atmosphere of a mixture of waste corresponding to the morphological composition of
the solid waste landfill in Rybne village was carried out. A comparative analysis was also carried out for the level of air
emissions and calorific value of each type of waste, pellets and their mixtures. The study showed that the level of pollutant
emissions into the atmospheric air depends on the type of waste and the technology of its incineration. The highest
pollutant emissions are observed during the incineration of plastic, rubber and bio-waste. Solid fuels such as wood, paper
and textiles emit fewer pollutants. A graph comparing the calorific value of different types of waste and pellets with the
levels of air emissions has been developed. The graph shows that, as a rule, the higher the calorific value of the fuel, the
lower the levels of pollutant emissions. The results of the study are valuable in practice for improving the methods of
household waste utilisation for heat production, in particular, for selecting fuel compositions that minimise the levels of
the studied pollutants in the air

© Keywords: solid household waste; thermal disposal; caloric content; emissions into air; solid particles

@ Introduction

Solid household waste is one of the biggest problems faced  and food waste. MSW continues to grow and poses a sig-
by modern society. Billions of tonnes of municipal solid  nificant challenge to local governments, most of which do
waste (MSW) are generated worldwide every year and this  not keep records of waste generation, sources and charac-
figure is growing. Solid waste (SW) consists of a wide varie- teristics. This lack of information means that decisions on
ty of materials, including plastic, paper, textiles, metal, glass  appropriate waste management are based on assumptions
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and guesswork, leading to mismanagement with serious
environmental consequences. Examples include contami-
nation of rivers and groundwater by landfill leachate, soil
contamination, greenhouse gas emissions and animal mor-
tality. One way to reduce the amount of waste is to convert
it into fuel. Solid household waste and solid fuel pellets are
a source of energy, but during thermal disposal they also
release chemical compounds into the air that can be harm-
ful to human health and the environment.

Studies like A. Kaur et al. (2023) show that MSW pro-
duction will increase from 1.3 billion tons in 2012 to over
2.2 billion tons per year in 2025. This poses serious environ-
mental and sanitary problems due to a lack of disposal sites.
The use of MSW as an energy source is gaining popularity
due to waste-to-energy technologies. These technologies,
including gasification, pyrolysis, and incineration, convert
waste into synthetic gas, which is then used to generate
electricity. Another paper, by O. Bulyandra et al. (2020)
focuses on the development of MSW fuel formulations to
minimize emissions, demonstrating the potential of this
approach. This article complements studies by examining
the impact of waste type and wood pellets on emissions and
calorific value, offering practical recommendations for im-
proving MSW utilization methods for heat production. Ex-
isting research actively explores techniques to minimize the
environmental impact of waste disposal. One such study
by G. Wong et al. (2020) investigated the co-processing of
fly ash and bottom slag from MSW incineration through
low-temperature melting. This approach aimed to reduce
energy consumption and potential leaching toxicity of the
resulting slag, demonstrating the potential for innovative
solutions in waste management.

In recent years, many countries have shown interest in
new environmentally safe and waste-free technologies for
the thermal processing of household waste with the forma-
tion of combustible gases. These technologies make it pos-
sible to obtain energy from solid household waste without
releasing pollutants into the atmosphere. In Ukraine, there
is a national waste management program, which defines
the main directions of the development of the waste man-
agement system in Ukraine until 2030 (Resolution of the
Cabinet of Ministers of Ukraine No. 117-p, 2019). Accord-
ing to the program, by 2030, the level of solid household
waste processing in Ukraine should be at least 50%.

Authors P. Pysarenko et al. (2022) studied the impact of
landfills on the environment and D. Tokarchuk et al. (2023) in-
vestigated the possibility of secondary use. The principles laid
down in their works formed the basis of presented research.
While there are studies on the impact of different Waste-to-En-
ergy technologies on pollutant emissions, there is a lack of in-
formation on emissions from different types of waste and fuel
pellets. This article focuses on filling this gap. The purpose of
the work was to determine the level of emissions of pollutants
into the atmospheric air and emissions of solid particles dur-
ing the burning of waste, according to their different types, as
well as solid fuel pellets, to compare the amount of thermal
energy with the level of emissions into the atmospheric air.

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2
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© Materials and Methods

The following methods were used to achieve the aim of the
study. Sampling of MSW was carried out in the spring and
summer of 2023 on the territory of the “Municipal solid
waste landfill” of Rybne village, Ivano-Frankivsk territori-
al community, Ukraine. Combustible types of waste were
selected for the experimental samples, such as: paper, plas-
tic, rubber, textile, wood, bio-waste and unsorted com-
bustible residues, as well as a combined mixture of waste,
which corresponds to the morphological composition of
the waste of the “Municipal solid waste landfill” of Rybne
village. Reference samples of solid fuel wood pellets were
selected: oak, pine needles 30%, beech 30%, oak 40%, pine
needles 50%, beech 30%, oak 20%, Jerusalem artichoke,
pine needles, beech. Their mixture was taken into account
in the research.

The method of researching the moisture content in
experimental samples of solid household waste and ref-
erence solid fuel pellets was used. It is based on drying
a weight of fuel in a drying cabinet at a temperature of
(140 £50°C) and calculating the mass loss. The selection
of fuel weights from the analytical sample was carried out
in the same way as in the main method of determination,
that is, from two or three places of a thoroughly mixed
analytical sample. Weight of the fuel gauge (5+0.1 g). The
drying cabinet was heated to 140...145°C with the ventila-
tion flaps open. The glasses, with weights, were placed on
the cabinet shelf in such a way that part of the shelf open-
ings remained open. The drying time was 20-30 minutes.
Determination of moisture content was calculated using
the formula:

A% =21 100%, (1)
mz —mg

where m_ is the mass of the crucible; m, is the mass with
the weight of the fuel sample; 1, is the mass of the crucible
after drying with fuel, g. From the selected and appropri-
ately prepared samples of solid household waste and solid
fuel wood pellets, a fuel sample was formed using a press.
The mass of the formed sample tablet corresponded to 1 g
+ 0.05. The sample was placed in a crucible, which was in-
stalled in the holder of the calorimetric cover-bomb, 1 ml
of distilled water was introduced into the bomb and placed
in the calorimeter to conduct an experiment to determine
the heat of combustion.

With the help of a NEUS solid fuel boiler (Noteus LLC,
Ukraine), the process of burning test samples was carried
out. The process of obtaining data on the levels of harm-
ful substances was carried out according to the method of
measuring pollutant emissions from stationary emission
sources. Emissions were measured directly in the centre of
chimney diameter, not less than a distance of two diameters
from the last bend using a measuring probe. The levels of
pollutant emissions into the air were measured by the gas
analyser OKSI 5M (ECOTEST LTD, Ukraine) and the air
quality analyser CEM DT-9881 (CEM Instruments, China).
Meteorological characteristics were measured at the level of
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human breathing (about 2 m). The wind speed was from 0
to 0.2 m/s, the temperature was 18°C. The calorific value
needed for this research was determined in previous study
(Chupa & Adamenko, 2023). To assess the morphological
composition of solid household waste, averaged data for
2020-2021, provided by the Municipal Enterprise “Polygon
solid household waste”, was used. These data were obtained
in accordance with approved by Ministry of Housing and
Communal Services methodological recommendations
(Order of the Ministry of Housing and Communal Services
of Ukraine No. 39, 2010).

© Results

The main methods of disposal of solid household waste are
the following. Burial is the easiest and cheapest method,
but it has a number of negative consequences, such as soil,
water and air pollution. Recycling is a process that allows
to turn solid household waste into secondary raw materials
that can be used for the production of new goods. Thermal
processing is a process in which solid household waste is
burned to obtain energy in the form of heat or electricity.
Thermal processing of solid household waste has a num-
ber of advantages: it reduces the volume of solid house-
hold waste, which reduces the need for the construction of
landfills, receives energy that can be used to provide heat
and electricity; reduces greenhouse gas emissions as solid
household waste is incinerated instead of landfilled. The
increasing volume of waste and its environmental impact
highlight the need for effective waste management prac-
tices. While thermal treatment offers a valuable means
of waste volume reduction, concerns regarding pollutant
emissions remain. Thermal treatment of MSW has some
disadvantages: causes emissions of air pollutants such as
nitrogen oxides, sulphur oxides, carbon dioxide, heavy

metals and particulates; leaves behind waste such as ash,
sludge, slag, boiler ash, effluent and emissions.

When planning the incineration of solid household
waste, the following factors must be taken into account. Dis-
posal technology: it can be incineration to obtain energy,
incineration to obtain chemical products or landfill. Mor-
phological composition: waste can consist of paper, plastic,
metal, glass, organic substances, etc. Necessity of preliminary
preparation of waste: waste may require grinding, sorting,
separation of metal, etc. State of waste: waste can be dry,
wet, contaminated, etc. Fractional composition: waste can
be homogeneous or heterogeneous. Moisture: the moisture
content of waste affects its energy value and composition of
emissions. Slag and ash: slag and ash are formed during the
burning process and require disposal. Emissions into the at-
mosphere during combustion are one of the most important
indicators to consider, as they can have a negative impact on
the environment.

According to data provided by the Municipal Enterprise
“Polygon solid household waste” approximately 64-68% of
solid household waste entering landfills is suitable for energy
recovery. About 32% of solid household waste is not suitable
for energy production, as it is non-combustible, includes glass
and metal, as well as unsorted residue, which is not taken into
account during laboratory studies and calculation of the ener-
gy potential of solid household waste. A study of the ash con-
tent of all types of fuel was conducted, namely 7 samples of
solid household waste of different types, 7 samples of solid fuel
pellets from different tree species and 2 samples of mixtures: a
mixture that corresponds to the morphological composition
of MSW landfill with Rybne village; an averaged mixture of
wood pellets. 16 samples of 1,500 g were prepared according
to the established component composition, which is given in
the Table 1, another group of test samples was also prepared.

Table 1. Description of the investigated components of solid household waste and pellets in the samples

No. Types of pellets Components of solid household waste
1 Oak Paper and cardboard
2 Pine 30%, beech 30%, oak 40% Plastic
3 Pine 50%, beech 30%, oak 20% Wood
4 Artichoke Textile
5 Pine (1) Rubber
6 Pine (2) Bio-waste
7 Beech Unsorted combustible residue

Source: made by the authors

Groups of samples of waste and solid fuel pellets
were burned in a solid fuel NEUS boiler. After complete
combustion of each of the test samples, the working part
of the boiler was cleaned of ash and combustion prod-
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ucts. A total of 16 fuel samples were prepared, of which
8 samples are solid household waste, and the other 8
samples are solid fuel pellets. All of this is presented in
Figure 1.
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Figure 1. Test samples and facility for burning them
Note: a — NEUS boiler; b - solid household waste; ¢ - solid fuel pellets

Source: made by the authors

During the combustion process, a study of the emis-
sions of harmful substances into the atmospheric air was
carried out using the gas analyser OKSI 5M, as well as the
air quality analyser CEM DT-9881, which measured solid
particles. To obtain data on the levels of harmful substanc-
es, the technique of measuring pollutant emissions from

stationary emission sources was used. Emission measure-
ments were carried out directly in the chimney, in the cen-
tre of its diameter, at a distance of at least two diameters
from the last bend. Measurements were carried out using
a measuring probe (Fig. 2). Meteorological measurements
were conducted at head height (2 meters).

Figure 2. Conducting research on atmospheric air pollution levels

Source: made by the authors

From previous studies by V. Chupa & Ya. Adamen-
ko (2023) the calorific value was determined for each of
the samples of solid fuel wood pellets and their averaged
mixture, and different types of waste, as well as a mix-
ture of solid household waste according to the morpho-
logical composition suitable for burning at the Rybne
village landfill. In accordance with the standards for the

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2

maximum permissible emissions of pollutants from sta-
tionary sources, the values of the standards for the max-
imum permissible emissions of vaporous and gaseous
inorganic compounds, as well as suspended solid parti-
cles of undifferentiated composition are given in Table 2
(Order of the Ministry of Environmental Protection of
Ukraine No. 309, 2006).
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Table 2. Norms of maximum permissible emissions of vaporous and gaseous inorganic compounds,
as well as suspended solid particles undifferentiated by composition

The name of the substance

Maximum permissible

The amount of mass loss, g/h

emissions, mg/m’

Substances in the form of suspended solids particles

500 < 50

undifferentiated in composition

Sulphur dioxide (dioxide and trioxide)

. o 5,000 < 500

in converted to sulphur dioxide

Nitrogen oxides (nitrogen oxide and dioxide) in terms of
. o 5,000 < 500
nitrogen dioxide

Carbon monoxide 5,000 < 250

Source: created by the authors

All the averaged results obtained during the study are
shown in Table 3. The most important indicator from the
point of view of the efficiency of obtaining thermal ener-
gy is the calorific value of the fuel, and from the point of

view of the impact on the environment, it is the level of
emissions of pollutants into the atmospheric air. Also, an
integral part of this impact are solid volatile particles that
negatively affect the human respiratory system.

Table 3. Calorific value and atmospheric emissions of the studied samples

Type of fuel i Dust 2.5 Dustl0 CO NO NO_ NO, SO SO, CO
content, J/g x 2 x 2 2
Plastic 39,970.00 0.000968 0.277884 54 510 516 108 498 432  1.90%
Rubber 32,373.00 0.001275 0.324795 78 654 558 108 639 540 2.10%
A mixture of waste from
: 18,487.9 0.000784 0.125671 37 258 282 144 256 72 1.50%
the Rybne village landfill
1 0, 0,

Lo S0t Lol 51050, 18,399 0.000571 0.005463 21 24 6 36 24 27 0.10%

oak 40%
Oak 18,313 0.000461 0.003628 19 54 30 144 54 21 020%
Average pellet mixture 17,947.16 0.000510714  0.004117286 22 55 22 82 55 42 0.25%
Tree 17,947.00 0.000562 0.001287 34 342 432 72 339 108 0.60%

1 0, 0,

Ietisce S8t Lol 51050, 17,882 0.000613 0.004273 24 @ 17 108 42 10 0.30%

oak 20%
Artichoke 17,728 0.000487 0.003471 23 72 42 108 72 12 0.40%
Pine (2) 17,693 0.000581 0.003962 25 78 18 36 78 19 025%
Beech 17,668 0.000389 0.003285 17 54 30 72 54 17 0.15%
Pine needles (1) 17,643 0.000473 0.004739 24 60 24 72 60 42 0.35%
Textile 17,580.00 0.000751 0.124621 53 348 426 108 338 360 1.10%
Bio-waste 13,637 0.000543 0.001675 76 570 582 144 557 468 1.30%

| 54

Ecological Safety and Balanced Use of Resources, 2023, Vol. 14, No. 2



Chupa & Zhovtulia

Table 3. Continued

Type of fuel Calorie Dust 2.5 Dustld. CO NO NO_ NO, SO SO, CO
content, J/g X 2 X 2 2
Paper, cardboard 13,457.00 0.000457 0.001354 43 426 492 108 418 288  1.50%
Uinoried wolous bl 9,622.00 0.000897 0.018467 45 426 492 72 409 612 1.70%

residue

Source: created by the authors

According to the obtained data in the Table 3, a visual-
ization of the obtained data using a summary graph is vis-
ible (Fig. 3). It can be noted that such types of solid house-
hold waste as plastic and rubber have a rather low level of
moisture within the range of 3-5%, which accordingly has
a positive effect on their combustible properties. All types
of wood pellets are characterized by a low level of mois-
ture and a sufficiently high level of calories, regardless of
their origin (type of wood). Samples such as paper, textiles,

wood waste, a mixture of solid household waste from the
Rybne village landfill, unsorted combustible residue of sol-
id household waste and bio-waste showed the worst indica-
tors of the ratio of caloric content to moisture. The mass of
bio-waste is the least suitable for obtaining thermal energy,
without preliminary preparation, the moisture content can
be significantly reduced with the help of preliminary dry-
ing, but this is an additional cost of thermal energy. For
bio-waste, the best disposal solution remains composting.

‘/ 7 ) \‘
40,000.00 70.00
e Calorie content, J/g [ Moisture, %
35,000.00 60.00
Linear (calorie content, J/g)
30,000.00
50.00
25,000.00
y=-1,130.7x + 28,757 40.00
R*=0.5578
20,000.00
30.00
15,000.00
20.00
10,000.00
5,000.00 10.00
0.00 0.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
N 2

Figure 3. The ratio of caloric content and moisture level of experimental samples
Note: 1 - plastic; 2 — rubber; 3 — a mixture of waste from the Rybne village landfill; 4 - pine 30%, beech 30%, oak 40%;
5 - oak; 6 — average pellet mixture; 7 — tree; 8 — pine 50%, beech 30%, oak 20%; 9 - artichoke; 10 - pine (2); 11 - beech;
12 - pine needles (1); 13 - textile; 14 - bio-waste; 15 — paper, cardboard; 16 — unsorted combustible residue

Source: made by the authors

Figure 4 and Figure 5 illustrate the levels of emis-
sions of harmful substances into the atmospheric air dur-
ing the burning of solid household waste and solid fuel
wood pellets, respectively. The blue line of the graphs
indicates the level of thermal energy released during the

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2

burning of the test samples, the orange line indicates
the norms of the maximum permissible output for such
harmful substances as NO_, SO_and their derivatives
NO, NO,, SO,, the grey line shows the normative level of
the maximum permissible output CO carbon monoxide.

B Y
55 |




Study of emissions into the atmosphere...

Ve I
Dust 2.5 I SO, I Dust 10 s SO,
. Co ==@== Calorie content, J/g Normative B NO @ CO,
s NO, e value NO, and SO, . NO, Normative value CO
yg e Linear, NO me/m?
42,000.00 700
630
36,000.00
560
30,000.00 490
24,000.00 420
350
18,000.00 280
12,000.00 210
140
6,000.00
70
0.00 0
\ /

Figure 4. Graph comparing the level of caloric content and emissions into the atmosphere of solid household waste

Note: 1 - plastic; 2
board; 8 — unsorted combustible residue
Source: made by the authors

- rubber; 3 - a mixture of waste from the Rybne village landfill; 4 - tree; 5 - textile; 6 — bio-waste; 7 — paper, card-

J// K\\
Dust 2.5 I Dust 10
m CO [ NO
. NO, = NO,
I SO, I SO,

Jig ==@=Calorie content, J/g =8—CO, mg/m3
42,000 ==@==Normative value NO, and SO, Normative value CO 700
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560
30,000 490
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Figure 5. Graph comparing the level of caloric content and emissions into the atmosphere of solid fuel wood pellets
Note: 1 - pine 30%, beech 30%, oak 40%; 2 - oak; 3 - average pellet mixture; 4 — pine 50%, beech 30%, oak 20%; 5 - artichoke;

6 —pine (2); 7 - beech; 8 - pine needles (1)
Source: made by the authors
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After analysing the graphs, it can be seen that the high-
est rate of emission of harmful substances into the atmos-
pheric air is observed in samples of rubber, bio-waste and
plastic. At the same time, the best ratio of caloric content
(18,399 J/g) to atmospheric emissions is in the samples of
the pellet mixture (Pine 30%, beech 30%, oak 40%). Also,
the worst ratio of caloric content (9,622 J/g) to atmospheric
emissions is observed in samples of unsorted combustible
residue. Also, it can be noted that excess emission levels
of pollutants such as NO_and SO, are observed in rubber,
plastic and bio-waste, and excess CO emission levels are
not observed, since the level of carbon monoxide charac-
terizes the quality of the combustion process itself and its
efficiency solid fuel installation.

© Discussion

It’s crucial to compare the calorific values of various waste
types with studies conducted in different settings. A broad-
er approach ensures comprehensive understanding and
enables more accurate assessments of the energy poten-
tial inherent in various types of waste. Understanding the
environmental impact of burning different waste types is
crucial for making informed decisions about waste man-
agement practices.

The A.O. Popoola et al. (2023) research focuses on eval-
uating the calorific potential of MSW in Enugu, Nigeria,
for electricity generation, providing comparisons across
different landfill sites. This variation in waste composition
and calorific values underlines the importance of regional
studies in understanding waste-to-energy efficiency. Such
comparisons validate the relevance of further research in
this domain, including the investigation of emissions from
waste combustion. Unlike the studies of the M.C. Unegg et
al. (2023), who focused their research on the comparative
analysis of CO, emissions with different types of waste
management and J. Saleem ef al. (2023), who considered
only the same type of waste, such as plastic, authors of the
presented research focused their attention on the study of
toxic emissions from various types of waste. Several stud-
ies, like the one by M. Abis et al. (2020), analyse the state of
MSW management in the EU, highlighting the importance
of increasing recycling rates and optimizing ash recovery
from incineration. This current research builds upon such
efforts by investigating air pollutant emissions from various
waste types during thermal treatment.

The study of thermal utilization of municipal waste
and its impact on air emissions is a topical area. In the pa-
per, the authors analyse pollutant emissions from the com-
bustion of various types of waste and wood pellets. Their
results confirm the dependence of emissions on the type
of waste and combustion technology, with plastic, rub-
ber, and bio-waste showing the highest levels of pollution.
This study complements R. Nandhini et al. (2022) work
by focusing on a specific waste composition at a landfill in
Rybne, Ukraine. Burning technology is also important in
thermal disposal of household waste. For example, the pa-
per by C.I. Idumah (2022) examines the impact of different
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combustion technologies on pollutant emissions. This arti-
cle complements existing research by studying the pollut-
ant emissions of different types of waste and wood pellets
made from different types of wood.

The work of A. Voronych et al. (2023) analysed the
morphological composition of MSW. The approximate per-
centage of SW suitable for energy utilization from the total
mass of SW entering landfills has been determined. The
level of reduction in mass of MSW during incineration was
determined. Some characteristic parameters of thermal
treatment of SW by experimental method were determined.
The location of this study coincides with this research, so
the data obtained by the researchers formed the basis of
this analysis and comparison of the obtained results. C.
Yue et al. (2022) directed their research in a slightly differ-
ent direction of analysis of the process of energy recovery
from solid household waste, namely pyrolysis and the effect
on this process of different proportions of gases in the reac-
tor of the pyrolysis plant. This research on the contrary de-
scribes a less technically complex process of energy recov-
ery from solid household waste, but the principles of using
waste as a source of thermal energy are somewhat similar.

The authors of the study analysed the possibility of
producing fuel pellets using bio-waste and its ash. The pro-
cess of creating such fuel pellets is quite complicated, as the
authors B.R. De Almeida Moreira et al. (2021) emphasize
that this fuel is a possible substitute for coal. In authors re-
search, the path of simpler processing of bio-waste than the
production of coal from it was chosen. H. Tran et al. (2023)
examine the emissions of pollutants into the atmosphere
accompanying the production of fuel pellets from wood
waste. The direction of such research is very interesting,
since few people are engaged in researching the negative
effects of the production process itself, in particular, this as-
pect is not taken into account in presented research, but in
the following publications authors want to pay attention to it.

In their study, N. Bublienko et al. (2020) meticulously
analysed emissions from the combustion of plant residues,
which contrasts combustion of MSW and pellets in this
study. Specifically, the authors considered emissions result-
ing from the combustion of fallen leaves and explored their
cost-effective processing to produce a biostimulant. They
investigated the environmental impact of these emissions,
which can offer valuable insights into sustainable waste
management practices. An interesting study is the work of
Y. Zhang et al. (2022). The scientists analysed the emissions
of pollutants into the atmosphere if co-combustion is car-
ried out in different proportions of excavation waste with
municipal waste. The authors concluded that such incin-
eration with less than 40% of MSW mixed with excavation
waste and a sufficiently low combustion temperature can
not only improve the overall combustion of waste but also
reduce emissions.

Pyrolysis technology allows to decompose solid house-
hold waste at a temperature of 500-900°C without access
to oxygen. Gasification technology allows solid household
waste to be decomposed at a temperature of 800-1000°C
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in the presence of oxygen. At the same time, combustible
gases are formed, which can also be used for the produc-
tion of electricity or heat. These technologies are promising
for solving the problem of solid household waste, as they
allow obtaining energy from solid household waste with-
out negative impact on the environment (Pan et al., 2022;
Lopushniak et al., 2023). In previous authors studies, the
thermal potential of household waste was also analysed,
and the possible calorific value of waste mixed with pellets
made from wood and energy crops was calculated.

The study in question delved into the ecological effi-
ciency of utilizing various types of solid fuel pellets and sol-
id domestic waste as a substitute energy source. A critical
factor considered was the balance between the fuel’s calo-
rific value, which signifies its energy potential, and the level
of harmful substance emissions that impact the environ-
ment. Solid fuel pellets, specifically a blend of pine, beech,
and oak in specific ratios, exhibited high efficiency.

© Conclusions

High efficiency of solid fuel pellets conditioned primarily
due to their combination of high calorific value and low
emission levels, making them a favourable option for use
in heat-generating systems that aim to minimize adverse
effects on the atmosphere. On the contrary, unsorted com-
bustible waste, which can also serve as fuel, presents a lower
energy value and a higher level of harmful emissions. This
makes it a less preferable choice from an environmental
perspective, despite its potential for energy production. To
effectively illustrate the findings of the study, a compara-
tive graph was developed. This graph demonstrates the re-
lationship between calorific value and emission levels for
different fuel types. By plotting these variables against each
other, the graph provides a clear visual representation of
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the trade-offs between energy potential and environmental
impact. This graph can serve as a valuable tool for selecting
the most efficient and eco-friendly fuel for specific needs. It
allows users to consider their individual requirements for
energy efficiency and environmental standards, thereby fa-
cilitating informed decisions about fuel choices.

The study underscores the importance of considering
both energy efficiency and environmental impact when
evaluating potential fuel sources. While some fuels may
offer high energy output, their environmental costs may
outweigh their benefits. Conversely, fuels with lower ener-
gy output but minimal environmental impact may prove
to be more sustainable in the long run. In conclusion, the
study provides a comprehensive analysis of the ecological
efficiency of various fuels, offering valuable insights for
those seeking to balance energy needs with environmen-
tal responsibility. The comparative graph developed from
the study’s findings serves as a practical tool for visualiz-
ing these trade-offs and making informed fuel choices. An
additional direction of future research will be focused on
the generalization and analysis of the obtained research re-
sults. Having combined the obtained results, it is planned
to develop an automated calculation complex that will re-
ceive input data: calorific value, ash content and emissions
into the atmospheric air during the burning of pellets and
household expenses, and at the output will provide per-
centage values of fuel compositions according to the initial
parameters needed.
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© AHortauis. [Tpobnema BiffxO/iB cTa€ BCe TOCTPIIIOI, OCKiMBbKM KiZIBKICTh BiAXOAiB i iX HeraTMBHMII BIUIMB Ha
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€ IIHHMMM Ha IPaKTUL] A MOKpallleHHA MeTOAiB yTwIisanii moOyToBMX BiTXopiB 1A BMPOOHUIITBA TEIIOBOI eHepril,
30KpeMa, I BM60py ITa/IMBHYX KOMIIO3MLIi, [0 MiHIMi3yIOTb piBHI JOCIIKYBaHNX 3a0pySHIOBAYiB y OBiTpi
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© Abstract. The relevance of the study is determined by the issue of assessing the condition and utilization of forest
cover within the territory of the Skole Beskydy National Nature Park, as well as the necessity to develop effective methods
for monitoring and conserving forest ecosystems. The purpose of the study was to investigate the dynamics of forest cover
changes within the Skole Beskydy National Nature Park, as well as to assess the losses of forest resources in this area and
recommend the obtained series of images to enhance the forest management system. The research was conducted using
a comprehensive approach combining various methods of studying forest cover changes and their comparison. The basis
for applying remote sensing technologies was the use of specific multispectral satellite images combined with attribute
information on forest land geospatial data. The most progressive methods of studying changes in forest plantations based
on remote sensing data using geographic information systems have been demonstrated. Satellite images were obtained
from the Landsat 8 satellite data set through the United States Geological Survey data portal. The normalized burn ratio
and normalized difference vegetation index are calculated and compared. An analysis was also carried out using the
Global Forest Watch online resource. As a result of the study, changes in forest cover were identified, an assessment of
the changes was provided, and a map reflecting forest changes that occurred in the Skole Beskydy National Nature Park
from 2000 to 2020 was developed. According to the results of the analysis, a low level of losses of forest plantations due
to natural factors, including losses from fires, was established. The main part of forest losses is caused by anthropogenic
factors. The practical significance of the results lies in the possibility of using the obtained series of images within public
control and improving the forest management system
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@ Introduction

In the modern world, the urgent problem of deforestation
and logging of forest areas underscores the importance of
systematic monitoring of forest ecosystems for their pres-
ervation. The application of satellite imagery significantly
enhances the efficiency of landscape monitoring and serves
a wide range of practical and scientific purposes. The use
of geographic information systems (GIS) for data analysis
and processing allows for the effective management and
monitoring of forest areas. This approach is particularly
crucial for open forest territories, as traditional on-site data
collection methods are time-consuming and require signif-
icant financial and labour resources. Satellite monitoring of
forest areas provides the opportunity to detect, track, and
assess the dynamics of changes in forest ecosystem cover
over extensive areas.

To enhance the effectiveness of monitoring changes in
forest plantations, a comprehensive approach that combines
various research methods is crucial. One such method is
the utilization of the Global Forest Watch (GFW) map of
global forest changes. In their study, O. Yakovenko (2023)
examined the distribution characteristics of forest vegeta-
tion on forest “islands” in the Chernihiv Polissia Region
and the dynamics of their area over the past 20 years using
the GFW online resource. The research demonstrated the
high effectiveness of the GFW online resource in studying
the dynamics of forest resource changes. By incorporat-
ing additional research methods into the analysis of forest
cover changes, a more comprehensive and coherent result
could be achieved, allowing for the comparison of data ob-
tained through different methods.

Among Ukrainian researchers involved in studies of
forest cover change using Earth remote sensing data, nota-
ble works include those by O.H. Chaskovskyy & H.H. Hr-
ynyk (2020) and O. Barabash et al. (2021). In the study by
O.H. Chaskovskyy & H.H. Hrynyk (2020), the GFW map
and Sentinel-2 satellite data were utilized to assess forest
loss in the Ukrainian Carpathians. The results confirmed
the validity of employing various research methods for data
comparison and detecting changes in forest cover caused by
both logging and natural factors. In the research conducted
by O. Barabash et al. (2021), the calculation of the normal-
ised difference vegetation index (NDVI) using Landsat 5
and 8 satellite data was applied to track vegetation changes
in the Chernobyl exclusion zone. An information system
for analysing temporal vegetation changes over decades
was developed in the article. The results of NDVI determi-
nations based on Landsat 5 and Landsat 8 satellite image
series for the summer periods of 2000, 2010, and 2020 in
the Chernobyl exclusion zone were analysed. The research
demonstrated that these methods are sufficiently effective
for analysing the dynamics of vegetation status over time
and allow for identifying overall positive-negative trends in
vegetation cover change in the studied area.

Effective development of Earth remote sensing meth-
ods has also been facilitated by E. Lossou et al. (2019),
C. Shang et al. (2020) and M.]. Faruque et al. (2022). In
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the study by C. Shang et al. (2020), effective forest mapping
by attributes using remote sensing data was demonstrated.
M.]. Faruque et al. (2022) assessed the dynamics of land
use and land cover changes for the years 1990, 2000, 2010,
and 2020. The analysis revealed a decrease in agricultural
lands and an increase in aquaculture. Researchers E. Los-
sou et al. (2019) used optical remote sensing and spatial
analysis methods to assess the condition of forest estates.
The results of the study showed that forest reserves in the
region, which were among the richest in terms of species
diversity in high-altitude forests, had undergone signifi-
cant degradation. The scientists concluded that the use of
remote sensing and GIS to detect, quantitatively assess and
explain changes in land cover types is effective. The high
relevance and promising development prospects of earth
remote sensing methods in forest studies were demonstrat-
ed by researchers E. Abad-Segura et al. (2020).

The Skole Beskydy National Nature Park (Skole Besky-
dy NNP) was established with the aim of preserving, re-
storing and sustainably using landscapes in the western
part of the Ukrainian Carpathians, which contain typical
and unique natural complexes of significant ecological, aes-
thetic, scientific, educational, recreational and health val-
ue (Decree of the President of Ukraine No. 157/99, 1999).
Therefore, it is important to conduct scientific research on
natural complexes and their changes under conditions of
recreational use. The purpose of the study was to moni-
tor the changes in the forest plantations within the Skole
Beskydy NNP, to assess the forest loss in the area and to
recommend the obtained images for the improvement of
the forest management system.

© Materials and Methods

The study was carried out as follows: obtaining and pro-
cessing satellite data; performing segmentation and classi-
fication of the obtained images; calculating the NDVT and
the normalized burn ratio (NBR); conducting an analysis of
forest cover change using the online resource GFW; com-
paring data from different time periods based on NDVI
calculations and GFW data; identifying changes in forest
cover within the Skole Beskydy NNP during 2017-2022;
assessing changes in forest cover within the Skole Beskydy
NNP; based on the analysis results, recommending the ob-
tained images for the possibility of responding to changes
in forest cover. In order to obtain an up-to-date and dy-
namic analysis of forest cover changes, the study period
from 2017 to 2022 was chosen.

The United States Geological Survey (USGS) website
was used to obtain satellite images. The USGS Earth Ex-
plorer data portal was used to access a range of geospatial
data. The Earth Explorer browser was used to download
images from open archives, allowing the selection of im-
ages based on criteria such as scanner type, months of
the year during the growing season, day or night capture,
and maximum allowable cloud cover. This browser allows
the selection of images for a specific area in vector format
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(Longhenry et al., 2011). The study used satellite imagery
from the Landsat 8-9 satellite.

NDVI and NBR measurements were used to monitor
disturbed areas. The NDVT is a standardised vegetation in-
dex based on satellite imagery that reflects green biomass.
Green biomass absorbs electromagnetic waves in the vis-
ible red spectrum and reflects them in the near infrared
spectrum. Chlorophyll absorbs solar radiation in the red
spectrum (0.62-0.75 pm), while the reflection of energy by
leaf cell structure occurs in the near infrared (0.75-1.3 um).
High photosynthetic activity results in low reflectance co-
efficients in the red spectrum and high coefficients in the
near infrared. Comparing these values allows vegetation to
be distinguished from other natural objects. The index is
sensitive to changes in soil and atmospheric background,
except in situations with limited vegetation.

The values of the NDVI range from -1.0 to 1.0. Neg-
ative values often indicate the presence of clouds, water
bodies, or snow, while values close to zero indicate rocky
terrain or bare soil. Very low NDVI values (0.1 and below)
may indicate the presence of barren rocky areas, sand, or
snow. Moderate values (from 0.2 to 0.3) suggest the pres-
ence of shrubs and grasslands, while high values (from 0.6
to 0.8) are characteristic of forests in temperate and tropical
regions (Reszka & Fuentes, 2015). The formula for calculat-
ing the NDVT is as follows:

(NIR—Red)

NDVI = ,
(NIR+Red)

(1)
where NIR(B5) is 760-900 nm, near-infrared spectral range;
Red(B4) is 630-690 nm, visible red spectral range. NBR is
used to detect areas affected by fire. The NBR formula in-
cludes indicators obtained from signals at wavelengths cor-
responding to both the near-infrared and shortwave infra-
red spectral ranges. Healthy vegetation is characterized by
high reflectance in the near-infrared spectrum, while areas
recently burned by fire are well distinguished in the short-
wave infrared spectrum. During the calculation of this in-
dex, a raster image obtained using channels of the near-in-
frared and shortwave infrared spectral ranges is used. NBR
values range from +1 to -1. Low NBR values (less than
-0.66) indicate significant vegetation damage by fires. Val-
ues (-0.66 to -0.1) indicate moderate vegetation damage by
fires. Values (-0.1 to 0.1) indicate areas with no vegetation.
Values (0.1 to 0.3) correspond to areas with vegetation re-
covery. Values above 0.3 indicate the presence of vegetation
(Alcaras et al., 2022). The formula for the NBR index is:
NBR = M) )
(NIR+SWIR2)
where NIR(B5) is near-infrared spectral range; SWIR2 is
shortwave infrared spectral range, mid-infrared zone. The
QGIS GIS platform was used. QGIS is a free cross-plat-
form GIS. One of the most advanced directions in GIS
development is the combination of GIS technologies and
remote sensing data processing (Manson et al., 2015). To
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analyse long-term changes in forest cover, the GFW Inter-
active world forest map (n.d.) was also used. GFW is an
open-source web application designed for monitoring for-
est resources almost in real-time. The project is an initia-
tive of the World Resources Institute in collaboration with
the University of Maryland, Vizzuality, Google, Esri, U.S.
Agency for International Development, and others. GFW
provides the latest data, tools, and technologies for effective
forest monitoring worldwide. The data in GFW are already
classified and ready to use (Portillo-Quintero et al., 2021).
The platform allowed setting necessary criteria for infor-
mation search and provided a detailed overview of the for-
est status in the selected area.

The tree cover loss indicator shows the annual loss of
tree canopy, defined as the replacement of vegetation at
stand level above 5 metres within the selected area. The
indicator of tree cover gain is determined as woody vege-
tation taller than 5 metres, which can take the form of natu-
ral forests, woodlands or tree plantations within the canopy
density range (Myronyuk & Bilous, 2017).

© Results and Discussion
To analyse the overall condition and trends in forest cov-
er dynamics, remote sensing technologies are often ap-
plied. Remote sensing data obtained from satellites can
be used for monitoring and mapping land use and vege-
tation cover. Observing changes is most commonly done
by using multispectral satellite images acquired at differ-
ent times, based on which analysis and forecasting are
conducted. The use of specific multispectral satellite im-
ages, combined with attribute information on the geo-
spatial data of forested areas, forms the basis for remote
sensing technology applications. The result of land mon-
itoring is a cartographic image showing changes in land
cover. The detected changes, recorded in different time
satellite images, allow for an assessment of these changes.
The images undergo digital processing and visual analy-
sis. GIS based on remote sensing data allows for calculat-
ing areas and comparing changes over a selected period.
The study of forest cover in the Skole Beskydy NNP
was carried out using remote sensing. The online platform
of the USGS Earth Explorer data portal allows instant vis-
ualisation of satellite data from different satellites and data
collections. The search function was used to identify the
location of the study area, and the polygon tool was used
to create a polygon layer around the study area. Based on
the search results, one image was selected from each of
the years 2017, 2018, 2019, 2021 and 2022 within the July
and August. The selected image is from August 4, 2017
(Fig. 1). The selected satellite images were downloaded in
the fourth (B4), fifth (B5), and seventh (B7) channels in
tag image file format for further analysis. Satellite imagery
was obtained from Landsat 8-9 OLi/TIRS Collection Lev-
el 1 data. In conducting geospatial analysis, open-source
QGIS desktop GIS software was used to process pre-
pared cartographic materials (Chaskovskyy et al., 2021).
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To conduct the analysis of satellite images within the
territory of the Skole Beskydy NNP, a raster image was ex-
tracted based on the mask layer. The layer style was set for
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NDVI values ranging from < 0.2 to 0.9. Upon completing the
settings, a ready raster layer within the Skole Beskydy NNP
boundaries with the calculated NDVI was obtained (Fig. 4).
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Figure 4. Raster layer of the Skole Beskydy NNP with the NDVT dated August 4, 2017

Source: made by the authors

The same actions were then repeated with the re-
maining satellite images. Ready raster layers were ob-
tained for the period 2017-2022. On the maps, areas
marked in red, corresponding to values < 0.2, indicate
places with absent forest cover and areas dominated by
shrubs and grasslands (0.2-0.3). The next step involved
calculating the NBR index. Recently, the vegetation in-
dex NBR has gained special significance due to the in-
creasing frequency of extreme weather events leading
to fires and destruction of forest stands. NBR is widely
used in forestry to detect fires, analyse fire intensity, and
monitor vegetation surviving after a catastrophe. It re-
flects the spectral brightness curve of the index.

Detecting forest logging presents challenges in cases
where logging occupies a small area or is selective. All
disturbances to the forest cover (associated with both log-
ging activities and natural factors) generally have simi-
lar spectral decoding characteristics. Partial or complete

disturbance (removal) of forest cover results in a de-
crease in the reflection coefficient in the NIR zone of
the spectrum, due to a decrease in chlorophyll content.
At the same time, the reflection coefficient increases in
the SWIR zone, attributed to the emergence of open soil
areas. Additionally, logging sites experience an increase
in the reflection coefficient in the visible range (in the
red channel), as open soil reflects more solar radiation
than tree canopies.

The images obtained from the Earth Explorer re-
source were downloaded into QGIS, and using the
Raster Calculator tool, the NBR index was computed.
Subsequently, similar to the process with the NDVT, the
calculated raster images for the NBR index were cropped
using the mask layer. The resulting layer with the cal-
culated NBR index from August 23, 2018, is presented
(Fig. 5). A comparison of the indicators of vegetation
absence using the NDVT and NBR is shown in Figure 6.
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Figure 5. Raster layer of the Skole Beskydy NNP with the NBR index dated August 23, 2018

Source: made by the authors
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Figure 6. Comparison of vegetation absence using NDVI and NBR indices dated August 4, 2017

Source: made by the authors

Visual analysis of the comparison between the results of
analysis using NDVI and NBR indices showed a similarity

in the areas with absent forest cover. Figure 7 depicts the re-
sult of the statistical report within the period of 2017-2022.
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Figure 7. Diagram of areas with absent vegetation cover based on the calculation of the NBR index results

Source: made by the authors

Also, for the analysis of changes in forest cover, GFW
was used. The data obtained on the GFW website are
widely used in global forest research by leading scientists
and represent significant progress in monitoring forest re-
sources. With GFW, the following data can be obtained:
the area of forests in the selected area; the area of forest
loss, their dynamics over the years, and their spatial rep-
resentation on the map (for some regions and reasons);
the area of new plantations and their representation on
the map; tracking of forest fires and their consequences;
forest composition by species; the ability to view protect-
ed areas with clear boundaries; tree biomass density; key
climate indicators (e.g., carbon dioxide emissions from
forest loss) and others. This resource contains both for-
est loss and forest gain maps for the years 2001 to 2022.
On the website, users can select or download a file with

s

AN

the area of interest for analysis and map presentation.
Users can also specify the years in which these losses or
gains occurred. Forest loss includes changes in both nat-
ural and planted forests and is not necessarily caused by
humans. All these indicators are dynamic and have been
tracked since 2000 and updated almost in real-time. A
similar analysis has been conducted for the area of Skole
Beskydy NNP protected landscape area. Maps displaying
forest loss during the observation period from 2017 to
2022 were utilized in the study. Moreover, maps with a
canopy cover exceeding 30% were chosen for comparison.
Figure 8 displays the occurrence of forest loss during the
year 2017 in Skole Beskydy NNP. According to the anal-
ysis, the forest loss in 2017 is approximately 55 hectares.
Based on the research results, a map of total forest loss for
the period 2017-2022 has been created (Fig. 9).
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Figure 9. Map of cumulative forest loss in the Skole Beskydy NNP
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Source: made by the authors

From 2017 to 2022, forest losses amounted to ap-
proximately 302 ha, which corresponds to a decrease in
forest cover of 0.97% since 2000. According to the ana-
lytical data downloaded from the GFW website, forest
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losses in the Skole Beskydy NNP during the period
2017-2022 are shown in Figure 10. Forest cover losses,
including those due to fires in the Skole Beskydy NNP,
are shown in Figure 11.
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Figure 10. Diagram of forest loss within the Skole Beskydy NNP from 2017 to 2022

Source: made by the authors
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Figure 11. Diagram of forest loss with the indicator of losses from fires from 2017 to 2022

Source: made by the authors

According to the analysis, it is evident that the propor-
tion of forest loss due to fires was highest in 2020 (0.6089
hectares), accounting for 0.77% of the total forest loss in
that year. The overall forest loss during the period from
2017 to 2022 amounts to 301.3475 hectares, with 0.8633
hectares attributed to fires, representing 0.0029% of the
total share. Due to differences in research methodology,
it is not possible to directly compare forest loss estimates
from the GFW maps with the results of calculating vegeta-
tion absence using the NBR index. However, it is possible

to make relative comparisons to understand the overall
trend in forest cover changes. The results obtained from
the GFW maps represent the loss of tree cover (loss of veg-
etation at the level of stands of more than 5 metres). On
the other hand, the results of the analysis using the NBR
index provide an assessment for only one satellite image on
a specific date and reflect both absent vegetation and some
recovering vegetation. A comparison of vegetation absence
according to the NBR index with forest loss results from the
GFW website is shown in Figure 12.
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Figure 12. Comparison of diagrams showing the dynamics of forest cover changes based on GFW maps and the NBR index

Source: made by the authors
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As shown in Figure 12, the forest loss indicators from
GFW for 2017-2022 differ slightly from the calculated
NBR index values, but the trend of change dynamics is
similar. Determining forest loss using vegetation index
analysis becomes challenging when deforestation is small
scale or selective. The results obtained from the GFW data
can be considered more accurate due to the use of mul-
tispectral satellite imagery from the Landsat 5 Themat-
ic Mapper, Landsat 7 Thematic Mapper plus and Land-
sat 8 Operational Land Imager sensors. The data were
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processed and analysed on the basis of a large number
of satellite images (Shimizu et al., 2020). Observations
of the clear land surface in the satellite images were col-
lected and a controlled algorithm was applied to identi-
ty tree cover loss at the pixel level. To provide a broader
perspective on the dynamics of forest loss and gain with-
in the Skole Beskydy NNP, data for a longer period were
analysed. Using data from the GFW resource, which al-
lows for the analysis of forest loss from 2001 to 2022 and
tree cover gain from 2000 to 2020, Figure 13 was created.

MAP DASHBOARD HELP v ABOUT v BLOG
\ ; v TR | N
ol € LEGEND ul ANALYSIS
Ao
forest £ From 2001 to 2020,
CHANGE skoliv. Beskydy 2017_2022yy lost 3.05
- kha of tre ivalent to a 9.8%
_A_' decrease in tre since 2000.
LAND COVER -
""1‘
= ﬂ M
: ,
o use [ T 18| [ [ ]
0103 05 07 09 M 135 W 20 v
Mt Gy
w
BIODIVERSITY |
@ i TREE COVER GAIN IN 00
| SKOLIV_BESKYDY_2017_2022YY
BreloRe [
- 2022yy gained
Q | Y er equal to 0.89% is
SEARCH
“..
[
& % ( DASHBOARD
MYGFW e

i

OTHER TOOLS v

Nati
Pawskolw
!Eeskydy

m

Figure 13. Forest loss and gain from the GFW website

Source: made by the authors

At the time of the study, the resource allowed analysis
of forest loss up to and including 2022. However, informa-
tion on forest cover gain is only available up to 2020. There-
fore, to obtain a comprehensive and accurate comparative
map of forest loss and gain, data up to 2020 were used. The
image shows the changes that have occurred: pink dots
represent tree loss from 2001 to 2020, while blue dots rep-
resent forest gain from 2000 to 2020. From 2001 to 2020,
the Skole Beskydy NNP lost 3.05 thousand hectares of tree
cover, which is a decrease of 9.8% since 2000. From 2000 to
2020, the Skole Beskydy NNP will gain 292 hectares of tree
cover, which is 0.89% of its total area.

The use of vegetation indices allows for obtaining data
on changes in forest cover caused by fires and other fac-
tors. This is corroborated by researchers M. Mishkin & J.A.
Navarrete Pacheco (2022), who indicate in their study the
effectiveness of remote sensing combined with GIS for the
management and conservation of natural resources. Studies
conducted in reserves have shown that rapid assessments of
forest loss, combined with field studies, can lead to more
effective interventions in crisis areas. Analysing the dy-
namics of forest change can provide accurate identification
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of focal areas for further intervention in forest conserva-

tion and management strategies. The analysis conducted
using the NDVT has proven useful for characterizing veg-
etation cover and obtaining cartographic products essen-
tial for forest monitoring and detecting changes in forests.
Similar conclusions were reached by researchers G.L. Spa-
doni et al. (2020). In their work, scientists created raster
forest maps for the territory of Italy using remote sensing
methods. Specifically, Sentinel-2 multispectral images were
used to obtain NDVI values.

The NBR index also proved effective in determining
forest loss within the study area. Visual analysis of images
without vegetation cover using both NDVI and NBR in-
dices confirmed the similarity of results in areas without
forest cover. In the study by T. Kartika et al. (2019), NBR
was used to detect forest loss in Riau province. The research
results showed that the analysis of forest cover changes us-
ing the NBR index provides good results, and the informa-
tion obtained can be used to detect deforestation, among
other purposes. O. Soshenskyi et al. (2022) investigated the
extent of forest damage caused by forest fires in the Lu-
hansk Region. The scientists used a slightly different meth-
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odology, namely different indices — the Composite Burn
Index and the Geometrically Structured Composite Burn
Index. The authors of the study confirmed the effectiveness
of remote sensing data, particularly in cases where it is nec-
essary to map the effects of fires. However, they found that
the Composite Burn Index is not always suitable for use, as
it can overestimate the level of fire danger.

An important and effective tool for studying the state
of forests is the use of the GFW online platform. Inaccu-
rate information about forest resources can hinder forest
conservation, restoration efforts, and sustainable manage-
ment. Remote sensing methods have become key tools for
monitoring forest cover. The GFW dataset, as an interac-
tive remote sensing product, is currently used by more than
2 million users, including researchers, conservationists,
and local communities, to analyse changes in forest cover.
Therefore, understanding the accuracy of the GFW dataset
is crucial. Researchers D. Zhang et al. (2020) conducted a
study on assessing the accuracy of the global forest cover in
2000 in China. The study validated the dataset using a sim-
plified procedure of visual interpretation with the aid of
high-resolution optical images in Google Earth to map un-
certainties and inaccuracies in the GFW Tree Cover 2000
data in China. They then estimated the forest area in Chi-
na after considering the data uncertainties and compared
these findings with data from China’s National Forest In-
ventory Report to elucidate where and how inventory based
on ground data differs from remote sensing data based on
presence or absence. The results showed that the overall
accuracy of the GFW Tree Cover 2000 data was 94.5%,
indicating the high accuracy of the GFW resource data.

Comparative analysis of results from the NBR index
and GFW data showed a similar trend in the dynamics of
change. A comprehensive approach to analysing changes
in forest cover proved to be effective in identifying new ar-
eas of absence of vegetation. The production of maps based
on GFW data with absent forest cover can be useful for
forest protection and improvement of forest management
systems. This is supported by research by K. Shea (2022)
which measured the impact of forest monitoring. Both
qualitative and quantitative analyses provided compelling
evidence that the GFW resource contributes to reducing
deforestation. The thematic research findings confirmed
the evidence from the quantitative assessments and identi-
fied specific user groups that were using the tools to directly
or indirectly reduce deforestation. There was evidence that
the data facilitated increased awareness and decision-mak-
ing to improve enabling conditions. In Cameroon, for ex-
ample, the government used the data to inform decisions
on forest tenure and management planning. In Uganda, the
National Forestry Authority regularly reviewed the data to
monitor forest management. Staff of the Uganda Wildlife
Authority used GFW data to plan ranger routes for for-
est patrols, while in Cameroon civil society used it for in-
dependent monitoring and reporting of illegal activities.

Thus, the obtained results from GFW data in the form
of forest loss maps can be recommended for further study
of the state of forest resources within the Skole Beskydy
NNP and for monitoring illegal logging activities, as it can
be concluded that the main part of the forest loss is at-
tributed to anthropogenic factors. A series of images de-
picting forest loss over the years is shown in Figure 14.

Figure 14. Recommended forest cover loss snapshots based on GFW data
Note: 1 -2017;2 - 2018; 3 - 2019; 4 - 2020; 5 - 2021; 6 — 2017-2022
Source: made by the authors
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The analysis results from open data sources, acquired
series of images, can be utilized in further studies of this
area and compared with ground-based data. It is believed
that optimal results can be achieved through the integrated
use of both satellite and ground research. This implies that
ground-acquired data can be used for satellite image analy-
sis, and satellite observation results can serve as a basis for
conducting ground-based field studies. Additionally, the
data from image series can be employed within the frame-
work of public monitoring and for real-time forest cover
change response capabilities.

© Conclusions

The application of selected remote sensing methods al-
lowed the assessment of forest cover changes in the Skole
Beskydy NNP. Satellite imagery, vegetation index analysis
and information from the GFW resource were used to ob-
serve changes in forest cover and to identify both natural
and anthropogenic influences on these changes. Accord-
ing to the data obtained, the largest forest loss due to fires
occurred in 2020 (0.6089 ha), accounting for 0.77% of the
total forest loss in that year. The total forest loss from 2017
to 2022 was 301.3475 ha, of which 0.8633 ha was due to
fires, representing 0.0029% of the total. In the period from
2001 to 2020, the Skole Beskydy NNP lost 3.05 thousand
ha of forest cover, which is a decrease of 9.8% since 2000.
In addition, the forest cover increased by 292 ha between
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2000 and 2020, which represents 0.89% of the total area of
the park. The results of the analysis indicate a low level of
forest loss due to natural factors, in particular losses due to
fires. The primary cause of deforestation is linked to human
activities.

Detecting changes in forest cover can often be a chal-
lenging task, especially in large and inaccessible areas. Tools
to detect changes in such areas require a comprehensive ap-
proach. The use of remote sensing techniques is becoming
an effective means of monitoring changes in forest cover,
as they allow rapid detection of changes with minimal re-
source expenditure. The analysis of selected remote sensing
methods combined with GIS also confirms their effective-
ness in monitoring long-term changes in forests and com-
paring their dynamics. Research confirms that the relevance
and prospects of using these methods to conserve forests
and improve their management systems increase over time.
Monitoring of forests within national parks is important
in the context of their recreational use. Therefore, further
research should continue to monitor and analyse changes
in forest cover in other Ukrainian National Nature Parks.
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© AHoTaUifl. AKTyanbHICTD JOCTIIKEHHS 06yMOBIeHa TPO6IEMOIO OLIIHKM CTaHY T4 BUKOPUCTAHHS IICOBOTO IOKPUBY
Ha Tepuropii HamionanpbHoro mpupopHoro mapky «CxomiBebki beckmmm», HeoOXifHICTIO po3poOKu epeKTUBHUX
METO/IiB MOHITOPUHIY Ta 36epeXXeHHs TCOBMX eKocmcTeM. MeTOW [OCTiKEeHHS Oy/I0 BUBYCHH:A JUHAMIiKM 3MiHU
TiCOBMX MOKPUBIB y MexKax HanjionanbpHoro npupognaoro napky «CkomiBcbki beckuan», a TakoX OIIiHKa BTpaT iCOBUX
pecypciB Ha Ljiil TepUTOpIii Ta PEeKOMEHAYBaHHs OTPUMAHOL Cepil 3HIMKIB I MOKPALIeHHA CUCTEMU YIPAB/IiHHSI
JCOKOPUCTYBAaHHAM. [J0CIIi/KeHHSA IIPOBefIeHO 3 BUKOPUCTAHHAM KOMIUIEKCHOTO IIiIXOY it KoM6iHail pisHMX MeToxiB
TOCTI/I)KeHHs 3MiH JIiCOBOrO MOKPMBY Ta iX MOpiBHAHHA. OCHOBOIO /I 3aCTOCYBAHHSA TEXHOJIOTIN AMCTAHIITHOTO
30H[yBaHHA 0y/I0 BUKOPUCTAHHA CIeUM(IYHNX MYIbTUCIEKTPaJIbHUX CYIlyTHUKOBMX 3HIMKIB, AKi KOMOiHyBammcs 3
arpnOyTHBHOI iHPOPMALIEIO 100 FeOIIPOCTOPOBUX AAHNX PO /IicoBi yrifgs. [IpoeMOHCTPOBAHO HAMIIPOrpeCUBHIII
METOIY JIOCTPKEHHA 3MiH JIICOBMX HacaJ)KeHb Ha OCHOBi JJaHMX JMCTAHIIIIHOIO 30HJYBAaHHA 3 BUKOPMCTAHHAM
reoinpopmaniiianx cucreM. OTpUMaHHA CYIyTHUKOBMX 3HIMKiB BimbyBasmocs 3 HabOpy reonpOCTOPOBMX JaHNX
cynyTHuka «Landsat 8» 3a gomomororo noprainy ganux [eonoriunoi ciy>x6m CIIIA. BukoHaHO po3paxyHOK Ta IOPiBHAHHA
HOpMaJli30BaHOro KoedillieHTa BUTOpaHHA Ta HOPMaJi30BaHOrO AuQepeHIifHOro BereTaliliHoro iHpexcy. Takox
OyB IIpOBefeHMIT aHaIi3 i3 BUKOpUCTaHHAM OHMalH pecypcy «Global Forest Watch». V pesynprati focmimpkents 6yno
BISIBJIEHO 3MiHM TiICOBOTO IIOKPUBY, HA[JAHO OLIiHKY 3MiHaM, pO3pO0O/IeHO KapTy BiffoOpaskeHHs 3MiH JIiCy, sIKi BifOymucs
B HamionanpHOoMy mpupopHoMy mapKy «CkomiBcbki beckmam» 3a 2000-2020 poknu. 3a pesynbraTaMiu IPOBENEHOTO
aHaJIi3y BCTAHOBJICHO HU3bKMII piBeHDb BTPAT JICOBUX HACA/KEHD Y 3B A3KY 3 IPUPOSHNMH (paKTOpaMu, 30KpeMa BTpar
Big moxxe>x. OCHOBHA YaCTVMHA BTPAT JIiCiB 3yMOB/IeHa aHTpOIIOreHHNMU dakTopaMiL. [IpakTidHe 3HaUeHHA pe3y/IbTaTiB
MOJIATAE B MOXK/IMBOCTi BUKOPUCTAHHA OTPUMMAHOI cepil 3HIMKIB y Me€Xax IpOMa/ICbKOTO KOHTPOJIO Ta IOKPalleHHA
CHCTEMM JTiICOKOPUCTYBAaHHSA

© KntouoBi cnoBa: cymy THIKOBI 3HIMKI; CYITyTHVK; BET€TALi/IHWI iH/{€KC; BTPATH JIiCiB; IPMPICT iCiB; TOKPUB flepeB

Ecological Safety and Balanced Use of Resources, 2023, VVol. 14, No. 2 73 \


https://orcid.org/0000-0001-5665-7958
https://orcid.org/0000-0002-2178-6781
https://orcid.org/0009-0009-8857-2110

Journal homepage: https.//esbur.com.ua/en

Ecological Safety
and Balanced Use of Resources

Received: 20.072023. Revised: 21.09.2023. Accepted: 01.12.2023

N
o
Z M
- N
g o
<N
G
>

uDC 681.3 DOI: 10.69628/esbur/2.2023.74

Assessment of the environmental state of tourist resources
in the Ivano-Frankivsk Region

Iryna Smyk*

Postgraduate Student

Ivano-Frankivsk National Technical University of Oil and Gas
76019, 15 Karpatska Str., lvano-Frankivsk, Ukraine
https://orcid.org/0009-0005-4351-1999

© Abstract. In view of the rapid growth of the impact of tourism on the world economy, as well as the environmental
problems that it can create, the assessment of the environmental state of the tourism sector is becoming particularly
relevant. The purpose of the study was to analyse the ecological state of the Ivano-Frankivsk Region and its impact on the
attractiveness of the region for tourists, as well as to develop proposals for the sustainable development of tourism, taking
into account environmental aspects. In the framework of the study, various methods were used, in particular, statistical
analysis of data on pollutant emissions. The impact of industry and other industries on the environmental condition
was analysed and assessed using the analysis method. The dynamics of atmospheric emissions by years and their impact
on the ecological state of the region were analysed, with a special emphasis on pollution by sulphur dioxide and other
compounds. In addition to atmospheric emissions, the issue of the discharge of pollutants into water bodies and the
impact on water quality, which is important for the development of tourism, was considered. It was established that
emissions of pollutants significantly affect the quality of atmospheric air, which, in turn, determines the tourist potential
of the region, especially in the context of the development of ecological tourism. The need to implement measures
to reduce the level of pollution, develop sustainable tourism, and implement environmental standards in the tourism
industry is emphasized. Ways to improve the ecology of the region have been established and appropriate proposals have
been made, including reducing emissions of pollutants, as well as the use of innovative technologies and approaches in
the field of environmental safety and ensuring the sustainable development of tourism in the Ivano-Frankivsk Region.
The practical value of the research consists in identifying specific directions for improving the environmental policy of
the region, which require practical implementation to improve the environmental condition of Ivano-Frankivsk Region,
emphasizing the importance of an integrated approach in solving environmental challengess

© Keywords: environmental challenges; industry safety; industrial impact; atmospheric air quality; sustainable use of
natural resources

@ Introduction

In the context of the rapid development of tourism, the
environmental aspect is becoming increasingly impor-
tant and relevant for research. Tourism, being one of the
most dynamic sectors of the global economy, has a sig-
nificant impact on the natural environment. The anthro-
pogenic impact of tourism on the ecological state of the

Ivano-Frankivsk Region is particularly noticeable through
environmental pollution. Intensification of tourism activi-
ties leads to an increase in emissions from vehicles, which
is a significant source of air pollution. Such pollution affects
not only the quality of the air but also the overall health
of the local population and visitors. The intensive use of
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water resources and their pollution by waste from tourism
activities jeopardizes the quality of water bodies in the
region. Pollution of rivers, lakes, and other water bodies
can negatively affect aquatic flora and fauna, and limit
opportunities for water tourism and recreation. Another
important aspect is soil pollution resulting from tourism
activities. For example, emissions from campsites and other
tourist facilities, uncontrolled waste disposal, and excessive
use of fertilizers in agriculture can lead to soil degradation.
Significant use of forest resources for tourism purposes will
also contribute to the region’s environmental problems.
Deforestation to create tourist infrastructure and firewood
for campsites reduces forest areas and affects biodiversity.

Considering the range of scientific works on the en-
vironmental assessment of tourism resources, the study
by N.E. Pankiv (2019) deserves special attention. The
researcher focused on the use of tourist and recreational
resources in the region, with an emphasis on the develop-
ment of green and ecological tourism. She conducted an
in-depth analysis of ecological routes, including ecological
and educational trails in the region’s national parks, high-
lighting their role in tourism development and emphasizing
the importance of integrating environmental, cultural, and
economic aspects into tourism development strategies.
Scientists I. Dubovich et al. (2021) focused on analysing the
impact of mass forms of tourist and recreational activities
on the natural environment of the Ukrainian Carpathians.
They found that the intensive development of tourism in
this region leads to a significant use of natural resources
and a decrease in environmental quality, compared to plac-
es where tourism is developing in a controlled or balanced
manner. The authors paid attention to the environmental
aspects of ecotourism initiatives, emphasizing the need
to develop sustainable tourism. They conducted a SWOT
(strengths, weaknesses, opportunities, and threats) anal-
ysis for national parks and the Carpathian Forest Fund,
which includes reducing the negative impact of tourism
and recreation activities and encouraging environmentally
responsible practices.

The study by M. Gedin (2021) is also a significant con-
tribution to understanding the methodology for assessing
Ukraine’s tourism potential, with a focus on the factors that
affect competitiveness in the tourism industry. The author
analyses a wide range of determining factors, including
historical and cultural heritage, natural and recreational
conditions, infrastructure, finance, investment, govern-
ance, social and environmental aspects. The researcher
also proposes innovative tools for assessing tourism and
recreational potential, including an assessment of the
attractiveness of regions and the impact of this sector on
the economy. The author emphasizes the importance of
an integrated approach to assessment and development
of criteria for effective determination of the resource
potential of tourist areas. M. Lazutkin et al. (2022)
conducted a study to assess the ecosystem in the most
polluted regions of Ukraine. The authors examine the
impact of external factors and risks on production facilities
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and the environmental situation, which is critical to under-
standing environmental safety in the region, emphasizing
the need for in-depth analysis to ensure environmental
sustainability.

In the context of international initiatives and stand-
ards, such as the United Nations Environment Programme
and ISO 14000, as described by A. Dayankac (2022), as
well as in the light of Ukrainian legislation on environmen-
tal protection, there is an obvious gap in research related
to the development of the environmental aspect in the
tourism industry. This situation calls for greater
attention to the study and implementation of environmental
practices in tourism, which involves the integration of a
sustainable approach not only at the level of policy and man-
agement but also in the practical implementation of tourism
services. Solving this problem requires an integrated
approach, including an assessment of the environmental
impact of tourism facilities and activities, as well as the
development of innovative solutions aimed at minimizing
the negative impact on the environment.

In assessing the environmental status of the
Ivano-Frankivsk Region’s tourism resources, special
attention should be paid to analysing the impact of tourism
activities on various aspects of the region’s ecology. It is im-
portant to consider not only direct environmental pollution
but also broader environmental impacts, such as changes in
biodiversity and landscape alteration. Such a comprehen-
sive approach will help to develop effective mechanisms
to minimize the negative impact of tourism on the natural
environment, as well as to ensure the sustainable develop-
ment of the region’s tourism sector. Therefore, the purpose
of the study was to analyse the environmental state of the
Ivano-Frankivsk Region and, on its basis, to further
develop directions for sustainable tourism development.
Thus, the main objective of the study was to conduct an
in-depth analysis of the environmental situation in the
Ivano-Frankivsk Region to identify key environmental
issues and challenges that affect the development of the
region’s tourism industry. Based on the data obtained, it
was planned to develop strategic directions for sustain-
able tourism development that would take into account
environmental, social and economic aspects in order to
achieve a balance between the needs of the tourism indus-
try and the preservation of the natural environment for
future generations.

© Materials and Methods

The study used a comprehensive approach, including
an analysis of data on the environmental situation in
Ivano-Frankivsk Region, including the volume of air
pollutant emissions and their impact on air quality, as
well as an analysis of the region’s water resources, land
use, and soil resources. The study was based on official
statistics from the Main Department of Statistics and the
Ivano-Frankivsk Regional State Administration. The
statistical data used included information on pollutant
emissions, wastewater discharges, and other aspects that
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directly affect the environmental situation in the region.
The use of official data ensured the high reliability and
relevance of the information, which is critical for an
objective assessment of the environmental situation. A
detailed analysis of scientific literature, reports, articles,
and other publications related to the research topic was
conducted. The analysed sources included the Regional
Report on the State of the Environment in Ivano-Frankivsk
Region and publications by well-known scientists in the
field of tourism and ecology. The application of impact
assessment methods, including the calculation of the
percentage of emissions by pollution sources and the
assessment of the dynamics of changes, made it possi-
ble to assess the effectiveness of existing environmental
protection measures and identify gaps in the region’s envi-
ronmental policy and to identify the largest pollutants that
lead to surface water pollution.

Air pollutant emissions were calculated. The
calculation methodology is based on a comparison of
annual emissions for the period from 2017 to 2021, with an
emphasis on changes in emissions and their structure.
This approach allows identifying trends and dynamics of
changes in atmospheric emissions, which are critical for
assessing the environmental status of the Ivano-Frankivsk
Region. For the calculations, 2021 data (Ivano-Frankivsk
Regional State Administration, 2022) was used because
the lack of information on mobile sources of pollution
for 2022 (Ivano-Frankivsk Regional State Administration,
2023) significantly limits the ability to comprehensively
understand the anthropogenic impact on the air. Mobile
sources, in particular road transport, are significant polluters
in many regions, so their contribution must be identified to
adequately assess the environmental situation. Also,
analysing data for only one year does not allow for the
identification of trends and dynamics of environmental
change. Whereas, the data for 2021 includes information
on both stationary and mobile sources, which provides an
opportunity for comparative analysis and determination
of the effectiveness of pollution reduction measures. The
formula for calculating the percentage share is as follows:

Percentage share =
= (Emissions from the source / Total emissions)-100=
Percentage share (Total emissions / (1)
/ Emissions from the source)-100.

An in-depth study of scientific publications, reports,
articles, and other information resources related to ecology
and tourism played a crucial role in shaping the theoretical
framework of the study, which in turn helped not only to
collect information on current trends and challenges but
also to identify successful practices and recommendations
that can be adapted and implemented in Ivano-Frankivsk
Region. The comparison method allowed accessing the
environmental state of the Ivano-Frankivsk Region over
different periods of time. The comparison method was
used to analyse the dynamics of changes in pollution
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levels, water resources, air quality, land use, and other
environmentally significant indicators. The compari-
son was made based on official data collected from the
Main Department of Statistics, Ivano-Frankivsk Regional
State Administration, and other reliable sources. Thus, the
application of impact assessment, analysis, statistical
analysis, and comparison methods was an important step in
determining the degree of air, water, and land pollution from
economicactivities. Theanalysisofthepercentageofemissions
by the source of pollution, as well as the assessment of the
dynamics of these indicators over time, made it possible to
identify the main sources of environmental burden, which
helped to identify priority areas for the implementation
of measures aimed at reducing environmental impact and
creating more favourable conditions for tourism devel-
opment. The involvement of a wide range of information
sources and the use of various methods allowed identi-
fying key issues and develop sound recommendations
that can contribute to the sustainable development of the
tourism industry in the Ivano-Frankivsk Region.

© Results
Ecology and tourism are closely interconnected,
especially in regions with significant natural resources,
such as the Ivano-Frankivsk Region. Sustainable devel-
opment of tourism in this region requires taking into ac-
count environmental challenges and ensuring a balance
between meeting the needs of tourists and preserving the
natural environment. The ecological condition of tourism
resources affects the quality of the tourist experience and
contributes to attracting visitors. Air quality is an impor-
tant aspect in this context, as it directly affects the health
and well-being of tourists, as well as the preservation of
natural landscapes and biodiversity in the region. Among
the most important factors affecting the environmental
state of the Ivano-Frankivsk Region is a significant increase
in air pollutant emissions. According to 2021 data, total
emissions in the region reached 210.3 thousand tons (kt),
of which 172.4 kt are from stationary sources of pollution,
and 37.9 kt are from mobile sources, mainly road transport
(Ivano-Frankivsk Regional State Administration, 2022).
The analysis of industrial pollution sources confirms
that the main share of pollutant emissions in the region is
accounted for by energy sector enterprises, in particular,
electricity, gas, steam, and air conditioning, which account
for 89.1% of the total regional volume. The Burshtyn Ther-
mal Power Plant of DTEK Zakhidenergo (Burshtyn TPP
of DTEK Zakhidenergo) has the greatest impact on air
pollution, accounting for 84.4% of total regional emis-
sions. Emissions from this enterprise increased by 24.4%
in 2021, amounting to 145.6 kt (Ivano-Frankivsk Region-
al State Administration, 2022). This increase in emissions
has important implications for the environmental situa-
tion in Ivano-Frankivsk Region, particularly in terms of
air quality. This not only reduces the aesthetic and recre-
ational attractiveness of the region but also poses a direct
threat to the health of tourists and the local population.
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According to the latest official data released by the Main
Department of Statistics, there has been a significant in-
crease in pollutant emissions (Ivano-Frankivsk Regional
State Administration, 2023). Among them, dioxide and
other sulphur compounds stand out, with a total volume
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of 104,884.9 tons (t). This demonstrates the uneven impact
of industrial pollution on different districts of the region,
with the highest figures in the Ivano-Frankivsk District —
103,487.9 t, in contrast to the Kosiv District, where no sul-
phur dioxide emissions were recorded (Table 1).

Table 1. Dynamics of air emissions in Ivano-Frankivsk Region, kt

Air emissions

Years . Including Emli)ses:()lnlzlif’ntsity El;:izi(:)l?,skl;er
Stationary sources Mobile sources

2017 198.3 198.3 - 14.2 143.8
2018 221.4 2214 - 15.9 161.0
2019 205.02 205.02 - 14.7 149.6
2020 178.1 140.4 37.7 -

2021 210.3 172.4 37.9 - -

2022 152.3 152.3 - - -

Source: made by the author based on Ivano-Frankivsk Regional State Administration (2022; 2023)

Thus, as can be seen from Table 1, in 2017, the volume
of emissions was recorded at 198.3 kt, which indicates a
significant burden on the ecological system due to the
activities of stationary sources of pollution. The emission
density indicator was 14.2 t per square kilometre, and the
estimated emissions per person were 143.8 kg, demon-
strating a high level of anthropogenic impact. In the fol-
lowing year, 2018, there was an increase in total emissions
to 221.4 kt, which may be due to an increase in industrial
production and insufficient effectiveness of emission con-
trol measures. The emission density increased to 15.9 t
per square kilometre, and emissions per person reached
161 kg, indicating a further deterioration in the environ-
mental situation.

In 2019, there was a slight decrease in emissions to
205.02 kt, which may be the result of the implementation
of certain environmental measures and production op-
timization. The emission density decreased to 14.7 t per
square kilometre, and the level of emissions per person
decreased to 149.6 kg. In 2020, a significant decrease in
total emissions was recorded to 178.1 kt, which was like-
ly due to a decrease in economic activity as a result of the

COVID-19 pandemic. For the first time, emissions from
mobile sources amounted to 37.7 kt, emphasizing the
importance of controlling emissions from road trans-
port. 2021 is characterized by another increase in emis-
sions to 210.3 kt, of which 172.4 kt are from stationary
sources and 37.9 kt from mobile sources. This growth
can be interpreted as the restoration of production ca-
pacity after a period of restrictions. However, 2022
showed a noticeable decrease in emissions to 152.3 kt,
which may indicate the successful implementation of en-
vironmental measures and strategies aimed at reducing
pollutant emissions, as well as a change in the structure
of the region’s economy towards more environmentally
sustainable development. The dynamics of air emissions
is shown in Figure 1.

Thus, fluctuations in pollutant emissions have a direct
impact on the environmental status of the region’s tourism
resources. A significant increase in emissions in 2021 in-
dicates the need to strengthen pollution control measures
and develop sustainable tourism. Table 2 shows detailed in-
formation on emissions of certain pollutants by stationary
sources of pollution by districts.

2214 2214 205.02 205.02

210.3

M Total emissions

172.4

152.3 152.3 ¥ From stationary
emission sources
B From mobile

emission sources

2018 2019 2020

2021 2022

Figure 1. Dynamics of air emissions in Ivano-Frankivsk Region for 2018-2022, kt
Source: compiled by the author based on data from Ivano-Frankivsk Regional State Administration (2023)
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Table 2. Emissions of certain pollutants into the atmosphere by stationary sources of pollution by regions, 2022

Including
= o = - 0 2 - _g
=23 2 < 8w = 8 E o« B
Pollutant S £F  §% : E 5:2 ZS5ET i
emissions in < -—a' 2 gog s S 2 £ e 55 2 g | 5
total g o B £ & 5 S g8 E o & E g2
£2E Z & = ¢ 228 s38 S84
A% 3 g 8 255 £33 25§
173 > <
Region 152,259.2 104,884.9 12,817.8 6,381.5 2,880.8 20,537.3 4,626.2 10,044.8
Verkhovyna 6.1 2.1 0.9 3.1 0.0 - -
Ivano-
. 139,244.4 103,487.9 11,151.0 2,220.9 1,413.5 19,429.3 1,477.1 9,559.7
Frankivsk
Kalush 8,688.0 1,360.2 1,099.0 2,028.1 1,062.9 962.4 2,112.0 410.0
Kolomyia 322.3 5.4 66.9 32.6 134.0 67.4 15.3 11.8
Kosiv 214.8 0.0 34.4 136.6 22.4 0.0 214 5.1
Nadvirna 3,783.6 29.3 465.6 1,963.3 244.9 78.2 1,000.4 58.2

Source: made by the author based on Ivano-Frankivsk Regional State Administration (2023)

Analysing the statistical data for 2022 on emissions of
certain pollutants into the air by stationary sources of pol-
lution in the districts of the Ivano-Frankivsk Region, it can
be stated that the total amount of emissions amounted to
152,259.2 t. Among this volume, the dominant pollutants
are sulphur dioxide and other sulphur compounds with
a value of 104,884.9 t, which emphasizes their significant
role in shaping the environmental load on the region’s at-
mosphere. Nitrogen compounds, with a volume of 12,817.8
t, and methane, with an indicator of 6,381.5 t, also have
a significant impact on air quality. Emissions of carbon

monoxide and suspended particulate matter amounted to
2,880.8 and 20,537.3 t, respectively, indicating their pres-
ence as pollution factors. Non-methane volatile organic
compounds and carbon dioxide, with volumes of 4,626.2
and 10,044.8 t, respectively, complement the picture of an-
thropogenic impact on the region’s atmosphere. There is a
significant territorial heterogeneity in the distribution of
emissions. Ivano-Frankivsk District makes the largest con-
tribution to total emissions with 139,244.4 t. Kalush District
with 8,688.0 t of emissions is also a significant source of pol-
lution, in particular through industrial enterprises (Fig. 2).

e

\

Pollutant emissions, total

m Verkhovyna

W Ivano-Frankivsk
m Kalush

m Kolomyia

| Kosiv

m Nadvirna

Figure 2. Structure of the ratio of pollutant emissions in Ivano-Frankivsk Region, 2022

Source: made by the authors

The high emissions of pollutants in Ivano-Frankivsk
District reflect potential environmental risks that could
have a significant impact on the region’s tourism sec-
tor. On the other hand, areas with lower emission rates,
such as Kolomyia District and Kosiv District, where air
pollution levels are much lower, have greater potential
for tourism development, especially ecotourism. This is
due to the fact that higher air quality and better environ-
mental conditions are attractive to tourists looking for
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places to relax and recuperate in a natural environment.
To fully understand the impact of the environmental sit-
uation on tourism development in the Ivano-Frankivsk
Region, it is important to analyse the main air pollut-
ants based on the types of economic activity, as this will
allow identifying specific sources of pollution and un-
derstand how different sectors of the economy affect air
quality and, consequently, the tourism potential of the
region (Table 3).
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Table 3. Air pollutant emissions by type of economic activity in 2022

Emission volumes by region

No. Type of economic activity
kt percentage of the total
1 All types of economic activity, including: 152.3 100
1.1 Agriculture, forestry and fisheries 2.126 1.4
1.2 Mining and quarrying 5.460 3.5
1.3 Processing industry 4.725 3.1
1.4 Supply of electricity, gas, steam and air conditioning 136.4 89.5
1.5 Transport, warehouse management, postal and courier services 3.201 2.1
1.6 Other types of economic activity 0.388 0.4

Source: made by the author based on Ivano-Frankivsk Regional State Administration (2023)

The analysis of data on air pollutant emissions by type
of economic activity in 2022 allows drawing important
conclusions about the structure and scale of anthropogenic
impact on the environment in a particular region. The to-
tal volume of pollutant emissions in the region amounted
to 152.3 kt, with the main share being emissions from the
supply of electricity, gas, steam and conditioned air, which
accounted for 89.5% of total emissions. The significant con-
tribution of the electricity, gas, steam, and air conditioning
sectors to total pollutant emissions (136.4 kt) emphasizes
the critical role of this sector in the anthropogenic load
on the region’s atmosphere. This distribution of emissions
points to the need to focus on reducing emissions in the en-
ergy sector to improve the environmental situation in the
Ivano-Frankivsk Region. According to the authors, reduc-
ing emissions from the supply of electricity, gas, steam, and
air conditioning should be a key priority in environmental
policy. This approach will not only improve the state of the
atmosphere but will also help create favourable conditions
for tourism development. A clean environment is a funda-
mental factor in attracting tourists, especially in the context
of the growing demand for environmentally friendly and
sustainable tourist destinations.

As part of the study of the interaction between the
main sectors of the economy that affect the level of pollut-
ant emissions and the dynamics of tourism development
in the Ivano-Frankivsk Region, it is important to analyse
the contribution of these sectors to the formation of the
tourist attractiveness of this region. The electricity, gas,
steam, and air conditioning sector, as a major polluter,
has a significant impact on environmental quality, which
in turn is a determinant of a region’s attractiveness to
tourists. Increased levels of pollution associated with this
sector can deter potential visitors, especially those look-
ing for vacation destinations with clean air and a natural
environment. Thus, modernization of the energy infra-
structure and transition to more environmentally friendly
energy sources can help preserve natural tourist resourc-
es and improve the overall attractiveness of the region.

Other sectors, such as agriculture, forestry and fisheries,
mining and processing, and transportation, although they
have lower emissions, still have an impact on the region’s
environmental status. For example, pollution caused by
the extractive industry can negatively affect water and soil
quality, which is important for the ecosystem and land-
scape that attracts tourists. On the other hand, effective
management of emissions and pollution from agriculture
can contribute to the preservation of natural landscapes
and biodiversity, which is key to ecotourism.

Therefore, ensuring sustainable development in all
these areas is of strategic importance for the development
of tourism in the Ivano-Frankivsk Region. This involves
not only taking measures to reduce pollution but also de-
veloping environmentally sustainable infrastructure that
can attract more tourists and help maintain the natural
and cultural heritage of the region. In addition, the im-
portance and quality of the region’s water resources should
be investigated. Water resources are a key element in en-
suring sustainable tourism, given their importance for
natural ecosystems, recreational areas, and overall eco-
system health. The quality of water in rivers, lakes, and
other bodies of water directly affects the quality of the en-
vironment and the health of local communities and tour-
ists. Water pollution can come from a variety of sources,
including industrial discharges, agricultural runoff, and
urban wastewater, which points to the need for an inte-
grated approach to water management. Water resources
play an important role in the development of various types
of tourism, such as fishing, water sports and nature ob-
servation. The latest data released by the Ivano-Frankivsk
Regional State Administration for 2022 reflects changes in
wastewater discharges to surface water bodies in the re-
gion. The total volume of wastewater discharged decreased
from 60.552 mln m? in 2021 to 55.048 mln m? in 2022,
which demonstrates a positive trend in reducing discharge
volumes (Ivano-Frankivsk Regional State Administration,
2023). Table 4 shows the main indicators of pollutant dis-
charges into water bodies and wastewater treatment.
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Table 4. Discharge of pollutants into water bodies and wastewater treatment in 2022

Waste water discharged into surface water bodies, mIn m*

Including
Region i
e Total . insufficiently normatively clean normatively
without treatment X cleaned at treatment
treated (without treatment) rese
facilities
. 2021 2022 2021 2022 2021 2022 2021 2022 2021 2022
Ivano-Frankivsk
60.552 55.048 0.027 - 1.279 0.198 6.760 7.806 52.485 47.044

Source: created by the authors based on Ivano-Frankivsk Regional State Administration (2023)

An analysis of the list of water users that discharged
polluted wastewater into surface water bodies in 2022 in
Ivano-Frankivsk Region indicates a critical need to moni-
tor and control the activities of enterprises in various sec-
tors of the economy in the context of their impact on water
resources. Of particular interest is the activity of the pro-
cessing industry and the water supply, sewerage, and waste
management sectors as the main sources of insufficiently
treated wastewater. Specifically, Uniplyt, a limited liability
company specializing in the production of plywood, wood
boards and veneer panels, discharged 0.093 mln m® of in-
sufficiently treated wastewater, which is a significant share
of the total amount of pollution in this area of activity. This
demonstrates the need to improve the treatment processes
at production facilities and increase the efficiency of treat-
ment facilities.

In the context of water supply and sewerage, there are
such enterprises as Tlumachcomunservis and Verkhovyna
Water Supply and Sewerage Enterprise, with insufficient-
ly treated wastewater volumes of 0.059 mln m* and 0.020
mln m?®, respectively. The article highlights the need to
strengthen control over the quality of wastewater treatment
discharged into water bodies and modernize treatment
technologies. The activity of medical institutions, in par-
ticular the municipal non-profit enterprise Dolyna Multi-
disciplinary Hospital, with a volume of insufficiently treated
wastewater of 0.004 mln m’®, requires additional measures
to improve treatment systems to minimize the potential
risk to human health and the ecosystem. The Syniohora
National Nature Park, which is represented in the botanical
gardens, zoos, and nature reserves segment, also has insig-
nificant discharges of insufficiently treated water, which in-
dicates the importance of ensuring adequate treatment by
institutions that use natural resources for their activities.
Thus, to ensure the sustainable development of tourism in
the Ivano-Frankivsk Region, it is necessary to focus on re-
ducing the level of pollution of water bodies, which requires
a comprehensive approach, including the modernization of
existing wastewater treatment systems, the introduction of
new technologies and methods of treatment, as well as the
development and implementation of water management
strategies that meet modern environmental standards.
Given the importance of these factors, it becomes appar-
ent that effective measures to improve the quality of wa-
ter resources in the Ivano-Frankivsk Region are needed.

Analysing the main factors of anthropogenic impact
on land resources and soils in the Ivano-Frankivsk Region

)

with updated data for 2022, it becomes clear that these fac-
tors continue to be crucial for the sustainable development
of tourism in the region. The current state and ratio of land
indicate significant challenges, especially in the foothill and
lowland areas, where the level of agricultural development
continues to be high, varying from 54 to 77%. The overall
plowing of these territories indicates that the limits of eco-
logical balance are exceeded, which emphasizes the existing
threats to environmental sustainability. It is observed that
the high plowing of land, in particular in Kolomyia District
and Ivano-Frankivsk District, where it is 63.5-67.3% and
51-57.3%, respectively, indicates the intensive use of land
resources for agricultural purposes. Such intensive use can
lead to soil degradation and reduced fertility, which neg-
atively affects the environmental stability and biodiversity
of the region. This situation poses a significant threat not
only to the environmental safety of the region but also to
its tourist attractiveness. Healthy ecosystems and preserved
natural landscapes play a key role in tourism development,
as they are the foundation for various types of tourist activ-
ities and recreation.

In the context of sustainable tourism development, it
is important to pay attention to the need for rational and
balanced use of land resources, the introduction of organ-
ic farming methods and the preservation of natural land-
scapes. Efforts should be aimed at minimizing anthropogen-
ic impact, which will preserve the ecological stability of the
region, its biodiversity, and, as a result, its tourist attraction
(Ivano-Frankivsk Regional State Administration, 2023).
Territorial differences in land use in the Carpathians and
adjacent areas, which are caused by the zonation of natu-
ral conditions and population settlement patterns, affect
the cultivation of crops. The current trend toward intensive
land exploitation to maximize production often negates ef-
forts to preserve soil and restore its fertility. Given these
factors, it is important to implement measures aimed at
the sustainable development of agricultural and other land
uses, which would include soil conservation practices, re-
ducing soil degradation and maintaining biodiversity. This
will not only increase the environmental sustainability and
resilience of the region but will also promote tourism de-
velopment, ensuring the preservation of natural landscapes
and a favourable environment for recreation and leisure.

It is advisable to conduct a detailed analysis and cal-
culations of air pollutant emissions in the Ivano-Frankivsk
Region, given their signiﬁcant impact on the environmen-
tal situation and the development of the region’s tourism
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industry. For this purpose, data published by the Main
Department of Statistics was used, which reflects the vol-
ume of pollutant emissions over the past few years. Data
for 2021 is used for the calculations (Ivano-Frankivsk Re-
gional State Administration, 2022). The availability of com-
prehensive information from previous years contributes to
the development of more informed and targeted environ-
mental management strategies. Without a complete picture
of the anthropogenic impact, including all possible sources
of pollution, it is difficult to prioritize actions to reduce the
negative impact on the environment. In addition, an ade-
quate assessment of the environmental situation requires
data from various sources and sectors of the economy. The
lack of data on certain categories of pollutants can lead
to an incomplete or distorted view of the environmental
challenges faced by the region and, accordingly, to the de-
velopment of ineffective solutions. According to the data,
total emissions amounted to 210.3 kt. The calculation for
stationary sources of pollution is as follows:

(172.4 kt/210.3 kt)- 100 =81.98%(210.3 kt/
/172.4 kt)-100 = 81.98%.

This means that stationary sources of pollution, such
as factories, power plants, and other industrial facilities,
account for approximately 82% of total air emissions in
the region. Similarly, for mobile sources of pollution (road
transport and other vehicles), the calculation looks like this:

(37.9 kt/210.3 kt)- 100 =18.02%(210.3 kt/
/37.9 kt)-100=18.02%.

This shows that mobile sources contribute about 18%
to the total amount of pollutant emissions. Based on these
data, it is important to conduct an in-depth analysis of the
impact of anthropogenic activities on the air in the Iva-
no-Frankivsk Region, as well as to assess the potential con-
sequences for the development of the tourism industry. In
2021, air pollutant emissions amounted to 210.3 kt, which
is 15.3% more than in the previous year. Of these emis-
sions, 172.4 kt, or approximately 82%, came from station-
ary sources, and the remaining 18% (37.9 kt) from mobile
sources, mainly road transport. These figures indicate a sig-
nificant impact of economic activity on air quality in the re-
gion. For example, a large share of emissions from stationary
sources comes from electricity, gas, steam, and air condi-
tioning companies, which is evidence of the dependence of
the region’s environmental condition on the energy sector.
Burshtyn TPP of DTEK Zakhidenergo remains the largest
polluter, accounting for 84.4% of emissions in the region.

Air pollution in the Ivano-Frankivsk Region affects the
quality of life of the population and tourists, reducing the
region’s attractiveness for recreation and tourist visits. Air
purity is a key aspect of building tourism potential, especial-
ly in an environment where the emphasis is on ecological
and nature-based tourism. Increased pollutant emissions
can have a destructive impact on the regions ecosystems,
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contributing to their degradation and climate change. Such
processes jeopardize the stability of the tourism sector,
which depends on natural resources and is defined by the
beauty of natural landscapes. Therefore, the need for effec-
tive control and management of pollutant emissions is of
key importance for maintaining environmental safety and
promoting sustainable tourism development in the region.
An integrated approach that includes the modernization of
industrial enterprises, the use of environmentally friendly
technologies, the development of eco-friendly transport,
and the active involvement of the public and representatives
of the tourism industry in solving environmental problems
is an integral part of ensuring the harmonious development
of tourism in the Ivano-Frankivsk Region.

According to the data obtained in the course of the
study, the dominant role in the formation of emissions
in the Ivano-Frankivsk Region is played by energy sector
enterprises, in particular, those engaged in the supply of
electricity, gas, steam and air conditioning. Thus, it is im-
portant to develop and implement strategies aimed at re-
ducing environmental pollution. In the context of ensuring
sustainable tourism development in the Ivano-Frankivsk
Region, a key aspect is the implementation of a set of
measures aimed at improving the region’s environment.
The primary task is to reduce emissions of pollutants into
the air, which is possible through the modernization of in-
dustrial processes and the transition to the use of environ-
mentally friendly, alternative energy sources. This step will
not only reduce the negative impact on the environment
but also improve the quality of life of the local population
and tourists. At the same time, the development of eco-
tourism in the region will ensure the preservation of the
unique natural resources of the Ivano-Frankivsk Region.
The promotion and development of ecotourism play an
important role in fostering a sustainable attitude towards
nature, both among the local population and among visi-
tors to the region. Particular attention should be paid to
the introduction of environmental standards and certifi-
cations for tourism enterprises and organizations. This
will not only help improve the environmental image of the
region but also create additional incentives for the devel-
opment of the tourism business on the principles of sus-
tainability and environmental responsibility.

© Discussion

In the context of studying sustainable tourism develop-
ment and its interaction with environmental challeng-
es in the Ivano-Frankivsk Region, it is important to note
the contribution of several modern scientific works that
consider aspects of environmental sustainability, carbon
footprint, and the impact of pollution on tourism. For ex-
ample, M.S. Mancini et al. (2022), in their article, reveal
the development and monitoring of the sustainability of
ecotourism packages in protected areas of the Mediterra-
nean, demonstrating a practical approach to the imple-
mentation of sustainable tourism. A. Rico et al. (2019)
and P. Osorio et al. (2023) analyse the carbon footprint of
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tourismin Spain. A. Rico etal. (2019), in particular, take into
account even tourists who stay in the city for no more than
one night, which turned out to be significant for assessing
the overall environmental impact of tourism. Y.-Y. Sun et
al. (2020) review methods for assessing the carbon foot-
print of tourism, providing valuable insights for strategies
to reduce the environmental impact of tourism activities.
In addition, Y.-Y. Sun & C.-M. Hsu (2019) previously found
a direct correlation between the increase in the number of
tourists and the increase in the water footprint. Together,
these studies form a comprehensive view of the problem
of tourism’s impact on the environment and emphasize the
need to integrate sustainable practices into the tourism in-
dustry to ensure its long-term development with minimal
negative impact on the environment. Especially in the Iva-
no-Frankivsk Region, where natural and cultural resourc-
es are key to the region’s attractiveness, it is important to
pay special attention to environmental initiatives and sus-
tainable development strategies. The topic of the carbon
footprint of tourism, considered by P. Dorta Antequera et
al. (2021) through the prism of inbound tourism, in par-
ticular emissions from air travel, and J. Koiwanit & V. Fil-
imonau (2021) on hotel tourism in Thailand, respectively,
also resonate in this study. However, this article focuses
more on emissions from the energy sector and non-avia-
tion transport in the Ivano-Frankivsk Region, expanding
the scope of the discussion to a wider range of pollution
sources, which emphasizes the unique approach that in-
cludes a comprehensive analysis of the impact of different
economic sectors on the environmental sustainability of
the region, which is important for formulating more effec-
tive strategies to reduce carbon impact.

According to the latest statistics from the United Na-
tions World Tourism Organization (UNWTO), interna-
tional tourism rebounded significantly in 2022, showing
double the growth of the previous year, with more than
900 mln international arrivals (UNWTO 2022: A year in
review, 2022). This growth indicates that the industry has
recovered to 63% of the pre-pandemic level of 2019, re-
flecting significant adaptation and recovery from the global
crisis caused by the COVID-19 pandemic. However, along
with its economic benefits, tourism can also cause sever-
al environmental problems. In their study, O. Dovgal &
L. Bezuhla (2020) focus on the analysis of potential risks
that may affect the development of rural tourism in the re-
gion. The study highlights the importance of rural tourism
as a component of the region’s economy. The author pro-
poses strategic directions for creating an ecotourism mod-
el of the region’s state to ensure sustainable development
of rural tourism. The author pays special attention to the
need for an integrated approach to solving environmental
problems, which includes both state regulation and attrac-
tion of investments in environmentally friendly technolo-
gies. Ecotourism in the Mediterranean was also studied by
M.S. Mancini et al. (2018). The authors created a meth-
odology for measuring environmental sustainability for
ecotourism products. The authors provide an example of
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surveys that can be used to determine the ecological foot-
print of the tourism sector through further analysis.

The conclusions drawn by L.-C. Lee et al. (2021) re-
garding the impact of tourism on water resources in China
are particularly interesting. The researchers found that the
largest indirect impact on the water footprint is the supply
of food, which, accordingly, occurs by various modes of
transportation. Scientists E. Skrimizea & C. Parra (2019), in
turn, emphasize the lack of research on the tourist impact
on the waters of the popular Greek islands, which is caused,
in particular, by the geographical remoteness of the islands
from the mainland. In a sense, this is similar to the problem
of the narrowly focused analysis of the Ivano-Frankivsk Re-
gion in this study. S. Villa et al. (2020) note that seasonal
tourism at ski resorts in the Alps has a significant impact on
the quality of drinking water in the region. The distinguish-
ing aspect is that S. Villa et al. (2020) focus on the pollution
of alpine waters caused by tourists themselves, pharmaceu-
tical products, and personal care products, while this arti-
cle examines the discharge of pollutants into water bodies
in Ivano-Frankivsk Region by local enterprises, which has a
direct negative impact on both the ecological state and the
tourist attractiveness of the region.

The research conducted by I. Klymchuk et al. (2022)
and K. Matiyiv et al. (2022) significantly contributes to
the understanding of the necessity of preserving natural
resources. Through an analysis of the quality of soil and
surface water in a mountain tourist region, they highlight
the importance of maintaining the cleanliness of water
resources for ecological sustainability and the sustainable
development of tourism. The studies emphasize the need
to implement a comprehensive approach to environmental
protection in areas of tourist activity, which should include
water monitoring, the development of water treatment
technologies, and educational programmes to engage local
communities and tourists in water conservation.

As can be seen, the environmental impact of tourism
is of considerable interest in the global scientific commu-
nity, as reflected in the study by U. Phumalee et al. (2018),
which highlights the impacts of tourism activity on Mu Ko
Surin National Park. Similarly, this study focuses on ana-
lysing the impact of tourism on air pollution in the Iva-
no-Frankivsk Region, exploring both direct and indirect
effects that may have far-reaching implications for the
region’s sustainable development. Both studies open up
a discussion on the need to integrate environmental sus-
tainability into tourism development strategies, which is
critical to ensuring the harmonious coexistence of humans
and the natural environment. The aspect of sustainability
assessment and monitoring, which is central to the research
of Y. Shi et al. (2020), and M.S. Mancini et al. (2022), re-
flects the focus of this article on the need to systematically
assess the environmental impact of tourism. Thus, compar-
ing the study with other work in the field emphasizes the
importance of continuing research to better understand the
interaction between tourism and the environment. Given
the similarities in the focus on environmental impact and
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carbon footprint, as well as the need to assess sustainabil-
ity, the study complements existing research by offering a
unique perspective on these important issues in the context
of the Ivano-Frankivsk Region.

The differences between the study and other scientific
works in the field of sustainable tourism development and
its interaction with environmental challenges emphasize
the unique contribution of the work to understanding the
specifics of the problem at the regional level, in particular
in the context of the Ivano-Frankivsk Region. One of the
differences is the regional focus of the study. By focusing
on the Ivano-Frankivsk Region, the study provides a de-
tailed understanding of the impact of tourism on the en-
vironmental condition of a specific region, which differs
from the more general approaches of other studies. This
regional focus allows for a deeper analysis of the local eco-
systems, economic features, and social aspects that affect
sustainable tourism development, providing valuable in-
sights that can be used to develop more targeted sustain-
ability strategies. Another significant difference lies in the
analysis of the impact that the energy sector and mobile
sources of pollution have on the environmental state of the
region. In contrast to the part of the research that focus-
es mainly on direct emissions from tourism activities, this
study broadens the scope to include the impact of a wider
range of pollution sources, allowing for a more compre-
hensive understanding of the environmental challenges
facing the region and formulating appropriate recommen-
dations to reduce the negative impact of not only tourism
but also other key sectors of the economy.

In addition, the difference lies in the integration with
other sectors of the economy in the study of the impact of
tourism on the environment. Through the interconnection
with sectors such as energy and transportation, the study
goes beyond the traditional analysis of tourism, emphasiz-
ing the importance of cross-sectoral cooperation to achieve
sustainable development, which in turn reinforces the idea
that sustainable tourism development cannot be achieved
without taking into account the impact and capabilities of
other sectors of the economy, which will make an important
contribution to the development of comprehensive strat-
egies to reduce the environmental burden on the region.

© Conclusions

Ivano-Frankivsk Region has significant tourism poten-
tial based on the diversity and uniqueness of its natural
resources. However, the environmental situation in the
region poses a serious challenge to this development. A
significant increase in air pollutant emissions, especially in
large and industrialized areas such as Ivano-Frankivsk, is
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taking its toll on air quality and the overall environment.
This not only reduces the aesthetic value of natural land-
scapes but also poses real threats to the health of tourists
and the local population. The analysis of data on air pol-
lutant emissions, wastewater discharges, and the impact of
these factors on the region’s land resources has highlighted
the critical role that environmental safety plays in ensuring
sustainable tourism development.

The significant increase in emissions of pollutants, in-
cluding sulphur dioxide and other harmful compounds, by
15.3% in 2021 compared to the previous year indicates a
rise in the environmental burden on the atmosphere. Of
particular concern is the high share of emissions from sta-
tionary sources, such as energy sector enterprises, which
accounts for about 82% of total emissions. On the other
hand, a significant decrease in emissions in 2022 to 152.3 kt
indicates the successful implementation of environmental
measures and strategies aimed at reducing pollutant emis-
sions and changing the structure of the region’s economy
towards more environmentally sustainable development.
The analysis of wastewater discharges showed that the vol-
ume of wastewater discharged into surface water bodies
decreased from 60.552 mln m® in 2021 to 55.048 mln m’
in 2022, which demonstrates a positive trend in reducing
discharges. A significant portion of these discharges do not
meet environmental standards, which emphasizes the need
to improve wastewater treatment systems and strengthen
water quality control.

In terms of land resources, intensive agricultural use
of land, especially in the foothills and plains, leads to soil
degradation and reduced fertility. This threatens not only
the environmental sustainability of the region but also
its tourism potential. Thus, it is important to implement
sustainable land use practices and preserve natural land-
scapes. As part of future research, the priority is to con-
duct a comprehensive analysis of the dynamics of pollutant
emissions into the air by territorial distribution within the
Ivano-Frankivsk Region, which will allow the identification
of areas with increased concentrations of pollutants and the
development of targeted programmes for their remedia-
tion. Particular attention should be paid to analysing the
impact of atmospheric pollution on public health and tour-
ist flow, as this plays a critical role in shaping the region’s
image as a safe and attractive vacation destination.
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© AHorauif. 3 orsiay Ha cTpiMKe 3pOCTaHHs BIUIMBY TyPU3MY Ha CBITOBY eKOHOMIKY, a TAKOX €KOJIOTI4HI Ipo6emu,
AKi e MO>Ke CTBOPIOBATH, OLIiIHKA €KOJIOTIYHOrO CTaHy TYPUCTUYHOTO CEKTOPY HabyBa€e 0coO/MMBOI aKTyaIbHOCTI. MeTa
TOCTiPKEHHA MOJIATaNa B aHaji3i eKonoriyHoro crany Isano-@paHKiBcbKoi ob6acrTi Ta 11oro BIIMBY Ha HpI/IBa6HI/IBiCTb
perioHy Ij1d TypUCTiB, a TAKOX Y pO3poOLi IPOIO3NIIili 3 CTa/IOr0 pO3BUTKY TYPMU3MY 3 OIJIAAY Ha €KOJIOTi4Hi aClIeKTH.
3acTOCOBYBa/UCA pi3HOMaHITHI MeTOAY, 30KpeMa CTATMCTUYHUII aHajIi3 JaHMX OO BUKWUJIB 3a0pyZHIOBaJIbHMIX
pedoByH. IIpoananisoBaHO Ta Ha/laHO OLIIHKY BIUIMBY IPOMMCIOBOCTI Ta iHIIMX Tajy3eil Ha eKOJOTiYHMIl CTaH 3a
TOIIOMOrOI0 MeTONy aHaiisy. [IpoananisoBaHO AMHAMIKy BUKMAIB B aTMOc(epHe IIOBIiTps 3a poKaMu Ta iX BIUIMB Ha
eKOJIOTIYHMII CTaH PerioHY, 3 aKI[eHTOM Ha 3a0pyJHeHHA TiOKCUOM Cipky Ta iHmyMu crionykamu. Oxpim arMocdepHux
BUKJJIB, PO3ITIAHYTO MPOOIeMAaTUKy CKUIAaHHSA 3a0pYAHIOIOYNX PEeYOBMH y BOAHI 00'€KTHU Ta BIUIMB Ha AKICTb BOAN,
[0 Ma€ 3HAYECHHA JUIA PO3BUTKY TypusMy. BcTaHOB/IeHO, 1[0 BUKMAM 3a0pYLHIOIOUYNMX PEYOBUH 3HAYHO BIUIMBAIOTDH
Ha SIKiCTh aTMOC(EPHOro MOBITPsI, 110 BU3HAYAE TYPUCTUYHUIL IIOTEHIian 06/1acTi, 0COOIMBO B KOHTEKCTI PO3BUTKY
exosorivHoro Typusmy. Iligkpecieno HeoOXigHicTb peasnisanii 3axofiB A 3HVDKEHHA piBHA 3a0PyIHEHHA, PO3BUTKY
CTajJIor0 TYpU3My Ta BIPOBA/PKEHHSA €KOJOTiYHMX CTaHJApTiB y TYypUCTMYHiN iHAgycTpil. BcraHoBrIeHO mHuIAXM
IIOKpallleHH: eKO/IOrii periony Ta HajjlaHO BifiIOBifHI TPOIIO3NIii, [0 BK/IIOYAIOTh 3MEHIICHHA BUKW/IiB 3a0pYHIOIOUIX
PEJOBIH, a TAKOXX 3aCTOCYBAHH: iHHOBAIIIfHMX TEXHOJIOTIl Ta IMiIXO/IiB y Tamysi ekomorignoi 6e3nekn Ta 3abesnedeHHs
CTaJIOr0 PO3BUTKY TypusMy B IBaHO-PpaHKiBChKiit obmacti. IIpakTudHa IiHHICTD ZOCTIKEHHS [OJISITAE Y BUSAB/IEHHI
KOHKPEeTHIX HaIIPAMKIB BJJOCKOHaJIEeHHA €KOJIOTiYHOI IOMITUKY PEriony, AIKi BUMaraloTh MPAKTUYHOTO BIPOBAPKEHHA
Vs TOJIIIIEHHs] eKOJIOTiYHOro crany IBaHO-PpaHKIBCbKOI 067acTi, 10 MIAKPEC/TIOE BAXXIMBICTD IHTETPOBAHOTO
MiXOAy Y BUPiIIEHHi eKOMTOTiYHIX BUK/INKIB
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© Abstract. Green building is a way for the resource-intensive construction industry to transition to sustainability in
the context of declining non-renewable resources, climate change and a growing global population. For China, which has
a large construction market, the transformation of the construction industry according to modern trends that encompass
environmental impact, economic and social development is particularly relevant. The purpose of this study was to provide
an overview of the features of green building and to demonstrate the specific features of its development in China. The
research used empirical and theoretical research methods such as abstraction, induction and deduction, analysis and
synthesis, which made it possible to characterise green building technologies in China and the environmental impact
of different types of building materials on improving human welfare and the environment condition. The description of
empirical information regarding green building and its primary analysis (from theoretical understanding of the issue to
the presentation of green building as a coherent object of study) in the context of global development trends is based
on the material that included scientific research, scientific and bibliographic reviews of the literature, documents and
reports of international organisations highlighting key elements of green building development. It has been identified
that over the past decade, sustainable development and green building have been in the focus of attention of the Chinese
state, helping to accelerate its development, but at the same time establishing specific barriers due to the high level of
centralised decision-making. The results of the study provide a comprehensive overview of the development of the green
building, its place in global development trends, and the inherent features that use the cluster approach in this innovative
segment of Chinas development. In practice, the study outcomes can assist other countries in making decisions on green
building matters by adopting China’s innovative practices

© Keywords: green architecture; environmental impact; eco-friendly building materials; ecological standards;
sustainable development

@ Introduction

Countries worldwide are working towards implementing
Agenda 21 to achieve sustainable development. This in-
volves maintaining a state of balance between society, the
environment, and other areas to ensure the preservation
and reproduction of all components in a healthy state for
future generations. Agenda 21 includes a dedicated section

on sustainable development of human settlements. It high-
lights the need to improve the planning and management of
the settlement network, as well as the development of envi-
ronmental infrastructure within them. The document also
acknowledges the construction industry’s commitment to
sustainable development, which is achieved through the
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implementation of green building practices (United Na-
tions, 1992). Green building aims to conserve energy and
resources, minimize emissions throughout the life cycle of
buildings, and promote a healthy coexistence with nature
to safeguard human health.

In 2015, the UN updated and extended the list of Sus-
tainable development goals (2015) to 2030. Other inter-
national organisations are implementing the sustainable
development agenda. For example, the World Trade Re-
port contains a large theoretical section on the evolution
of economic models, technology patterns and governance
policies (World Trade Organisation, 2020). For example,
the main trends identified in the report for the coming
years are a new industrial revolution, the development of
innovation, the transition to a digital economy and digital
supply chain, and sustainable development, which aims
to develop ecosystems using modern innovations. Green
building embodies all of these modern trends. These doc-
uments, which provide a methodological and theoretical
basis for scientific research, offer an opportunity to assess
the place and importance of green building in the develop-
ment of society in general and the economy as its material
base. From this point of view, the whole range of instru-
ments used, from management decisions to the technical
standards adopted, should be evaluated.

Until recently, research in the field of green building
has predominantly concerned itself with energy and re-
source conservation. X. Zhao et al. (2018) delved into this
topic by conducting a comprehensive bibliometric review
of studies in the domain of green building from 2000 to
2016. Their findings highlight a strong emphasis on eco-
nomics and ecology, suggesting that these dimensions
have been central to the research agenda in this field. Few
authors, such as A. Ragheb et al. (2016), have explored
construction and architecture from the perspective of sus-
tainable development, not only its environmental but also
social aspects. In their study, they examined the concept
of green architecture in the context of sustainable devel-
opment, offering insights into how environmentally con-
scious building practices can also contribute to positive
social outcomes.

Scholars such as M.J. Zenglein & A. Holzmann (2019),
W. Qiao et al. (2022) note that the regulatory instruments
for green building in China differ from market-based in-
struments used in other countries in that they are domi-
nated by explicit government regulation. The first group
of researchers conducted a comprehensive analysis of
China’s industrial policy to achieve global technological
leadership, while the second group focused on the gov-
ernment-led synergistic development of the green build-
ing market in Tianjin. Together, these studies highlight
the significant role of government-led initiatives in shap-
ing the green building landscape in China. It is found that
by actively promoting and regulating sustainable build-
ing practices, the Chinese government has successfully
fostered a robust green building industry with potential
implications for global sustainability efforts. A group of
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Chinese scholars, F. Xue et al. (2019), conducted a com-
prehensive study on green building rating systems in
China. They explored the new biophilic trend of green
buildings, which together with their natural surroundings
create a new quality of life. Among Ukrainian researchers,
O. Sierikova & S. Ivanov (2023) were interested in green
building and its impact on the environment. The study an-
alysed the potential of green buildings to reduce pollution
in the ecosystem, including air and water pollution. In ad-
dition, the research highlighted the importance of green
building in the midst of the COVID-19 pandemic, as it
not only provides safe spaces for residents, but can also
help protect the human environment from contamination.

As can be seen from these broad scientific and biblio-
graphical reviews, research on green building has mainly
examined the characteristics of green building and identi-
fied the distinctive aspects that allow green building to be
identified as a separate sector of the construction industry.
However, there are only a few studies on the development
of green buildings in individual countries, describing what
the authors consider to be the most striking examples.
There is an increasing need to synthesise it and develop a
coherent picture of current developments in the building
industry. The increased level of generalisation about green
building in general, and about a particular country that is
experiencing rapid development in all sectors of the econ-
omy, such as China, allows a comparison to be made be-
tween the processes occurring in the sector in general and
in its geographically distinct parts. The aim of this study
was to present green building from the perspective of all
the components of ecology and sustainable development,
as a prospective area for the development of environmental
innovation, highlighting its specific characteristics in the
Chinese construction market.

© Materials and Methods

The material for this study consists of scientific research,
bibliographical reviews, documents and reports from in-
ternational organisations, emphasising the main elements
of green architecture. The methodological foundation for
the study of green building development is the UN Agenda
21 (United Nations, 1992), the fundamental programme
of action to achieve sustainable development, and the
World Trade Report 2020 “Government policies to pro-
mote innovation in the digital age” (World Trade Organ-
isation, 2020), which presents the theoretical foundations
and chronology of the development of technological pat-
terns and prevailing economic models, identifying trends
in the world economy for the short and long term.

Based on this, a hypothetico-deductive method was
applied in which several empirical studies by other au-
thors on different aspects of green building were evaluated
in terms of their relevance to current global environmen-
tal trends. In this way, it was possible to demonstrate a
growing link between the processes taking place in green
building and global trends and the movement of countries
towards sustainable development.
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Theoretical study of a selected subject involved the use
of scientific methods such as analysis, synthesis, abstrac-
tion, induction, and deduction. The study collected infor-
mation on current trends in green building worldwide and
in China, regulatory organizations, green building material
standards, and the use of natural renewable materials in
construction, new architectural and engineering approach-
es to the construction and operation of buildings and their
elements, the ways of recycling construction waste, the
increasing responsibility of the constructor for the entire
life cycle of the building, the new trend of green building
towards saving resources and providing a comfortable liv-
ing environment for people, educational activities, ways of
cooperation between different businesses, municipalities
and the population, etc.

The main method of this study was the induction meth-
od. The study examined primary international documents,
theoretical works and research materials containing prima-
ry analysis of selected aspects of green building and its key
features, identified through the analytical method and the
method of literature review. The use of the induction meth-
od is specific to research in the empirical phase: it allowed
for an integrated vision of green building, demonstrating
the links with the environment in which it exists. This study
used descriptions and primary analyses of existing green
building practices, management and technologies, as well
as barriers to their development, as presented in the re-
viewed studies and as dominant in the scientific literature.

© Results and Discussion
Ecological aspect of sustainable development
of the construction industry
Green building was a response to global resource depletion
and was designed to conserve valuable resources, as con-
struction is one of the most resource- and energy-inten-
sive industries. The main reasons for its development were
therefore economic and environmental. Carbon emissions
and the contamination of large areas of land with construc-
tion waste are health and environmental hazards. Increased
attention to this factor has emerged in the context of accel-
erating climate change. However, green buildings have also
begun to take into account the social factor — both the phys-
ical and social health of people, their comfort in the build-
ings constructed and in the planned landscapes in which
these buildings are located. The focus on social and envi-
ronmental factors is what drives the green building sector
to create artificial ecosystems in the urban environment,
where people do not lose their connection with nature.
Green building, as a sector of the construction in-
dustry, is increasingly responding to the demands of sus-
tainable development in society. It has great potential for
development as it responds to the need for a clean envi-
ronment, including air and water, and contributes to the
preservation of health. The resource and energy savings of
green building contribute to the economic sustainability of
society, while environmental and aesthetic factors contrib-
ute to its psychological and social sustainability. In green
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building, as in other industries seeking to meet sustainabil-
ity requirements, the product life cycle is an essential cat-
egory, as the manufacturer is responsible for the product
throughout its life cycle until disposal. In the case of green
building, builders are responsible for the life cycle of the
building, from design to operation and demolition, where-
as in today’s conventional construction, builders are not re-
sponsible for the actual operation, let alone demolition, of
the building without negative environmental impact.

Green building has gone through several stages in its
development. The first stage is defined by the economy of
resources, the development of closed-cycle circuits in con-
struction, and using materials of predominantly inorganic
origin. This phase is now in progress in China, which is
actively preparing itself for the second phase by studying
the experience of countries that started it much earlier.
This, first of all, countries such as Japan and Germany,
and several other developed EU countries. With Germany,
China has several cooperation programmes in this field,
with Germany transferring to China technologies that
promote energy- and resource-efficient construction and
operation of buildings and expertise in project manage-
ment throughout their lifecycle.

The second stage is based as much as possible on the so-
cial needs of the people living in the area and the local natu-
ral conditions. This includes minimising the environmental
impact of the construction and operation of the buildings,
landscapingthebuildingsbothverticallyand usinggreenroof
technology, and designing the areas around the buildings to
be as harmonious as possible with the surrounding nature.

Increased accountability requires new approaches to
project management methods as a long-term process in-
volving all stakeholders in discussion and decision mak-
ing. Conceptually new approaches to building construc-
tion and operation in green building require new building
standards that address both the construction process of
buildings, their ecological and energy efficient operation,
and the sustainability of materials. Several such standards,
such as LEED (Leadership in Energy and Environmental
Design, USA) and BREEAM (Building Research Institute
for the Environment, UK) are used in many countries.
Several national standards are used by some countries in
the region or, as in the case of China, are applied domesti-
cally (Zhao et al., 2018).

New construction includes technologies such as pre-
fabrication, where all or most of the elements of a building
are designed industrially in-house. This makes it possible
to use materials more economically, reduce construction
waste, recycle it to develop new materials and structures,
speed up the construction process and reduce the size of
the building site. The use of information technology makes
it possible to design such buildings even for individual
projects. There is a growing demand for renewable energy
production systems for buildings, air and water treatment
equipment, dual water supply, new roofing and green roof
materials, etc., all of which contribute to the development
and improvement of technologies in construction-related
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sectors. Materials for green buildings must meet several
criteria — they must be non-toxic, low-carbon, easily recy-
clable and largely made from renewable materials, recycled
construction waste, agricultural waste and municipal solid
waste: the use of local materials and structural elements
from houses destined for demolition is encouraged.

The development of the fifth technological paradigm
and the spread of the circular economy model involves the
widespread use of green and information technologies in
all phases of production processes, thereby increasing pro-
ductivity and saving resources, and the use of green mate-
rials that contribute to a healthier human environment and
reduce non-recyclable waste that pollutes the environment
for a long time. For China, which has a rapidly growing
construction market, all of the above issues are most acute,
as the energy consumption of buildings and their emissions
into the environment are among the highest in the world.
As a result, China has set a course to achieve the country’s
sustainable development and develop green building as the
industry that consumes the most energy and resources and
generates the most emissions.

All the features of green buildings are inherent in their
Chinese variety. However, China has its own specific char-
acteristics. While in most countries the development of
green building is the result of government policies aimed
at developing market mechanisms, in China green build-
ing has developed as a result of straightforward policies
and corresponding government regulations. Green build-
ing standards are set by government agencies, which issue
certificates of compliance, and the government sets man-
datory green building levels for public buildings and often
publicly subsidised levels for private construction. The de-
sire to achieve quick, government-set quantitative results
often has adverse effects - distortion of the real demand
for green projects, as they depend almost entirely on gov-
ernment or government-subsidised demand; ignoring the
use factor of buildings by developers; and low quality of
design, as designers tend to complete the design process
quickly and follow standards, overlooking the factor of the
interaction of all building systems to achieve resource and
energy efficiency, environmental friendliness and social
attractiveness of buildings.

The financial resources invested in the green building
sector are mainly used for straightforward government reg-
ulation of the industry. Investing in the establishment and
development of new market mechanisms could increase
the efficiency of green buildings and create more incentives
for their development. China, which defines green building
as one of the technological breakthroughs, is establishing
innovation clusters for its development. In particular, ur-
ban clusters and demonstration clusters should be high-
lighted. Urban clusters, developed in the same administra-
tive way, often group cities with similar problems, making
their solutions more difficult. In addition, the fact that the
boundaries of such clusters are defined administratively
rather than naturally makes it difficult to objectively as-
sess the urban clusters performance. As a positive example
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of cluster development, there are demonstration clusters,
where the process of their creation and operation is more
clearly elaborated. They are designed to demonstrate the
positive effects of green building in synergy with other sec-
tors and are a powerful source of demonstration to educate
society and businesses about the benefits of this approach.

The construction industry is the world’s largest con-
sumer of energy and various types of resources, such as
ores, timber, etc., and is a major source of emissions to
the environment. The United Nations Environment Pro-
gramme (UNEP) estimates that energy consumption in the
building sector accounts for about 30-40% of global energy
consumption. The researchers describe various aspects of
construction and building performance in China in terms
of energy consumption and emissions, and assess the state
of construction as follows. The energy consumption of
industrial buildings alone accounts for 38% of China’s to-
tal energy consumption. According to Y. Shen & M. Fau-
re (2021), China is responsible for almost 27% of global
carbon dioxide emissions. W. Qiao et al. (2022) note the
high rate of construction in China - 1.6-2 billion square
metres per year — with energy consumption per unit area
2-3 times higher than in several Organisation for Eco-
nomic Co-operation and Development countries, leading
to a strained energy supply situation. In 2018, energy con-
sumption during the construction phase of civil buildings
in China accounted for 11% of total energy consumption
and 23% during the operation phase. Carbon dioxide emis-
sions during the construction phase amounted to about 1.8
billion tonnes, while carbon dioxide emissions during the
lifecycle of buildings amounted to 4.93 billion tonnes, or
51.3% of the country’s total carbon dioxide emissions. In a
situation of scarce resources, reform and modernisation of
the construction industry has become inevitable.

There is a need to explore and establish a sustainable de-
velopment regime for the construction industry to change
the current acute situation of high resource consumption
and pollution, and green building can be the solution. The
US Environmental Protection Agency (USEPA) defines
green building as construction that adheres to the princi-
ples of environmental stewardship and resource conserva-
tion throughout the life cycle of buildings, from design and
construction to operation, maintenance and demolition.
China uses a narrow definition that takes into account the
vector of China’s policy orientation. Green building refers
to construction designed to maximise the conservation of
resources, including energy, land, water, materials, etc., to
protect the environment and reduce pollution, to provide
a healthy and eflicient living environment for people, and
to coexist harmoniously with nature throughout the build-
ing’s life cycle, which is in line with China’s national con-
ditions and the concept of sustainable development. Such
an approach aims to minimise harmful effects on human
health and the environment.

According to A. Ragheb et al. (2016), the main char-
acteristics of green buildings include the use of energy-ef-
ficient ventilation, heating and cooling systems, lighting
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and appliances, water-saving devices; planning the layout
of buildings in relation to the landscape to maximise the
use of passive solar energy; causing minimal damage to
the natural environment; using alternative energy sources,
non-toxic natural materials, responsibly collected local ma-
terials; adaptive reuse of materials and structures from old
buildings; recycling and use of construction waste; efficient
space management. Green buildings should be construct-
ed predominantly with green building materials, which
are generally produced from renewable resources. The se-
lection of green building materials is therefore guided by
criteria such as recyclability and reusability, zero or low air
emissions, zero or low toxicity, sustainability and rapid re-
placement, strength, durability and local production.

H. Wang et al. (2018) define green building materi-
als as similar to the above, emphasising their innovative
nature, renewable sources of origin and environmentally
friendly production and processing processes, which are
essential for saving energy and resources in the construc-
tion process. They define a green building material as a type
of building material whose production involves the use of
environmentally friendly technologies, a significant con-
tent of recycled industrial, agricultural or municipal solid
waste, the full or partial use of natural resources and en-
ergy, and a high degree of recyclability, which should con-
tribute to the protection of the environment and human
health. Examples of such new green building materials are
fibre concrete or plant fibre reinforced concrete and build-
ing insulation materials using locally available fibres and
other composites from agricultural waste.

In addition, green building technologies (GBTS) have
their own specific features designed to improve energy ef-
ficiency. GBTS include the installation of solar panels, dual
water systems (for clean and service water from rainwater
collected on the building itself), heat pumps, the installa-
tion of green roofs and walls, and the application of ap-
propriate technologies at all stages of the project. Collab-
oration between different design disciplines is essential to
the development and application of GBTS. It increases the
importance of the designer’s ability to implement environ-
mentally friendly technologies and to develop an architec-
tural design that is best suited to local conditions.

S. Jones (2021) provides an overview of sustainable
green building methods. These include lean construction,
the use of diverse designs and information technology, the
use of sustainable building materials, new standards and
new tools for measuring hydrocarbon emissions. Lean
construction involves stakeholders working together to
optimise a project and minimise potential damage. The
industrial approach (use of prefabricated, modular and in-
dustrial structures) in the pre-construction phase makes it
possible to use fewer natural resources, reduce pollution
and optimise materials management. It determines the en-
vironmental and economic benefits.

The use of sustainable building materials requires that
they are recyclable, contain recycled content and have a
minimal impact on the environment. The study of materials
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is not limited to their environmental performance, but also
includes social aspects that are influenced by companies.
Circular or closed-loop construction approaches design
and construction to reduce the primary use of resources
while increasing their recycling and reuse. Developers can
use construction and demolition materials intended for re-
cycling, practise source reduction, recycle to reuse existing
materials, and purchase used or recycled materials. The
role of the developer is essential in this process.

International green building standards and certification
Two sets of material standards are becoming common: en-
vironmental product declarations (EPDs) and a second,
more recent set called multi-attribute standards (MAS). An
EPD is an assessment of the life cycle of materials. MAS,
on the other hand, targets specific material classes and is
endorsed by special standards groups. Thus, it is a matter
of applying material standards that comply with the re-
quirements of sustainable development - environmental,
economic and social.

New tools for carbon reduction have emerged as build-
ing materials have a high carbon emission rate, requiring a
quick and accurate estimation of their carbon content. The
Efficiency Carbon Calculation Calculator (ECC), a free and
open-access platform, has proven effective in determining
the carbon content and therefore the sustainability of ma-
terials. Based on third-party verified EPD data, the ECC
tool compares the carbon content of materials, allowing for
quick selection of carbon eflicient purchases. Information
technology, in particular BIM (Building Information Mod-
elling), has been used in sustainable construction. It is main-
ly concerned with design and pre-construction, but benefits
all phases of the project life cycle. Through the accuracy of
calculations, 3D modelling and the production of precisely
fitting structural elements in industrial pre-construction,
material savings are achieved and heat loss during the op-
eration of the building is reduced. BIM processes are there-
fore efficient in that their implementation almost always re-
duces the environmental impact of a construction project.

In green construction, the use of green roofs is gaining
ground. In general, roofs account for about 20-25% of the
total urban area. Green roofs are a natural solution to the
environmental problems caused by climate change and rap-
id urbanisation, providing man-made ecosystem services
and having a positive impact on human welfare. Accord-
ing to H. Liu et al. (2021), in urban areas, green roofs can
mitigate the urban heat island effect, help reduce energy
consumption of buildings, regulate rainfall absorption and
reduce runoff from roofs, extend the life of roofing materi-
als, improve urban water and air quality, reduce noise, en-
hance urban biodiversity and harmonise urban landscapes.
Assessing the economic impact of green roofs on building
maintenance, they estimate that green roofs can reduce
maintenance costs by between 60% and 100%, based on
one parameter of stormwater runoft alone. Future research,
they believe, should focus on low-cost and ingenious green
roof designs, taking into account climatic conditions and
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realising environmental, social, economic and other bene-
fits, while striking a balance between costs and results.
Green building management uses the Green Globes™
system, which includes an assessment protocol, rating
system and guidelines for applying sustainable design to
commercial buildings (What is sustainable..., n.d.). Other
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well-known standard systems for assessing green building
projects are listed in Table 1. All of these systems are de-
signed to assess a building’s compliance with green stand-
ards and issue a certificate. All of these systems are de-
signed to assess whether a building meets green standards
and issue the appropriate certificate.

Table 1. The most widely used green building standards in the world

System Origin
LEED (Leadership in Energy and Environmental Design) USA
Green Mark Scheme Singapore
CASBEE (Comprehensive Assessment System for the Built Environment Efficiency) Japan
Building Research Establishment Environmental Assessment Method (BREEAM) UK
Green Building Council of Australia (GBCA) Australia
Building Environmental Assessment Method (BEAM) Hong Kong

Source: made by the author

Green building has expanded the scope of the con-
struction industry by placing new energy, resource, envi-
ronmental and social demands on it. At the same time, the
economic imperative to minimise costs has forced the con-
struction industry to explore new materials, develop new
technologies for both the construction and operation of
buildings, and develop new conceptual models for build-
ings that take into account their location. Current green
building standards unify the requirements for all its phases
and components, allowing them to be manufactured on an
industrial scale. In addition, the industry is beginning to
adapt to the new demand for buildings. New companies
are emerging that focus on the production of green mate-
rials, design elements made from natural and recycled ma-
terials, and innovative equipment for the maintenance of
green buildings. In addition, pre-construction techniques
are becoming more widespread, where all the structures of
the future building are manufactured in an industrial plant.
The use of IT (information technology) in this process al-
lows structures to be manufactured on a project-by-project
basis, which is particularly important in green construc-
tion in order to maximise the specific characteristics of the
future building site. For this process to be successful, the
chain from the designer to the manufacturer to the con-
structor of the building must work harmoniously. This
overview shows that the development of green building is
pushing the construction and related industries towards
higher technological sophistication, higher productivity,
new technology chains or natural vertical and horizontal
clusters. At the same time, it creates the conditions for a
better quality of life for the occupants of green buildings.

Faced with growing environmental problems (water
scarcity, air, soil and water pollution, accumulation of solid
domestic and industrial waste, resource scarcity) exacerbat-
ed by rapid industrialisation, China has, over the past dec-
ade, adopted an active policy of sustainable development.
The material foundation of this policy is the transition to
a “green” economy, i.e. a circular or closed-loop economy
that incorporates social and environmental elements into
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economic processes that cannot always be precisely quanti-
fied but that improve the quality of life, including the living
environment. The cost of financing China’s transition to a
green economy is estimated at $19.4 trillion, with an ad-
ditional financing requirement of $6.4 trillion (Here’s how
China..., 2018). The main areas of transition include energy
and resource conservation, renewable energy generation,
a shift to electric transport, recycling and a shift to clean
industrial technologies. The development of green building
is one of the key areas for building a green economy, as it
solves a number of the above issues.

In exploring the history of green building development
in modern China, Y. Zhang et al. (2018) note that as an eco-
nomic sector, it has developed relatively recently - after the
2005 Beijing International Conference on Green Building.
Since then, green building has been in the spotlight of the
Chinese leadership, although it has not always been consist-
ently implemented at the administrative level. In 2016, for
example, there was a list of more than 4,500 green building
projects, representing more than 500,000,000 m? of build-
ing space. By 2020, it is expected that 50% of new residen-
tial buildings will meet the green building standard. In the
“National Medium and Long Term Programme for Sci-
ence and Technology Development (2006-2020)", the key
section “Urbanisation and Urban Development’, and “En-
ergy-efficient buildings and green construction” are iden-
tified as priorities. In addition, scientists note that the na-
tional plans for the 11" and 12 Five-Year Plans set a course
for energy conservation and use, considering modern ar-
chitectural solutions, and identified design and construc-
tion with green technologies with responsibility through-
out the life cycle of buildings as priority technologies.

New materials manufacturing, relevant to green build-
ing development, is named among the top ten priority
sectors for development in the Made in China 2025 Pro-
gramme, with this sector being the fastest growing after the
new generation IT sector in China during 2016-2018 (Ze-
nglein & Holzmann, 2019). A special office has been estab-
lished to manage the assessment and identification of green
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buildings, the adoption of green building assessments
and the management of the assessment and identification
of green buildings with one and two stars by government
agencies (Zhang et al., 2018).

The construction industry is guided in its activities
by building standards. Green building as a sector has its
own standards, which include environmental and social re-
quirements for all buildings, operational processes and re-
sponsibility for them throughout their lifecycle. Examining
the implementation of green building standards in China,
Y. Shen & M. Faure (2021) note that a green building rating
standard has been developed under the leadership of the
central government. It has been incorporated into China’s
national Green Building Energy Label (GBEL). In contrast,
the widely used LEED environmental design standard is
based on private standards developed in the US. Both LEED
and GBEL include basic requirements for energy use, land
use, indoor air quality, water and waste management. The
original GBEL standard, published in 2006, was quite com-
prehensive. The later version of the GBEL standard (2019)
includes elements such as durability, real-time resource
monitoring, building operations, and usability and accessi-
bility for end users during the operational phase.

A peculiarity of using green building standards in Chi-
na is that the GBEL standard is mandatory for government
buildings, but can be used voluntarily in private construc-
tion. The LEED standard only applies to private construc-
tion in China. China uses the UK’s BREEAM certification
system, Germany’s DGNB (German Sustainable Building
Council) and Singapore’s Green Mark, but to a much lesser
extent than LEED. A total of 19 million square metres of
new and existing buildings will be certified by 2020, with
the area of certified new green buildings accounting for
2% of all new buildings constructed in China (China green
building..., 2021).

In addition, Y. Shen & M. Faure (2021) examine the
management and control methods of green building in
China, where the main method is explicit government reg-
ulation. It determines the peculiarities of its development,
with both positive and negative aspects related to gov-
ernment regulation, and therefore requires more detailed
consideration. Alongside explicit government regulation,
market-based instruments imply financial incentives or
disincentives to influence the level of economic activity.
These include taxation, subsidies and government sup-
port. In addition, persuasion instruments are used, which
use information to encourage voluntary compliance and
self-regulation in a green building, most often in the form
of private certificates. They note that while the use of each
of these tools is essential, none of them alone can be suffi-
cient to promote green building due to high up-front costs,
lack of reliable information and the influence of private in-
terests. Although green building has been listed as a devel-
opment priority in Chinese government documents since
2006, its development faces a number of difficulties that
researchers have highlighted. Green building still accounts
for a minimal proportion (around 1%) of all existing
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buildings in China. However, priority is given to the rapid
construction of new buildings, neglecting the repair and
renovation of existing buildings.

China’s central government, which plays a leading role
in promoting green building, requires all public buildings
to be certified as green under China’s GBEL system. GBEL
is available for certification of residential, commercial and
non-residential buildings and can be chosen on a voluntary
basis. The number of new green buildings in China is grow-
ing rapidly, largely due to policies and regulations that sup-
port green building. And while there is a growing number
of commercial green building projects using private certif-
icates, the state-owned GBEL still dominates the Chinese
market as most laws and regulations refer to GBEL.

The GBEL standards were developed by a govern-
ment-owned company, and the certification of projects
is carried out by a commission linked to the government.
Certification to GBEL standards does not always provide a
sufficient assessment of a project’s green building practices
compared to several private standards such as LEED. In
addition, the GBEL standards are constantly being updat-
ed, which increases the administrative costs of regulating
green buildings. The Chinese government encourages the
accelerated development of green buildings in a number
of ways — through public procurement, subsidies and lax
enforcement of laws.

Furthermore, Y. Shen & M. Faure (2021) analysed the
positive and negative aspects of each of the instruments
used by the Chinese government. For example, govern-
ment procurement can increase the demand for green
building facilities and products in the short term when the
state has required all central government agencies to pur-
chase Chinese Eco-Label (CEL) certified building materi-
als. Government subsidies can reduce the up-front cost of
green building, thereby providing an incentive for private
developers. However, the pursuit of subsidies can create
perverse incentives and contribute to increased environ-
mental impacts.

For example, Chinese legislation on green building
at the corporate level requires companies to obtain con-
struction permits that include an Environmental Impact
Assessment (EIA). Chinas 2003 EIA law allowed viola-
tors to submit an ETA after a project had started. The 2014
Environmental Protection Law abolished post-EIA, but
in practice post-EIAs still exist in two of the eight juris-
dictions to attract companies that can supplement local
tax revenues. However, subsidies and public procurement
alone cannot ensure the long-term growth of green build-
ings without public financial incentives for the market.
New green building projects initiated and subsidised by
the government do not always reflect the actual demand
for these facilities. Some green building complexes become
ghost towns and are likely to consume more energy than
they save. Too much public spending on green building can
crowd out private investment and make the green building
market unnecessarily dependent on the state. At the same
time, regulatory planning for green buildings encourages
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more sensible management of urban land and the siting of
buildings away from areas of environmental disadvantage.

Sustainable green construction in the Chinese context
Green building is seen as one of the achievements of Chi-
na’s environmental policy. The example of China shows that
when green technologies are promoted, construction can
be complicated without government intervention (Shen &
Faure, 2021). At the same time, the extent of government
regulation of green building and private initiative should be
balanced. Green building in China has shown that excessive
government involvement in the process can lead to nega-
tive outcomes, often the opposite of the original purpose,
as noted by W. Qiao et al. (2022). They suggest that in order
to overcome the negative phenomena in green building, it
is essential to seek synergies between all stakeholders in the
green building market, strengthen market-based influence
mechanisms, and explore more efficient methods of public
administration tailored to China’s specific characteristics.
The Chinese government has so far invested a lot of money
in subsidies to promote green building, but these often have
a short-term effect and create perverse incentives.

For example, the desire to quickly achieve positive
externalities in the green building market, and the lack of
information for clients about the real state of the market,
leads some participants to exaggerate the environmental
performance of projects in order to obtain subsidies. Even
if developers want to enter the market, they will pay atten-
tion to the construction of green spaces and neglect the
maintenance during their long life cycle due to high finan-
cial costs. Therefore, there is mistrust between developers
and consumers, and consumers’ willingness to pay is still
low (Qiao et al., 2022).

The problems of green building development in Chi-
na caused by an explicit state regulation are mentioned by
W. Wang et al. (2018). State management of the green build-
ing sector leads to a desire to demonstrate quick external
results, regardless of the possible negative consequences of
such an approach. In the Chinese green building market,
theoretical and scientific research has been emphasised in
previous periods, which has allowed some progress to be
made. The green outcome and the cost of maintaining the
buildings were of interest and value to both the govern-
ment and society. However, this middle ground between
the idea of a “green” building and an understanding of what
it should be as an architectural design was ignored by both
government and society. This has affected the quality of
construction. Research by W. Wang et al. (2018) shows that
the performance of green buildings is dependent on plan-
ning and design. For example, more than 40% of the energy
savings of buildings are incorporated at the design stage.

Construction in China prioritises the pace of con-
struction, therefore, designers are always interested in
producing a project quickly. They design predominantly to
standard, lacking innovation and sufficient environmental
support, ignoring the specifics of the area and neglecting
the whole process of the building’s operation. This leads to
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an imbalance in the Chinese green building market. In ad-
dition, due to the fast pace of work, planners are not eager
to learn and master green building design, but rather pay
excessive attention to planning results, i.e. quick design
production, ignoring planning processes and methods.
Due to a lack of awareness of the nature of a green build-
ing and its specific design features, there have been cases
where green structures and technological equipment have
simply been piled into a single project, rather than creat-
ing a coherent complex. Providing the wrong incentives
and misunderstanding the nature and purpose of a green
building leads to the opposite result in terms of additional
resource expenditure and increased environmental dam-
age rather than energy and resource savings. Other re-
searchers, such as the author of this article, share this view.

Low levels of governance and lack of transparency in
the design, construction and operation of buildings make it
difficult to implement truly green building practices. As an
industry that highlights both challenges and opportunities
in the transition to a new circular economy model, the con-
struction industry and its innovative green building sector
face particular barriers to its development. These include
high costs for economic actors in the circular economy mod-
el compared to conventional models, lack of market incen-
tives and low awareness of green industrial activities (Ogun-
makinde, 2019). These barriers are being overcome in many
countries through the development of innovation clusters.

Functionally concerning green building in general,
the scientific literature distinguishes clusters such as green
building technology implementation, material selection,
project development, green building project management
and the green building itself. The evaluation system can be
divided into the technology sector, the management system
and the evaluation using cluster analysis, which can be con-
sidered as a separate area of green building research. In or-
der to accelerate successful innovative development, many
countries encourage the development of various clusters
by locating breakthrough points. These include technology
parks, industrial clusters and urban clusters. In China, the
network of development clusters has grown steadily over
the past decade and a half. For example, the first project list
of the urbanisation programme in 2005 included 56 enter-
prises, 13 industrial parks, 7 provinces, 5 cities and 1 town
(Ogunmakinde, 2019). Over time, this network has expand-
ed vertically and horizontally, and there has been a concep-
tual redefinition of the role of clusters in achieving the coun-
try’s strategic development objectives (Zhanhao, 2022).

Y. Huang et al. (2018) in their work explore the de-
velopment of urban clusters as an essential field of spatial
innovation development in China. The 13" Five-Year Plan
and the “New National Urbanisation Plan (2014-2020)”
have recognised the strategic importance of urban clus-
ter development in achieving China’s sustainable devel-
opment. Urban clusters are becoming the fastest growing
and most promising areas for economic development. At
the same time, the administrative way in which they are es-
tablished is developing some complications. They focus on
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environmental problems, which are exacerbated by the phe-
nomena of similar industrial structure of cluster members,
homogeneous competition, homogeneous resource costs
and the spread of pollution. At the same time, Y. Huang et
al. (2018) point out that there is an imbalance between the
economic and environmental development of urban clus-
ters. Once several cities form an urban cluster, it becomes
crucial for the economic growth of each city in the urban
cluster due to human capital accumulation and knowledge
diffusion. When analysing the environmental performance
of an urban cluster, researchers believe that it is more cor-
rect to consider a particular urban cluster as a separate ob-
ject of study, since both the boundaries and the participants
of the urban cluster are defined by the state rather than by
an objective assessment. It is difficult to make an objective
assessment of the urban cluster, which would not allow the
impact of the urban cluster on the environmental perfor-
mance of its member cities to be assessed. To inform and
promote innovation and sustainable development, China
has established a network of eco-innovation demonstration
parks consisting of technology parks and urban clusters.

Examples of eco-industrial parks in China include
Guanzhang National Eco-Innovation Demonstration Park,
Nanhai National Eco-Innovation Demonstration Park,
Tianjin Economic Development Zone, Suzhou, Sichuan,
Tuopai Industrial Eco-Innovation Parks, Xian High Tech-
nology Zone and Yantai Eco-Innovation Development
Zone. In these eco-innovation parks, waste from one of the
participating enterprises serves as a raw material or part of
the materials for others. These eco-innovation parks suc-
cessfully exchange waste, including ash, sludge, plastics,
wood and paper. One example is the production of copper
from wastewater in the Suzhou park. The Tianjin Econom-
ic Development Zone has successfully implemented a sym-
biotic relationship between companies producing electron-
ics, automobiles, food and biotechnology. In addition, the
Xi’an High-Tech Zone has created synergies between auto-
mobile manufacturers, cement companies and processors.
The issue of greening park areas and the impact of various
indicators on ecological diversity in Ukraine has been con-
sidered by such scientists as H. Lukashchuk et al. (2023).

Several cities and districts, including Shenzhen in
Guangdong province, Wuhan, Huashan in Hubei prov-
ince, Zhenjiang, Guantang in Jiangsu province, Kunming,
Chenggong in Yunan province, Sanming in Fujian province
and Zhuhai, Hengqin in Guangdong have been identified
as low-carbon pilot cities. The purpose of these low-carbon
cities was to reduce carbon emissions (e.g. carbon dioxide
and methane), collect data on greenhouse gas emissions,
and promote green consumption among residents and ap-
propriate management to maintain economic efficiency
and economic growth.

For the development of innovative “smart” and “green”
technologies, Chinas “Made in China 2025” programme
aims to develop the following industrial clusters: green
manufacturing, smart manufacturing, manufacturing and
technological innovation, manufacturing and internet
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integration, and industry leaders (Zenglein & Holz-
mann, 2019). As the survey shows, cluster development in
China is evolving from year to year, encompassing more
sectors and areas, and taking on new forms and combina-
tions. All of these processes are aimed at fully transitioning
China to a new and innovative economic model and, as far
as possible, achieving sustainable development objectives.

An examination of the scientific work on green build-
ing shows that the vast majority of it is still at the level of
empirical data description and primary analysis of its vari-
ous aspects. This is a characteristic of the general academic
literature on the subject. However, when selected and syn-
thesised, they provide a coherent picture of green buildings
and their place in the modern world. Green building has
become a fast-growing sector of construction, innova-
tive for the development of the construction industry as a
whole. It is in the green building sector that new construc-
tion technologies, new materials and new management
methods are being tested.

© Conclusions
This study covered a wide range of issues related to green
building and its specific characteristics in China. Green
building is the construction of buildings in an environmen-
tally responsible and resource-efficient manner throughout
their lifecycle, minimising their negative impact on human
health and the environment. All these trends are designed
not only for aesthetic and social aspects, but also as elements
of resource conservation in the operation of the building.
Non-renewable materials in building structures are gradu-
ally being replaced by renewable ones, such as concrete re-
inforced with plant fibres, which allows the use of local fea-
tures and the recycling of products or agricultural waste. In
addition, the pre-construction sector, which is essential for
green building, is developing, using IT technologies along
the entire chain from design to structural fabrication and
assembly. All this opens up new business opportunities.
Being included later than other industrialised countries
in the process of transition to sustainable development with
the development of an appropriate model of circular econo-
my, the green economy, as a more extended understanding
of it, China concentrates innovative green building technol-
ogies primarily in various types of clusters — from industri-
al to urban and demonstration, which are developed and
expanded year after year in China, which is demonstrated
by the results of the study. In addition, the study identified
several challenges and barriers to the development of green
building in China. It has been the focus of Chinese gov-
ernment authorities, which has allowed the legislative and
regulatory administrative environment for green buildings
to be established and adjusted quickly, financially stimulat-
ing its development and preventing green buildings from
being located in environmentally disadvantaged areas.
At the same time, over-administration of the sector
hinders the implementation of green projects. Encourag-
ing quick results often has short-term effects and can lead
to economic and environmental losses in the long term.
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© AHorauif. 3enete 6yniBHULTBO — Lie CIIOCIO Iepexoiy pecypcoMicTKoI GyaiBenbHOL iHyCTpil 10 CTAIOr0 PO3BUTKY
B YMOBaxX CKOPOYEHHS HEBiIHOBIIOBAHMX PeCypCiB, 3MiHM KIiMaTy Ta 3pOCTaHHA HaceneHHA mnaHeTn. [lna Kuraro,
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