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Abstract: The article examines the urgent problem of atmospheric air pollution in Ivano-
Frankivsk region caused by anthropogenic factors. The main attention is paid to the analysis of
the structure and dynamics of pollutant emissions from stationary sources, in particular carbon
dioxide, sulfur compounds, solid suspended particles, nitrogen and other substances. The
analysis of trends in total pollution for the period from 1990 to 2023 has been presented, taking
into account economic, social and environmental factors. It has been found that in 2023, total
emissions from stationary sources decreased by 3.02% compared to 2022 and amounted to 147.7
thousand tons. The main pollutant remains carbon dioxide (9.9 million tons), which is the main
greenhouse gas and contributes to climate change. The structure of emissions of other pollutants
has been investigated: a significant share is made up of sulfur dioxides (65%), solid suspended
particles (17%), nitrogen compounds (9%), methane (4%), and non-methane volatile organic
compounds (3%). The dynamics of changes in emission levels in the context of economic,
environmental and technological factors, including the impact of the COVID-19 pandemic, has
been presented. Particular attention is given to analyzing emissions of nitrogen dioxide, sulfur
dioxide, particulate matter, and nitrogen oxides, as well as their impact on ecosystems and
public health.

The results of the study show a gradual decrease in atmospheric air pollution in the
region, which is a consequence of a decrease in carbon dioxide and sulfur dioxide emissions,
but emissions of volumes of emissions of solid suspended particles and nitrogen oxides have
increased in recent years. Therefore, the development of alternative energy, the introduction of
the latest emission treatment technologies, the popularization of environmentally friendly
transport, and the strengthening of environmental monitoring remain actual for the region.
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1. INTRODUCTION

One of the most pressing issues today is the pollution of the atmosphere's surface layer caused
by anthropogenic emissions. Atmospheric air pollution has a negative impact on public health,
contributes to the spread of respiratory diseases, allergies, cardiovascular diseases and other
pathologies. In addition to affecting health, air pollution disrupts ecological balance, contributes to



the degradation of natural ecosystems, and exacerbates climate change (Soroka et al., 2023;
Grigorieva et al., 2023).

Of particular importance is the study of atmospheric air quality in the context of Ukraine's
integration into European environmental standards, as well as in the context of climate change
(Bakharev, 2016). Identifying the main sources of pollution, assessing their impact, and developing
ways to reduce emissions is an urgent task to ensure the country's sustainable development and
improve the quality of life of the population (Hohunskyi & Prokopovych, 2016). In addition, the
relevance of studying the state of atmospheric air in Ukraine is underscored by the country's
international commitments under the Paris Climate Agreement, the Association Agreement with the
EU, and other environmental initiatives. This involves gradually reducing greenhouse gas
emissions, introducing environmentally friendly technologies, strengthening environmental
monitoring, and creating legal mechanisms to ensure environmental safety (Hryhorieva et al., 2023).

According to research data, air quality in many industrial regions of Ukraine remains critically
low, requiring the implementation of effective measures to monitor, analyze, and control emissions
of harmful substances (National Report on the State of the Environment in Ukraine, 2022).

The atmospheric air of Ivano-Frankivsk region is subject to significant anthropogenic impact
from the operation of industrial facilities in the region (Adamenko & Akulshyn O, 2011). On the one
hand, the region is characterized as a tourist center, on the other hand, such industrial giants as:
Burshtyn Thermal Power Plant Industrial Enterprise, DTEK “Zakhidenergo” Private Joint Stock
Company, “Naftokhimik Prykarpattya” Private Joint Stock Company, “Nadvirnanaftogas”, Ivano-
Frankivskcement Private Joint Stock Company, and others (Zinko et al.,, 2014; Environmental
Passport of Ivano-Frankivsk region for 2023, 2024). The main air pollutants by type of economic
activity continue to be enterprises supplying electricity, gas, steam, and conditioned air, which
account for 89.5% of regional emissions, with the share of mining and quarrying development at
3.5%; processing industry at 3.1%; transport, warehousing, postal and courier activities at 2.1%;
agriculture, forestry, and fisheries at 1.4%; and other economic sectors at less than 1% (Regional
Report on the State of the Environment in Ivano-Frankivsk Region, 2014). Therefore, assessing the
impact of stationary sources of pollution on the state of the atmospheric air and studying the main
trends in pollutant emissions in Ivano-Frankivsk region is an urgent research task.

The purpose of the study is to analyze the structure and dynamics of pollutant emissions from
stationary sources in Ivano-Frankivsk region.

To analyze air pollution from stationary sources in Ivano-Frankivsk region, we used official
statistics from the State Statistics Service, as well as statistics from the Environmental Passport of
Ivano-Frankivsk region and Regional Reports on the State of the Environment in Ivano-Frankivsk
region. The statistical collections “Environment of Ukraine” for 2022 and 2010 were also used as a
source of statistical reporting.

2. STRUCTURE OF POLLUTANT EMISSIONS INTO THE AIR OF IVANO-
FRANKIVSK REGION

According to the Main Department of Statistics in Ivano-Frankivsk region, in 2023, air
pollutant emissions from stationary sources amounted to 147.7 thousand tons, which decreased by
3.02% compared to the previous year. The largest contribution to air pollution is made by carbon
dioxide, which amounted to 9.9 million tons (1.10% less compared to 2022), the main greenhouse
gas that affects climate change (Environmental Passport of Ivano-Frankivsk Region for 2023, 2024).

In addition to carbon dioxide, the following pollutants form the structure of air emissions in
Ivano-Frankivsk region: sulfur compounds, substances in the form of solid suspended particles,
nitrogen compounds, methane, non-methane volatile organic compounds (Fig. 1).
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Figure 1. Distribution of pollutant emissions into the atmosphere from stationary sources in
2023, categorized by individual substances

In the structure of air pollutant emissions by stationary sources, after carbon dioxide, dioxides
and other sulfur compounds (96512.1 tons) were the second largest contributors to the total
emissions, accounting for 65% of the total. On the third place are substances in the form of solid
suspended particles — 24903.1 tons, which is 17% of the volume of pollutants released into the
atmosphere. Nitrogen compounds take the fourth position — 13177.8 tons (9%). Methane, which is a
greenhouse gas, rounds out the top five key pollutants with a share of 4% (5683.1 tons). Emissions
of non-methane volatile organic compounds amounted to 4650.4 tons (3% of total emissions).
Carbon monoxide emissions were the lowest, amounting to 4650.4 tons (2%) (Regional Report on
the State of the Environment in Ivano-Frankivsk Region for 2023, 2024).

The structure of emissions of the main pollutants into the air from stationary sources of
pollution in Ivano-Frankivsk region in 2023 is shown in Figure 1.

3. DYNAMICS OF AIR POLLUTANT EMISSIONS INTO THE AIR

3.1. General dynamics of pollutant emissions from stationary sources of pollution into the

atmosphere of Ivano-Frankivsk region

In the dynamics of pollutant emissions into the air of Ivano-Frankivsk region from 1990 to
2023, several stages can be distinguished that reflected changes in pollution levels and the economic
situation in the country and the region (Fig. 2).

The first stage, which covers the period from 1990 to 2000, was characterized by high levels of
emissions, in particular in 1990, when they reached 403.3 thousand tons. This reflects intensive
industrial production and pollution at a time when the region had not yet felt the impact of economic
changes associated with the collapse of the USSR. Emissions in 1995 decreased to 271.7 thousand
tons, and in 2000 to 141 thousand tons, which was the result of a reduction in industrial activity due
to the economic crisis and structural changes (Statistical Collection of the Environment of Ukraine
for 2010, 2011).

The second phase, from 2000 to 2015, was characterized by a gradual but steady decline in
emissions. After a sharp decline in the early 2000s, emissions have been steadily declining due to
reforms in the energy sector, the use of cleaner technologies, and a reduction in pollution intensity
due to the transition to other energy sources and technological upgrades. In 2010, the volume of
emissions amounted to 169.2 thousand tons, and in 2015 there was a slight increase again to 223.9



thousand tons, which may be a result of economic growth and intensification of industrial
production (Statistical Collection of the Environment of Ukraine for 2015, 2016).
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Figure 2. Dynamics of pollutant emissions from stationary sources of pollution into the air of
Ivano-Frankivsk region (thousand tons)

The third stage, after 2015, was characterized by volatility of emission levels. After an increase
in 2015, emissions declined in 2020 to 140.4 thousand tons (Statistical Digest of the Environment of
Ukraine for 2022, 2023), likely due to the economic downturn and lockdown caused by the COVID-
19 pandemic. However, after that, there was a slight increase in pollution levels again, indicating a
recovery in economic activity and a possible increase in industrial emissions. In 2021, the volume of
emissions amounted to 172.4 thousand tons, and in 2022 it decreased again to 152.3 thousand tons
(Statistical Collection of the Environment of Ukraine for 2022, 2023).

3.2. Carbon dioxide emissions

The largest amount of carbon dioxide is emitted into the air of Ivano-Frankivsk region. In 2023,
stationary sources of pollution accounted for 9.9 million tons (1.10% less than in 2022 and 18% less
than in 2021) (Environmental Passport of Ivano-Frankivsk Region for 2023, 2024).

Carbon dioxide is a colorless and odorless gas that is a natural component of the atmosphere.
CO:z is classified as a fourth hazard class substance, which means that it is a low-hazard substance.
Carbon dioxide is formed as a result of the combustion of fossil fuels such as coal, oil, natural gas,
as well as artificial and synthetic fuels, and biomass such as wood. The danger of increasing the
concentration of carbon dioxide in the air lies in its property of being a greenhouse gas, which
contributes to the retention of heat on the Earth's surface and thus leads to global warming
(Petrovska, 2014; Grigorieva and others, 2023).

An analysis of the dynamics of carbon dioxide (CO2) emissions from stationary sources of
pollution in Ivano-Frankivsk region showed a significant increase in the period from 2010 to 2019,
after which fluctuations were observed with a general downward trend (Fig. 3).



14000 12898.9
12000 11575.3 12067.1

10207.1 10044.8  9900.2

10000

8000 | 7162.9
6000

thsd.t

4000
2000

2010 2015 2019 2020 2021 2022 2023

Figure 3. Dynamics of carbon dioxide emissions by stationary sources of pollution into the air of
Ivano-Frankivsk region (thousand tons)

In 2010, emissions amounted to 7162.9 thousand tons, but by 2015 they had increased by 38%
to 11575.3 thousand tons, which is a significant increase (Statistical Collection of the Environment of
Ukraine for 2015, 2016). The highest level was recorded in 2019 — 12898.9 thousand tons, which
reflects the maximum intensity of industrial activity for the analyzed period (Statistical collection of
the Environment of Ukraine for 2022, 2023).

In 2020, there was a significant decrease in emissions by 21% compared to the previous year,
to 10207.1 thousand tons, which was likely due to a decrease in production activity due to the
COVID-19 pandemic. In 2021, the level of emissions partially recovered to 12067.1 thousand tons,
but after that, in 2022 and 2023, there was a decrease again — to 10044.8 thousand tons and 9900.2
thousand tons respectively (Statistical Collection of the Environment of Ukraine for 2022, 2023).

3.3. Emissions of dioxide and other sulfur compounds

The second place in the structure of emissions in the region was occupied by sulfur dioxide
and other sulfur compounds (Environmental Passport of Ivano-Frankivsk region for 2023, 2024).

Sulphur dioxide is an inorganic binary gas that is colorless under normal conditions but has a
pungent, suffocating odor. It is formed during the combustion of fuels containing sulfur, especially
coal and heavy oil fractions, as well as during various production processes, such as the processing
of sulfide ores. This substance is classified as a third hazard class, which indicates its moderate
hazard level. Sulphur dioxide has a negative impact on materials, oxidizing them and adversely
affecting human health. The time during which this ecotoxicant stays in the atmosphere is relatively
short: in clean air — 15-20 days, in the presence of high concentrations of ammonia and other
substances — several hours. In the presence of oxygen, SOz is converted to SOs, which, in interaction
with water, forms sulfuric acid. The end products of these reactions are distributed as follows: as
precipitation on the surface of the lithosphere — 43%, on the surface of the hydrosphere — 13%;
absorbed by plants — 12%, surface water — 13% (Petrovska, 2014). Sulphur dioxide is particularly
harmful to woody plants, causing chlorosis (yellowing or discoloration of leaves) and dwarfism. In
humans, this gas causes respiratory system diseases, including bronchitis. Toxicity can occur even
at low concentrations (20-30 mg/m?3), manifesting itself in an unpleasant taste in the mouth, irritation
of the mucous membranes of the eyes and respiratory tract, and reduced resistance to respiratory
diseases (Soroka et al., 2023).
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Figure 4. Dynamics of sulfur dioxide emissions into the air in Ivano-Frankivsk region (thousand
tons)

The dynamics of sulfur dioxide emissions in Ivano-Frankivsk region is shown in Figure 4. As
can be seen from the figure, since 2010 (121.8 thousand tons), emissions have been increasing and
peaked in 2015 (160.1 thousand tons) (Statistical collection of the Environment of Ukraine for 2015,
2016). After the peak in 2015, there was a sharp decline to 95.6 thousand tons in 2020, due to the
impact of the COVID-19 pandemic and a decrease in industrial activity. In 2021, the figures slightly
increased to 119.7 thousand tons, which could be a result of the resumption of production. In 2022
(104.9 thousand tons) and 2023 (96.5 thousand tons), emissions remained relatively low, indicating
a decline in industrial production (Statistical Digest of the Environment of Ukraine for 2022, 2023).

3.4. Volumes of emissions of solid suspended particles

Fine dust represents itself as solid particles of different chemical nature, origin and shape that
are in the air. This form of pollution is often denoted by the symbols PM2.5 PM10, where “PM”
means “solid particles” and the numbers indicate the conditional size of the particles in micrometers.
Studies confirm the direct negative impact of suspended solid particles in the air on human health
in both the short and long term. This impact depends on the size of the particles, their origin, and
chemical structure (Adamenko and Arkhipova, 2024).

The dynamics of emissions of particulate matter into the air in Ivano-Frankivsk region showed
a significant increase from 2010, when the volume was 17.4 thousand tons, to 2019, when the
maximum level of emissions was recorded — 35.2 thousand tons. Particularly notable is the almost
twofold increase between 2010 and 2015, when emissions reached 32.9 thousand tons. However, in
2020, the level dropped sharply to 16.8 thousand tons, likely due to the impact of the COVID-19
pandemic and a decrease in industrial activity (Statistical Yearbook of the Environment of Ukraine
2015, 2016; Statistical Yearbook of the Environment of Ukraine 2022, 2023).
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Figure 5. Dynamics of emissions of solid suspended particles into the air in the Ivano-Frankivsk
region (thousand tons)

Starting in 2021, emissions have been gradually increasing: in 2021, they amounted to 21.5
thousand tons, in 2022 they slightly decreased to 20.5 thousand tons, and in 2023 they rose again to
24.9 thousand tons. Thus, there is a gradual recovery after a sharp drop in 2020, although the level
of emissions remains lower than in 2019 (Fig. 5) (Statistical collection of the Environment of Ukraine
for 2022, 2023).

3.5. Emissions of nitrogen compounds

The fourth place in the total amount of emitted pollutants in Ivano-Frankivsk region belongs
to nitrogen compounds (Environmental Passport of Ivano-Frankivsk region for 2023, 2024).

Nitrogen creates a wide range of different oxides. However, nitrogen dioxide (NO2) is of
particular interest in terms of air pollution and impact on public health. This gas, which has a
reddish-brown color and a pungent odor, is one of the most common air pollutants. It is an oxidizing
agent, poorly soluble in water, but reacts with it to form nitric (nitrate) acid. Nitrogen dioxide is
mainly formed during natural and anthropogenic combustion processes, and its rapid formation
mechanisms are closely related to cyanide radicals (Soroka et al., 2023).

In general, this gas is directly linked to global climate change, photochemical smog, ozone
formation, and the formation of secondary particulate aerosols PM2.5 in the lower atmosphere. In
urban areas, the concentration of nitrogen dioxide can vary significantly both in time and space. For
example, with an average annual nitrogen dioxide concentration of 20 to 90 ug/m3, the maximum
hourly level can exceed 1000 pg/m?® (Soroka et al., 2023).

Nitrogen dioxide and other nitrogen oxides (in the NOx group) are formed when nitrogen
from the atmosphere is burned or heated to high temperatures: nitrogen from the air reacts with
oxygen to form various nitrogen oxides. Natural sources of nitrogen dioxide are fires in ecosystems.
However, the main pollution of the atmosphere with these substances is associated with human
activity: from various domestic and industrial combustion processes to transportation (in particular,
internal combustion engines), from mining to the production of heat and electricity, as well as
metallurgical production and other areas (Yatsenko et al., 2018).

Air pollution with nitrogen dioxide has direct and indirect consequences for human health.
When inhaled, this substance easily penetrates the bloodstream (up to 90%), which can potentially
affect all body systems. The long-term effects of nitrogen dioxide on the human body are not yet



fully understood. In general, this pollutant affects lung metabolism, causes inflammation and
swelling of tissues, and increases the vulnerability of the respiratory system to bacterial and viral
infections. Thus, nitrogen dioxide air pollution increases the risk of premature mortality from
infectious and viral lung diseases, especially among the most vulnerable populations, such as infants
and children (Soroka et al., 2023).

Nitrogen dioxide enhances the toxic effects of other air pollutants, such as PM, ozone, volatile
organic compounds, sulfur anhydride, etc., showing an additive and synergistic effect (Calderdn-
Garciduenas et al. (2021).

The analysis of the dynamics of nitrogen oxides emissions into the atmosphere from stationary
sources of pollution in Ivano-Frankivsk region showed variability in the period from 2010 to 2023

(Fig. 6).
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Figure 6. Dynamics of nitrogen oxides emissions into the air in Ivano-Frankivsk region (thousand
tons)

In 2010, emissions amounted to 10.8 thousand tons, after which there was a gradual increase
to 14.9 thousand tons in 2015 and 15.2 thousand tons in 2019, which was the maximum level for the
analyzed period. However, in 2020, emissions decreased to 11.2 thousand tons (Statistical Yearbook
of the Environment of Ukraine for 2015, 2016; Statistical Yearbook of the Environment of Ukraine
for 2022, 2023), likely due to the impact of restrictions related to the COVID-19 pandemic.

After 2020, emissions began to recover: in 2021, they reached 13.9 thousand tons. In 2022, there
was a slight decrease to 12.8 thousand tons, and in 2023, a slight increase to 13.2 thousand tons
(Statistical Digest of the Environment of Ukraine for 2022, 2023).

4. CONCLUSIONS

Thus, in the structure of air emissions in Ivano-Frankivsk region in 2023, the following
pollutants dominated: carbon dioxide (9.9 million tons), sulfur dioxides and other compounds
(96512.1 tons), substances in the form of solid suspended particles (24903.1 tons), nitrogen
compounds (13177.8 tons).

Three stages can be distinguished in the dynamics of pollutant emissions from stationary
sources in Ivano-Frankivsk region from 1990 to 2023. Each stage of the emissions dynamics indicates
a close connection between social and economic changes in the region and the country, the
introduction of environmentally friendly technologies, and the level of pollution. In particular,
during the 1990s, when emissions were highest, this process reflected intensive industrialization and
high energy consumption from traditional sources such as coal and oil. The economic downturn
after the collapse of the USSR led to a reduction in production and emissions, which contributed to
a significant improvement in the environmental situation in the region.



The introduction of cleaner technologies in industry, particularly in the energy sector, has been
an important factor in reducing pollution. However, periods of economic growth, such as in the
mid-2010s, have led to some increase in emissions due to the recovery of industrial production,
increased transportation and other energy consumers using traditional energy sources.

The COVID-19 pandemic in 2020 was an important factor in the significant decline in
emissions, as economic activity temporarily halted due to lockdowns, leading to a reduction in
emissions from industrial plants and transportation. This shows how much the level of pollution
depends on economic activity and the structure of the economy.

Recent years (2021-2023) have seen a recovery in economic activity after the pandemic, which
has led to some increase in emissions, but they are still significantly lower than in the 1990s. This
emphasizes the importance of implementing sustainable environmental practices to ensure that
pollution continues to decrease as economic activity increases. Therefore, the future requires the
continued development and application of innovative and energy-efficient technologies, as well as
an increased role of environmental awareness in the management of industrial processes and the
transportation system to achieve sustainable development in the region.
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Meapunuenko P.b., Mukutun T.B., Meabrnnuenko I'M., Kozapyk P.B., Meabnnuenko B.b. Anaais
CTaTUCTUYHUX ITOKA3HMKIB BMKUAIB 3a0pyAHIOIOUMX pPedoBUMH B arMocdepHe NOBiTpsi IsaHO-
dpankiscekol o0aacti. XKypraa [Ipuxapnamcvrozo yrisepcumemy imeni Bacurs Cmeparuxa. biorozis,
11 (2024), C.136—-C.145.

AHoTamis. Y cTaTTi AO0CAIAXYE€TbCA aKTyalbHa HpoOJeMa 3abpyAHEHHS aTMOC(EpPHOTO
noBiTps B [BaHo-PpankiBepKiit 004acTi, 3yMOBA€Ha aHTPOIIOTeHHUMY YMHHMKaMu. OCHOBHA yBara
IpuJileHa aHaaAi3y CTPYKTypU Ta AMHAMIKM OOCATiB BUKNAIB 3a0pyAHIOIOUMX PEeJYOBUH Big
CTalliOHapHUX AXepea, 30KpeMa AiOKCHAY BYIAEIIO, CIOAYK CipKM, TBepAUX CyCIleHAOBaHUX
JaCTMHOK, a30Ty Ta iHIINX pedoBUH. IIpeacTaBaeHO aHaAi3 TeHAEHITiNT cyMapHOTO 3a0pyAHEHHsI 3a
nepiog 31990 20 2023 poKy, BpaxOByIOUM €KOHOMi4Hi, COIliaabHi Ta €KOAOTIYHI YMHHMKIA.
Busisaeno, mo y 2023 porii 3araapHmuil oOCsAr BUKMUAIB Big CTallioHAapHUX JAKepea 3MeHIINMBCS Ha
3,02% nopisnasHo 3 2022 poxoM i ckaas 147,7 tuc. ToHH. OcHOBHMM 3a0pygHIOBaYeM 3aAMUIIa€ThCs
Aiokcng Byraenio (9,9 MAH TOHH), IIO € OCHOBHMM IIapHMKOBMM Ta3OM i Ccripuse€ 3MiHi KaiMarTy.
AocaigXeHO CTPYKTYpy BUKMAIB IiHIINMX 3a0pyAHIOIOUNMX PEYOBMH: 3HAUHY YacTKy CKAalalOTh
Alokcuau cipku (65%), TBepai cycrieHgoBaHi yacTuHKU (17%), crioayku a3oty (9%), MetaH (4%), a
TaKO>K HeMeTaHOBi AeTKi opraniuni crioayku (3%). Hasegeno amnamiky 3MmiH piBHIB BUKMUAIB Y
KOHTEKCTi eKOHOMIYHIX, €KOAOTIYHMX Ta TeXHOAOTIUHMX (PaKTOPiB, BKAIOYHO 3 BILAMBOM I1aHAeMil
COVID-19. OcobauBy ysary npuaiaeHo aHaaAi3y BUKUAIB AIOKCUAY a30Ty, AIOKCUAY CipKH, TBepAUX
CyCIleHAOBaHUX YaCTUHOK, OKCHAIB a30Ty IXHbOMY BIIAMBY Ha €KOCHCTeMU Ta 340POB sl HaceAeHH:.
PesyapTatii A0caig>XeHHSI CBig4aTh IIPO IIOCTYIIOBE 3MEHIIeHHs 3abpysHeHHs aTMocdepHOro
IIOBITPs1 B 004acCTi, IIJ0 € HaCAi4KOM 3HU>KEHHs OOCATiB BUKMAIB AIOKCUAY BYTAEIIO, Ta AIOKCUAY
CipKH, IpoTe OOCATM BUKUAIB TBEPAUX CyCIIEHAOBAHMX JaCTMHOK, OKCHAIB a30Ty 3a OCTaHHI pOKu
spocan. ToMmy aas oOaacTi 3aAMINAETbCSA aKTyaAdbHMM IIUTAaHHA PO3BUTKY aAbTepHATHMBHOI
eHepreTUKM, BIIPOBaA>Ke€HH: HOBITHIX TeXHOAOTil OYMILIeHHS BUKUAIB, IOy ASPU3allisl €KOAOTI9HO
YJICTOTO TPAHCIIOPTY Ta IOCKAEHH: €KOAOTIYHOTO MOHITOPHHIY.

Kaiouosi caosa: 3abpyaHeHHsI aTMOC(EpPHOTO IIOBIiTpsl, CTPYKTypa BUKNAIB, AMHaMiKa
BUKIAIB, [BaHO-DPpanHKiBCchbKa 001aCTb.



