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© Abstract. The aim of the study was to develop a fast and effective approach that would enable subsequent integrated
risk assessment in micro- and low-order catchments. The procedure involved an alternative sampling strategy, a rapid
one-step cyclohexane extraction, extract purification through florisil, concentration, and analysis using an Agilent Cary
630 FTIR spectrometer equipped with a TumblIR 100 sampling module, with possible adaptation to 1,000 um or other
commercially available systems to achieve lower detection limits. Validation results showed that for soil matrices (wet soil,
bottom sediments) the method provides good internal consistency with a relative standard deviation of approximately 11%
(n=10) and a systematic bias of approximately -11.5%, with recovery of 88.5%. The expanded measurement uncertainty
is +24% for soil and £31.9% for water, which corresponds to typical levels for these environmental matrices. For water
matrices (surface and drainage waters, soil washings, percolates) recovery exceeds 94%, systematic bias is small, and
precision is at an acceptable level. Model experiments evaluating the effects of the sampling strategy revealed significant
systematic shifts: -47% for soil percolate, -43.5% for soil (w =45%), and -40.3% for water-saturated soil, indicating
heterogeneous TPH distribution in samples prior to extraction. Assessment using green analytical chemistry indices
via AGREE and AGREEprep tools demonstrated the advantages of the developed procedure over conventional standard
methods: the overall AGREE index for the developed method is 0.61 (compared to 0.20-0.33 for the gravimetric method,
infrared (IR) method according to the MVI, and ASTM D7678-17. It was established that, within Ivano-Frankivsk,
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Petroleum hydrocarbons in soil and water matrices...

concentrations in road dust and roadside soils ranged from 1.6-2.8x10°> mg/kg and locally reached 4.7-6.5x10° mg/kg,
posing high risks associated with stormwater runoff and pollutant discharge into storm drains, eventually entering the

Bystrytsia Solotvynska River

© Keywords: sample preparation; method validation; measurement uncertainty; matrix effects; watershed contamination

@ Introduction

Petroleum hydrocarbons are among the most widespread
and environmentally hazardous pollutants in urban and
industrial ecosystems. They readily accumulate in soils and
surface deposits, are capable of migrating via surface runoff
into water bodies, and form persistent contamination hot-
spots. This issue is of particular relevance for small catch-
ments, where even local pollution sources can rapidly lead
to the degradation of the entire hydroecosystem. Under
contemporary conditions, there is an increasing need for
rapid, reliable, and cost-effective methods for assessing this
type of contamination to ensure effective environmental
monitoring and risk management.

Petroleum hydrocarbons are incorporated into the en-
vironment of urbanised and industrial areas through ac-
cumulation on solid surfaces and in soils, as reported by
O. Trysniuk et al. (2020), as well as in the near-surface geo-
logical environment, as noted by E. Kuzmenko et al. (2025)
They represented one of the main groups of anthropogenic
environmental pollutants and are common constituents of
street dust and road debris as forms of solid dispersed de-
posits in urban and industrial areas. Their input into the
environment is driven by various sources of anthropogenic
pressure, including the operation of petrol filling stations,
which is accompanied by emissions of volatile organic
compounds and potential leaks of petroleum products into
soil and aquatic environments, according to M. Troshyn et
al. (2025). Additionally, B. Herasymenko (2024) empha-
sised that accidental leaks from oil and gas pipelines have
been identified as a significant source of hydrocarbon input
into the soil cover, leading to persistent changes in its phys-
icochemical and biological properties. Military conditions
further intensify the scale of petroleum soil contamination,
forming new hotspots of ecosystem degradation, as noted
by H. Hrytsuliak et al. (2025), which necessitates further
restoration measures. Under the influence of atmospheric
precipitation, they were mobilised by surface runoff and
infiltration flows, transported through artificial and natural
drainage systems, as well as within soil and rock strata, and,
under favourable hydrological and hydrogeological condi-
tions, are dispersed into water bodies or, by forming local
or transitory hydrocarbon contamination plumes, create
risks for ecosystems of micro- and low-order catchments
as a whole. In addition, military strikes by russia and acts
of sabotage caused the destruction of numerous facilities
for the storage and transportation of petroleum products
throughout Ukraine, which was accompanied by fires
and large-scale spills. Unlike fires, which are recognised
as an important source of formation and mobilisation of
polycyclic aromatic hydrocarbons (PAHs) that enter the

10

environment through the combustion of organic matter and
are subsequently redistributed between the atmospheric,
soil, and aquatic compartments, as shown in the review by
I. Campos & N. Abrantes (2021), petroleum product spills
lead to long-term contamination of the land surface, with a
high risk of infiltration into the aeration zone and the for-
mation of persistent degradation zones within the geologi-
cal environment, as reported by R. Havryliuk et al. (2024).
Determination of the total petroleum hydrocarbons
(TPH) content in soils and sediments is a key element of
environmental contamination assessment and the plan-
ning of remediation measures. However, despite the global
significance of petroleum contamination of the upper soil
and geological environment, existing analytical methods
often remain labour-intensive and resource-consuming. As
noted by B. Abdykarimov et al. (2025), the development
of rapid, accurate, and efficient analytical approaches still
represents a significant scientific and practical challenge.
Despite the high applied significance of the petroleum con-
tamination problem in Ukraine and the urgent challenges
associated with the impact of war on the environment, re-
searchers continue to face a number of difficulties in deter-
mining petroleum hydrocarbons in various environmental
matrices during applied studies. Outdated analytical equip-
ment, the complexity and labour intensity of extraction
procedures, as well as potential health hazards for opera-
tors limit the possibilities for conducting rapid and relia-
ble measurements. Institutional and laboratory-analytical
support of many institutions remains insufficient, which
often leads to results with limited accuracy, low reproduci-
bility, and questionable reliability, according to Resolution
of the Cabinet of Ministers of Ukraine No. 610-r (2023).
The combination of these factors emphasises the need to
develop and implement modern, safer, and more effective
methods for controlling petroleum product contamination.
These circumstances emphasise the relevance of devel-
oping and implementing analytically reliable and environ-
mentally safe procedures for sampling and determining pe-
troleum hydrocarbons in various environmental matrices,
which is a necessary prerequisite for proper diagnosis of
environmental conditions, environmental risk assessment,
pollution monitoring, and substantiation of environmental
protection measures. Accordingly, the aim of the study was
to develop and experimentally validate a rapid analytical
method for the determination of petroleum hydrocarbons
in soils and waters of small catchments using an extraction
approach combined with FTIR spectroscopy. The scientif-
ic novelty of the study lies in the development and exper-
imental confirmation of the effectiveness of a new rapid

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1



extraction and FTIR spectroscopy procedure adapted to
contemporary scientific and practical challenges, which can
be effectively and promptly applied for integrated environ-
mental risk assessment in micro- and low-order catchments.

© Literature Review

For the quantitative assessment of petroleum hydrocarbon
content in water and the environment, their concentration
is regulated as the TPH indicator in accordance with EU
legislation. TPH represent a generalised term that encom-
passes several hundred chemical compounds derived from
crude oil and composed of carbon and hydrogen atoms,
including benzene, toluene, xylenes, hexanes, naphtha-
lene, fluorene, jet fuel, mineral oils, and related substances,
as noted by A. Simion et al. (2022). In Ukraine, standard
methods are used to determine TPH (most often under
the term “petroleum products”). For water and soils, clas-
sical, normatively established approaches oriented toward
reproducibility and compatibility with the state control
system remain the most widespread. For aqueous matri-
ces, methods based on extraction with organic solvents
followed by gravimetric determination (MVI No. 081/12-
0645-09, 2010), IR analysis (MVI No. 081/12-0877-
13, 2014), or gas chromatographic analysis (DSTU ISO/
TR 11046-2001, 2002; DSTU ISO 9377-2:2015, 2016) are
commonly applied. In soils and bottom sediments, Soxhlet
or liquid-solid extraction is typically followed by gravi-
metric analysis (MVI No. 081/12-0116-03, 2004; MVI
No. 081/12-0725-10, 2011), IR analysis (DSTU ISO/TR
11046-2001, 2001; MVI No. 081/12-0637-09, 2009), or gas
chromatography (DSTU ISO 16703:2007, 2007).

Among the existing methods for measuring petrole-
um product content, the fluorimetric method using the
FLUORAT analyser is very often applied in Ukraine; it is
based on extraction of petroleum products from the sam-
ple with hexane, optional purification of the extract, and al-
lows determination of the mass concentration of petroleum
products in water in the range of 0.005-50 mg/L. Gas chro-
matography (GC-FID, less often GC-MS) is mainly used in
reference and research laboratories for detailed analysis of
fractional composition, whereas more “green” approaches
(SPME, direct IR probing, express methods) are still im-
plemented on a limited scale and are mostly applied within
scientific developments and pilot studies rather than rou-
tine state monitoring. This may be due to the still limited
availability of modern analytical equipment.

In the reviews by A. Adeniji et al. (2017) and Z. Yue et
al. (2021), the strengths and weaknesses of traditional
methods for determining TPH in environmental samples
are summarised, with some being more suitable for field
screening and others for laboratory analysis. Infrared spec-
troscopy (EPA 418.1), gravimetry (EPA 1664A), gas chro-
matography with FID and MSD (EPA 8015, 8270, 625), UV
spectrophotometry, immunoassays (EPA 4030, 4035), as
well as Raman and fluorescence spectroscopy are discussed;
preparation of liquid samples is usually performed by lig-
uid-liquid (LLE) or solid-phase (SPE) extraction, whereas
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solid matrices are mainly extracted by Soxhlet. The authors
emphasise that IR spectroscopy is gradually replacing other
approaches due to the need to eliminate halogenated sol-
vents classified as ozone-depleting and underline the key
role of sampling strategy. At the same time, TPH analyt-
ical procedures differ substantially in terms of the range
of fractions determined and specificity: methods with dif-
ferent extraction efficiencies may yield different TPH con-
centrations for the same sample, and the use of different
calibration standards and extractive solvents complicates
result comparability, making a detailed understanding of
the applied methodology critically important for correct
data interpretation.

A. Imam et al. (2019) emphasised the key role of
chemical analysis and the importance of using chroma-
tography, spectroscopy, and various sample pretreatment
methods for effective monitoring and evaluation of biore-
mediation experiments. The review by B. Abdykarimov et
al. (2025) showed that Soxhlet extraction, despite its low
environmental friendliness, remains a widespread meth-
od for determining TPH due to its high extraction effi-
ciency, whereas more environmentally friendly methods,
such as gas chromatography-mass spectrometry with sol-
id-phase microextraction and direct IR probing, reduce
solvent use and minimise sample preparation. This review
highlighted the need to balance analytical efficiency and
environmental sustainability and demonstrates path-
ways for improving the greenness of methods in foren-
sic and environmental monitoring. J. Plotka-Wasylka et
al. (2021) also noted that analytical chemistry is increas-
ingly oriented toward the principles of green analytical
chemistry (GAC), especially in sample preparation, with
the aim of developing environmentally safe and more sus-
tainable analytical procedures. Critical evaluation of such
methods should consider validation criteria, practical and
financial aspects alongside GAC principles, as reported by
S. Hammad et al. (2025).

L. Wang et al. (2020) noted that in traditional contam-
inated-site assessment, soil sampling and transportation of
samples from sites are excessively expensive and labour-in-
tensive, whereas the use of portable and accessible field
equipment provides a rapid and cost-effective solution to
complement complex laboratory analyses. According to the
researchers, portable Fourier transform infrared (FTIR)
spectroscopy offers advantages such as immediate results,
ease of use, and non-destructive measurements, enabling
rapid on-site characterisation. Information obtained from
IR spectroscopy has the potential to provide baseline data
for environmental modelling. For example, when an oil
spill or leak occurs on land, multiphase trapping and pH
distribution in porous soil media depend on the hydraulic
and physical properties of the soil as well as its hydration.
The obtained data on these properties and measured TPH
concentrations can be applied in mathematical models to
assess potential risks of surface- and groundwater contami-
nation downstream through migration and transport from
contaminated sites.
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Although under field conditions portable instrumental
methods provide rapid results and better spatial coverage,
which can meet the need for locating site hot spots P. Ros-
tron et al. (2014), and this is generally a trend in the appli-
cation of in situ methods for characterisation of TPH-con-
taminated sites L. Wang et al. (2021), field measurements
using methods that provide near-laboratory-quality data
for rapid quantitative, definitive, and defensible sampling
remain challenging. A. Fuente-Ballesteros et al. (2025)
associate current directions for improving environmental
efficiency with miniaturisation of analytical systems, re-
duction of solvent use, and implementation of field meas-
urements. An increasing number of researchers report on
this. New analytical procedures should comply with GAC
principles, which is achieved both by modification of tra-
ditional methods and by the development of specialised
sustainable methodologies. At the same time, it is often
emphasised that classical laboratory approaches, even after
optimisation, are frequently poorly suited for operational
environmental monitoring, particularly under conditions
of accidental releases or acute toxic impacts, which neces-
sitates the use of fast-acting, compact, resource-efficient,
and, where possible, portable analytical solutions.

In conclusion, it should be considered that analyti-
cal and monitoring systems are not a neutral reflection of
the environment but the result of conscious construction
of system boundaries of interest A. Knight et al. (2019).
The choice of analytical methods determines which pro-
cesses and risks become visible and which remain outside
attention. Increasing the green index of analytical pro-
cedures in this study should be regarded as a conscious
rethinking of system boundaries: from “ideal accuracy”
to “sufficient environmental relevance” and from “univer-
sality” to “contextual adequacy”. This enables adaptation,
simplification, and improvement of various analytical
procedures to the specificity of the environment and re-
search objectives while simultaneously enhancing their
environmental efficiency. Overall, a conceptually sound
and environmentally justified solution-though requiring
appropriate scientific validation-is the application of such
a rethinking concept to diagnostic and monitoring tasks,
where the system of interest with defined boundaries can

be the landscape-hydrological continuum. Micro- and
low-order catchments were selected as the focus of the
study in the context of improving diagnostic and moni-
toring procedures for contamination, since such systems
are considered the most sensitive to local anthropogenic
impacts, as noted by J. Richardson (2019), and reflect the
features of the hydrological continuum within the land-
scape. In addition, the scale of low-order catchments en-
ables the effective application of models for identifying
local pollution sources and accounting for fine-scale land-
scape features, which is important for the development of
local water resource conservation measures, according to
M. Mykytsei et al. (2024).

Thus, the analysis of current approaches for the de-
termination of petroleum hydrocarbons in environmental
media demonstrates a wide range of analytical methods
that differ significantly in sensitivity, selectivity, labour
intensity, and environmental sustainability. Despite sub-
stantial advances in instrumental techniques, conventional
approaches such as extraction-gravimetric and spectro-
scopic methods still form the basis of regulatory monitor-
ing, while modern rapid and field-based techniques remain
limited in practical implementation. A key issue is the lack
of standardisation of results due to differences in extraction
procedures, calibration strategies, and analytical standards.
Current trends in analytical chemistry are increasingly
focused on improving the environmental performance of
methods, reducing solvent consumption, and shifting part
of measurements to field conditions using portable instru-
ments, particularly FTIR spectroscopy. In this context, the
development of rapid, reproducible, and environmentally
safe methodologies adapted to the local conditions of small
catchments becomes especially important, as they can pro-
vide both sufficient analytical reliability and practical appli-
cability for environmental monitoring purposes.

© Materials and Methods

Description of the research area

Demonstration experimental studies to test the method-
ological procedures were conducted between March and
May 2025 within three micro-catchments identified as con-
tamination hot spots (Fig. 1).
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Figure 1. Study sites (micro-catchments) identified as “hot spots” with potential TPH contamination,
selected to demonstrate the applicability of the proposed analytical procedure
Note: a - study site (micro-catchment of the Lushchava River (zone of oil extraction influence)); b - catchment of the mountain
Strymba River within the area of an accidental oil spill (30.09.2023); ¢ — urbanised micro-catchment within the catchment of the

Bystrytsia Solotvynska River (Ivano-Frankivsk)
Source: created by the authors
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Figure 1a - the technogenically loaded catchment area
of the Lushchava River within the zone of influence of the
activities of NGVU “Dolynanaftogaz”. This area repre-
sents a part of the catchment of the small Lushchava Riv-
er within the settlements of Dibrova, Yavoriv, and Solukiv,
Dolyna District, located in the zone of oil extraction and
known for multiple environmentally hazardous emergen-
cy incidents (2017-2018). The watercourse, with a length
of 15 km, originates in shrub-covered wetland areas 6 km
south of the town of Dolyna and flows in a north-eastern
direction. The channel is weakly sinuous, unbranched,
with an average flow velocity of 0.2 m/s. The soil cover of
the basin area consists of light loamy podzolic soils, local-
ly alternating with alkaline podzolised soils. In its upper
reaches, the river channel is hydraulically connected with
anthropogenic elements of the flow drainage network, such
as roadside ditches, gullies, and open drainage channels,
which may act as primary water pathways and reservoirs
for the transfer of petroleum hydrocarbons;

Figure 1b - the catchment area of the small mountain
river Strymba, within a site known for an accidental rup-
ture of an oil pipeline with a diameter of 150 mm on 30
September 2023, which resulted in an oil spill along the wa-
tercourse and a large-scale fire. According to data from the
Dniester Basin Water Resources Administration, after the
accident the concentration of petroleum products in the
Strymba River exceeded hygienic standards for drinking
and domestic water use by 10.6 times, and for fishery wa-
ter bodies by 64 times. Subsequent consequences remained
unknown and uninvestigated. The emergency situation
demonstrated high environmental risks associated with
the operation of oil pipelines in regions with a developed
hydrographic network, as well as the necessity of imple-
menting effective monitoring and response measures for
such emergency situations. The micro-catchment area is
predominantly covered by forest vegetation;

Figure 1c - the part of the Bystrytsia Solotvynska River
catchment transformed by urbanisation, within the terri-
tory of the urban and suburban zones of the city of Iva-
no-Frankivsk. The micro-catchment covered the function-
ing system of an open-flow network of channels and small
ditches used for runoff regulation, as well as the main open
directed channel of an ancient small watercourse that cross-
es the western (in the past also the north-western) part of
the city - the Stebnytska mlynivka (Mykytsei et al., 2024).
In addition, through the system of stormwater sewer col-
lectors of this territory, part of the storm and snowmelt
wastewater of the settlement is discharged into the Bystryt-
sia Solotvynska River without treatment (collector outlets
are located along V. Stefanyk Embankment Street).

In addition, through the system of stormwater sewer
collectors of this territory, part of the storm and snowmelt
wastewater of the settlement is discharged into the Bystryt-
sia Solotvynska River without treatment (collector outlets
are located along V. Stefanyk Embankment Street). The
main attribute of this micro-catchment is defined as surface
sealing and artificial routing of stormwater runoft from the
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city territory as pathways for interception and transport
of pollutants to the point of discharge into the main wa-
tercourse. For all territories during March and April 2025,
weather conditions in Ivano-Frankivsk were dynamic and
diverse, which is typical for the transitional period from
winter to spring. March began with moderately cool weath-
er: daytime temperatures ranged from +3°Cto +16°C, while
nighttime temperatures ranged from -5°C to +7°C. In the
middle of the month, gradual warming was observed, with
daytime temperatures up to +16°C and nighttime tempera-
tures around +7°C. April was characterised by a significant
increase in temperature: during the first ten days, daytime
temperatures ranged from +3...+9°C, and nighttime tem-
peratures from -3 to +5°C. In the second half of the month,
temperatures increased to +15...+21°C during the day and
+6...+9°C at night.

In March and April 2025, moderate precipitation was
observed, typical for the spring period in the region. In
March, the average precipitation amounted to approx-
imately 55-66 mm, distributed over 11-13 days with
precipitation. This indicates moderate humidity, with
a predominance of rain and wet snow, especially at the
beginning of the month. In April, precipitation slightly
increased, reaching an average of 60-79 mm, with more
frequent short-term rains and possible thunderstorms.
Rapid and abrupt fluctuations in weather conditions
against the background of changing climatic factors may
significantly enhance the desorption of petroleum prod-
ucts that previously entered the environment from sur-
face soil layers, road surfaces, and street dirt in urban sys-
tems, as well as under conditions of increased pollutant
accumulation resulting from industrial activities or local
emergency situations. Taken together, this often leads to
intensive wash-off of petroleum products in stormwater
runoft and an increased risk of secondary delayed or long-
term persistent pollution of water bodies.

Experimental base, equipment, and tools
The basis for experimental tests and innovative develop-
ments within the framework of the memorandum of co-
operation between the Ivano-Frankivsk National Technical
University of Oil and Gas and the Dniester Basin Water
Resources Administration was the Water Monitoring Lab-
oratory of the Western Region. In 2023, within the frame-
work of humanitarian and technical support to Ukraine,
this laboratory in Ivano-Frankivsk received a modern Cary
630 FTIR infrared spectrometer (Agilent Technologies,
USA), provided by the German Federal Agency for Tech-
nical Assistance. This instrument is generally intended for
operational infrared analysis and provides the possibility of
express determination of organic pollutants in water and
soil matrices with minimal sample volume requirements.
It was equipped with a TumblIR sampling module with a
fixed path length in the 100 pum analysis mode.

Additional analytical equipment included a conduc-
tometer pH meter (HORIBA, Japan), electronic laboratory
scales with an accuracy of +0.0001 g, and electronic labo-
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ratory scales with an accuracy of +0.1 g. Auxiliary equip-
ment included piston dispensers with adjustable dosing
volume in the range of 0.5-5 ml and in the range of 100-
1,000 pl, and a drying oven. Extraction flasks were care-
fully cleaned, rinsed with distilled water, dried at 130°C,
labelled, weighed, and packed for field sampling. Medical
syringes with a nominal volume of 5 ml equipped with an
irrigation tip (for liquid sampling) and 2 ml syringes with
a cut connector for sampling individual solid material
samples were used for sampling. Cyclohexane was used as
the extraction solvent, replacing any carbon tetrachloride,
freon, or fluorinated solvents. Cyclohexane is a less toxic
and more environmentally safe solvent compared to tra-
ditional solvents such as freon-113, carbon tetrachloride,
or toluene. An additional advantage is that its absorption
spectrum in the IR region minimally interferes with the

detection of characteristic petroleum hydrocarbon bands
during FTIR analysis, making it particularly suitable for ex-
press methods. An analytical standard of tetradecane from
Sigma-Aldrich was used for instrument calibration.

Instrument calibration

A series of freshly prepared solutions from a certified stand-
ard sample of tetradecane and high-purity cyclohexane,
with nominal concentrations of 0.5, 4, 6, 8, 25, 100 mg/ml,
were measured under the same instrumental conditions in
5 repetitions. The instrument setup parameters for spectral
data collection are presented in Table 1.

The collected spectral data in the MicroLab PC soft-
ware were used in the process of creating a calibration mod-
el according to the Simple Beer’s Law algorithm, which was
implemented in the MicroLab Quant environment (Fig. 2).

Table 1. Instrument settings parameters of the Agilent Cary 630 FTIR infrared spectrometer
for collecting spectral data of standard solutions of nominal concentrations

Parameters Set parameter value
Spectral range (cm™) 1,400-1,300
Background scan 32
Sample Scans 32
Resolution (cm™) 4
Zero filling factor 4
Phase correction Merz method of phase correction
Apodisation Gappa-Genzel smoothing (apodisation) function
Sampling Technology Transmission Cell: TumblIR_100 um

Source: created by the authors

Model Data & Define Peaks
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Figure 2. Calibration model for determining the mass concentration
of TPH using Simple Beer’s Law, implemented in the MicroLab Quant

Source: created by the authors

In the created quantitative model project, the nominal
concentration values for each standard were entered, after
which the Simple Beer’s Law method was selected from the
list of algorithms. This method is based on a direct linear
relationship between optical absorbance and analyte con-
centration according to the Beer-Lambert law equation
(A =ebc). The spectral feature used as the analytical signal
for the model was the peak area, which was set interactively

|14

in the spectral display window using the baseline and peak
boundary positioning tools. The software automatically
constructed the calibration line in the form of the equation
y=mx+b, where y is the signal intensity, x is the concentra-
tion, m is the slope, and b is the intercept.

To assess the accuracy and reliability of the model,
the Model Evaluation tools were applied, which included
cross-validation (with stepwise exclusion of each standard

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1



from the model) and verification on an independent sam-
ple set, for which concentration values were entered man-
ually and predicted values were calculated automatically.
During the evaluation, the model was assessed by key sta-
tistical indicators - the coefficient of determination (R?),
the overall standard error, and a plot comparing predicted
and actual values. The coefficient of determination of the
constructed calibration curve was 0.9996, indicating a very
high approximation and acceptability of the model. After
the modelling was completed and the parameter conform-
ity was confirmed, the model was saved as a project file
(.mpq), which included the defined component with all
calibration parameters for further quantitative analysis in
MicroLab PC.

Validation study

The intra-laboratory validation study was conduct-
ed in accordance with the requirements of the ISO/IEC
17025:2017 (2017) standard “General requirements for
the competence of testing and calibration laboratories”,
which establishes the fundamental criteria for ensuring
the quality and reliability of laboratory measurements.
The assessment of analytical uncertainty was carried out
in accordance with the conceptual principles set out in the
Guide to the Expression of Uncertainty in Measurement
(GUM), published by the International Organization for
Standardisation (ISO) in 1993, as well as in the adapted
version of the American standard (US GUM) adopted by
the American National Standards Institute (ANSI/NCSL
7540-2-1997, 1997). The practical implementation of un-
certainty assessment was based on the algorithm of the
Standard Operating Procedure (2003) of the Quality As-
surance and Laboratory Accreditation Department of the
Navy, which describes in detail the methodology for us-
ing a QC-based Nested Approach with the application of
a Microsoft Excel spreadsheet for automated evaluation.
The use of this approach allows effective distribution of
uncertainty sources, their quantitative evaluation, cal-
culation of expanded uncertainty with the possibility of
correction for bias, as well as visual analysis through his-
togram plotting to identify significant components. This
approach complies with the recommendations of ISO/
IEC 17025:2017 (2017) and can be adapted using other
methods that meet these requirements.

Field sampling procedure

The sampling volume and the type of equipment used
were adapted according to the objectives of the analytical
method. The instrument capabilities and the expected con-
centration range were taken into account, while the main
emphasis was placed on achieving the environmentally re-
quired minimum to meet the procedure’s objective, with a
deliberate refusal of formal universality in order to poten-
tially improve the green index. Operational sampling was
carried out using carefully cleaned used glass vials from
small-volume (20 ¢cm?) paraphase extraction for GC-MS,
with hermetic caps and Teflon septa. A small amount of
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solid sample matrix (1.5-2 cm’ of soil or road dust) or ap-
proximately 10 ml of natural water was introduced by me-
chanical syringe sampling. This ensured rapid sampling
while minimising the risk of cross-contamination. Acid-
ification of the samples immediately after delivery to the
laboratory to pH <2 was carried out by adding 20-30 pl of
formic acid instead of the known practices of acidification
with hazardous HCI and H,SO,, which did not affect the
quality of the results.

Extraction and concentration procedure

Extraction of samples with a fixed single volume of cy-
clohexane was carried out directly in the sampling vials by
mechanical shaking. All vials of one analytical series (up
to 50 units) were placed in a rigid transport container with
internal partitions that provided stable fixation of the vials
and prevented their mutual movement. Mechanical shak-
ing was performed manually by intensive movements of
the container for 5 minutes, ensuring equal duration and
intensity of mechanical action for all samples. After ex-
traction, 10 ml of deionised water with pH =5.6 £ 0.2 was
added to the extraction vials containing soil samples to
transfer the extract from the solid sample to the solution
surface and ensure its further accurate sampling. From
each vial, the entire possible volume of extract was taken,
avoiding the inclusion of the aqueous layer, after which it
was passed through a small layer of Florisil into cleaned
chromatographic vials. At the first stage, TPH concentra-
tions in the extract were determined before further con-
centration, using the separately filtered extract residue. If
the measurement result was below the instrument’s limit of
detection, the extract preparation was continued. For this,
2 ml of the purified extract of the same sample was evapo-
rated in a drying chamber equipped with an exhaust system
and a fan at a temperature of 35-40°C. The dry residue was
resuspended in a small volume of solvent (50 ul) using a
piston dispenser with a disposable tip, repeatedly initiating
the jet within the vial environment to achieve complete dis-
solution and uniform mixing. After that, 40 ul was quickly
introduced into the instrument to avoid losses associated
with evaporation.

© Results and Discussion

Method validation and comparative evaluation

of analytical procedures

The methodology for assessing analytical measurement un-
certainty using an Excel-based QC nested approach (Nest-
ed Approach) (Fig. 3) was applied to determine the contri-
butions of various factors to the overall uncertainty of test
results (Fig. 4a; Fig. 4b) obtained using this method, as well
as to evaluate systematic procedural error.

Calibration standard of tetradecane in cyclohexane
with a nominal concentration of 8 mg/mL, and the calibra-
tion verification standard with a nominal concentration of
5 mg/mL were analysed in 10 parallel replicates in order to
account for internal instrumental measurement effects and
the effects of preparing the standard spike.
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Figure 3. Example of implementing the methodology
for assessing analytical measurement uncertainty in Excel using a QC-based nested approach (Nested Approach)

Source: created by the authors based on W. Ingersoll (2003)
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Figure 4. Contribution of individual stages of the analytical procedure to the relative expanded standard uncertainty
(U, %) for k=2 (p=0.95) in determining TPH in water (a) and in soil (b)

Source: created by the authors

To determine the contribution of the sample prepara-
tion procedure, model samples were prepared in 10 rep-
licates (Table 2) and analysed to reproduce the extraction
process from liquid and solid matrices. Instead of a water
matrix, 10 ml of deionised water were placed into clean
20 ml glass flasks. To model extraction from a solid matrix,
1.5 g of clean calcined sand were pre-weighed into the flasks
and moistened with 0.45 ml of deionised water. A volume

of 50 ul of tetradecane solution in cyclohexane with a con-
centration of 250 mg/mL was added to each flask to reach
the nominal concentration in the extract of 5 mg/mL. After
the standard was added, the flasks were shaken vigorously.
Acidification to pH <2 was performed by adding 20-30 pl
of formic acid. For extraction, 2.5 ml of pure cyclohexane
was added to each sample, and intensive mechanical shak-
ing was carried out for 5-7 minutes.

Table 2. Results of laboratory measurements for the main components of analytical variation

Standard solutions Laboratory samples Matrix samples

é _ o= Deionised water Calcined sand Soil percolate Soil

SE wE CE

No. -§ Eo 8 ED -i: En nominal concentration of tetradecane in the extract 5 mg/mL

] el

E ®© n O ® mg/mL C., mg/mL C;mg/mL C.,mg/mL C,mg/mL C.,mg/mL C,mg/mL C., mg/mL
1 8429 5379 7.789 44.616 5.249 51.745 6.088 28.449 3.347 36.915 4.343
2 8346 5314 7.861 49.376 5.809 49.824 5.862 45.252 5.324 40.706 4.789
3 8459 534 7.75 50.223 5.909 37.86 4.454 39.161 4.607 39.736 4.675
4 8452 5397 7.939 49.348 5.806 46.956 5.524 38.889 4.575 42.688 5.022
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Table 2. Continued

Standard solutions Laboratory samples Matrix samples
% _ o = Deionised water Calcined sand Soil percolate Soil
No. 3E nE $E

-qu; Eo 8 Eo -i; Ea nominal concentration of tetradecane in the extract 5 mg/mL

] el

E € w O® C,mgmL C.,mgmL C,mg/mL C,,mgmL C,mgmL C.,mg/mL C,mg/mL C,, mg/mL
5 8279 5405 7.578 49.873 5.867 49.425 5.815 43.97 5.173 31.477 3.703
6 8538 5368 7.627 47.466 5.584 43.371 5.102 41.968 4.937 35.173 4.138
7 8358 5362 8118 43.934 5.169 50.206 5.907 42.109 4.954 41.468 4.879
8 8368 5447 7.94 46.126 5.427 50.847 5.982 44.135 5.192 30.699 3.612
9 8392 5476 8.119 43.943 5.170 55.385 6.516 46.372 5.456 36.84 4.334
10 8.423 5418 8.254 43.524 5.120 50.5 5.941 28.436 3.345 40.601 4.777

Note: CCS - calibration verification standard; Ci - concentration measured by the instrument; Cex — concentration recalculated to the

initial volume of the extractant
Source: created by the authors

In the soil sample preparation models, an additional
10 ml of deionised water was added along the walls of the
flask to bring the organic layer (extract) to the surface. Af-
ter phase separation, the maximum possible volume of ex-
tract was withdrawn from each flask, avoiding the aqueous
layer, and 2 ml was passed through a small layer of florisil
(0.2 g) into clean flasks. Concentration of the extracts was
performed in a drying chamber equipped with an exhaust
system and a fan at a temperature of 35-40°C. To determine
matrix effects, 10 parallel samples of real soil samples and
fresh soil percolate samples, previously spiked with tetrade-
cane to a nominal extract concentration of 5 mg/mL, were
processed. For this purpose, 10 ml of fresh soil wash with
a mass concentration of suspended solids of 230 mg/dm’
was added to 20 ml flasks. For the soil matrix, 2 g of dry ho-
mogenised topsoil were weighed into flasks and moistened
by adding 0.45 ml of deionised water. After spiking with
the standard solution, all the above-described steps of the
procedure were repeated before analysis.

To determine the systematic bias caused by the sam-
pling procedure for liquid matrices and by the mixing (ho-
mogenisation) process of the composite sample of solid
matrices obtained from different sampling points within
the study area, and to enable correct recalculation of the

measured concentration to the actual average content
within the test site, a separate series of experiments was
conducted (Table 3). For soil samples, two clean contain-
ers were weighed twice with 0.5 kg of previously dried,
stone-free soil. Two grams of crude oil dissolved in cy-
clohexane were added to one portion, thoroughly mixed
to achieve maximum homogenisation, moistened to 25%
with deionised water, mixed again, and left for 24 hours.
The second uncontaminated portion was moistened to
25% moisture and kept under the same conditions, after
which both portions were mixed thoroughly. Ten replicate
samples (~2 cm?®) were collected by mechanical pressing
using a cut-off syringe and placed into pre-weighed ex-
traction flasks. For the aqueous matrix, a soil filtrate (per-
colate) was prepared by passing distilled water through a
layer of uncontaminated soil (10-15 cm). To 1,000 ml of
the filtrate, 0.5 g of crude oil was added, followed by vigor-
ous mixing. Composite samples were formed in 10 parallel
extraction vials (10 ml each) using a syringe irrigation tip,
so that each sample consisted of separate aliquots of the
filtrate collected during sample mixing. The samples were
reweighed on an analytical balance in closed vials. Subse-
quent sample preparation and analysis were performed as
described above.

Table 3. Results of laboratory measurements of variations caused by the sampling procedure

Soil percolate (nominal concentration

Soil, w=25% (nominal concentration

Soil, w=45% (nominal concentration

No. of crude oil 500 mg/L) of crude oil 1,000 mg/kg d.w.) of crude oil 1,000 mg/kg d.w.)
V (mL) C,mg/mL  C, mg/L m(dry),g C,mg/mL C,mg/L m(dry),g C,mg/mL C, mg/L
1 11.2278 13.699 358.852 2.4239 4.539 550.760 1.1550 1.876 477.718
2 11.5503 11.223 285.783 3.2837 5.77 516.809 0.8464 2.064 717.229
3 11.8595 9.71 240.810 2.7162 4.937 534.592 1.0931 2.144 576.867
4 11.262 9.963 260.193 2.7546 5.075 541.874 0.8113 2.115 766.739
5 10.6591 8.876 244.916 4.2302 6.841 475.639 1.1353 2.306 597.430
6 10.7534 11.624 317.930 2.8856 5.625 573.344 0.9282 1.851 586.502
7 11.2683 10.428 272.185 2.4910 7.241 854.969 1.1329 2.208 573.235
8 11.2284 9.028 236.480 2.5034 4.802 564.168 1.1080 2.029 538.608
9 12.011 9.075 222.223 3.5561 6.178 510.966 1.0189 2.216 639.656
10 11.3103 8.068 209.804 3.3017 5.893 524.960 0.9731 1.654 499.939

Note: V - volume of the composite sample; Ci — concentration measured by the instrument; Cs — concentration recalculated to the
initial volume/mass of the sample; m(dry) — mass of the dry soil sample

Source: created by the authors
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In addition, to verify the intensity of the crude oil sig-
nal in comparison with the calibration standard, a solu-
tion of crude oil in cyclohexane (5 mg/mL) was analysed
in 10 replicates. The solution was prepared in a Class A
volumetric flask (10 ml) by accurately weighing 50 mg of
crude oil. All validation results were tested for normality of
distribution using the Shapiro-Wilk test. The test statistic
(W) values for all data sets exceeded the critical value of
0.781 (at a significance level of 0.01 and a sample size of
n = 10), confirming normal distribution. Instrumental and
matrix-specific characteristics were established (Table 4),

demonstrating both the analytical suitability of the meth-
od and the influence of complex effects prior to the extrac-
tion stage in practical application. However, all results and
their interpretation should primarily be considered in the
context of the method’s intended purpose, hardware con-
figuration, and application concept. The instrumental lim-
its of detection (LOD;,s=0.15 mg/mL) and quantification
(LOQins=0.5mg/mL) for the configuration with the TumbIIR
100 pm sampling module of the Agilent Cary 630 FTIR cor-
respond to the expected parameters for rapid analysis while
maintaining a classical instrumental-laboratory approach.

Table 4. Summary of operational characteristics of the analytical procedure

Operating characteristics of the analytical procedure

Type of sample (environmental

. . LOQinst 0, g V) V) (V) = SCE
matrix) LOD,,; (MRL) S»% Bias,% R, % SE,% U (k=2.0) Bias,% R.%
Soil at natural moisture, w=25%
? -43. .
(n=10) 0.15 05 11.07 -11.5 88.5 -13.7 +24.0 3 263
Overwatered soil, w=45% (n=10) : L ’ L -40.3 59.7
Surface water, drainage water, soil mg/M mg/M
u > 5 > 16.26 -6.2 93.8 -8.6 +31.9 -47.0 53.0

leachates, percolate (n=10)

Note: LOD,, - instrument limit of detection; LOQj.y — instrument limit of quantification (for Transmission Cell: TumblIR_100 pm);
MRL - minimum laboratory reporting level (the concentration level for which the analytical procedure performance criteria have
been verified); S - relative standard deviation of repeatability; SE - relative systematic error (bias); U — procedural relative expanded
uncertainty (p=0.95); SCE - sample collection effects (field-homogenised composite sample)

Source: created by the authors

However, this sensitivity can be easily increased by
changing the optical path length to 1,000 um through
replacing the sampling module, as provided by P. Scar-
dina et al. (2014) in the FTIR method based on ASTM
D7678 (2022) using DialPath 1,000 um. For wet soils and
bottom sediments, the analysis demonstrates good internal
consistency (RSD =11%, n=10) and a small systematic bias
(bias -11.5%), indicating sufficient precision for quantitative
determination of petroleum hydrocarbons in complex ma-
trices with natural moisture content. Compared to chroma-
tographic GC-FID methods, which showed poorer repeata-
bility and reproducibility when working with dried soils (Sr
6.3%, SR 9.9%), as reported by M. Senild et al. (2015), the
proposed approach demonstrates comparable performance
without multistage extraction or sample drying. Similar
relative standard deviation values (3.8-12.5%) were also re-
ported for ultrasound-assisted centrifugal extraction with
IR detection by H. Qin & H. Huang (2021). Despite some
underestimation of the results (bias), the obtained values
remain within the range typical of laboratory methods for
petroleum hydrocarbon determination in soils with natural
moisture content, according to M. Senil et al. (2015) and
H. Qin & H. Huang (2021).

The obtained results indicate a high efficiency of the
proposed approach for the extraction of petroleum hydro-
carbons from soil matrices. In particular, the recovery of
petroleum hydrocarbons during mechanical extraction
reached 88.5%, which is comparable to or higher than
the values reported in recent studies for the extraction
of PAHs and petroleum hydrocarbons. Thus, H. Guo et
al. (2025) demonstrated that mechanical shaking using
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dichloromethane provided an average recovery of polycy-
clic aromatic hydrocarbons of approximately 85%, whereas
conventional Soxhlet extraction without sample pretreat-
ment achieved only about 53% recovery. After solvent
pretreatment of the samples, the efficiency of Soxhlet ex-
traction increased to approximately 94%, while mechanical
shaking exceeded 100% recovery for certain compounds,
which the authors attributed to matrix heterogeneity and
the sorption behaviour of analytes on fine-dispersed par-
ticles. The study also emphasised that mechanical shaking
ensures efficient contact between the solvent and particles
of wet fine-grained matrices, thereby promoting enhanced
desorption of petroleum hydrocarbons. The recovery val-
ue of 88.5% obtained in the present study confirms the ef-
fectiveness of the applied approach and is consistent with
current findings regarding the performance of mechanical
extraction methods for the determination of petroleum hy-
drocarbons in complex natural matrices. At the same time,
the obtained expanded measurement uncertainty values
for soils (£24%) and water samples (£31.9%) correspond to
typical ranges reported for environmental analyses of nat-
urally heterogeneous objects and do not exceed the levels
described in methodological guidelines and contemporary
analytical studies for similar matrices.

For aqueous matrices, the analytical characteristics
of the procedure remain stable: recovery is higher than in
soils, close to 94%, systematic deviation is small, and pre-
cision is at a borderline but acceptable level. The increased
total uncertainty and significant SCE in this case reflect real
processes of losses and redistribution of petroleum hydro-
carbons in the aquatic environment before analysis. In the
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proposed method, cyclohexane extraction (which does not
contain methyl groups and therefore does not cause inter-
ference in the 1,380 cm™ region), combined with extract
purification through florisil and operation at high concen-
trations (LOQ 0.5 mg/mL) ensured the absence of signifi-
cant instrumental matrix effects. However, for application
at low concentrations (especially when using 1,000 um
DialPath) additional research on potential influence is re-
quired, considering that review data on the use of FTIR
spectroscopy for qualitative and quantitative analysis of
organic components and TPH in soils often indicate that
soil matrix spectra are largely determined by their mineral
and organic composition, which requires corrections and
mathematical data processing to interpret organic contam-
inant signals against the matrix background.

Model experiments to evaluate the contributions of
Sample Collection Effects (SCE) were conducted separately
for water matrices (soil percolate) and soil matrices (der-
no-podzolic soil) and showed significant bias: -47% (for
soil percolate), -43.5% for soil (w=45%) and -40.3% for
overwatered soil (w=45%). Recoveries at 50-60% indicate

Mykytsei et al.

substantial heterogeneity of TPH concentration in the over-
all sample volume even after mixing, i.e., already before the
extraction stage, which occurs due to complex interphase
interactions, sorption processes, sample heterogeneity, and
transformations during sampling and homogenisation. The
obtained results for SCE generally confirm the importance
of ensuring a sufficient number of analytical replicates and
sample size if the research strategy involves assessing the
average level of contamination within the study area.

In addition, a comparative assessment of several well-
known analytical procedures for TPH determination
in water and soil was performed using the AGREE and
AGREEprep tools E. Pena-Pereira et al. (2020) (Table 5).
Evaluation was performed using 12 AGREE criteria for the
overall method and 10 AGREEprep criteria for the sample
preparation stage, according to the workflow protocol. The
obtained values of the integral AGREE index (Fig. 5) for the
classical well-known normative methods were predictably
very low: 0.20 for the gravimetric method, 0.26 for the in-
frared spectrophotometry method according to MVI, and
0.33 for the ASTM D7678-17 (2022) standard.

Table 5. List of TPH determination methods evaluated using AGREE/AGREEprep

No. Name and code of the analytical procedure

I

MVI Ne 081/12-0645-09 (2010). WASTEWATER, SURFACE, GROUNDWATER.
Method for measuring the mass concentration of petroleum products using the gravimetric method

MVI Ne 081/12-0877-13 (2014). WASTEWATER, SURFACE, GROUNDWATER.

11 Method for measuring the mass concentration of petroleum products using infrared spectrophotometry
I ASTM D7678 - 17 (2022). Standard test method for Qeterm.inatiop qf total oil and grease (TOG)
and TPH in water and wastewater by solvent extraction using mid-infrared laser spectroscopy
v,V Developed author’s procedure for TPH analysis based on Cary 630 FTIR, Agilent Technologies.

(IV - calculation of the procedural index for TPH analysis in water; V - the same in soils and bottom sediments)

Source: created by the authors

(1)

Figure 5. Results of the calculation of green indices
for several well-known procedures for TPH analysis using
the GREEnness analytical calculator,
and the additional AGREEprep tool

Note: numbering corresponds to Table 5
Source: created by the authors based on F Pena-Pereira et
al. (2020)

Such values are associated with large sample volumes,
multi-stage sample preparation (5-6 operations), the use
of toxic organic solvents, aggressive precursor acids, and

increased energy consumption. For the developed proce-
dure, the AGREE index value was 0.61 for both water and
soil matrices. This is due to smaller sample volumes, a re-
duced number of sample preparation stages, the transition
to automation of certain operations, and a significant re-
duction in extractant consumption. The separate assess-
ment of the sample preparation stage using AGREEprep
showed index values in the range of 0.08-0.22 for the nor-
mative methods and 0.48-0.50 for the developed proce-
dure. It should be noted that the assessments for the de-
veloped procedures were obtained for the configuration
with a 100 um optical path, which requires an extractant
evaporation stage. When using an attachment with a larger
optical path (1,000 um), the sample preparation procedure
can be shortened by eliminating this stage, which will in-
crease the index value and corresponds to the conclusions
of B. Abdykarimov et al. (2025). The obtained results reflect
relative differences between procedures according to the
criteria of GAC within the applied assessment methodolo-
gy. Thus, although the method cannot be classified as fully
GAC due to the use of cyclohexane as an extractant, the
AGREE/AGREEprep assessment demonstrates its noticea-
bly better procedural safety and environmental friendliness
compared to classical laboratory methods.
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Field study results and analysis of TPH contamination
in urban, suburban, and industrial zones

Sampling from the three demonstration territories (Fig. 6)
was carried out using disposable piston medical syringes,
from which the connector tip was previously removed
to enable the collection of solid samples by mechani-
cal pressing. Samples were placed in clean, pre-weighed

amber glass vials for headspace extraction (20 ml) with
screw caps and PTFE septa. For sampling liquid matri-
ces, medical syringes with an attached irrigation tip were
used, which was immersed under the water surface. Dur-
ing the collection of composite water samples, equal ali-
quots were transferred into a vial to a total volume of ap-
proximately 10 ml.

Figure 6. Sampling of soil and water in potential TPH contamination hot spots
Note: a - study area (micro-watershed of the Lushchava River within the oil production impact zone); b — watershed of the mountainous
Strymba River within the area of the oil spill accident (30.09.2023); ¢ — urbanised micro-watershed within the Bystrytsia Solotvynska

River basin (suburbs of Ivano-Frankivsk)
Source: created by the authors

To assess the average level of TPH contamination for
each selected area within the urban and suburban zones
of Ivano-Frankivsk, composite samples were formed
from road soil and street dust samples. All samples were

delivered to the laboratory (Fig. 7) for analysis. For com-
posite samples, after mixing the entire volume, the analyti-
cal aliquot was taken in three replicates from each contain-
er, corresponding to a separate averaging area.

Figure 7. Method validation tests and analysis of field samples based on the Water Monitoring Laboratory
of the Western Region of the Dniester Basin Water Resources Management, Ivano-Frankivsk

Source: created by the authors

The results of the analysis indicate that the ana-
lytical procedure is capable of correctly handling ma-
trices of different origin - from perennial flowing wa-
ters to temporary storm runoff collected directly from
puddles and watercourses along roads. In the water of

20

the Lushchava River downstream of the potential an-
thropogenic impact zone, the TPH content was below
the detection limit (<LOD;,s = 0.15 mg/mL) (Table 6),
whereas the soil sample from the shoreline exhibited a
TPH mass concentration of 211.14 mg/kg (moderate/
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low contamination), indicating contact of the riverbank  being trapped in the coastal soils downstream from the
with oil film patches moving on the water surface and  extraction area.

Table 6. Results of field sample testing of soil and water for TPH within the Lushchava River catchment area
(in the operational zone of the “Dolynanaftogaz” Oil and Gas Production Department)

U’ %
1 0
No. Sample type Sample name Mass concentration % of mass (k=23 p=0.95)

1 Lushchava River (downstream of oil production <LOD,! i

influence zone)
2 Roadside and verge water flows during rainfall 3.77 mg/dm® < LOQins?
3 Puddles and ruts ﬁlled with rainwater within 10-15 257.93 mg/dm® 0.026
m of operating pump jack No. 1
—— Water samples : - o +31.9
Puddles and ruts filled with rainwater within 3-5 m 5
4 . . 7.35 mg/dm < LOQiu
of operating pump jack No. 1
5 Shoreline of swampy water bodies adjacent to a <LOD,, )
paved road
6 Bottom of a natural ditch along a paved road 727.00 mg/dm’® 0.073
- Left bank of the Lushchava Rlver.(exposed eroded 211.14 mg/kg 0.021
terraces, riverbank line)

8 Within 10-12 m of a decommissioned well 189.97 mg/kg 0.019

9 Within 10-12 m of operating pump jack No. 1 35,853.90 mg/kg 3.585

10 Soil ) Within 2-3 m of operating pump jack No. 1 167.92 mg/kg 0.017 +24.0

11 COUSAMPIES Within 10-12 m of operating pump jack No. 2 338.40 mg/kg 0.034

12 Within 2-3 m of operating pump jack No. 2 16,186.58 mg/kg 1.619

13 Inactive unpaved (field) road overgrown with reeds 25.41 mg/kg < LOQju

14 Within 10-15 m of an operating well 37,265.37 mg/kg 3.727

15 Lesya Ukrainka Street, roadside verge 691.28 mg/kg 0.07

Note: ! - LOD;,s =0.15 mg/mL; * = LOQuu = 0.5 mg/mL (according to Table 3); * - expanded procedural uncertainty (according to

Table 3)
Source: created by the authors

In samples of surface stormwater collected on roads
and roadside areas, significantly higher concentrations were
recorded (3.77 mg/dm’ in water streams during rainfall;
257.93 mg/dm’ in puddles and ruts within a radius of 10-
15 m from the operating oil pumping unit No. 1; 7.35 mg/
dm’® in puddles and ruts within a radius of 3-5 m from the
operating oil pumping unit No. 1). The highest values were
obtained for water from a natural ditch along a paved road
(727.00 mg/dm?), confirming the role of linear elements
of the drainage network as effective pathways for accu-
mulation and transport of petroleum hydrocarbons. The
obtained distribution of concentrations in water samples
reflects high spatial variability caused by surface runoff for-
mation conditions, the nature of underlying surfaces, and
the influence of weather factors during the spring period.
Dynamic temperature regimes and moderate precipitation
contribute to the mobilisation of petroleum hydrocarbons
from surface soil layers, road pavement, and anthropogen-
ic elements, resulting in their short-term but intense in-
put into water bodies. In this context, the obtained results
demonstrate that the developed procedure provides quan-
titative determination of TPH in water matrices under con-
ditions of pulse loads and abrupt concentration changes.

These observations are consistent with international
data on spatial heterogeneity and migration of TPH in
the environment. For example, Y. Wu et al. (2024) indi-
cated that TPH concentrations in soils and water largely
depend on local hydrogeological conditions, with TPH

often accumulating in surface soil layers and showing lim-
ited vertical migration to groundwater due to adsorption
and diffusion, which confirms the high spatial variability
of contamination similar to that observed in this study.
Similarly, W. Sim et al. (2024) showed that in industrial-
ly polluted regions, concentrations of petroleum-derived
components in surface waters and bottom sediments sig-
nificantly exceeded natural background levels, while the
distribution patterns of TPH depended on the intensity of
anthropogenic runoff and seasonal precipitation fluctua-
tions, reinforcing the role of surface runoft as a pathway
for pollutant transport.

Analysis of soil samples revealed a wide range of TPH
concentrations, from 189.97 mg/kg to 37,265.37 mg/kg.
In percentage terms, this corresponds to 0.019-3.73% of
the sample mass. The highest TPH values were recorded in
areas influenced by active oil pumping units and wells, re-
flecting the localised input and accumulation of petroleum
components in near-surface horizons. At the same time,
within the catchment area of the Lushchava River under
the influence of the “Dolyanaftogaz” oil and gas produc-
tion department (NGVU “Dolynanaftogaz”), significant
variability in values was recorded even at comparable dis-
tances from potential sources (e.g., 189.97-35,853.90 mg/
kg within a radius of 10-12 m), indicating a complex in-
fluence of microrelief, surface runoff directions, and pre-
vious anthropogenic events on the spatial distribution
of pollutants. Maximum concentrations do not always
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correspond to the minimum distance to the source, which
emphasises the heterogeneity of contamination and the
limitations of using spatial criteria alone for interpreting
field measurement results. The obtained data are consid-
ered as a demonstration of the analytical capabilities of the
method when working with heterogeneous soil matrices,
rather than a basis for final assessment of the environmen-
tal status of the area.

Results of the analysis of water samples from the
Strymba River indicate a clearly expressed longitudinal
gradient of TPH concentrations downstream (Table 7,
Fig. 8). The highest values were recorded in water near the
accident epicentre: 18.85 mg/dm?® in the shoreline zone
with mechanically disturbed bottom sediment and visible
oil films. At distances of 100-700 m downstream, concen-
trations decreased to 12.17 and 2.65 mg/dm?, respectively,
reflecting dilution, sedimentation, and redistribution pro-
cesses of petroleum hydrocarbons in the channel system.
From distances of 1.5-2 km downstream, petroleum hy-
drocarbon concentrations in water samples were minimal
or not detected (<LOD;,), indicating the limited range of
their stable presence in the water phase under the given hy-
drodynamic regime.

Analysis of soils and bottom sediments revealed a
much more complex and heterogeneous spatial distri-
bution of petroleum hydrocarbons. In disturbed bottom
sediment near the accident epicentre (319.79 mg/kg) and
on eroded bank protrusions, significant differences in
concentrations were recorded: 60.22 mg/kg on the right
protrusion and 4,826.92 mg/kg on the left, indicating an
asymmetric nature of deposition and accumulation of pe-
troleum products. Much higher values in soils on the left
bank protrusion compared to the right may be due to lo-
cal flow features, channel morphology, and directions of
petroleum fraction movement at the time of the accident
discharge. Bottom sediments are characterised by a mosaic
distribution of TPH concentrations along the flow, as noted
by U. Umueni ef al. (2025). Elevated values were found both
in close proximity to the pollution source (2,063.75 mg/
kg at 100 m downstream) and at certain locations more
than 1 km downstream (1,476.60 mg/kg at 1.5 km and
873.23 mg/kg at 2 km). Such a distribution indicates a sig-
nificant role of mechanical transport of fine silt-clay frac-
tions, repeated resuspension of bottom sediments and their
local redeposition, which is consistent with the conclusions
of U. Umueni et al. (2025).

Table 7. Results of field sample testing of soil and water for TPH
within the area of the pipeline rupture accident on 30.09.2023 on the Strymba River

Mass o U, % (k=2;
No. Sample type Sample name concentration % of mass p=0.95)
Near the accident epicentre (=20 m), riverbank zone,
1 disturbed bottom sediment of the Strymba River 18.85 mg/dm? 0.002
(oil films visible on the water surface)
100 m downstream, water from the mechanically 3
2 disturbed bottom sediment zone, depth 7-10 cm 12.17 mg/dm <LOQus
Water samples 700 m downstream, water from the mechanically 3 +31.9
3 disturbed bottom sediment zone, depth 7-10 cm 2485 g dlan <LOQus
4 1.5 km downstream, water from the mechanically <LOD. )
disturbed bottom sediment zone, depth 7-10 cm nst
5 2 km downstream, water from the mechanically <LOD. )
disturbed bottom sediment zone, depth 7-10 cm et
Near the accident epicentre (= 20 m), disturbed bottom
6 sediment (oil films visible on the water surface) 319.79 mgfkg 0.032
. Right eroded riverbank protrusion,
7 Soil samples = 0im from the accident epicentre 60.22 mg/kg 0.006 +24.0
Left eroded riverbank protrusion,
8 ~20 m from the accident epicentre 4,826.92 mg/kg 0483
9 100 m downstream, bottom sediment, depth 7-10 cm 2,063.75 mg/kg 0.206
10 200 m downstream, bottom sediment, depth 7-10 cm 523.50 mg/kg 0.052
11 Bgttom 300 m downstream, bottom sediment, depth 7-10 cm < LOD;ys =
~~~ sediments
12 (fine- 600 m downstream, bottom sediment, depth 7-10 cm < LODjyg -
13 dl'spersed 850 m downstream, bottom sediment, depth 7-10 cm 540.23 mg/kg 0.054 +24.0
~ =7 fluvial bottom
14 sediments 1 km downstream, bottom sediment, depth 7-10 cm < LOD;ys -
—_ ofsilt-cl
15 cé)m?osftii};l) 1.3 km downstream, bottom sediment, depth 7-10 cm 157.98 mg/kg 0.016
16 1.5 km downstream, bottom sediment, depth 7-10 cm 1,476.60 mg/kg 0.148
17 2 km downstream, bottom sediment, depth 7-10 cm 873.23 mg/kg 0.087

Source: created by the authors
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Distribution of mass concentrations at various distances

from the epicentre of the accident in the Strymba River
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Figure 8. Integrated longitudinal concentration profile of TPH based on the analysis
of different types of environmental matrices: water, soil, and bottom sediments

Source: created by the authors

The absence of a uniform decrease in concentrations
with distance from the accident epicentre highlights the
complexity of petroleum hydrocarbon migration process-
es in fluvial systems. Thus, the obtained results demon-
strate that the aqueous phase responds to the accidental
input of petroleum hydrocarbons mainly in a short-term
and spatially limited manner, whereas shoreline soils and
bottom sediments act as more inert components capa-
ble of accumulating contaminants and forming extended
zones. In this context, the applied analytical procedure
demonstrated stable performance for different types of
environmental matrices formed both in the zone of di-
rect accident impact and at considerable distances from
the source.

Soil and street dust samples (roadside/curb mud)
within the urban and suburban zones of Ivano-Frankivsk
city (the urbanised part of the Bystrytsia Solotvynska
micro-catchment) showed significantly higher concen-
trations of TPH (Table 8) compared to samples from the
mountain basin of the Strymba River. In most samples,
mean mass concentrations ranged within 1.6-2.8x10° mg/
kg, indicating a persistent impact of road operation, tech-
nical leaks, and accumulation of petroleum product frac-
tions in dust and soil deposits along transportation routes
M. Bayramoglu Karsi (2025), and stormwater collectors,
where these contaminations pose particular risks to
aquatic ecosystems, as reported by E. Amurri et al. (2025)
and D. Frau et al. (2026).

Table 8. Results of field sample tests of soil and street dust (roadside dust) for TPH within the city of Ivano-Frankivsk

Sample Mass o U, % (k=2;
No. type Sample name concentration % of mass No. p=0.95)
Drahomyrchany village, open drainage along H9 road 1,437.27 mglkg
S and Nadrichna Street: roadside soils, road dust and
1 Té* particulate matter, bed soils and embankment soils of 3,451.50 mg/kg 2,068.98 mg/kg  0.207
% roadside drainage ditches along an 850 m section 1,318.17 mg/kg
é«@ Ivano-Frankivsk city, Khimikiv Street — Celevycha 2,306.07 mg/kg
e . . : ) :
) R Strget. roadside soils, dust and debrl; accumulations 1,863.05 mg/kg  1,945.03 mg/kg 0195 +24.0
TE in the curb zone near stormwater inlets along a
IZ R :
253 1.5 km section 1,665.98 mg/kg
9
§ Ivano-Frankivsk city, Nadrichna Street - Promyslova  2,837.90 mg/kg
= Street - Makohona Street — O. Kobylianska Street:
3 3 roadside soils, dust and debris accumulations in the ~ 1,908.92 mg/kg ~ 2,419.30 mg/kg  0.242
curb zone near stormwater inlets along a 1.8 km
section 2,511.08 mg/kg
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Table 8. Continued

Sample Mass o U, % (k=2;
No. e Sample name concentration % of mass No. p=0.95)
Ivano-Frankivsk city, P. Orlyk Street — Belvederska 2,655.02 mg/kg
" Street — Plynlchpyl Boulevard - Kprolya DanY.Ia 2,455.18 mg/kg
4 z g Street: roadside soils, dust and debris accumulations 2,795.43 mg/kg  0.280
3 3 F§ in the curb zone near szzzggrlater inlets along a 2 km 3,276.09 mg/kg
— §2=3 +24.
E 8 'E Krykhivtsi village, Priozerna Street, near the water ~ 573,037.18 mg/kg £24.0
= E‘ 3 intake structures of the city lake on the mlynivka k
5 ©g Stebnytska River: roadside soils, dust and debris 650,435.55mg/kg 4 67537 99 mg/kg 46.753
~ accumulations along the channel edges in puddle
formation zones 179,126.25 mg/kg
Krykhivtsi village, Priozerna Street, near the water
Water intake structures of the city lake on the mlynivka 3
samples  Stebnytska River: puddles at the edge of the water CEEIGR e o 0.043 319

distribution structure

Source: created by the authors

The highest values were recorded in roadside deposits
along the sections of Nadrychna St. - Promyslova St. - Ma-
kohona St. - O. Kobylianska St. (point 3) and P. Orlyk St. -
Belvederska St. — Northern Boulevard - King Danylo St.
(point 4), which is consistent with traffic intensity. A distinct
case is the sample from Krykhivtsi village, where mass con-
centrations reached 4.7-6.5x10° mg/kg (mean 4.7x10° mg/
kg), which is an order of magnitude higher than at other
sampling points. Such elevated values in direct contact with
the water intake structures of the city lake on the mlyniv-
ka Stebnytska river channel are a consequence of vehicu-
lar traffic along a road constructed with environmental
violations along the protective riparian strip. The presence
of puddles with fuel films and the accumulation of dust/
debris with high petroleum hydrocarbon content in the ri-
parian zones create high local threats and risks to the urban
aquatic ecosystem. Rainwater puddles at this location also
contained a very high measurable amount of petroleum
hydrocarbons (433.82 mg/dm?®), confirming the potential
for pollutant migration from surface accumulations into
water bodies under conditions of standing water and lim-
ited self-purification in the urban hydrological network.

Therefore, the results of field investigations within the
urban microcatchment of the Bystrytsia Solotvynska river
confirm that the main mechanisms of petroleum hydrocar-
bon transport and accumulation are surface sealing, artifi-
cial runoff routing, accumulation of dust and debris in curb
zones, and the untreated discharge of stormwater into the
water body. Thus, for each of the three studied territories, a
pronounced spatial-typological heterogeneity of TPH dis-
tribution was observed, manifested as local zones of elevat-
ed concentrations in close proximity to potential pollution
sources (oil and gas infrastructure, accidental spills, urban
runoff) and varying degrees of pollutant migration through
aquatic and terrestrial media.

It should be noted that at the scale of microcatchments
and small-order catchments, the effects of pulse loadings
formed during precipitation, snowmelt, or accidental events
are also significant and more traceable. The identification,
quantitative assessment, and control of the first flush (FF)
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are considered critically important in urban stormwater
management Z. Gao et al. (2023). This well-known “first
flush” concept describes how pollutants accumulated on
soil surfaces, road pavements, drainage channels, and other
anthropogenic landscape elements can be rapidly mobi-
lised and transported into the watercourse as a short-term
but highly concentrated runoff M. Maniquiz-Redillas et
al. (2022). Such a mechanism is typical and may have crit-
ical consequences for small catchments, where the ratio of
catchment area to pollutant source area is small and hydro-
logical processes are highly dependent on local conditions
(precipitation intensity, surface condition, impervious-
ness, presence of drainage channels). Consequently, risks
may arise not from average background pollution levels in
water, but from short-term concentration peaks that have
substantial ecological impacts, especially when such peaks
recur or coincide with additional stressors (low flow, high
temperatures, reduced dissolved oxygen).

The results of field investigations conducted across
three distinct types of environments-an oil-production mi-
cro-catchment (Lushava), an accident-affected mountain-
ousstream (Strymba), and an urban basin (Ivano-Frankivsk,
Bystrytsia Solotvynska River) - indicate a common funda-
mental mechanism governing the spatiotemporal dynam-
ics of TPH. In all cases, the observed behaviour is con-
sistent with the FF concept and the pulse-driven nature of
hydrological contaminant mobilisation. As demonstrated
in recent studies by Z. Gao et al. (2023), the first flush ef-
fect is characteristic of small- and medium-sized catch-
ments, where short-term peak discharges during rainfall or
snowmelt events lead to the rapid wash-off of surface-ac-
cumulated pollutants. Moreover, M. Maniquiz-Redillas et
al. (2022) emphasise that the key controlling factor is not
the mean contamination level but rather short-term peak
concentrations generated by intensive wash-off from an-
thropogenic and natural surfaces.

This behaviour is most pronounced in the urban envi-
ronment of Ivano-Frankivsk. Elevated TPH concentrations
in roadside soils and in accumulated road dust and debris
(approximately 1.6-2.8x10° mg/kg at most sampling points
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and up to 4.7x10° mg/kg at local hotspots) indicate a sub-
stantial surface reservoir of contaminants. Under conditions
of a high proportion of impervious surfaces, a well-devel-
oped system of curbs and stormwater inlets, and engineered
surface runoft pathways, an environment is formed that
strongly facilitates the first flush mechanism. Measured
TPH concentrations in rainwater puddles (433.82 mg/
dm’) and roadside drainage channels confirm that the in-
itial phase of precipitation rapidly mobilises accumulated
petroleum fractions, generating short-term but highly el-
evated peak loads to the drainage network. Thus, urban
conditions combine both substantial contaminant accumu-
lation and highly efficient pulse-driven transport into the
aquatic system, which is consistent with the classical man-
ifestation of FF as the dominant process in urban runoff.

A similar mechanism is observed in the Lushava catch-
ment, although with a different spatial organisation of pro-
cesses. Despite relatively low concentrations in the water
phase (up to 727 mg/dm’ in drainage elements), soils in the
vicinity of anthropogenic impact sources exhibit very high
TPH levels (up to 37,265 mg/kg). This indicates the forma-
tion of local contamination depots that do not continuously
interact with the aquatic phase and are activated only under
specific hydro-meteorological conditions. In this context,
the first flush effect manifests as an episodic mobilisation
mechanism, whereby precipitation or surface runoff events
trigger the short-term release of petroleum hydrocarbons
from soil reservoirs into watercourses. A characteristic
feature is the pronounced variability of concentrations in
the water phase, including values below detection limits,
confirming the pulsed nature of contaminant inputs. In the
case of an accidental oil pipeline rupture above the Strym-
ba River channel, a spatially extended variant of the first
flush effect is observed. At the impact zone, a sharp peak
in water concentration is recorded (18.85 mg/dm?), fol-
lowed by a rapid downstream decrease. At the same time, a
highly heterogeneous and mosaic pattern of TPH accumu-
lation develops in bottom sediments and soils, including
secondary maxima located more than 1 km downstream
(873-1,476 mg/kg).

A key process is that a portion of petroleum hydrocar-
bons, after initial deposition, is not removed from the sys-
tem but becomes buried within bottom sediments through
mechanical coverage by sediment layers. These buried frac-
tions remain potentially mobile and can be re-released into
the water column during hydrodynamic disturbances of the
riverbed, such as floods, intense rainfall events, erosional
processes, or mechanical disruption of sediments (e.g., by
riparian root systems). This leads to a phenomenon of sec-
ondary pulsed remobilisation, which can be interpreted
as a “buried first flush” (buried FF), i.e., a reactivation of
contaminant release from sedimentary reservoirs. In this
context, the first flush process in mountainous streams
acquires a multi-phase character, comprising an initial hy-
drological impulse in the water phase and a delayed but
reactivated sediment-associated impulse linked to periodic
remobilisation of contaminated bottom deposits. Overall,
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the results demonstrate that the first flush is a universal
mechanism governing TPH mobilisation across different
catchment types. However, its manifestation strongly de-
pends on landscape structure, contaminant source charac-
teristics, and hydrological regime. In all cases, risk is gov-
erned not by mean concentrations but by the magnitude
and recurrence of pulse loadings, which is consistent with
modern interpretations of the FF concept.

In this context, the developed and tested analytical
procedure for quantitative determination of TPH provides
a consistent quantitative basis across different matrices
(various water matrices, soil, bottom sediments, road dust/
debris), which is a necessary condition for the correct con-
struction of risk matrices and pollutant transport scenarios
and for integrated risk assessment. These assessments in-
volve analysis of several components: (I) characterisation of
sources and their potential activity, (II) evaluation of trans-
port pathways (surface runoft, drainage networks, ground-
water flow, transport to bottom sediments), (III) quan-
titative evaluation of concentrations in different matrices
reflecting both current pollution and accumulation, and
(IV) determination of the frequency and intensity of pulse
events generating peak loads. Such approaches allow the
construction of risk matrices that reflect not only mean
pollution levels but also the probability of hazardous pulse
states. Consequently, integrated risk assessment in micro-
catchments can be used to identify priority monitoring
zones, develop emergency response scenarios, evaluate the
effectiveness of measures to limit pollutant transport, and
support management decisions aimed at minimising short-
term peak impacts and long-term pollution accumulation.

© Conclusions

Although FTIR methods are widely used for the determina-
tion of petroleum and hydrophobic organic contaminants
in environmental matrices due to their speed and relative
simplicity, they are generally considered to have inherent
limitations in selectivity and sensitivity compared to other
analytical techniques, such as gas chromatography coupled
with mass spectrometric detection (GC-MS) or GC-FID
methods for TPH in water/soil. At the same time, studies
evaluating the optimisation and validation of FTIR meth-
ods using similar approaches (e.g., the use of alternative
solvents or other conceptual modifications) demonstrate
that the FTIR analytical approach can, conversely, be sig-
nificantly faster and more efficient for diagnostic and mon-
itoring purposes, owing to the capabilities of modern FTIR
spectrometer designs, which allow sample preparation to
be modified and adapted more effectively.

Field testing of environmental samples in selected ar-
eas showed that the proposed method enables rapid and
reliable quantification of TPH mass concentrations in var-
ious matrices (water, soil, sediments, road dust/deposits)
with acceptable procedural uncertainty, as confirmed by
validation. The obtained quantitative data demonstrated a
wide range of contamination levels depending on the type
of matrix and proximity to anthropogenic sources. In soils,
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TPH concentrations varied from 189.97 to 37,265.37 mg/
kg, with local maxima exceeding 16,000-35,000 mg/kg in
areas influenced by oil extraction infrastructure. In urban
roadside deposits, mean concentrations were typically
within 1.6-2.8x10° mg/kg, while extreme values reached
4.7-6.5x10° mg/kg in zones of direct technogenic impact.
In water samples, concentrations ranged from below the
detection limit (<0.15 mg/dm?®) in river water to 3.77-
727.0 mg/dm?® in surface runoff and drainage elements, in-
dicating strong pulse-driven variability of contamination.
The described sampling procedure is aligned with the ana-
lytical method and is focused on assessing primary pollut-
ant transport pathways (rills, drainage channels) and ex-
tends the “first flush” concept for further application of the
obtained data in spatial contamination dispersion models
and environmental risk assessment. This approach is an
important step in studying contaminant migration, as these
hydrocarbons may be the most mobile under flowing water
conditions and thus contribute to the further spread of pol-
lution in ecosystems. The procedure facilitates adaptation
of sampling to the needs of rapid environmental assess-
ment of urban and industrial areas within the framework
of comprehensive and integrated environmental analysis
and risk assessment in low-order catchments.

Further research should be directed toward apply-
ing the validated analytical procedure for quantitative
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determination of petroleum hydrocarbons within inte-
grated risk assessments of micro-catchments, involving
modelling of hydrological regimes and transport processes
(surface runoff, drainage networks, sediments), as well as
quantitative consideration of both impulsive and chronic
cyclical loadings. Such an approach allows obtaining quan-
titative parameters necessary for constructing risk matrices
and scenarios, assessing the resilience of aquatic ecosys-
tems, and making management decisions to minimise both
short-term peak impacts and long-term accumulation of
petroleum pollutants.
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© AmnoTtauif. Metow gocnimkenasa 6yno pospo6uTy WBNAKWI i eeKTUBHMUIT WifXifl, IUM 3a6€3MeIUTH MOXK/INBICTD
IIOfja/IbIIOl IHTEIPOBAHOI OLIHKM PU3UKIB y MIKpO- Ta HU3bKOIOPAJKOBUX Bon036opax. ITpouenypa nepen6a‘{ana
aJIbTepHATVBHU TAXix Ko Binbopy 3paskiB, MIBUAKY OFHOETAIIHY eKCTPAKIII0 IMKIOTEeKCAHOM, OUNIIEHHA eKCTPaKTy
4epes (ropucni, KOHIEHTpyBaHHs Ta aHami3 Ha FTIR-cmextpomerpi Agilent Cary 630 i3 mpo6oBinbipauM Momynem
TumblIR 100 3 moxmBoW0 ajamrauieo mig 1 000 MM, ab6o iHII KOMEpUiiiHO JOCTYIHI CHCTeMHU, [Is KOCSTHEHHS
HIDKYMX KOHLIeHTpalill. Pe3yapraty BamifaniifiHux BUIpoOyBaHb ITOKa3ajy, IIO A IPYHTOBUX MAaTpuib (BOIOIMii
IPYHT, JOHHI OCafn) MeTOf 3abesmedye foOpy BHY TPIIIHIO Y3TO/KEHICTh BITHOCHMIT CTaHAapTHUI Bifxmia =11 % (n=10)
Ta CUCTeMaTuyHe 3MillleHHA =-11,5 %, npu BigHOBIeHH] 88,5 %. PosmupeHna HeBM3HAYEHICTh BUMipIOBaHb CTAHOBUTD
+24 % pna rpyHTy Ta +31,9 % 14 Bopy, 110 BifIIOBifa€ TUIIOBMM PiBHAM JIA LIMX €KOJIOTiYHMX MaTpuib. /11 BogHMX
MaTpuipb (IIOBepXHeBi Ta ApeHa)XHi BOAM, IPYHTOBI 3MVBMY, IIEPKOJLATH) BifHOB/IEHHA HepeBunye 94 %, cucreMaTidHe
3MillleHHA € HEBENMKNUM, a IPELM3iIHICTD 3HAXOAUTHCA Ha NPUITHATHOMY PiBHi. IIpy IbOMy MOJENbHI eKCIIepMMEHTH
1 oniHKM edeKTiB cTparerii Bigbopy 3paskiB IToKa3ay 3HAYHi CUCTEMATIYHi 3CyBI: -47 % [/LA I'PyHTOBOTO IIEPKOJLATY,
-43,5 % ma rpyHTy (W=45 %) Ta -40,3 % 111 Iepe3BOI0XKEeHOT0 IPYHTY, 1O CBifYUTH IIPO HEOXHOPITHICTD PO3HOALTY
TPH y npob6ax no eramy excrpakuii. OriHKka 3a iHfeKcaMu 3eIeH0l aHAIITHYHOI XiMil 3 BUKOPUCTAHHAM {HCTPYMEHTIB
AGREE ta AGREEprep mokasasa mepeBary po3po6/1eHoi METOAUKM Haf, KIACMYHVMY HOPMATUBHUMM IIPOLIEAYPaMIL:
inrerpanbuuit ingexc AGREE s pospo6enoro metony cranosnts 0,61 (y mopisusuHi 3 0,20-0,33 /11 rpaBiMe TpIYHOTO
meTony, ['Y-metopukm 3a MBB Ta ASTM D7678-17. Byno BcTaHOB/IEHO, 110 B MeXXax IBaHO-PpaHKiBCbKa KOHIIEHTpALlil B
CKJIajii JOPO>KHBOTO MITY Ta IPUAOPOXKHIX I'PyHTaX cTaHOBIWIN 1,6-2,8%10° MI/KT, a TOKaIbHO — 710 4,7-6,5%10° MI/KT, 110
06yMOBJIIO€ BICOKI pU3MKIL, ITOB’sI3aHi 3 IMITY/IbCHVIM HaBaHTAXXEHHSM IIifi 9ac OIa/iB, SMUBOM 3a0PYAHIOBAUIB y HOIIOBI
KOJIEKTOPU 3 MOJA/IbIINM HOTPAIULIHHAM y piuky buctpuirio ComoTBMHCBKY

© Knouosi cnosa: mpo6OMiATOTOBKA; BasTifallist METONY; HEeBJM3HAUeHICTb BMMIpIOBaHb; MaTpU4Hi edeKTy;
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© Abstract. Soil contamination with heavy metals is becoming an increasingly serious problem worldwide. For this
reason, a comprehensive quantitative assessment of the quality status of urban soils under technogenic pressure is
important for understanding contamination patterns and potential ecological risks. The aim of this study was to
conduct a spatiotemporal analysis of heavy metal contents and assess their impact on the urban soils of Cherkasy,
as well as to identify sources of contamination for informed management decisions. Risk assessment was carried out
using a multi-index geochemical approach, employing single-factor indices (geoaccumulation index Igeo, pollution
index PI, ecological risk index Er) and composite indices (pollution load index PLI, Nemerow index, and potential
ecological risk index RI). Statistical correlation analysis was used to identify probable sources of contamination. The
analysis revealed significant spatial variations in metal concentrations. The coeflicient of variation (CV) for Mn, Zn,
Pb, Cu, and Cd was high (51% < CV < 100%) across different sites, indicating strong spatial heterogeneity. In contrast,
Ni showed moderate variation (21% < CV < 50%), suggesting a natural-anthropogenic origin in the soil. A strong
correlation between Pb and Cu indicated shared sources of pollution, likely from thermal power plants, paint and
electrical manufacturing enterprises, and motor transport. High correlation coeflicients between Ni and Mn suggest a
mixed influence of geogenic (soil erosion) and anthropogenic sources (machinery and chemical industry enterprises,
thermal power plants, and motor transport). A significant potential ecological risk for soil ecosystems was identified for
Cd contamination in the study area. The multi-index approach to assessing heavy metal contamination across different
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urban locations showed that the most critical situations occurred in the southeastern and eastern industrial hubs. In
residential-industrial areas, urban soils predominantly exhibited low to moderate contamination levels. Cadmium (Cd)
was identified as the main potentially ecologically hazardous metal. The results of this study can serve as a basis for the
development and implementation of targeted risk management strategies

© Keywords: heavy metals; urban soils; correlations; spatial variability; ecological risk; anthropogenic impact

@ Introduction

Rapid urban growth and industrial development are closely
linked to the accumulation of heavy metals in urban soils.
These pollutants pose serious risks to urban ecosystems and
are a growing concern at local, regional, and global scales.
As cities expand and population density increases, along
with intensified industrial and infrastructural activity, more
potentially toxic elements are introduced into the environ-
ment and gradually build up in surface soils over time. Be-
cause these substances are persistent and do not break down
naturally, they can enter food chains and ultimately threaten
ecosystem balance and human health. For this reason, mon-
itoring and assessing heavy metal contamination in urban
soils has become an essential part of sustainable urban envi-
ronmental management and the protection of public health.

L.S. Mustapha et al. (2025) noted that soil contamina-
tion by heavy metals constituted a serious contemporary
environmental issue, driven by their resistance to biodeg-
radation, toxicity, and their capacity for geoaccumulation
and bioaccumulation. Q. Yang et al. (2018) observed that
the content and variability of heavy metal concentrations in
soils were largely determined by the parent material and the
geological background of a given area. However, intensive
anthropogenic activity significantly altered these patterns.
Soil formed the foundation of terrestrial ecosystems and
served as the primary sink for most environmental pollut-
ants. As noted by L. He et al. (2023), heavy metals typi-
cally originated from various sources, including industrial
activities, fossil fuel combustion, transportation, and waste
disposal. They could enter soils from both local and dis-
tant emission sources and might therefore be deposited in
situ or, when adsorbed onto dust particles, transported over
considerable distances by air currents. Once released into
the atmosphere, metals contaminated urban landscapes
through dry or wet deposition. Following atmospheric
deposition into soils, metals exhibited significantly great-
er mobility than those already present in the soil matrix,
due to their higher reactivity. Although the concentration
of atmospheric metals was relatively low, their hazard could
exceed that of metals already present in soils. Y. Zhou et
al. (2022) emphasised that urban landscapes in industrial
zones and roadside areas were most heavily affected due to
multiple sources of industrial emissions and intense traffic
flows. The degree of contamination increased with prox-
imity to the emission source. The accumulation of heavy
metals led to soil degradation, disrupted the functioning
of soil ecosystems, and posed a threat to human health. A
significant presence of heavy metals in urban soils was con-
sidered an indicator of urban environmental quality, and
the assessment of topsoil contamination in populated areas

represented one of the key environmental challenges facing
modern cities. It was therefore essential to identify potential
sources of pollution, assess the risk of heavy metal contami-
nation in soils, and propose effective remediation strategies.

The most promising approach for identifying areas of
elevated environmental hazard is the comprehensive as-
sessment of potential ecological risk. This approach makes
it possible to determine acceptable levels of anthropogen-
ic pressure in order to maintain the balance of the natural
environment and ensure the regeneration of its key com-
ponents, as well as to support informed decision-mak-
ing aimed at minimising anthropogenic impacts. A key
element in the comprehensive quantitative assessment of
the ecological state of soil, as a fundamental component
of technogenically impacted ecosystems contaminated by
heavy metals, is the use of pollution indices (indicators).
J.B. Kowalska et al. (2018) compared the similarities and
differences among 18 indices proposed by various re-
searchers for assessing the levels and risks of soil contami-
nation by heavy metals. Each coefficient or index provides
information on the individual levels of contamination by
each analysed heavy metal; the overall extent of pollution;
the sources of heavy metals; the potential ecological risk;
areas with the highest potential risk of heavy metal accu-
mulation; and the capacity of the surface soil horizon to
accumulate heavy metals.

An important role in the determination of certain pol-
lution indices is played by the establishment of an appro-
priate geochemical background, which should be based on
soil- and site-specific criteria, as well as on the purpose and
scale of the heavy metal impact assessment. The selection
of an appropriate index is crucial for correctly interpret-
ing contamination levels, identifying the origin of heavy
metals, and evaluating potential ecological risks. In this
context, both land-use types (agricultural, forest, and ur-
ban areas) and the purpose of calculating pollution indi-
ces should be taken into account. Moreover, a multi-index
approach can be highly valuable for predicting the future
resilience of ecosystems. S.L.C. Ferreira et al. (2022) noted
that the application of a single index often fails to provide
a comprehensive representation of soil contamination lev-
els and the associated ecological risks, which may lead to
biased assessment results and negatively affect the scientif-
ic validity of environmental quality management. Studies
by Z. Yu et al. (2021) and M. Jin et al. (2025) emphasised
that, in order to improve the reliability of soil contamina-
tion assessments, it is advisable to employ a set of indi-
ces, as multi-indicator approaches allow for a more com-
prehensive and objective characterisation of heavy metal
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pollution levels and the associated ecological risks. By quan-
titatively investigating and identifying the hazards arising
from environmental contamination, it becomes possible
to predict the likelihood and significance of potential dis-
turbances to ecosystem integrity and public health, as well
as to establish the priority and urgency of measures aimed
at managing the negative impacts of technogenic factors.

The study by Y. Kuang et al. (2024) analysed the char-
acteristics of heavy metal contamination in soils of the city
of Chenzhou and assessed the associated risks to human
health. To interpret the monitoring results, the following
indices were employed: the enrichment factor, geoaccumu-
lation index (), integrated pollution index, potential eco-
logical risk index (RI), and health risk assessment models.
The findings indicated that the accumulation of excessive
amounts of heavy metals in soil matrices could lead to ad-
verse consequences for both local ecosystems and human
health. Statistical analysis further demonstrated that inten-
sive industrial activity had a direct impact on the degree of
soil contamination. The authors proposed incorporating
ecological risk indicators into comprehensive monitoring
programmes of urban ecosystems, as these indicators re-
flected environmental hazards to human health arising from
the migration of hazardous metal compounds in urban soils.
The analytical report by O.O. Reznikova et al. (2020) em-
phasised that the effective functioning of a national system
for assessing risks and threats is a key element of strategic
planning and ensuring national resilience, as demonstrat-
ed by the experience of many developed countries world-
wide. The application of modern methods and technologies
for assessing potential risks in Ukraine would enhance the
reliability of environmental monitoring results and provide
a robust evidence base for further analysis. Taking into
account the specific features of the country’s administra-
tive-territorial structure and drawing on international expe-
rience, the authors argued that multi-level systems for risk
and threat assessment are the most effective, whereby anal-
ysis is conducted at national, regional, and/or local levels.

Although considerable attention has been paid to heavy
metal contamination of soils in Ukraine, there remains a
lack of systematic reviews addressing the spatiotemporal
distribution of heavy metals in soils and the associated
ecological risks, particularly with consideration of differ-
ent types of geochemical pollution indices at both regional
and national scales. For these reasons, the present study is
important for understanding the patterns of contamina-
tion and potential ecological risks, identifying sources of
pollution, and supporting informed environmental man-
agement decisions. The aim of this study was to assess the
level of heavy metal contamination in the urban soils of the
city of Cherkasy in order to provide a scientific basis for
urban environmental quality management measures. To
achieve this aim, the following objectives were established:
to investigate the spatio-temporal patterns of heavy metal
distribution in the urban soils of Cherkasy; to evaluate the
ecological condition of the city’s soil cover using a multi-in-
dex approach based on the application of both single-factor
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and integrated indices, taking into account regional char-
acteristics; to identify the probable sources of heavy metal
inputs into urban soils through the application of statistical
and correlation analyses.

© Materials and Methods
Within the framework of this study, the city of Cherkasy
was selected as a model object for assessing the potential
ecological risks of heavy metal contamination in urban
landscapes. The city is subject to significant aerotechnogen-
ic pressure, which leads to the chemical degradation of ur-
ban soils. A considerable impact on the environmental state
of the city is exerted by the thermal power sector, chemical
and machine-building industries, as well as road transport
(Mislyuk et al., 2023). Meteorological conditions also play
an important role. The city is located within a zone of envi-
ronmental risk related to air quality deterioration (Fig. 1),
owing to climatic conditions that are unfavourable for the
dispersion of atmospheric pollutants. The potential genetic
resilience of the natural environment is predominantly low,
and the capacity of natural systems to withstand external
technogenic pressures is insufficient (Yehorova et al., 2025).
Each study site was geolocated using GPS coordinates,
which made it possible to develop a geospatial database
linked to the precise locations of the sampling sites (Fig. 2).
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Figure 1. Ecological risk of air quality deterioration across
the regions of Ukraine, taking into account the degree
of chemical hazard

Source: O.V. Rybalova et al., (2022)

3

Figure 1. Location of the monitoring sites
Source: compiled by the author
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To assess the degree of soil degradation caused by heavy
metal contamination, a systematic approach was applied,
incorporating bibliosemantic, comparative-analytical, and
statistical methods. Statistical data analysis was performed
using Microsoft Office Excel software. Correlation analysis
was employed to identify potential sources of contamina-
tion. A set of geochemical indices and guidelines, in ac-
cordance with US EPA standards, was used to evaluate con-
tamination levels and associated ecological risks. Potential
ecological risks were assessed using both single-factor in-
dices (Lo, pollution index PI and ecological risk index(Er))
and integrated indices (PLI, Plyemerow and RI).

Single-factor indices. L, was calculated using the fol-
lowing formula:

Mislyuk et al.

where C; — the concentration of the metal in the soil; GB; -
its geochemical background value.

Considering the geographical context of the study
area, background concentrations of heavy metals in
soils of the Forest-Steppe zone of Ukraine were used,
specifically for typical low-humus chernozems (genetic
horizon HE). Based on the values of the index, contam-
ination levels were classified into seven distinct classes
(Table 1).

The PI was calculated using the following formula:

PI =L,
GBj

2)

Contamination was classified according to the scale

Iyeo, = l0g, (GC_;), (1)  presented in Table 2.
Table 1. Soil quality according to I, values
Class Values of L., Soil quality
0 I<0 unpolluted
1 0-1 unpolluted to moderately polluted
2 1-2 moderately polluted
3 2-3 moderately to highly polluted
4 3-4 highly polluted
5 4-5 highly to extremely high polluted
6 5-6 extremely high polluted

Source: J.B. Kowalska et al. (2018)

Table 2. Contamination classes of single PI

Class Value of PI Soil pollution
1 PI<1 absent
2 1<PI<2 low
3 2<PI<3 moderate
4 3<PI<5 strong
5 PI>5 very strong

Source: ].B. Kowalska et al. (2018)

The ecological risk index of the i-th metal (Er;) was
evaluated using the following equation:

Eri=TR;- P, (3)

where PI — the calculated pollution index for the individual
metal; TR; — its toxic-response factor (Hakanson & Char-
lesworth, 1980).

Multi-factor indices. To assess the overall extent of
contamination, the Pollution Load Index (PLI) was deter-
mined as the geometric mean of the pollution indices (PI)
of individual heavy metals, using the following formula:

PLI = [PL, - PI, - Pl; - .- Pl,, (4)
where # - the number of analysed heavy metals; PI — the
calculated values of the pollution index for each individ-
ual metal.

To assess soil contamination levels using the PLI, the
scale proposed by Papadimou et al. (2023) was applied.

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

PLI is classified into six classes: Class I: PLI <0, no pol-
lution; Class II: 0 < PLI< 1, low degree of pollution; Class
II: 1< PLI <2, moderate degree of pollution; Class IV:
2 < PLI <4, high degree of pollution; Class V: 4 < PLI <8,
very high degree of pollution; and Class VI: 8 <PLI< 16, ex-
tremely high degree of pollution. Plyemeron» Which evaluates
the overall contamination level by multiple metals, taking
into account both the average and maximum values of sin-
gle-metal pollution indices, and was calculated using the
following formula:

Gxr, P1)2+PI.,2nax
—)

Plyemerow = " (5)

where PI — the calculated pollution index for each indi-
vidual metal; Pl is the maximum pollution index value
among all heavy metals; # - is the number of heavy metals.

Soil quality was assessed according to the scale pre-
sented in Table 3.
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Table 3. Plyemerow soil pollution classes

PINememw < 0-7 0.7'1

1-2 2-3 >3

Quality of soil Clean Warning limit

Slight pollution Moderate pollution ~ Heavy pollution

Source: ].B. Kowalska et al. (2018)

The potential ecological risk to the soil environment
and ecosystems was determined as the sum of the individ-
ual risks from each studied metal (Er), using the following
formula:

RI=31Er;, (6)

where Er; — is the ecological risk index of the i-th metal.

Risk assessment was conducted according to the scale
presented in Table 4.

This approach enabled the identification of contami-
nation levels and the assessment of the overall ecological
threat associated with metal accumulation in soils, thereby
providing a basis for comparing environmental conditions
across the investigated urban ecosystems.

Table 4. Classification of the potential ecological risk index and integrated potential ecological risk index

Er; Pollution Degree RI Hazards Level
<40 Slight <150 Slight
40-80 Moderate 150~300 Moderate
80-160 Strong 300~600 Strong
160-320 Very strong 2600 Very strong
2320 Extremely strong

Source: H. Cheng et al. (2019)

@ Results and Discussion

The city of Cherkasy is located in the Forest-Steppe zone.
Based on geomorphological and orohydrographic charac-
teristics, the city’s landscapes are predominantly formed by
loess and loess-like loams, as well as sand-derived loams.
The soil cover is heterogeneous, characterised by a light
mechanical composition and the presence of anthropogen-
ic inclusions (e.g., construction debris) and allochthonous
materials. Soils are contaminated with xenobiotics, includ-
ing heavy metals (Yehorova et al., 2025). A significant im-
pact on urban soils is exerted by aerotechnogenic pollution,
which ranks as the leading source of technogenic contam-
inants in urban landscapes in terms of environmental in-
fluence. The primary pollutants in the city are enterprises

from the energy and chemical industries (Regional Re-
port, 2025). In 2024, the largest emissions were recorded
from the Cherkasy Thermal Power Plant (PraT “Cher-
kaske Khimvolokno” VP “Cherkaska TPP”), totalling over
29,637 tons, which is 647.845 tons more than in 2023, due
to increased coal consumption. Concentrations and the
overall level of technogenic load, the city of Cherkasy ranks
among the most environmentally burdened settlements in
the region. Based on the Comprehensive Air Pollution In-
dex (API), calculated from monthly average concentrations
of sulfur dioxide, ammonia, formaldehyde, nitrogen diox-
ide, and carbon monoxide, the air pollution level in Cher-
kasy is classified as elevated (5-7) and high (7-14) (Fig. 3).

3 7.72
. sy 736 7.36 /F
7 M I\
/ \ 6.54
6.5

624 \

Air Pollution Index (API) \

5.37

2010 2011

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

2022 2023 2024

Figure 3. Dynamics of the comprehensive air PI in Cherkasy from 2010 to 2024

Source: compiled by the authors

Meteorological conditions play a significant role in
shaping air quality. The city is located in climatic conditions
unfavourable for the dispersion of pollutants, within a zone
ofhigh atmospheric pollution potential. The inherent genet-
ic stability of the natural environment is mostly low, and the
self-purifying capacity of nature is insufficient to counteract

external technogenic loads. Despite the decline in industrial
activity, air pollution levels for individual pollutants remain
high. One of the main reasons for this is the atmosphere’s
limited self-cleaning capacity. Long-term observations in-
dicate that processes promoting the accumulation of harm-
ful pollutants, rather than their dispersion, predominate
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in the city (atmospheric meteorological potential K,, > 1)
(Yehorova et al., 2025). Heavy metals present in emissions

Mislyuk et al.

from industrial facilities and mobile sources (Fig. 4) con-
taminate urban landscapes through dry or wet deposition.

E 025 mPb

o0

= 0,2 m Mn
g 0.15 mCr

§ 0.1 mCd
§ 005 u Cu
g 0 Ni

Q 2018 2019 2020 2021 2022 2023 2024 avg

Figure 4. Heavy metal concentrations in the atmospheric air of Cherkasy, ug/m’

Source: compiled by the authors

As a result of intensive technogenesis within urban
areas, stable geochemical anomalies are formed in urban
soils (Yehorova et al., 2025), accompanied by the disruption
of natural soil self-purification mechanisms, alterations in
the physicochemical properties of the environment, and an
increase in the mobility of pollutants. Such transformations
of urbanised geosystems intensify ecotoxicological pressure
and contribute to the accumulation of heavy metals in the
near-surface atmospheric layer, soils, and biota. Once re-
leased into the environment, these elements can persist for
extended periods in various ecosystem components, mov-
ing through surface runoff, infiltration into groundwater,

or wind-driven dust transport. This mobility of pollutants
facilitates their wide dispersion beyond emission sources
and increases environmental and public health risks, even
at considerable distances (He et al., 2023). Soil samples
were analysed for heavy metal content by specialists of the
Central Laboratory of the Ukrainian Hydrometeorological
Center using the method of atomic emission spectrometry.
Descriptive statistics of heavy metal concentrations at the
reference points are presented in Table 5.

Correlation relationships between different metal pol-
lutants were found to be quite pronounced in some cases
(Fig. 5).

Table 5. Results of soil monitoring in Cherkasy in 2016 and 2021

Sampling Pb, mg/kg Zn, mg/kg Cu, mg/kg Ni, mg/kg Mn, mg/kg Cd, mg/kg
Site No. 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021
1 20 8 51 37 11 5 13 11 179 237 0.50 0.50
2 70 11 259 85 54 32 42 16 419 311 1.75 0.75
3 13 7 47 32 13 6 19 9 302 250 0.75 0.75
4 15 8 50 40 9 8 19 12 207 170 0.50 0.50
5 94 7 319 45 37 4 28 11 324 241 1.25 0.75
6 21 12 58 48 14 10 19 13 330 303 1.00 0.25
7 22 13 43 43 10 11 16 15 274 267 1.00 0.25
8 66 18 244 43 26 12 18 10 307 179 1.00 1.00
9 38 11 95 47 20 10 23 12 386 175 1.00 0.50
10 45 16 62 158 17 21 20 20 246 430 1.25 1.00
11 40 12 88 49 21 11 20 17 319 311 0.50 0.50
12 23 23 87 207 18 76 14 14 218 457 1.00 0.75
13 40 8 191 31 20 7 20 16 341 399 0.50 0.25
14 29 30 70 215 17 42 19 37 414 2,406 0.75 0.75
15 49 41 71 260 17 73 11 50 313 2,402 1.00 1.00
16 213 25 296 199 104 53 16 42 207 2,389 1.25 1.25
17 38 510 318 311 87 132 20 25 279 580 1.00 1.00
18 126 22 251 129 25 10 20 15 319 465 2.00 0.25
19 65 11 274 145 50 11 18 16 330 325 1.00 0.75
20 30 23 214 129 31 14 15 20 408 892 0.50 1.25
21 40 9 184 96 23 11 19 20 358 250 0.25 0.25
22 49 8 169 100 28 10 23 24 369 245 0.50 0.50
23 28 11 48 158 9 14 13 20 190 232 0.00 0.00
24 40 9 244 29 18 5 17 12 195 175 0.50 0.50
25 32 30 69 49 25 15 23 11 274 241 0.50 0.25
26 77 7 251 39 24 16 6 173 87 0.00 0.00
27 155 7 206 41 28 5 23 7 319 91 0.25 0.00
28 40 27 176 207 34 14 25 19 330 364 0.25 0.25
Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1 35 \
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Table 5. Continued

Sampling Pb, mg/kg Zn, mg/kg Cu, mg/kg Ni, mg/kg Mn, mg/kg Cd, mg/kg

SiteNo. 5016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021

29 111 9 273 88 23 22 23 15 475 338 0.75 0.75

30 21 19 91 50 16 28 23 16 285 281 0.00 0.75

31 38 11 311 29 20 11 23 20 307 259 0.75 0.25

32 23 8 65 39 13 10 14 20 123 267 0.25 0.50

33 41 14 99 44 19 23 23 21 285 311 0.00 0.50

34 45 14 236 47 25 13 28 16 1,181 241 0.75 0.25

35 31 8 191 39 18 13 15 18 274 303 0.25 0.50

36 56 12 199 45 20 15 24 15 498 320 0.25 0.50

37 83 9 221 39 31 14 23 15 307 232 0.50 0.25

38 56 15 214 43 19 19 16 15 319 272 0.00 0.25

39 67 9 229 40 26 8 18 13 1,408 201 0.50 0.25

40 68 206 29 45 11 10 257 188 0.00 0.00

41 44 5 73 43 21 7 21 7 263 245 0.00 0.00

42 27 26 68 49 17 17 15 12 285 285 0.25 0.25

43 40 9 86 39 21 8 18 16 363 254 0.25 0.50

44 29 9 69 207 23 24 22 20 212 355 0.50 0.50

45 33 68 174 18 27 11 17 291 289 0.25 0.25
mini 13 5 43 29 9 4 11 6 123 87 0 0

max 213 510 319 311 104 132 42 50 1,408 2,406 2 1.25
medium 52 25 159 89 26 20 19 17 344 434 0.6 0,5
SD 38.2 74.4 91.0 73.4 18.1 234 55 8.4 2226  546.6 0.5 0.3
CV, % 70 300 60 80 70 120 30 50 60 130 80 70
s g 11 52 20 26 735 0.13

site

Source: compiled by the authors

Pb

Cd

Zn

Cu

Ni

Mn

\

J

Figure 5. Correlation matrix of heavy metals in the soils of Cherkasy

Source: compiled by the authors

Strong correlations (correlation coeflicient r>0.7) were
observed between Pb and Cu (r=0.72) and between Ni and
Mn (r=0.70), indicating that the sources of these elements
may be similar. Moderate correlations (0.50 < <0.69) were
found for Cu and Zn (r=0.68), Pb and Zn (r=0.54), and Ni
and Zn (r=0.52). Mn exhibited weak correlations (r< 0.4)
with all metals except Ni, suggesting that the patterns of

(36

Mn input and accumulation may differ from those of the
other metals. Using soil monitoring data on heavy metal
concentrations, the L., was calculated to evaluate the extent
of anthropogenic influence on heavy metal levels, taking
into account possible natural fluctuations in background
concentrations (Table 6). Geoaccumulation indices varied
significantly across time and space (Figs. 6 and 7). In 2016,

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1



based on Pb content, only 3% of the studied soils were clas-
sified as uncontaminated (I, < 0), 25% ranged from uncon-
taminated to moderately contaminated (0 < I, < 1), 48%

Table 6. Calculated values of the Igeo for Soil Contamination in the City of Cherkasy

Mislyuk et al.

were moderately contaminated (1 < I, < 2), 22% ranged
from moderately to strongly contaminated (2 < I, < 3), and
2% were strongly contaminated (3 <., <4).

q Lgeo
o Pb Zn Cu Ni Mn cd

2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021

1 0.3 -1.0 -0.6 -1.1 -1.4 -2.6 -1.6 -1.8 -2.6 -2.2 1.4 1.4
2 2.1 -0.6 1.7 0.1 0.8 0.1 0.1 -1.3 -1.4 -1.8 3.2 1.9
3 -0.3 -1.2 -0.7 -1.3 -1.2 -2.3 -1.0 -2.1 -1.9 -2.1 1.9 1.9
4 -0.1 -1.0 -0.6 -1.0 -1.7 -1.9 -1.0 -1.7 -2.4 -2.7 1.4 1.4
5 2.5 -1.2 2.0 -0.8 0.3 -2.9 -0.5 -1.8 -1.8 -2.2 2.7 1.9
6 0.3 -0.5 -0.4 -0.7 -1.1 -1.6 -1.0 -1.6 -1.7 -1.9 2.4 0.4
7 0.4 -0.3 -0.9 -0.9 -1.6 -1.4 -1.3 -1.4 -2.0 -2.0 2.4 0.4
8 2.0 0.1 1.6 -0.9 -0.2 -1.3 -1.1 -2.0 -1.8 -2.6 2.4 2.4
9 1.2 -0.6 0.3 -0.7 -0.6 -1.6 -0.8 -1.7 -1.5 -2.7 2.4 1.4
10 1.4 0.0 -0.3 1.0 -0.8 -0.5 -1.0 -1.0 -2.2 -1.4 2.7 2.4
11 1.3 -0.5 0.2 -0.7 -0.5 -1.4 -1.0 -1.2 -1.8 -1.8 1.4 1.4
12 0.5 0.5 0.2 1.4 -0.7 1.3 -1.5 -1.5 -2.3 -1.3 2.4 1.9
13 1.3 -1.0 1.3 -1.3 -0.6 -2.1 -1.0 -1.3 -1.7 -1.5 1.4 0.4
14 0.8 0.9 -0.2 1.5 -0.8 0.5 -1.0 -0.1 -1.4 1.1 1.9 1.9
15 1.6 1.3 -0.1 1.7 -0.8 1.3 -1.8 0.4 -1.8 1.1 2.4 2.4
16 3.7 0.6 1.9 1.4 1.8 0.8 -1.3 0.1 -2.4 1.1 2.7 2.7
17 1.2 4.9 2.0 2.0 1.5 2.1 -1.0 -0.6 -2.0 -0.9 2.4 2.4
18 2.9 0.4 1.7 0.7 -0.3 -1.6 -1.0 -1.4 -1.8 -1.2 34 0.4
19 2.0 -0.6 1.8 0.9 0.7 -1.4 -1.1 -1.3 -1.7 -1.8 2.4 1.9
20 0.9 0.5 1.5 0.7 0.0 -1.1 -14 -1.0 -14 -0.3 1.4 2.7
21 1.3 -0.9 1.2 0.3 -0.4 -1.4 -1.0 -1.0 -1.6 -2.1 0.4 0.4
22 1.6 -1.0 1.1 0.4 -0.1 -1.6 -0.8 -0.7 -1.6 -2.2 1.4 1.4
23 0.8 -0.6 -0.7 1.0 -1.7 -1.1 -1.6 -1.0 -2.5 -2.2 0.0 0.0
24 1.3 -0.9 1.6 -1.4 -0.7 -2.6 -1.2 -1.7 -2.5 -2.7 1.4 1.4
25 1.0 0.9 -0.2 -0.7 -0.3 -1.0 -0.8 -1.8 -2.0 -2.2 1.4 0.4
26 2.2 -1.2 1.7 -1.0 -0.3 -2.9 -1.3 -2.7 -2.7 -3.7 0.0 0.0
27 32 -1.2 1.4 -0.9 -0.1 -2.6 -0.8 -2.5 -1.8 -3.6 0.4 0.0
28 1.3 0.7 1.2 1.4 0.2 -1.1 -0.6 -1.0 -1.7 -1.6 0.4 0.4
29 2.8 -0.9 1.8 0.2 -0.4 -0.4 -0.8 -1.4 -1.2 -1.7 1.9 1.9
30 0.3 0.2 0.2 -0.6 -0.9 -0.1 -0.8 -1.3 -2.0 -2.0 0.0 1.9
31 1.2 -0.6 2.0 -1.4 -0.6 -1.4 -0.8 -1.0 -1.8 -2.1 1.9 0.4
32 0.5 -1.0 -0.3 -1.0 -1.2 -1.6 -1.5 -1.0 -3.2 -2.0 0.4 1.4
33 1.3 -0.2 0.3 -0.8 -0.7 -0.4 -0.8 -0.9 -2.0 -1.8 0.0 1.4
34 1.4 -0.2 1.6 -0.7 -0.3 -1.2 -0.5 -1.3 0.1 -2.2 1.9 0.4
35 0.9 -1.0 1.3 -1.0 -0.7 -1.2 -1.4 -1.1 -2.0 -1.9 0.4 1.4
36 1.8 -0.5 1.4 -0.8 -0.6 -1.0 -0.7 -1.4 -1.1 -1.8 0.4 1.4
37 2.3 -0.9 1.5 -1.0 0.0 -1.1 -0.8 -1.4 -1.8 -2.2 1.4 0.4
38 1.8 -0.1 1.5 -0.9 -0.7 -0.7 -1.3 -1.4 -1.8 -2.0 0.0 0.4
39 2.0 -0.9 1.6 -1.0 -0.2 -1.9 -1.1 -1.6 0.4 -2.5 1.4 0.4
40 2.0 -1.5 1.4 -14 0.6 -2.9 -1.8 -2.0 -2.1 -2.6 0.0 0.0
41 1.4 -1.7 -0.1 -0.9 -0.5 -2.1 -0.9 -2.5 -2.1 -2.2 0.0 0.0
42 0.7 0.7 -0.2 -0.7 -0.8 -0.8 -14 -1.7 -2.0 -2.0 0.4 0.4
43 1.3 -0.9 0.1 -1.0 -0.5 -1.9 -1.1 -1.3 -1.6 -2.1 0.4 1.4
44 0.8 -0.9 -0.2 1.4 -0.4 -0.3 -0.8 -1.0 -2.4 -1.6 1.4 1.4
45 1.0 -1.0 -0.2 1.2 -0.7 -0.2 -1.8 -1.2 -1.9 -1.9 0.4 0.4
min -0.3 -1.7 -0.9 -1.4 -1.7 -2.9 -1.8 -2.7 -3.2 -3.7 0.0 0.0
max 3.7 4.9 2.0 2.0 1.8 2.1 0.1 0.4 0.4 1.1 34 2.7
mean 1.4 -0.3 0.7 -0.2 -0.4 -1.1 -1.1 -1.3 -1.8 -1.8 1.4 1.1

Source: compiled by the authors
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Figure 6. Geoaccumulation indices (I,) of heavy metals in the soils of Cherkasy city in 2016

Source: compiled by the authors

By 2021, 69% of the soils were uncontaminated,
24% were uncontaminated to moderately contaminated,

3% were moderately contaminated, and 3% were strongly
contaminated.
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Figure 7. Geoaccumulation indices (I,) of heavy metals in the soils of Cherkasy city in 2021

Source: compiled by the authors

In 2016, the I, values for Zn indicated soil contami-
nation levels as follows: 33% of sampling points were un-
contaminated, 13% were uncontaminated to moderately
contaminated, 47% were moderately contaminated, and 7%
were moderately to strongly contaminated. By 2021, the soil
condition had improved significantly: 62% of the studied
soils were uncontaminated, 16% were uncontaminated to
moderately contaminated, 18% were moderately contami-
nated, and 2% were moderately to strongly contaminated.
In 2016, the I, values for Cu indicated that 84% of the stud-
ied soils were uncontaminated, 11% were uncontaminat-
ed to moderately contaminated, and 5% were moderately
contaminated. By 2021, 86% of soils were uncontaminated,
7% were uncontaminated to moderately contaminated, 5%
were moderately contaminated, and 2% were moderately
to strongly contaminated. For Ni, the L, values in 2016 and
2021 showed that 98% and 96% of soils, respectively, were

s

AN

uncontaminated, while 2% and 4% were uncontaminated
to moderately contaminated. Regarding Mn, in 2016 and
2021, 96% and 93% of soils were uncontaminated, and 4%
and 7% were uncontaminated to moderately contaminated,
respectively. For Cd, the L., values in 2016 and 2021 indi-
cated that only 16% and 12% of soils were uncontaminated,
20% and 32% were uncontaminated to moderately contam-
inated, 36% and 45% were moderately contaminated, and
24% and 11% were moderately to strongly contaminated.
In 2016, 4% of soils were strongly contaminated with Cd.
Overall, the I, indicates that Pb and Cd exhibit signif-
icantly higher levels of contamination, whereas the other
metals generally show only minor pollution. The results of
the assessment of soil contamination hazards associated
with heavy metals, conducted using both single-metal PI
and integrated multi-element pollution indices (PLI and
Plyemerow), are presented in Table 7.
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Table 7. Individual metal PI and integrated pollution indices accounting

for the multi-element nature of contamination (PLI and Plyemerow)

Mislyuk et al.

PI
S;‘i‘::ap#(‘)‘.g Pb Zn Cu Ni Mn cd PLI Plcncrom
2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021

1 18 07 10 07 06 03 05 04 02 03 38 38 09 06 2 2
2 64 10 50 16 27 16 16 06 06 04 135 58 32 13 6 2
3 12 06 09 06 07 03 07 03 04 03 58 58 10 07 2 2
4 14 07 10 08 05 04 07 05 03 02 38 38 09 07 2 2
5 85 06 61 09 19 02 11 04 04 03 96 58 28 07 4 2
6 19 11 11 09 07 05 07 05 04 04 77 19 12 08 3 1
7 20 12 08 08 05 06 06 06 04 04 77 19 11 08 3 1
8 60 16 47 08 13 06 07 04 04 02 77 77 21 09 3 3
9 35 10 18 09 10 05 09 05 05 02 77 38 17 08 3 2
10 41 15 12 30 09 11 08 08 03 06 96 77 15 16 4 3
11 36 11 17 09 11 06 08 07 04 04 38 38 14 09 2 2
12 21 21 17 40 09 38 05 05 03 06 77 58 13 20 3 3
13 36 07 37 06 10 04 08 06 05 05 38 19 16 07 2 1
14 26 27 13 41 09 21 07 14 06 33 58 58 14 29 2 3
15 45 37 14 50 09 37 04 19 04 33 77 77 14 39 3 4
16 194 23 57 38 52 27 06 16 03 33 96 96 31 32 8 4
17 35 464 61 60 44 66 08 10 04 08 77 77 24 47 4 19
18 115 20 48 25 13 05 08 06 04 06 154 19 27 11 7 1
19 59 10 53 28 25 06 07 06 04 04 77 58 24 12 3 2
20 27 21 41 25 16 07 06 08 06 12 38 96 17 18 2 4
21 36 08 35 18 12 06 07 08 05 03 19 19 15 09 2 1
22 45 07 33 19 14 05 09 09 05 03 38 38 18 10 2 2
23 25 10 09 30 05 07 05 08 03 03 00 00 07 09 1 1
24 36 08 47 06 09 03 07 05 03 02 38 38 15 06 2 B
25 29 27 13 09 13 08 09 04 04 03 38 19 14 09 2 1
26 70 06 48 08 12 02 06 02 02 01 00 00 14 03 3 0
27 141 06 40 08 14 03 09 03 04 01 19 00 20 03 6 0
28 36 25 34 40 17 07 10 07 04 05 19 19 16 13 2 2
29 101 08 53 17 12 11 09 06 06 05 58 58 24 12 4 2
30 19 17 18 10 08 14 09 06 04 04 00 58 10 12 1 2
31 35 10 60 06 10 06 09 08 04 04 58 19 19 07 3 1
32 21 07 13 08 07 05 05 08 02 04 19 38 08 08 1 2
33 37 13 19 08 10 12 09 08 04 04 00 38 12 11 2 2
34 41 13 45 09 13 07 11 06 16 03 58 19 25 08 3 1
35 28 07 37 08 09 07 06 07 04 04 19 38 13 09 2 2
36 51 11 38 09 10 08 09 06 07 04 19 38 17 09 2 2
37 75 08 43 08 16 07 09 06 04 03 38 19 20 07 3 1
38 51 14 41 08 10 10 06 06 04 04 00 19 14 09 2 1
39 61 08 44 08 13 04 07 05 19 03 38 19 24 06 3 1
40 62 05 40 06 23 02 04 04 03 03 00 00 15 04 3 0
41 40 05 14 08 11 04 08 03 04 03 00 00 11 04 2 0
42 25 24 13 09 09 09 06 05 04 04 19 19 10 09 1 1
43 36 08 17 08 11 04 07 06 05 03 19 38 13 08 2 2
44 26 08 13 40 12 12 08 08 03 05 38 38 12 13 2 B
45 30 07 13 33 09 14 04 07 04 04 19 19 10 11 1 1
min 12 05 08 06 05 02 04 02 02 01 0 0 07 03 1 0
max 194 464 61 60 52 66 16 19 19 33 154 96 32 47 9 6
mean 47 23 30 17 13 10 07 07 05 06 46 38 16 12 2 1

Source: compiled by the authors

Soil pollution indices also varied significantly over
time and space for different metals and sampling sites (Fig-
ures 8 and 9). Based on the average PI values, the metals

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

were ranked as follows: Pb (4.7) > Cd (4.6) > Zn (3.0) > Cu
(1.3) > Ni (0.7) > Mn (0.5) in 2016, and Cd (3.8) > Pb
(2.3)>Zn (1.7)>Cu (1.0) >Ni (0.7) > Mn (0.6) in 2021.
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Figure 8. Soil PI for heavy metals in 2016

Source: compiled by the authors

e

45.0

40.0

35.0
30.0

25.0
20.0

15.0
10.0

Soil pollution indices (PI)

5.0 - |J|| |

s Pb mmm Zn Cu s Ni

13 - — ; —

1234567 8 9101112131415161718192021222324252627282930313233343536373839404142434445
Sampling Site No.

m Mn e Cd

moderate

strong

very strong

Figure 9. Soil PI for heavy metals in 2021

Source: compiled by the authors

Particularly high PI values (PI>5) were observed in
2016 for Cd (40% of sites) and Pb (31%). By 2021, the num-
ber of sites with very high pollution levels decreased, with
Cd exceeding PI>5 at 33% of sites. For Pb, a very high PI
was observed only at site 17 (PI=45). According to the PLI
for all heavy metals (Fig. 10), a high level of contamina-
tion (PLI=4.7) was observed at site 17 in 2021. Moderately

contaminated soils accounted for 22% of samples (sites 2, 3,
16-19, 29, 34, 39) in 2016 and 9% (sites 14, 15, 16) in 2021.
At the remaining locations, soils were classified as uncon-
taminated (PLI<1). Plyemerow Were slightly higher than the
PLI. Soils exhibited a high level of contamination at 33%
and 13% of the sites, and a medium level at 60% and 18% of
the sites in 2016 and 2021, respectively (Fig. 11).
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Figure 10. PLI of heavy metals in soils

Source: compiled by the authors
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Source:

The results of the assessment of ecological risks associ-
ated with soil contamination by individual heavy metals, as

Nemerow Pollution Index )

Mislyuk et al.
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Figure 11. Levels of combined soil contamination by heavy metals according to the Plyemerow

compiled by the authors

Table 8. Ecological risk indices for soil contamination in the city of Cherkasy:
individual heavy metal risk (Er) and integrated potential ecological risk (RI)

well as the integrated potential ecological risk, are present-
ed in Table 8 and Figures 12-14.

Er
s;it“g]‘:g Pb Zn Cu Ni Mn cd RI

2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021
1 91 36 10 07 28 13 25 21 02 03 1154 1154 131 123
2 318 50 50 16 135 80 81 31 06 04 4038 1731 463 191
3 50 32 09 06 33 15 37 17 04 03 1731 1731 187 180
4 68 36 10 08 23 20 37 23 03 02 1154 1154 129 124
5 427 32 61 09 93 10 54 21 04 03 2885 1731 352 181
6 95 55 11 09 35 25 37 25 04 04 2308 577 249 69
7 100 59 08 08 25 28 31 29 04 04 2308 577 248 70
8 300 82 47 08 65 30 35 19 04 02 2308 2308 276 245
9 173 50 18 09 50 25 44 23 05 02 2308 1154 260 126
10 205 73 12 30 43 53 38 38 03 06 2885 2308 319 251
11 182 55 17 09 53 28 38 33 04 04 1154 1154 145 128
12 105 105 17 40 45 190 27 27 03 06 2308 173.1 250 210
13 182 36 37 06 50 18 38 31 05 05 1154 577 147 67
14 132 136 13 41 43 105 37 71 06 33 1731 1731 196 212
15 223 186 14 50 43 183 21 96 04 33 2308 2308 261 286
16 968 114 57 38 260 133 31 81 03 33 2885 2885 420 328
17 173 2318 61 60 218 330 38 48 04 08 2308 2308 280 507
18 573 100 48 25 63 25 38 29 04 06 4615 577 534 76
19 295 50 53 28 125 28 35 31 04 04 2308 173.1 282 187
20 136 105 41 25 78 35 29 38 06 12 1154 2885 144 310
21 182 41 35 18 58 28 37 38 05 03 5.7 577 89 71
2 23 36 33 19 70 25 44 46 05 03 1154 1154 153 128
23 127 50 09 30 23 35 25 38 03 03 00 00 19 16
24 182 41 47 06 45 13 33 23 03 02 1154 1154 146 124
25 145 136 13 09 63 38 44 21 04 03 1154 577 142 78
26 350 32 48 08 60 10 31 12 02 01 00 00 49 6
27 705 32 40 08 70 13 44 13 04 01 577 00 144 7
28 182 123 34 40 85 35 48 37 04 05 577 577 93 82
29 505 41 53 17 58 55 44 29 06 05 1731 1731 240 188
30 95 86 18 10 40 70 44 31 04 04 00 1731 20 193
31 173 50 60 06 50 28 44 38 04 04 1731 577 206 70
32 05 36 13 08 33 25 27 38 02 04 577 1154 76 126
33 186 64 19 08 48 58 44 40 04 04 00 1154 30 133
34 205 64 45 09 63 33 54 31 16 03 1731 577 211 72
35 41 36 37 08 45 33 29 35 04 04 577 1154 83 127
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Table 8. Continued

Er
S;‘itnlplg(‘ig b Zn Cu Ni Mn cd RI

2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021 2016 2021
36 25.5 55 3.8 0.9 5.0 3.8 4.6 2.9 0.7 0.4 57.7 1154 97 129
37 37.7 4.1 4.3 0.8 7.8 35 4.4 2.9 0.4 0.3 115.4 57.7 170 69
38 25.5 6.8 4.1 0.8 4.8 4.8 3.1 2.9 0.4 0.4 0.0 57.7 38 73
39 30.5 4.1 4.4 0.8 6.5 2.0 3.5 2.5 1.9 0.3 115.4 57.7 162 67
40 30.9 2.7 4.0 0.6 11.3 1.0 2.1 1.9 0.3 0.3 0.0 0.0 49 6
41 20.0 2.3 1.4 0.8 53 1.8 4.0 1.3 0.4 0.3 0.0 0.0 31 7
o) 123 118 13 09 43 43 29 23 04 04 577 57 79 77
43 182 41 17 08 53 20 35 31 05 03 57 1154 8 126
4 132 41 13 40 58 60 42 38 03 05 1154 1154 140 134
45 150 36 13 33 45 68 21 33 04 04 577 57 81 75
— 50 23 08 06 23 10 21 12 02 01 00 00 19 6
max 968 2318 61 60 260 330 81 96 19 33 4615 2885 534 507
mean 235 113 30 17 65 49 37 33 05 06 1385 1128 176 135

Source: compiled by the authors

The potential ecological risk factor (Eri) for Pb, Zn, Cu,
Ni, Mn, and Cd in 2016 ranged from 5.9-96.8 (mean 23.5),
0.8-6.1 (mean 3.0), 2.3-26.0 (mean 6.5), 2.1-8.1 (mean 3.7),
0.2-1.9 (mean 0.5), and 0.0-461.5 (mean 138.5), respec-
tively. In 2021, Eri varied as follows: Pb - 2.3-231.8 (mean
11.3), Zn - 0.6-6.0 (mean 1.7), Cu - 1.0-33.0 (mean 4.9),
Ni - 1.2-9.6 (mean 3.3), Mn - 0.1-3.3 (mean 0.6), and Cd -
0-288 (mean 113), respectively. The main environmentally

hazardous metal present in the soils of the studied area was
Cd. The ecological risk level of soil contamination by this
toxicant in 2016 was assessed as moderate (20%), consid-
erable (24%), high (41%), very high (2%), while 13% of
the soils were uncontaminated by this toxic metal. In 2021,
31% of the soil samples fell into the moderate ecological
risk category, 27% - considerable, 31% - high, and 11%
were uncontaminated.

~

é mPb
:(&2 mZn
L]
% Cu
3 ani
é H Mn
mCd
33 35 37
Sampling Site No. 39 41 43 45
Figure 12. Er levels in 2016
Source: compiled by the authors
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Figure 13. Er levels in 2021

Source: compiled by the authors
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The ecological risk level of Pb contamination in 2016
was low for 89% of the soils, moderate for 9%, and con-
siderable for 2%. In 2021, only one soil sample (site 17)
exhibited a high ecological risk, while all other locations
were low. For the other heavy metals, the ecological risk of

Mislyuk et al.

soil contamination remained low. Based on the cumulative
ecological risk (Fig. 14), in 2016, 53% of soil samples were
classified as having a low contamination level, 36% as mod-
erate, and 11% as high. In 2021, these proportions were
69%, 24%, and 7%, respectively.
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Figure 14. Cumulative potential ecological risk of heavy metal contamination in soils

Source: compiled by the authors

The most critical situations in 2016 were observed at
sites 2, 5, 10, 16, and 18, whereas in 2021 the highest risk
was recorded at sites 16 and 17. None of the samples exhib-
ited an extremely high level of risk; however, in 2016, sites
2, 5, 10, 16, and 18 showed values exceeding 300, indicat-
ing a significant cumulative heavy metal load and a high
potential ecological risk. In 2021, the number of such sites
decreased (Fig. 13).

The study summarised and statistically processed the
results of soil quality monitoring in Cherkasy for Pb, Zn,
Cu, Ni, Mn, and Cd using both single-factor and mul-
ti-factor soil quality indices. Variations in heavy metal
concentrations in the soil primarily depend on the par-
ent material and geological background, but human eco-
nomic activity also has a significant influence (Yang et
al., 2018). The study demonstrated notable spatial differ-
ences in the concentrations of the metals analysed. It was
found that Mn had the highest content, while Cd had the
lowest. The average concentrations decreased in the order
Mn > Zn >Pb > Cu > Ni > Cd. High Mn concentrations in
the city’s soils are attributed to its geological background,
as confirmed by pollution indices remaining below 1
across almost all sampling sites. Statistical analysis of the
Cherkasy urban soil monitoring data revealed significant
spatial and temporal variability in the concentrations of
all heavy metals (Table 5), indicating localized enrich-
ment patterns and heterogeneity. The uneven distribution
of heavy metals is likely influenced by differences in soil
texture (sandy vs. clayey) and industrial emissions, which
create artificial and often uneven element concentrations.
The coefficient of variation (CV) for Mn, Zn, Pb, Cu, and
Cd across different sampling sites in 2016 indicated high

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

variability (50% < CV < 100%), suggesting strong spatial
heterogeneity. In 2021, these values significantly exceed-
ed 100% (Pb - 300%, Mn - 130%, Cu - 120%), indicating
an even higher degree of spatial variability in heavy metal
distribution. This considerable variability in heavy metal
concentrations may be associated with localised anthro-
pogenic impacts or similar migration patterns (Rahman et
al., 2022; Wu et al., 2025).

Extremely high values of the coefficient of variation
for Pb were caused by a very high concentration of this
metal at local site 17 (c=510 mg/kg), against a background
of sites with low Pb content. Such elevated lead levels may
be attributed to paint fragments, battery residues, and
technogenic microparticles. The high degree of variation
in Mn and Cu was associated with elevated concentrations
of these metals at sites 14-16 (for Mn) and site 17 (for
Cu), which may have been caused by local contamination
from waste generated by machine-building industries or
by changes in the soil's mechanical composition at these
sites. In contrast, the coefficient of variation (CV) for Ni
across different sampling sites showed moderate varia-
bility (21% < CV <50%), indicating that the sources of Ni
may be both natural (geogenic influences) and anthropo-
genic (emissions from industrial enterprises and vehicles,
as well as subsequent atmospheric transport). The strong
correlation between Pb and Cu identified in the correla-
tion analysis suggests common pollution sources, likely
related to human activities. Potential industrial sources
of these metals in the environment include materials used
in battery production, electricity generation, and paints
(Swain, 2024). In the study area, the shared sources of Pb
and Cu contamination in the landscapes are the thermal
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power plant (TPP), enterprises producing paint and elec-
trical engineering products, and motor transport (exhaust
gases, brake pad wear). High correlation values between
Ni and Mn also suggest common sources, but these are
likely predominantly natural (e.g., weathering of rocks,
wind erosion) and partially anthropogenic, considering
the moderate coeflicient of variation for Ni and the weak
correlations of Mn with all other metals. Manganese is typ-
ically present in soils at relatively high natural concentra-
tions. Therefore, limited human activity in the study area
may not significantly affect its concentration. Consequent-
ly, its presence in the investigated soils may not be directly
related to anthropogenic activities (Taghavi et al., 2022).
Potential anthropogenic sources of Ni and Mn contami-
nation in Cherkasy include mechanical engineering and
chemical industries, thermal power generation (combus-
tion of fossil fuels), and motor transport.

The complex interaction between natural and anthro-
pogenic factors that regulate the distribution and accu-
mulation patterns of heavy metals has also been noted in
previous studies (Wu et al., 2025). Differentiating natural
versus anthropogenic contributions and identifying hu-
man-derived inputs of chemical elements into soils was
facilitated by the L., which is used to assess the intensity
of technogenic contamination. The predominantly natu-
ral origin of Mn, Ni, and Cu is confirmed by the strongly
negative values of this index. More than 93% of the inves-
tigated soils were found to be uncontaminated by these el-
ements. I, values for Pb and Cd indicate a significant im-
pact of anthropogenic pollution, with only some locations
showing lightly or moderately contaminated soils where
Pb content was low. The obtained L., values for Zn suggest
a mixed natural-anthropogenic origin for the input and
accumulation of this metal. Like the L, values, PI showed
high variability, ranging from uncontaminated to very
heavily contaminated soils, depending on the specific met-
als analysed. PI values above 1 for all metals except Ni and
Mn indicate elevated concentrations due to anthropogenic
influence. Plyemerow were higher than the PLI values, which
can be explained by the calculation algorithm of Plxemerow as
it accounts for both the average and the maximum values
of single-metal PI.

A detailed analysis of potential ecological risk, which
predominates in assessing the extent of heavy metal con-
tamination in soils and the associated ecological conse-
quences for soil ecosystems, shows that Cd posed mainly
moderate, considerable, or high ecological risk and was the
main contributor to the overall risk. Only in one location
was a high ecological risk observed for Pb in 2021, while
all other heavy metals posed a negligible ecological risk.
Z. Wang et al. (2015) presented the results of a study on
soil contamination by metals conducted using geochemi-
cal indices and multivariate statistical methods, which en-
abled the identification of possible sources and pathways
of pollutants, as well as the assessment of their potential
impact on soil quality and human health. The multi-index

analysis of soil quality across different urban sites revealed
that the most critical situation was observed in the south-
eastern and eastern industrial zones. In residential-indus-
trial areas, urban soils generally exhibited low to moderate
levels of contamination.

Similar findings have been reported in numerous oth-
er studies examining the impact of anthropogenic activities
on urban ecosystems. For example, Y. Kuang et al. (2024)
demonstrated that intensive human activity directly affects
soil contamination levels-samples from industrial zones
exhibited elevated potential ecological risk, posing a threat
to public health. Statistical analyses confirmed that inten-
sive industrial operations significantly influence the degree
of soil pollution. A principal component analysis of urban
soil contamination, presented by Ghosh et al., 2023, re-
vealed clear patterns of metal covariation, indicating likely
sources such as industrial emissions, vehicular traffic, and
natural factors. Comparing soil monitoring data from 2016
and 2021 showed certain trends. Most metals exhibited a
positive dynamic, with decreasing concentrations: Pb de-
creased on average by 28%, Cd by 21%, and Zn by 15%.
Concentrations of other elements remained largely un-
changed, with Cu fluctuating within +5% and Ni showing a
slight decline of 8%. Some elements experienced localised
increases, with Mn content rising by 12%.

The spatiotemporal and multi-index geochemical as-
sessment of urban soils in Cherkasy provides critical in-
sights into the dynamics of technogenic pressure and as-
sociated ecological hazards. Contextualising these findings
within both national baselines and international literature
allows for a comprehensive understanding of anthropogen-
ic intervention and environmental risk patterns. The high
spatial heterogeneity observed for manganese (Mn), zinc
(Zn), lead (Pb), copper (Cu), and cadmium (Cd), indicat-
ed by coeflicients of variation (CV) ranging from 51% to
100%, confirms that these elements are strongly influenced
by localised point sources rather than uniform natural dis-
tribution. This high variability in urban zones aligns with
the global observations compiled by Q. Yang et al. (2018),
who noted that industrialisation and intense agricultural
practices create highly fragmented soil pollution profiles
across diverse geographical regions. In Cherkasy, the con-
centration of the highest pollution levels within the south-
eastern and eastern industrial hubs reflects patterns identi-
fied by Y. Zhou et al. (2022), who demonstrated that areas
surrounding long-standing industrial complexes with ex-
tensive production histories act as primary sinks for heavy
metal accumulation. Conversely, the moderate variation
of nickel (Ni), with a coeflicient of variation between 21%
and 50%, suggests a more balanced interplay between geo-
genic baselines and diffuse anthropogenic inputs, matching
the urban soil characteristics documented by Y. Kuang et
al. (2024), where intermediate variability typically signified
a dual natural-anthropogenic origin. Geochemical Rela-
tionships and Source Apportionment Statistical correla-
tion analysis revealed a robust relationship between lead
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(Pb) and copper (Cu), pointing toward a shared suite of
anthropogenic vectors. In urban environments, this geo-
chemical pairing is frequently driven by the combustion of
fossil fuels, vehicular emissions, and discharges from paint
and electrical manufacturing. This signature corresponds
closely with the long-term urban soil dynamics described
by S.G. Papadimou et al. (2023), where vehicular traffic
and municipal infrastructure served as persistent sourc-
es of concurrent Pb and Cu accumulation over extended
monitoring periods. In contrast, the strong correlation
between nickel (Ni) and manganese (Mn) highlights a
mixed geogenic-anthropogenic pathway. While natural
soil erosion contributes significantly to the baseline pres-
ence of these metals, their concentrations are augmented
by machinery manufacturing, chemical processing, and
thermal power generation. This dual-origin behaviour is
well-documented in the methodological frameworks re-
viewed by J.B. Kowalska et al. (2018), which emphasise that
moderate-to-strong correlations among elements like Ni
and Mn often reflect underlying lithogenic properties that
are partially masked by widespread, low-intensity industri-
al fallout. Ecological Risk Assessment and Methodological
Efficacy The identification of cadmium (Cd) as the prima-
ry contributor to potential ecological risk within Cherkasy
is a critical outcome of the multi-index approach. Under
the foundational framework established by L. Hakanson &
S. Charlesworth (1980), elements are evaluated not merely
by absolute concentration, but by their biological toxicity
weighting factors. Because Cd possesses an exceptional-
ly high toxic-response coeflicient, even minor elevations
above the natural Ukrainian regional baselines established
by A.I Fateiev & Ya.V. Pashchenko (2003) trigger severe
risk classifications. The utilisation of both single-factor in-
dices L., contamination/ PI, Er and composite indices PLI,
Plyemerows and RI proved essential for preventing the under-
estimation of localised threats. As discussed by Ferreira et
al. (2022), single-factor indices can occasionally overem-
phasise isolated anomalies, whereas composite models pro-
vide a holistic overview of the total pollution burden. In
Cherkasy, while Plyemerow and potential RI accurately high-
lighted the severity of the industrial hubs. This gradient
confirms that urban zoning and proximity to heavy infra-
structure remain the definitive factors shaping the urban
soil profile, mirroring the urban soil indicators evaluated
by T.F. Takovyshyna (2022) across other Ukrainian ecosys-
tems and reinforcing the need for targeted, zone-specific
risk management strategies.

© Conclusions

The study revealed significant spatial and temporal trans-
formations of urban soils due to the long-term accumu-
lation of heavy metals, resulting in an altered geochem-
ical soil province associated with anthropogenic sources.
Spatial analysis of zones with high and low metal con-
centrations demonstrated clear heterogeneity influenced
by both natural and anthropogenic factors. Using various
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geochemical indices and statistical-correlation analy-
sis, patterns of grouping and associations between the
analysed metals were identified, providing insight into
potential pollution sources and their interrelationships.
The study demonstrated that, based on the average
heavy metal content in the city, the following geochem-
ical sequence of urban soil contamination was formed:
Mn > Zn > Pb > Cu > Ni > Cd, reflecting a natural-techno-
genic element association. Most metals showed a decreas-
ing trend in concentrations over the period 2016-2021.
For Pb, an average decrease of 28% was observed, with the
most pronounced reduction in residential areas. Cadmi-
um concentrations decreased by 21%, and zinc by 15%,
while concentrations of other elements remained relatively
stable. Strong correlations (r>0.7) were observed between
Pb and Cu, as well as between Ni and Mn, indicating sim-
ilar sources of these elements in urban soils. The applied
geochemical indices provided information on the con-
tamination levels of each analysed heavy metal, allowed
assessment of the overall scale of pollution and potential
ecological risk, enabled identification of probable heavy
metal sources, highlighted sites with the highest potential
accumulation risk, and characterised the capacity of the
surface soil horizon to accumulate heavy metals. The con-
ducted study of urban soils in Cherkasy indicated the for-
mation of localised areas of moderate and high ecological
load, posing long-term risks to the ecosystem and human
health. A significant potential ecological risk associated
with cadmium contamination was identified. Over the pe-
riod 2016-2021, the proportion of moderately contaminat-
ed soils increased 1.4-fold, reaching 31% of the analysed
samples, while heavily contaminated soils increased 1.1-
fold to 27%. The proportion of uncontaminated soils de-
creased 1.2-fold. Regarding integrated ecological risk, the
proportion of soils with high and moderate contamination
decreased 1.6- and 1.5-fold, respectively, while the propor-
tion of soils with low contamination increased 1.3-fold.
None of the samples exhibited an extremely high risk level;
however, in 2016, sites 2, 5, 10, 16, and 18 exceeded a val-
ue of 300, indicating a significant cumulative heavy metal
load and a high potential ecological risk. The next stages of
the research include assessing the impact of heavy metals
on human health; developing cartographic models of the
geoecological state of urban soils and identifying areas of
significant transformation of urban soils using modern GIS
technologies; and addressing the problem of high pollutant
concentrations to support sustainable urban development.

© Acknowledgements
None.

© Funding

None.

© Conflict of Interest
None.

45




Multi-index geochemical assessment...

© References

[1] Cheng, H., Huang, L., Ma, P, & Shi, Y. (2019). Ecological risk and restoration measures relating to heavy metal
pollution in industrial and mining wastelands. International Journal of Environmental Research and Public Health,
16(20), article number 3985. doi: 10.3390/ijerph16203985.

[2] Fateiev, A.L, & Pashchenko, Ya.V. (2003). Background content of microelements in the soils of Ukraine. Kharkiv:
Institute for Soil Science and Agricultural Chemistry Research named after O.N. Sokolovsky.

[3] Ferreira, S.L.C., da Silva, ].B., dos Santos, LE, de Oliveira, O.M.C., Cerda, V., & Queiroz, A.ES. (2022). Use of pollution
indices and ecological risk in the assessment of contamination from chemical elements in soils and sediments -
practical aspects. Trends in Environmental Analytical Chemistry, 35, article number e00169. doi: 10.1016/j.teac.2022.
€00169.

[4] Ghosh, B, Padhy, PK,, Niyogi, S., Patra, PX., & Hecker, M. (2023). A comparative study of heavy metal pollution
in ambient air and the health risks assessment in industrial, urban and semi-urban areas of West Bengal, India.
Environments, 10(11), article number 190. doi: 10.3390/environments10110190.

[5] Hakanson, L., & Charlesworth, S. (1980). An ecological risk index for aquatic pollution control: A sedimentological
approach. Water Research, 14(8), 975-1001. doi: 10.1016/0043-1354(80)90143-8.

[6] He, L., Wang, S., Liu, M., Chen, Z., Xu, J., & Dong, Y. (2023). Transport and transformation of atmospheric metals
in ecosystems: A review. Journal of Hazardous Materials Advances, 9, article number 100218. doi: 10.1016/].
hazadv.2022.100218.

[7] Iakovyshyna, T.E. (2022). Use of environmental risk indicators to assess the degree of danger of metal compounds
pollution of urban ecosystem soils. Environmental Sciences, 3(42), 67-71. doi: 10.32846/2306-9716/2022.ec0.3-42.11.

[8] Jin, M., Tang, M., Liu, J., Zhang, J., & Xiao, R. (2025). Multi-index assessment of heavy metal contamination and
ecological risks in paddy soils along national highways in southern Henan Province, China. Agronomy, 15(6), article
number 1348. doi: 10.3390/agronomy15061348.

[9] Kowalska, J.B., Mazurek, R., Gasiorek, M., & Zaleski, T. (2018). Pollution indices as useful tools for the comprehensive
evaluation of the degree of soil contamination - a review. Environmental Geochemistry and Health, 40, 2395-2420.
doi: 10.1007/s10653-018-0106-z.

[10] Kuang, Y., Chen, X., & Zhu, C. (2024). Characteristics of soil heavy metal pollution and health risks in Chenzhou City.
Processes, 12(3), article number 623. doi: 10.3390/pr12030623.

[11] Mislyuk, O., Khomenko, E., Yehorova, O., & Zhytska, L. (2023). Assessing risk caused by atmospheric air pollution from
motor vehicles to the health of population in urbanized areas. Eastern-European Journal of Enterprise Technologies,
1(10), 19-26. doi: 10.15587/1729-4061.2023.274174.

[12] Mustapha, L.S., Obayomi, O.V., & Obayomi, K.S. (2025). A comprehensive review on potential heavy metals in the
environment: Persistence, bioaccumulation, ecotoxicology, and agricultural impacts. Ecological Frontiers, 46(2),
434-449. doi: 10.1016/j.ecofro.2025.10.009.

[13] Papadimou, S.G., Kantzou, O.D., Chartodiplomenou, M.A., & Golia, E.E. (2023). Urban soil pollution by heavy
metals: Effect of the lockdown during the period of COVID-19 on pollutant levels over a five-year study. Soil Systems,
7(1), article number 28. doi: 10.3390/s0ilsystems7010028.

[14] Rahman, M.S., Ahmed, Z., Seefat, S.M., Alam, R., Islam, A.RM.T., Choudhury, T.R., Begum, B.A., & Idris, A.M.
(2022). Assessment of heavy metal contamination in sediment at the newly established tannery industrial estate in
Bangladesh: A case study. Environmental Chemistry and Ecotoxicology, 4, 1-12. doi: 10.1016/j.encec0.2021.10.001.

[15] Reznikova, O.0., Voitovskyi, K.Ye., & Lepikhov, A.V. (2020). National risk and threat assessment systems: Best world
practices, new opportunities for Ukraine. Kyiv: NISD.

[16] Rybalova, O.V., Korobkova, H.V., Hudzevich, A.V., Artemiev, S.R., & Bondar, O.B. (2022). Risk assessment for public
health from air pollution in the industrial regions of Ukraine. Visnyk of V.N. Karazin Kharkiv National University,
Series “Geology. Geography. Ecology”, 56, 204-215. doi: 10.26565/2410-7360-2022-56-15.

[17] Swain, C.K. (2024). Environmental pollution indices: A review on concentration of heavy metals in air, water, and soil
near industrialization and urbanization. Discovery Environment, 2, article number 5. doi: 10.1007/s44274-024-00030-
8.

[18] Taghavi, M., Darvishiyan, M., Momeni, M., Eslami, H., Fallahzadeh, R.A., & Zarei, A. (2022). Ecological risk assessment
of trace elements pollution and human health risk exposure in agricultural soils used for saftron cultivation. Research
Square. doi: 10.21203/rs.3.rs-2381307/v1.

[19] Wang, Z., Wang, Y., Chen, L., Yan, C.,, Yan, Y., & Chi, Q. (2015). Assessment of metal contamination in coastal
sediments of the Maluan Bay (China) using geochemical indices and multivariate statistical approaches. Marine
Pollution Bulletin, 99(1-2), 43-53. doi: 10.1016/j.marpolbul.2015.07.064.

[20] Wu, C,, Bao, J., Wang, Z., Chen, Z., Zheng, Y., & Lu, H. (2025). Interplay of natural and anthropogenic factors in
source and distribution of heavy metals in Pingtan coastal area, Fujian Province. Frontiers in Marine Science, 12,
article number 1624141. doi: 10.3389/fmars.2025.1624141.

| 46 Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1



https://doi:%2010.3390/ijerph16203985
https://uk.1lib.sk/book/0dva22YgPa/%D0%A4%D0%BE%D0%BD%D0%BE%D0%B2%D0%B8%D0%B9-%D0%B2%D0%BC%D1%96%D1%81%D1%82-%D0%BC%D1%96%D0%BA%D1%80%D0%BE%D0%B5%D0%BB%D0%B5%D0%BC%D0%B5%D0%BD%D1%82%D1%96%D0%B2-%D1%83-%D2%91%D1%80%D1%83%D0%BD%D1%82%D0%B0%D1%85-%D0%A3%D0%BA%D1%80%D0%B0%D1%97%D0%BD%D0%B8.html
https://doi.org/10.1016/j.teac.2022.e00169
https://doi.org/10.1016/j.teac.2022.e00169
https://doi.org/10.3390/environments10110190
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/j.hazadv.2022.100218
https://doi.org/10.1016/j.hazadv.2022.100218
https://doi.org/10.32846/2306-9716/2022.eco.3-42.11
https://doi:%2010.3390/agronomy15061348
http://doi.org/10.1007/s10653-018-0106-z
http://doi.org/10.3390/pr12030623
http://doi.org/10.15587/1729-4061.2023.274174
http://doi.org/10.1016/j.ecofro.2025.10.009
http://doi.org/10.3390/soilsystems7010028
http://doi.org/10.1016/j.enceco.2021.10.001
https://niss.gov.ua/publikacii/analitichni-dopovidi/nacionalni-sistemi-ocinki-rizikiv-i-zagroz-kraschi-svitovi-praktiki
https://niss.gov.ua/publikacii/analitichni-dopovidi/nacionalni-sistemi-ocinki-rizikiv-i-zagroz-kraschi-svitovi-praktiki
https://doi.org/10.26565/2410-7360-2022-56-15
http://doi.org/10.1007/s44274-024-00030-8
http://doi.org/10.1007/s44274-024-00030-8
http://doi.org/10.21203/rs.3.rs-2381307/v1
http://doi.org/10.1016/j.marpolbul.2015.07.064
http://doi.org/10.3389/fmars.2025.1624141

Mislyuk et al.

[21] Yang, Q., Li, Z,, Lu, X,, Duan, Q., Huang, L., & Bi, J. (2018). A review of soil heavy metal pollution from industrial
and agricultural regions in China: Pollution and risk assessment. Science of The Total Environment, 642, 690-700.
doi: 10.1016/j.scitotenv.2018.06.068.

[22] Yehorova, O., Mislyuk, O., Khomenko, O., & Postryhan, V. (2025). Risk-based assessment of atmospheric air pollution
by heavy metals. Ecological Engineering & Environmental Technology, 11, 118-128. doi: 10.12912/27197050/211761.

[23] Yu, Z., Liu, E, Lin, Q., Zhang, E., Yang, E, Wei, C., & Shen, J. (2021). Comprehensive assessment of heavy metal
pollution and ecological risk in lake sediment by combining total concentration and chemical partitioning.
Environmental Pollution, 269, article number 116212. doi: 10.1016/j.envpol.2020.116212.

[24] Zhou, Y., Jiang, D., Ding, D., Wu, Y., Wei, J., Kong, L., Long, T., Fan, T., & Deng, S. (2022). Ecological-health risks
assessment and source apportionment of heavy metals in agricultural soils around a super-sized lead-zinc smelter
with a long production history, in China. Environmental Pollution, 307, article number 119487. doi: 10.1016/].
envpol.2022.119487.

BaratoiHaeKkcHM reoxiMiyHUM aHanis 3abpyaHeHHA yp6o3emiB
B YMOBaX TEXHOMeHHOro HaBaHTa)XKeHHSA

Onbra Mucniok

Kanamaat XiMiyHUX HayK, OOUEHT

YepKacbkui Aep>XXaBHUM TEXHOMOTMYHUIA YHIBEPCUTET
18006, 6ynba. LLleBueHka, 460, M. Hepkacu, YkpaiHa
https://orcid.org/0000-0003-0401-9836

OkcaHa €ropoBa

Kangmpat TexHiYHUX HaykK, OOUEeHT

YepKacbkui Aep>XXaBHUM TEXHOMOMYHUI YHIBEPCUTET
18006, 6ynbB.. LLieB4eHka, 460, M. Yepkacu, YkpaiHa
https://orcid.org/0000-0002-7801-5582

OneHa XomeHKo

Kanampat XiMidHUX HayK, AOLEHT

Yepkacbkui gep>XXaBHUA TEXHOMOMYHUI YHIBEPCUTET
18006, 6ynbe. LeBueHka, 460, M. Yepkacu, YkpaiHa
https://orcid.org/0000-0001-9329-0577

OnekcaHap Jlo6oaa

[OKTOp XiMiYHMX HayK, AOLEHT

Yepkacbkuii gep>XaBHUA TEXHOMOTYHUIN yHIBEPCUTET
18006, 6ynbe. LeBueHka, 460, M. Yepkacu, YkpaiHa
https://orcid.org/0000-0001-5524-3251

© AHoTauif. 3a6pynHEeHHs IPYHTIB BOKKMMY METATAMU CTA€ JIefali CEPIIO3HILIOn MpO6IeMOI0 B yCbOMY CBITi.
3 IuX OpuMYMH KOMIUIEKCHAa KUIbKiCHAa OIfiHKAa SIKICHOTO CTaHy yp6o3eMiB, sKi 3HAXOMSTHCSA IiJ TEXHOTEHHNUM
HaBAHTAXXEHHIM, € BXX/INBOIO I/IsI PO3YMiHHs 3aKOHOMIPHOCTeIT 3a0pyAHEHHs Ta MOTEHIITHNX eKOJIOT{YHIX PU3KKIB.
Mertow npoBefeHHS NOCTiIKEHH 6yB IPOCTOPOBO-YAaCOBUII aHaJIi3 BMICTYy i OIliHKa BIUIMBY Ba)XKMX MeTasliB Ha
craH yp6osemiB M. Yepkacu, igentudikaris mKepen 3a0pyaHEHHs /I IPUITHATTS OOIPYHTOBAHUX YIPABIiHCHKUX
piurers. OLiHIOBAHHS PU3MKIB IPOBOANIN 3a JOIIOMOTOK0 6araTOiHIEeKCHOTO Te0XiMiYHOrO aHaIi3y 3 BUKOPUCTAHHIM
onHodakTopHux (iHgeKc reoakyMy/sitil L., ingexc 3abpynHenHs PI, ingexc ekonorivHoro pusuky Er) i KOMIIEKCHUX
inpekciB (ingexc 3abpynuenns PLI, ingekc 3abpynuenns HemepoBa Ta moreHuiiuuit exomoriunuit pusuk RI). s
BUSIBJIEHHs IMOBIPHUX JpKepes 3a0pyAHEHHs BMKOPMCTOBYBAIN CTATUCTUYHO-KOpe/IUiiiHuit aHamis. IIpoBegermit
aHaji3 IpOJEeMOHCTPYBaB 3HAYHI NPOCTOPOBi BiIMIHHOCTI B KOHIEHTpalifx pgocmimkeHnx MetaniB. Koedinient
Bapiauii a1 Mn, Zn, Pb, Cu Ta Cd maB Bucoky (51 % < CV <100 %) MiHIUBICTD Ha PiSHUX A/LTHKAX, IO CBIfYUTH PO
CUJIBHY IPOCTOPOBY reTeporeHHicTh. HaromicTs 3HaueHH: KoeditienTis Bapianii Ni 6yan nomipanmu (21 % < CV <50),
10 BKa3ye Ha JIOr0 IpPMPOLHO-aHTPOIIOTeHHe IOXO[KeHHA Yy I'pyHTi. CuabHMit 38’a30K 1A Pb i Cu, BusaBnennit
IpY KOPe/ALIHOMY aHasIisi, CBifUMTH NMpO CHiNbHI [Kepena 3abpy[HEHHs, IMOBIPHO, TeIIOENeKTPOLEHTPAb,
mignpuemMcrBa 3 BUPOOHMIITBA TakodapbOBOi Ta eIeKTPOTEXHIYHOI MPOAYKIii, aBTOTPAHCIIOPT. Bucoki 3HadeHHs
koedinienTakoperanii mix Nii Mn BKa3yloTb Ha 3MilllaHWIT BIUIVB FeOTeHHMX (epO3iAIPYHTIB) i aHTpOIIOTe HHMX pKepert
(mipmpyeMcTBa MamMHOOYAIBHOI Ta XiMiYHOI IPOMMCIIOBOCTI, TEIIOENIEKTPOLIEHTPA/Ib Ta aBTOTPAHCIIOPT). SHAYHUI
HOTEHUIHNUIT eKOIOTIiYHNIT PUKK [JIs IPYHTOBMX €KOCHCTeM IIpK 3a0pyAHEHHI IPYHTIB Ha HOCTiMXeHilt Tepurtopii
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BusaBneHnit g Cd. BararoinfexcHuil mifxif Ko OLiHKM BIUIMBY 3a0pyJHEHHSA BaXXKMMY MeTalaMy JOCTiIKeHUX
I'PYHTIB Ha pi3HUX JIOKaLlifAX MicTa IIOKa3aB, 1[0 HaiOLIbII Hebe3IeYHa CUTYalis CKIanacad B HiBeHHO-CXiTHOMY
i CXiZHOMY NIPOMMC/IOBUX BY3/aX. B cemiTe6HO-IPOMMCIOBNUX paiioHax ypOo3eMyu Manyu IepeBaKHO HEe3HAYHMII Ta
noMipHMit piBeHb 3a0pyfHeHHA. OCHOBHMM HOTEHIIITHO €KONIOriYHO HeOe3NeyHUM Ba>KKMM MeTajioM BuABuBcA Cd.
PesynbpraTit 1bOTO JOCTIIKEHHA MOXXYTb Oy TV OCHOBOIO /IS pO3pOOKIM Ta BIPOBAJKEHHA LII/IeCIIPAMOBAaHUX METOJiB
YIpaBIiHHA PU3UKAMU

© KntoyoBi cnoBa: Baxki MeTanu; MiCbKi IPYHTH; KOPEALiiiHI 3aIEKHOCTI; TIPOCTOPOBA MiHIMBICTh; €KOMOTiTHMIT
PU3MK; aHTPOIIOTEHHIII BIUIUB
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© Abstract. At the present stage, the environmentally safe development of tourism and recreational activities in
Ukraine is gaining strategic importance as a priority area of sustainable development. It promotes the rational use
of natural areas, contributes to the formation of environmental awareness, and requires systematic regulation to
prevent environmental degradation. The aim of this study was to generalise international experience in managing the
environmentally safe development of tourism and recreational activities and to establish an analytical framework for
its adaptation to Ukrainian conditions. The study systematises international management approaches and identifies
eight typological models of ecotourism development characterised by institutional architecture, the role of local
communities, visitor flow management instruments, the application of environmental standards, and collaborative
governance mechanisms. Based on a comparative case-study analysis, the key trends were identified, including the
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intensification of environmental certification, the expansion of community-based tourism, the digitalisation of visitor
management in protected areas, and the development of low-impact tourism practices. Particular attention was paid to
rankings and composite indices as instruments for enhancing national competitiveness in international tourism and as
elements of contemporary geopolitical positioning. The structure of the Global Wildlife Travel Index was analysed, and
the positions of Australia, Canada, the United States, and Ukraine were compared using selected indicators and overall
index values. The study revealed several methodological limitations of the index, including its sensitivity to indicator
selection and aggregation procedures, which reduces the validity of final assessments and necessitates its critical
application in scientific research. The findings substantiate the need for further refinement of tourism sustainability
indices in order to improve the transparency, reproducibility, and comparability of assessment results and to enhance
their applicability in evidence-based tourism policy and environmental management

© Keywords: ecotourism; nature-based tourism; environmentally safe tourism practices; international experience;

models of environmentally safe tourism and recreational development; tourism indices and rankings

@ Introduction

Several major trends can be identified in the contemporary
tourism industry, among which the orientation toward
sustainability and environmental balance has become par-
ticularly significant. While the emergence of nature-based
tourism was initially driven by the intensification of the en-
vironmental crisis, ecotourism itself has gradually evolved
into a mass phenomenon and is increasingly regarded as
a potential risk factor for environmental safety, ecosystem
stability, and the functioning of natural complexes. Con-
sequently, countries that occupy leading positions in the
global tourism sector in terms of tourist arrivals and rev-
enues, as well as recognised leaders in ecotourism devel-
opment, have actively introduced systematic approaches
to tourism governance. These approaches are based on the
principles of consistency, effectiveness, and environmental
responsibility aimed at ensuring an adequate level of envi-
ronmental safety within tourist destinations.

According to the findings of K. Matiyiv et al. (2022),
the tourism sector is gradually undergoing a process of
“greening’, reflected in increasing attention to the envi-
ronmental characteristics of resorts and destinations, the
conservation of natural landscapes, and the protection
of biodiversity. As a result, a growing number of tourists
prefer destinations located in natural areas that have ex-
perienced minimal anthropogenic disturbance and have
retained their ecological authenticity. At the current stage
of tourism industry transformation, a persistent global
shift toward sustainability, environmentalisation, and re-
sponsible natural resource use can be observed, as con-
firmed by N.V. Anistratenko & A.V. Malchenko (2022). In
contemporary literature, the focus is moving away from
declarative discussions of “green tourism” toward the
analysis of tourism governance as a system of manageri-
al rationalities, institutional norms, and decision-making
practices that directly determine the environmental quali-
ty of tourism and recreational development. Consequent-
ly, the environmentally safe development of tourism and
recreational activities is increasingly viewed as a function
of governance effectiveness and the capacity of institu-
tions to establish the “rules of the game” for visitors and
stakeholders, as emphasised by R. Sharpley et al. (2023)
and A. Lundén et al. (2025).

' 50

As noted by M. Rogowski et al. (2025), the paradigm
of tourism environmentalisation does not eliminate one of
the key contemporary contradictions: nature-based travel,
despite being positioned as environmentally acceptable,
may generate increasing pressure on ecosystems precisely
because of the growing popularity of natural destinations.
Empirical studies by Z.A. Atamanchuk et al. (2020) and
M. Medina-Chavarria et al. (2024) demonstrate that the
concentration of tourist flows within national parks and
other environmentally sensitive areas intensifies manifes-
tations of overtourism, resulting in spatial and temporal
unevenness of visitation, user conflicts, and localised en-
vironmental degradation. In this context, environmentally
safe tourism development should not be interpreted as an
inherently “ecological” sector but rather as a socio-ecolog-
ical-economic system in which environmental outcomes
depend on governance regimes and the quality of regula-
tion. A. Lundén et al. (2025) and M. Rogowski et al. (2025)
emphasise that sustainability cannot be automatically guar-
anteed even within protected areas, since visitor manage-
ment is influenced by institutional constraints, evolving
governance rationalities, and tensions between nature con-
servation objectives and commercial interests. Moreover,
contemporary international discussions increasingly ex-
tend beyond the concept of sustainable tourism toward the
notion of regenerative tourism, which focuses not only on
minimising impacts but also on restoring natural and so-
cial systems. J. Iddawala & D. Lee (2026) argue that the re-
generative approach becomes particularly relevant during
periods of systemic crisis, as it prioritises the restoration of
territorial adaptive capacity, community engagement, and
long-term ecosystem value.

Accordingly, visitor management instruments — such
as zoning, seasonality control, mobility regulation, and
route management — are gaining strategic importance, en-
abling natural areas to be transformed from mere “objects
of consumption” into managed systems of recreational
use. Lessons learned from the post-pandemic period fur-
ther demonstrate that changes in mobility patterns and
abrupt shifts in visitor behaviour require adaptive gov-
ernance solutions based on flow analysis and scenario
planning, as noted by A. Mandi¢ et al. (2025). Thus, the
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environmentally safe development of tourism and recre-
ational activities should be understood as an institution-
ally supported process that integrates environmental con-
straints, visitor flow management, and the financial and
organisational capacity necessary to maintain conserva-
tion regimes. Emerging scientific approaches also high-
light the importance of integrating ecosystem integrity,
visitation dynamics, and financing mechanisms to en-
hance the resilience of nature-based tourism systems. The
aim of this study was to systematise international models
of governance for the environmentally safe development
of tourism and recreational activities, evaluate contem-
porary instruments for sustainable tourism management,
and substantiate approaches to their adaptation within
the Ukrainian context.

© Materials and Methods

The object of the study comprised the processes of devel-
opment and governance regulation of ecotourism within
global and national tourism systems, as well as the mech-
anisms for the formation and application of international
rankings and composite indices used to assess the eco-
logical and tourism potential of countries. Ranking and
indexing instruments were considered as analytical and
managerial resources that not only reflect the current
state of ecotourism but also influence tourism policy pri-
orities, territorial competitiveness, and the international
positioning of destinations. The methodological frame-
work was based on the principles of interdisciplinarity,
systems thinking, and evidence-based research. The study
employed methods of analysis and synthesis, comparative
and structural-functional approaches, statistical process-
ing of data from the Global Wildlife Travel Index (2019),
case-study analysis, and critical analysis to identify gov-
ernance practices, methodological limitations of tourism
indices, and their potential application in strategic plan-
ning. This approach enabled the interpretation of tourism
indices as instruments of evidence-based tourism policy
that support the measurement, interpretation, and justi-
fication of management decisions using internationally
comparable data.

To assess the role of US federal agencies in ensuring
the environmentally safe development of tourism, an ex-
pert evaluation method was applied. This approach was
selected due to the absence of standardised quantitative
indicators that would allow for the direct measurement
of the contribution of individual institutions to regula-
tory, environmental protection, educational, monitoring,
and infrastructure-related functions. The expert panel
consisted of 12 specialists who met at least two of the
following criteria: possession of an academic degree in
tourism, ecology, environmental management, or public
administration; a minimum of five years of research or
professional experience in the management of protect-
ed areas, sustainable tourism, or environmental policy;
and at least three scientific publications on sustainable
tourism or environmental management published during
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2020-2025. The evaluation was conducted individually.
Each expert was asked to assess the intensity with which
a specific institution performs a particular function using
a three-level scale:

@ High level (H) - the function represents one of the
institution’s core responsibilities and directly determines its
principal management outcomes;

® Medium level (M) - the function is implemented
systematically but plays a supporting or partially special-
ised role;

® Low level (L) - the function is performed indirect-
ly or does not belong to the institution’s primary areas of
activity.

To ensure the reproducibility of results, qualitative
assessments were quantified by assigning numerical val-
ues: H =3 points, M =2 points, and L =1 point. For each
“institution-function” combination, the arithmetic mean
of expert scores was calculated. The final category was de-
termined according to the following intervals: 2.50-3.00
points — High level (H); 1.50-2.49 points — Medium level
(M); 1.00-1.49 points — Low level (L).

The consistency of expert judgments was assessed us-
ing Kendall’s coefficient of concordance (W). A value of
W greater than 0.70 was interpreted as indicating a high
level of agreement among experts and, consequently, the
reliability of the obtained results. The proposed approach
enables comparative analysis of institutional models for
environmentally safe tourism governance and ensures the
reproducibility of the assessment procedure for other coun-
tries and tourism governance systems. For the analysis of
tourism and recreational activities under wartime threats,
the concept of wartime adaptive tourism is proposed. This
concept is defined as the ability of a tourism system to
maintain functionality, ensure visitor safety, and adapt to
crisis conditions. The adaptability of tourism destinations
can be assessed using an integrated index incorporating
four groups of indicators.

1. Security Dimension: distance from active combat
zones; frequency of air raid alerts; number of recorded
emergency events; availability of shelters and warning sys-
tems.

2. Infrastructure Resilience: accessibility of transport
connections; stability of energy supply; operational status
of accommodation facilities; availability of digital infra-
structure.

3. Tourism Market Adaptability: changes in tourist
flows compared with the pre-war period; share of domestic
tourism; diversification of tourism products; speed of tour-
ism service recovery following crisis events.

4. Socio-Institutional Resilience: participation of local
communities; existence of crisis-management programs;
level of inter-institutional coordination; implementation of
sustainable development principles.

Each indicator was assessed using a five-point scale, af-
ter which the integrated adaptability index was calculated:

_ (S+I+M+R)

Al = ———— (D

4
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where AI - Adaptability Index of the tourism system;
S - Security Dimension score; I — Infrastructure Resil-
ience score; M - Tourism Market Adaptability score;
R - Socio-Institutional Resilience score. Depending on
the obtained value, three levels of tourism system adapt-
ability can be distinguished: high adaptability (AI> 4.0);
moderate adaptability (AI = 3.0-4.0); low adaptability
(AI<3.0). The proposed approach enables the compara-
tive assessment of tourism regions under wartime risks,
facilitates the analysis of tourism flow recovery dynam-
ics, and supports the development of recommendations
aimed at enhancing the resilience and adaptive capacity
of tourism destinations.

© Results and Discussion

In constructing the Global Wildlife Travel Index (2019),
the international agency True Luxury Travel employs
eight key indicators, some of which are composite (aggre-
gated) measures incorporating several interrelated fac-
tors. On the one hand, this system of indicators enables
the assessment of natural-resource endowments and in-
stitutional mechanisms for biodiversity conservation. On
the other hand, it provides a basis for comparing coun-
tries according to their potential for nature-based tour-
ism development, a segment of the tourism industry that
is particularly sensitive to environmental constraints and
conservation requirements (Table 1).

Table 1. Indicator system of the global wildlife travel index

No. Indicator What It Measures Category / Rationale
1 Megafauna Proportion of extant megafauna species (>40 kg) relative to historically Biodiversity
Conservation native species conservation
Wildlife Species Number of recorded wildlife species (mammals, birds, fish, reptiles, and e S
2 . e Biodiversity
Richness amphibians)
3 Prevalence of National Number of national parks within a country C onservation
Parks infrastructure
4 N;it:;;f;lri?grk Year of establishment of the first national park (historical benchmark) Institutional tradition
5  Protected Natural Areas  Area of protected territories (fully or partially protected) per 1,000 ha Natucrgvp;rr(;;e;tlon
6 Forest Area Share of forests in the total land area of a country (%) Landscape resources
Environmental Composue.lndlcator 1nc1ud1ng.renewabl§ energy use, recycling practices, Sustainable
7 U eco-friendly accommodation, sustainable products, and related
Sustainability . development
environmental measures
3 Environmental Composite indicator reflecting environmental quality, reduction of Sustainable
Prosperity anthropogenic pressures, and effectiveness of conservation efforts development

Source: summarised by the authors based on P. Wight (2001), M. Saayman et al. (2012), A.L. Stronza et al. (2019)

The Megafauna Conservation indicator reflects the
proportion of extant megafauna species (adult animals
weighing more than 40 kg) relative to the historically na-
tive assemblage of such species within a given territory. In
essence, this indicator captures the degree of biocenotic in-
tegrity of ecosystems and demonstrates the extent to which
a country has succeeded in preventing the degradation of
trophic chains critically dependent on large mammals. Im-
portantly, the megafauna conservation indicator reflects
not only contemporary conservation policies but also the
historical scale of anthropogenic transformation and col-
onisation-driven land-use processes. Consequently, the in-
dicator may partially penalise countries with a long history
of industrialisation even when current conservation efforts
are highly effective. The Wildlife Species Richness indi-
cator represents the recorded number of animal species,
including mammals, birds, fish, reptiles, and amphibians.
However, species richness alone constitutes an insufficient
measure of wildlife tourism attractiveness. Not all species
are accessible for observation, and many possess limited
tourism visibility. A more informative approach would in-
volve a composite indicator incorporating endemism, the
proportion of rare species, biogeographical uniqueness,
and accessibility for ecotourism activities.

| 52

The Prevalence of National Parks indicator measures
the total number of national parks within a country. Nev-
ertheless, the number of parks does not necessarily cor-
respond to the quality of the conservation system. From
a scientific perspective, greater validity could be achieved
by introducing a coeflicient integrating park area, funding
levels, accessibility for ecotourism, the existence of man-
agement plans, staffing capacity, and monitoring systems.
The National Park Pioneering indicator is determined by
the year in which the first national park was established.
Methodologically, this variable has primarily historical
and symbolic significance rather than practical relevance
for evaluating contemporary ecotourism potential. An
early start in the development of a protected area system
does not automatically guarantee its current effectiveness.
Therefore, this indicator should be interpreted as a marker
of conservation tradition rather than as an equivalent fac-
tor within the ranking framework.

The Protected Natural Areas category accounts for the
area of protected territories (fully or partially protected)
standardised per 1,000 hectares of land. The authors of
the index correctly acknowledge that large countries with
low population density often contain extensive ecologically
valuable territories that remain effectively conserved even
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without formal protected status. This reveals a structural
bias within the methodology: large countries require al-
ternative scaling approaches, while legal protection status
does not necessarily reflect the actual level of ecosystem
conservation. Greater differentiation according to protec-
tion regimes — strict nature reserves, managed resource-use
areas, buffer zones, ecological corridors, and similar cate-
gories — would improve the robustness of the assessment.
The Forest Area indicator measures the proportion of
forest cover within the total land area of a country. Although
forest cover is an important factor for ecotourism develop-
ment, it is not universally applicable. For wildlife safaris,
desert tourism, and arid-region destinations, its relevance
is substantially lower. Consequently, this indicator would
benefit from weighting adjustments that account for the
landscape and biogeographical characteristics of individ-
ual regions. The composite Environmental Sustainability
indicator reflects the development of environmental tech-
nologies and practices, including environmentally friendly
products, eco-accommodation, renewable energy use, re-
cycling systems, and related sustainability measures. For
scientific applications, it is essential that the methodology
relies on verifiable international statistical databases (e.g.,
UNEP, OECD, World Bank, Environmental Performance
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Index) rather than opaque expert assessments. The Envi-
ronmental Prosperity indicator evaluates a country’s per-
formance across three dimensions: environmental quality,
reduction of anthropogenic pressures, and the effectiveness
of conservation efforts. The principal scientific limitation
of this indicator lies in the absence of a clearly measurable
operationalisation. The lack of transparent criteria reduces
the representativeness of the index for academic analysis
because it limits the reproducibility of results.

For each of the eight criteria, countries are ranked
in descending order according to indicator performance.
The highest-ranked country receives five points, whereas
the lowest-ranked country receives one point. Intermedi-
ate scores range from 1.1 to 4.9 depending on the coun-
try’s position within the ranking. The scoring interval is
determined by the total number of countries included in
the assessment (107 countries in the 2019 edition). The
composite index is calculated by summing the scores ob-
tained across all eight indicators. The theoretical maximum
score is 40 points. In cases where countries achieve identi-
cal overall scores, priority is given to the country with the
higher Environmental Sustainability score, thereby empha-
sising environmental modernisation as a fundamental pre-
requisite for sustainable tourism development.

Principle of Scoring Normalization in the Global Wildlife Travel Indexa
(Example: Megafauna Conservation)

Outsider
‘minimum value)

4
5
A I
38 Norway / Canada
2 (medium—high
2 |
5
‘@ |
A i
< United States

(below average
5. !

Botswana / Namibia
(leader

Tanzania
(high value

T
Lower
Positions

T
Outsider
(1 point)

Positions

Country Position in the Ranking by Indicator

T
Leader
(5 points)

T
Upper
Positions

Middle

Figure 1. Principles of normalisation of Global wildlife travel index scores
Note: countries are given as illustrative examples according to the ranking description in the index methodology
Source: summarised by the authors based on Global wildlife travel index (2019)

The conducted analysis demonstrates that the True
Luxury Travel Index can be regarded as a supplementary
composite instrument for measuring the ecological and
tourism potential of countries, as it integrates parame-
ters relevant to both biodiversity conservation and na-
ture-based tourism development. Its principal advantage
lies in its multidimensional character, which partially
reduces subjectivity and expands opportunities for inter-
national comparisons of destinations according to their
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prospects for travel-to-nature tourism segments. Thus, the
index may serve as a preliminary analytical framework for
benchmarking and stratifying countries according to their
ecotourism prerequisites.

Simultaneously, the logic of tourism demand continues
to evolve. Environmentally sensitive motivations, prefer-
ences for natural destinations, and expectations regarding
the ecological integrity of tourism destinations are becom-
ing increasingly prominent. However, the growing demand
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for “pristine” natural environments creates a risk of trans-
forming these areas into zones of critical ecological pressure
when governance systems fail to keep pace with visitation
growth (Bansal & Kumar, 2011). Studies addressing carry-
ing capacity, including its social dimension, demonstrate
that exceeding acceptable visitation thresholds affects not
only environmental conditions but also the social quality of
visitor experiences, thereby necessitating quantitative reg-
ulation and continuous monitoring (Rogowski et al., 2025;
Pulido-Fernéandez et al., 2025).

In Ukraine, this issue is becoming increasingly relevant
due to the continuous expansion of domestic nature-based
tourism and the structural transformation of the tour-
ism system under wartime conditions. The growth of na-
ture-oriented tourist flows and the incorporation of previ-
ously undisturbed areas into recreational use may generate
a new category of risks, including insufficient infrastruc-
ture capacity, inadequate visitor control mechanisms, weak
monitoring systems, and imbalances between conservation
objectives and commercial exploitation. International ex-
perience in the management of protected areas demon-
strates that institutional constraints - financial, regulatory,
and organisational - often determine the upper limits of
sustainability, even when appropriate strategic frameworks
are in place (Bezuglyi et al., 2019; Sharpley et al., 2023; Lun-
dén et al., 2025).

These circumstances reveal an important research gap.
Despite the rapid expansion of studies devoted to tourism
governance, visitor management, and overtourism, insuffi-
cient attention has been paid to the institutional adaptation
of contemporary environmentally safe tourism governance
models to countries characterised by uneven infrastructure
development, crisis-related challenges, and highly volatile
tourism demand. In particular, further methodological
refinement is required regarding the integration of carry-
ing-capacity assessment (including social carrying capaci-
ty), adaptive management of visitor flows and seasonality,
financial mechanisms supporting conservation regimes,
and resilience criteria for tourism destinations (Medi-
na-Chavarria et al., 2024; Pulido-Fernandez et al., 2025;
Mandi¢ et al., 2025).

The sustainability of the tourism industry has become
a strategic priority because tourism simultaneously gener-
ates economic value while increasing pressure on ecosys-
tems and local communities. In this context, environmental
safety in tourism should not be interpreted as an additional
conservation component but rather as an integrated in-
dicator of sustainability that reflects the balance between
tourism development, ecological carrying capacities, and
the socio-economic needs of host territories. However, en-
vironmental safety can only be achieved through scientifi-
cally grounded governance, including the determination of
ecological thresholds, regulation of recreational pressures,
and implementation of ecosystem restoration mechanisms.
Consequently, one promising instrument for reducing
pressure on wilderness areas is the managed redistribution
of visitor flows toward anthropogenic and semi-natural
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attractions — such as parks, botanical gardens, cultural
landscapes, and urban green spaces — which can function as
buffer zones and reduce pressure on biodiversity hotspots.

Comparative analysis of tourism models demonstrates
that natural resources generate different logics of desti-
nation positioning and governance. In Northern Euro-
pean countries, natural landscapes constitute the basis of
a high-quality tourism product, with emphasis placed on
infrastructure development and regulatory support for
environmentally responsible practices, including route
management, green mobility, and waste management sys-
tems. In contrast, in many countries of Africa and South-
east Asia, natural resources are often utilised according to
a short-term profit maximisation logic, increasing the risks
of overexploitation and social vulnerability. Consequently,
the principal differentiating factor is not the mere presence
of natural resources but rather the quality of institutions,
namely their capacity to regulate visitor pressure, ensure
equitable benefit distribution, and maintain trust among
local communities.

This observation is particularly relevant for Ukraine,
where natural landscapes remain a key tourism asset
and the increasing orientation toward domestic tourism
strengthens the need for rational-use regulations and in-
stitutional protection mechanisms. Although the tourism
sector demonstrated considerable adaptability follow-
ing the decline of 2020-2021, structural problems remain
unresolved. Overtourism has temporarily disappeared
from public discourse; however, as mobility recovers, the
familiar causal cycle re-emerges: unchanged regulatory
mechanisms, growing demand, environmental degrada-
tion, infrastructure overload, social tensions, and declin-
ing destination quality. Consequently, the central scientific
challenge is how to transform the concept of “sustainable
tourism” from a normative declaration into a measurable
and operational governance framework.

This transition is reflected in the approaches promot-
ed by the World Tourism Organization (2026), which in-
terprets overtourism risks not merely as a matter of local
destination management but as an issue of broader global
governance involving standards, coordination platforms,
monitoring systems, and comparative analytical frame-
works. A practical step in this direction has been the
Measuring the Sustainability of Tourism (MST) initiative,
designed to establish a universal statistical framework inte-
grating economic, environmental, and social indicators. Its
significance lies in the fact that sustainability cannot serve
as a basis for management decisions without standardised
metrics. The absence of comparable data often results in
fragmented policies and the substitution of actual con-
straints with symbolic measures. Consequently, MST has
the potential to strengthen evidence-based planning, sup-
port intersectoral dialogue among tourism, environmental,
transport, and urban planning stakeholders, and provide a
robust foundation for measuring progress toward sustain-
able development goals. Within this framework, the Inter-
national Network of Sustainable Tourism Observatories
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(INSTO) functions as an institutionalised monitoring sys-
tem at the destination level, enabling continuous assess-
ment of tourism impacts and facilitating the transition
from policy intentions to indicator-based governance.

Within contemporary conservation strategies, protect-
ed areas increasingly assume a dual role: they serve simul-
taneously as biodiversity conservation cores and as plat-
forms for environmentally responsible tourism, provided
that ecological limits are respected. A prominent example
is the activity of EUROPARC and its European Charter
for Sustainable Tourism in Protected Areas, which offers
a practical methodology for reconciling tourism develop-
ment with conservation objectives and community inter-
ests. Structurally, the approach is implemented through
three interconnected modules: sustainable destination
management (rules, limits, spatial planning, and visitor
behaviour standards), sustainable partners and businesses
(environmental standards for services and resource use),
and sustainable tour operators (responsibility for mobility
and group management practices). In this way, the Charter
institutionalises a governance compromise by permitting
recreation while subordinating it to long-term principles of
responsibility and stakeholder participation.

At the same time, global conservation management
standards are increasingly shaped by the International
Union for Conservation of Nature (IUCN), particularly
through its classification of protected area management
categories and the IUCN Green List certification frame-
work. The principal value of this approach for ecotourism
lies in shifting attention from the mere existence of pro-
tected areas to measurable conservation outcomes. These
outcomes ultimately determine the acceptable limits and
forms of tourism use. Equally important are global moni-
toring systems and databases such as Protected Planet and
the World Database on Protected Areas (WDPA/OECM),
which enable protected areas to be understood as compo-
nents of a planetary environmental security system rather
than isolated local entities.

Tourism sustainability rankings and destination indi-
ces constitute another important mechanism influencing
competitiveness. These instruments simultaneously per-
form marketing functions and act as forms of “soft regula-
tion,” shaping tourist flows and investment decisions. The
Global Wildlife Travel Index (2019) illustrates how attrac-
tiveness for wildlife tourism depends not only on resource
endowments such as biodiversity and protected areas but
also on institutional conservation capacities and risks asso-
ciated with species decline.

The leading positions occupied by certain countries
provide an important practical insight: environmental pol-
icy should be viewed not as a cost but as a source of com-
petitive advantage within markets characterised by envi-
ronmentally conscious demand. However, the results of the
2025 Global Wildlife Travel Index (Best countries for wild-
life..., n.d.) indicate relatively weak positions for Ukraine,
where the principal limiting factor is the ongoing full-scale
war, which undermines tourism capacity through security
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risks, infrastructure destruction, and ecosystem degrada-
tion. Therefore, competitiveness in ecotourism is deter-
mined by a triad consisting of natural capital, institutional
quality of governance, and resilience to risks (security, in-
frastructure, and public trust). This triad forms the concep-
tual framework for further analysis of environmental safety
in tourism as a measurable foundation for the long-term
sustainability of tourism destinations.

The identified methodological limitations - including
the ambiguity of certain indicators, potential inaccuracies
in primary statistical data, and insufficient transparency
regarding weighting coeflicients - reduce the scientific re-
liability of the ranking as a stand-alone source of evidence.
Therefore, the application of the index in academic re-
search should be critical and verification-oriented, requir-
ing the validation of underlying data and the comparison
of results with established international assessment systems
such as the Environmental Performance Index (EPI), the
SDG Index, Protected Planet, and the FAO Forest Resourc-
es Assessment. From a methodological perspective, fur-
ther validation of the instrument is possible only through
greater transparency in calculation procedures, refinement
of weighting schemes, and stronger data quality control
mechanisms. Such improvements would facilitate the
transformation of the ranking from a marketing-oriented
analytical product into a robust measurement tool for sus-
tainable tourism research.

Additional empirical evidence confirming the decisive
role of military and political factors in shaping Ukraine’s
tourism system is provided by the results of the Global
Peace Index 2025 (Institute for Economics & Peace, 2025),
which place the country among the lowest-ranked states in
terms of security. However, in this context, security should
not be regarded merely as a background condition; rather,
it constitutes a structural constraint on tourism recovery.
Thus, for Ukraine, security has become a fundamental reg-
ulator of tourism development, determining the econom-
ic feasibility of international tourist flows and particular-
ly constraining wildlife and nature-based tourism, which
critically depends on transport accessibility, environmental
predictability, and social stability.

Low positions in international tourism rankings
should not be interpreted as a complete reflection of
Ukraine’s actual tourism potential, since ranking sys-
tems often overemphasise infrastructure and security
indicators while underestimating socio-cultural and be-
havioural determinants of tourism demand. Particularly
illustrative in this regard are the findings of a large-scale
international study demonstrating that Ukrainians exhib-
it one of the highest levels of psychological connectedness
to nature among populations of 61 countries. From an
applied perspective, this finding indicates a stable domes-
tic demand for nature-based recreational activities even
under conditions of restricted inbound tourism. Further-
more, it suggests the existence of a behavioural founda-
tion for responsible ecotourism that, with appropriate
support through environmental education, interpretation
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services, and regulatory incentives, could evolve into sus-
tainable patterns of domestic tourism demand.

The heterogeneity of Ukraine’s international tourism
positioning should also be taken into account. In 2025,
two Ukrainian rural settlements were included among the
world’s best tourism villages according to UN Tourism.
Even under crisis conditions, local “growth points” remain
capable of meeting international standards within rural,
nature-based, and sustainable tourism segments. From
a scientific perspective, this strengthens the argument
for policies focused on pilot destinations where recovery
models can be tested through the integration of conserva-
tion instruments, spatial planning, and destination mar-
keting strategies.

In 2025, ecotourism in Ukraine has naturally assumed
a predominantly domestic character, giving rise to a mod-
el of wartime adaptive tourism focused on short-distance
travel and relatively safe natural regions such as the Car-
pathians and Polissia. Nevertheless, the dominance of do-
mestic tourism flows cannot fully compensate for the loss
of the international tourism segment without a transition
toward systemic recovery measures. Ukraine’s return to
leading positions in global nature-based tourism rank-
ings will be realistic only under conditions of improved
security, restoration of international air connectivity, com-
prehensive ecological reconstruction measures (including
renaturalisation and biodiversity restoration), and infra-
structure modernisation in accordance with sustainability
and accessibility principles.

Contemporary ecotourism development is increas-
ingly accompanied by the emergence of a comprehensive
set of supranational governance instruments aimed at pro-
moting sustainable tourism. However, the effectiveness of
their implementation at the national level remains une-
ven: in some countries these instruments act as catalysts
for transformation, whereas in others they remain large-
ly declarative. Consequently, it is scientifically justified
to move beyond describing global initiatives and instead
focus on the analysis of national governance models that
directly shape tourism development trajectories and their
environmental consequences.

International experience demonstrates the dual nature
of ecotourism. Under effective governance, ecotourism can
mitigate the negative effects of mass tourism and support
biodiversity conservation. Under weak regulatory frame-
works, however, it may contribute to ecosystem degradation
and territorial overuse. Therefore, the principal scientific
and practical challenge is the identification of governance
models capable of balancing tourism attractiveness with
ecological sustainability. To achieve this objective, it is use-
ful to compare countries recognised as leaders in environ-
mentally safe tourism development (Australia, the United
Kingdom, Germany, Norway, the United States, and Can-
ada) with countries undergoing active ecotourism expan-
sion (Kenya, Botswana, Brazil, China, Malaysia, Mongolia,
among others), moving beyond simple comparison toward
the development of a typology of governance models.
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Such a typology can logically be based on several key
dimensions: the institutional role of the state; the spatial
and ecological characteristics of natural areas; the role of
nature-based tourism within the national tourism product
and destination promotion strategies; the structure of tour-
ism demand (domestic versus inbound tourism, seasonali-
ty); visitor management regimes (soft, strict, or absent); the
role of protected areas; and the quality of infrastructure and
interpretation services, including accessibility, digital tech-
nologies, and socio-cultural programs. The synthesis of these
criteria enabled the identification of eight principal models
of ecotourism development among leading countries in
this field. The subsequent analysis of these models makes it
possible not only to describe governance practices but also
to demonstrate their influence on ecological sustainability,
destination competitiveness, and the reproduction of natu-
ral capital as a strategic foundation of tourism development.

Model 1: Large Territories, High Urbanisation, and
Strong Natural Capital

The first model is characteristic of countries with ex-
tensive territories, high levels of urbanisation, and popula-
tions concentrated in major metropolitan areas, including
the United States, Canada, and Australia. This spatial-de-
mographic configuration generates uneven recreational
pressure: large natural areas remain relatively undeveloped,
while resource-extraction regions, agricultural clusters, and
metropolitan peripheries experience intensive anthropo-
genic transformation. These areas are frequently affected by
environmental imbalances such as ecosystem degradation,
pollution, habitat fragmentation, waste accumulation, and
biodiversity loss. Under such conditions, environmental
safety becomes not only a conservation priority but also an
indicator of quality of life and social stability. Consequent-
ly, ecotourism assumes an instrumental role by combining
recreation with environmental education, support for con-
servation management, and the promotion of environmen-
tally responsible behaviour. The principal drivers of develop-
ment within this model include extensive natural resources
supported by networks of protected areas and national
parks, together with strong social demand for nature-based
recreation stimulated by local environmental concerns.

In these countries, nature-based tourism occupies a
strategic niche within the tourism product. Visitor flows are
generated both by domestic demand and by internation-
al tourists attracted by the high symbolic and image value
of natural heritage. Protected areas — particularly national
parks with recreational and educational functions - consti-
tute the primary spatial framework of ecotourism develop-
ment. The combination of long-standing ecotourism tradi-
tions and extensive territories enables relatively soft visitor
management through spatial dispersion, diversification of
routes and recreational activities, and sophisticated logis-
tical systems. At the same time, accessible protected areas
are typically characterised by a high level of infrastructure
development, including marked trails, tourist information
centres (TICs), environmental education facilities, digital
navigation systems, inclusive recreational infrastructure,
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and public awareness programs. Protected areas are gener-
ally administered by public institutions, although patterns
of interaction with the private sector and non-governmen-
tal organisations vary according to administrative tradi-
tions and public management models.

The United States represents a particularly illustra-
tive example of this first model. Environmental safety is
developed within a system of lands managed by multiple
jurisdictions, including federal agencies, subnational au-
thorities, and private stakeholders. The existence of one
of the world’s oldest national park systems has fostered
governance practices aimed at preventing overcrowding,
minimising the impacts of mass tourism, and optimising
visitor flows through logistical planning. The regulatory
framework is multi-level, encompassing federal, state, and
municipal governance. State authorities frequently play
the decisive role in regulating tourism activities, providing
flexibility and adaptation to local conditions while simulta-
neously creating significant interregional variation in regu-
latory approaches. The environmental effects of regulation
are achieved through zoning mechanisms, restrictions on
construction and infrastructure development, licensing
requirements, penalties for environmental violations, user
fees, and resource-use regulations.

Tranchenko et al.

An additional factor is the influence of case law, which
encourages the adoption of advanced management prac-
tices within environmentally sensitive areas. This legal
framework is complemented by foundational environmen-
tal legislation — including acts related to clean water, clean
air, and endangered species protection — which establishes
the broader system of environmental standards and con-
servation obligations. Regulations for individual protected
areas are generally designed to minimise localised impacts
such as noise, soil erosion, disturbance of nesting and mi-
gration processes, and the removal of biological materials.
Importantly, since the 1970s the United States has experi-
enced increasing deregulation within the tourism sector.
As a result, responsibility for the management of tourism
enterprises has shifted substantially toward state govern-
ments, while the federal level performs primarily strategic
and coordinating functions, including through institutions
such as the US Travel and Tourism Advisory Board. Nota-
bly, sustainable development and environmental safety are
not always explicitly articulated as central priorities within
national tourism strategies. Instead, ecotourism is often
promoted indirectly through support for small businesses,
environmental education initiatives, and interagency co-
operation (Table 2).

Table 2. US federal authorities in the national ecotourism management system:
categories of functions and impact indicators

Federal Regulatory Conservation Educational Monitoring Infrastructure Analytical Impact
Agency Function Function Function Function Function Indicators
Protection of Reduced environmental
Visitor . Environmental Monitoring . degradation; biodiversity
. . ecological, . . L Maintenance of .
National Park regulations, interpretation  visitor pressure . stabilisation; controlled
. cultural, and . . parks, trails,and " -
Service (NPS) access rules, and and visitor and tourism - o visitor flows; increased
" landscape . visitor facilities .
restrictions T education flows ecosystem carrying
sty capacity
Public-private
A men . rtnershi; +
. . Large-scale ssessment Trails, roads, pa t. CISLIPS (6,000
Regulation of Sustainable . of ecosystem - guides); improved
. educational pa logistics e E
U.S. Forest recreational forest and conditions . accessibility without
: e . programs and infrastructure, i
Service (FS) activities in wilderness under . compromising
: stakeholder . and zoning A
national forests ~ management recreational . sustainability; managed
engagement regulations - 2
pressure expansion of ecotourism
routes
Ecotourism supports
Shoinsid | conservation obpepctives-
. Regulation of Biodiversity =~ Environmental = Monitoring of access to ) ’
U.S. Fish s et . . : development of
g refuge visitation conservation in education species, habitats, protected . : X
and Wildlife . a1 . birdwatching tourism;
. and permitted  wildlife refuges  programsand  and migratory areas under . :
Service (FWS) N . . increased environmental
activities and wetlands  outreach events birds conservation .
regimes awareness and social
& value of protected areas
Promotion of Lo Expansion of ecotourism
. . . Designation and .
Regulation of ~ Stewardship and  responsible . ? through approximately
Bureau of Land . . : Spatial maintenance .
recreationand ~ conservation behaviour A . 300 recreation areas;
Management « monitoring of  of observation . L
resource use on of natural through “Leave - . responsible visitor
(BLM) ,, recreation zones sites and .
federal lands ecosystems No Trace . behaviour; reduced
recreation areas S
standards anthropogenic impacts
Reduction of . .
. 01T Environmental Indirect support .
. environmental Guidelines ) Evidence-based
. Environmental . . and socio- through - -
Environmental risks through ~ and technical : planning; prevention of
. standards . . economic software tools, . .
Protection . EIA and information for . . overuse; integration of
and impact - o impact methodologies, : -
Agency (EPA) : environmental ~ communities : environmental KPIs into
regulations . assessment and technical . .
assessment and businesses . tourism planning
models assistance
procedures
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Table 2. Continued

Federal Regulatory Conservation  Educational Monitoring  Infrastructure Analytical Impact
Agency Function Function Function Function Function Indicators
. . E ion Monitorin A e
Regulation Protection and ducat o! onitoring . coess Reduced vulnerability
. . on aquatic recreational infrastructure .
of recreation sustainable . of aquatic ecosystems;
Bureau of . . ecosystems impacts on for water-based
. in water- use of aquatic o - . development of
Reclamation and scientific aquatic and recreation :
management  and landscape S educational and
outreach riparian and support S :
systems resources ins scientific ecotourism
programs ecosystems facilities

Source: developed by the authors based on P.E]. Eagles et al. (2002), C.M. Hall et al. (2010), J. Coria & E. Calfucura (2012), B. Lane &
E. Kastenholz (2015), T.B. Dangi & J.F. Petrick (2021), E. Falko & V. Mateichuk (2023)

Thus, according to Table 2, the management of eco-
tourism in the USA is characterised by a multi-level in-
stitutional architecture, where federal services perform
complementary functions of nature protection, access
regulation, eco-education, monitoring and infrastructure
provision. The qualitative categories presented in Table 3
are based on the procedure of quantitative expert assess-
ment. The mechanism of the model is based on a combi-
nation of regime nature use (zoning, restrictions, control)

with program-analytical support and partnership involve-
ment of stakeholders. As a result, ecotourism functions as
a managed socio-ecological-economic system that reduc-
es the risks of excessive recreational pressure and ensures
long-term environmental protection effects. The high
intensity of regulatory and environmental protection in-
struments confirms that the preservation of ecosystems is
considered a basic prerequisite for the competitiveness of
eco-destinations.

Table 3. Functional importance, weighting categories, and impact indicators
of US federal agencies in the system of environmentally safe tourism governance

Key Analytical
Impact
Indicators

Control of recreational pressure and visitor-use regimes; preservation of
ecological, historical, and landscape integrity; improved management of
tourist flows

Scaling environmentally safe tourism development through sustainable
recreation management; partnerships with the private sector; maintenance
of trail networks and accessibility without compromising ecosystem
resilience

Environmentally safe tourism as a tool for biodiversity conservation;
development of birdwatching and nature interpretation; support for
conservation regimes within wildlife refuge networks

Spatial expansion of environmentally safe tourism across federal lands
through recreation and observation areas; implementation of “Leave No
Trace” principles; reduction of anthropogenic impacts

Enhancement of evidence-based governance through environmental
data, models, and software tools; integration of environmental-economic
assessments into tourism planning; prevention of ecosystem overloading

oy o B o o B
g £ 22 82 82 BE¢g
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m L]
National Park Service
(NPS) H H M M H
U.S. Forest Service (FS) M H H M H
U.S. Fish and Wildlife
Service (FWS) M H H H M
Bureau of Land
Management (BLM) = bl il bk L}
Environmental
Protection Agency H M M H M
(EPA)
Bureau of Reclamation M M M M H

Managed recreation within water-resource systems; development of
educational and scientific ecotourism; reduction of degradation risks in
sensitive aquatic ecosystems through regulated visitor activities

Note: H - High importance (3 points); M - Medium importance (2 points); L — Low importance (1 point). Categories are derived from
expert assessment and subsequent quantification using the methodology described in the Materials and Methods section

Source: summarised by the author based on P.E]. Eagles et al. (2002), C.M. Hall et al. (2010), J. Coria & E. Calfucura (2012), B. Lane &
E. Kastenholz (2015), T.B. Dangi & J.E. Petrick (2021), E. Falko & V. Mateichuk (2023)

Australia represents a prominent example of a country
where environmentally safe tourism constitutes the core of
tourism specialisation and where nature is treated as a stra-
tegic intangible asset requiring a dedicated conservation
regime. This approach is supported by a well-developed
legislative framework, particularly the Environment Pro-
tection and Biodiversity Conservation Act (1999) and the
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Great Barrier Reef Marine Park Act (1975). Institutionally,
tourism is integrated with the environmental and natural
resource management sector, reflecting the strategic impor-
tance of natural capital within the national tourism product.

The central policy framework is provided by the Na-
tional Ecotourism Strategy (NES), implemented since 1994,
which establishes a comprehensive policy architecture
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encompassing environmental sustainability, spatial plan-
ning, resource management, regulation and infrastructure
development, impact monitoring, destination marketing,
certification and accreditation systems, environmental ed-
ucation, and Indigenous participation. From both scientific
and practical perspectives, Australia exemplifies a model in
which ecotourism functions as a system-forming economic
sector governed through an integrated strategic framework
rather than fragmented regulatory interventions.

At the state level, individual legal regimes govern pro-
tected areas, including mechanisms for the establishment
of privately protected lands. To coordinate responsibilities
between federal and state authorities, bilateral agreements
are widely employed. A partnership-based approach is im-
plemented through the National Reserve System Program,
under which the government may compensate up to two-
thirds of the acquisition costs incurred by private investors
purchasing conservation lands. Revenues generated from
these arrangements are accumulated within the Australian
National Parks Fund. Additional conservation instruments
include conservation covenants, which are voluntary agree-
ments between governments and landowners restricting
land-use activities for environmental purposes.

The institutional framework consists of the respon-
sible federal ministry, Tourism Australia (international
promotion and strategic tourism development), and the
Director of National Parks (management of federally pro-
tected areas). Notably, Australia’s ecotourism certification
system has served as a methodological foundation for nu-
merous international certification frameworks, demon-
strating the country’s role as a global exporter of environ-
mental governance practices and a leader in ecotourism
management.

Model 2: Nordic Sustainable Nature-Based Tourism

The second model is characteristic of Norway, Sweden,
Finland, and Iceland and is based on the combination of
high urbanisation levels and institutionally mature envi-
ronmental policies. Unlike many other highly urbanised
countries, the Nordic states have systematically minimised
environmental risks through effective waste management,
decarbonisation policies, energy-efficiency measures, and
the large-scale implementation of green technologies. Con-
sequently, sustainability in tourism functions not as a mar-
keting concept but as a normative foundation for sectoral
development. A critical feature of this model is that, de-
spite advanced economic modernisation, Nordic countries
have preserved extensive areas of minimally disturbed nat-
ural landscapes that constitute the primary resource base
for ecotourism. Competitiveness is therefore achieved not
through intensive recreational development but through
the capitalisation of environmental quality combined with
high transport accessibility, advanced infrastructure, and
environmental certification systems. Their leading posi-
tions in international sustainability rankings should be
interpreted as the outcome of deliberate public policy that
shapes ecotourism as a managed system while minimising
land-use conflicts.
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A distinctive characteristic of the Nordic model is its
cross-sectoral nature. Environmental safety criteria are in-
tegrated not only into traditional nature-based tourism but
also into ski tourism and cultural-heritage destinations.
Sweden operates the Nature’s Best certification scheme
under the leadership of the Swedish Ecotourism Society,
while Norway actively promotes environmental certifi-
cation programs such as Ecotourism Norway and Green
Travel, institutionalising environmental responsibility
within the tourism business sector. Finland supports na-
tional ecotourism initiatives that strengthen its position in
the global nature-based tourism market. Consequently, the
promotion of Nordic tourism products is closely aligned
with state strategic priorities aimed at ensuring long-term
competitiveness.

Since 2017, Norway has formally embedded sustain-
ability, responsibility, and competitiveness into national
tourism policy while increasing investments in environ-
mentally sustainable tourism infrastructure. This reflects a
transition from declarative environmental commitments to
environmentally conditioned planning, where sustainabil-
ity constitutes a prerequisite for tourism development. An
important institutional foundation is the legally and cul-
turally embedded principle of allemannsretten (the right
of public access to nature), codified in the Outdoor Rec-
reation Act (1957). While the Act permits a broad range
of recreational activities — including hiking, camping, and
gathering wild berries and mushrooms - it is balanced by
a high level of environmental awareness and effective visi-
tor-flow management.

The dominant governance approach is soft manage-
ment. Rather than restricting access, public authorities
invest in optimising the spatial organisation of tourism
through trail construction and reinforcement, expansion
of route networks, and the creation of alternative visitor
pathways. Additional regulatory support is provided by the
Nature Diversity Act and the Environmental Information
Act, which institutionalise the principles of environmental
democracy through public access to environmental infor-
mation and citizen oversight. Arctic tourism, particular-
ly in Svalbard, is governed through stricter conservation
regimes supported by substantial penalties, illustrating a
principle of zero tolerance toward environmentally harm-
ful practices in fragile ecosystems. A key role in tourism
development is played by Innovation Norway, which com-
bines product development with international destination
branding. National parks are managed by governmental
conservation agencies and supported by specialised inspec-
tion and directorate structures.

The effectiveness of the Nordic model is further
strengthened through partnerships with civil society or-
ganisations, particularly the Norwegian Trekking Asso-
ciation (DNT). This influential network simultaneously
maintains trail infrastructure, provides visitor information,
promotes environmental stewardship, and reinforces so-
cial norms of environmentally responsible behaviour. The
model is complemented by a comprehensive environmental
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certification system, including Nordic Swan, Eco-Light-
house, Green Key, ISO 14001, and Blue Flag, whose require-
ments frequently exceed minimum legislative standards.
Norway additionally operates the Sustainable Destinations
certification program, which requires reassessment every
three years and transforms sustainability from a one-time
declaration into a continuously verified process. Overall,
the Nordic model represents a benchmark of managed ec-
otourism development, combining strong environmental
policy, regulated public access to nature, state coordina-
tion, partnerships with non-governmental organisations,
certification as a quality standard, and soft visitor-flow
management. As a result, ecotourism functions not merely
as a tourism segment but as an instrument of environmen-
tal policy and socio-economic modernisation through the
sustainable use of natural capital.

Model 3: The Western European Integrated Eco-Des-
tination Model

The third model is characteristic of leading Western
European countries and has emerged under conditions
of high population density, long-term economic transfor-
mation of landscapes, and a relative scarcity of wilderness
areas. Consequently, ecotourism is primarily based on par-
tially modified or renaturalised ecosystems and integrates
natural heritage with cultural landscapes and local com-
munity practices. Ecotourism within this model therefore
represents a hybrid product combining nature, culture, and
local economic activities rather than a strictly nature-cen-
tred tourism experience. During the initial establishment
of protected areas, conflicts frequently arose between con-
servation objectives and the interests of landowners and ag-
ricultural stakeholders. Contemporary protected areas are
therefore the result of negotiated compromises and legal
balancing among three objectives: environmental and bio-
diversity conservation, support for local economies and tra-
ditionalland-use practices, and the provision of recreational
access and tourism attractiveness. As a consequence, many
protected areas simultaneously contain conservation zones,
agricultural land, settlements, and cultural heritage sites.

This spatial configuration directly shapes the tour-
ism product, which typically combines hiking and cycling
routes with cultural-nature excursions, agritourism, gas-
tronomic tourism, and wine tourism experiences. Ecotour-
ism consequently performs a dual function: environmental
education and economic diversification of rural areas. The
compact geographical structure of Europe and the trans-
boundary nature of many ecosystems have encouraged
institutional cooperation, including joint environmental
monitoring, harmonisation of visitor-capacity regulations,
coordinated planning of eco-infrastructure, and the de-
velopment of transnational route networks, particularly
within mountain and border regions such as the Alps. The
model is characterised by a large number of stakeholders
and complex land-tenure arrangements. This necessitates
a system of multi-level governance involving national gov-
ernments, regional and local authorities, non-governmen-
tal organisations, and private businesses. While multiple

actors participate in management processes, the state re-
tains a central role in strategic planning, regulation, and
enforcement of environmental standards, thereby prevent-
ing excessive commercialisation of natural heritage.

The United Kingdom provides an illustrative example of
this model. Tourism development is institutionally support-
ed by the Development of Tourism Act, which established
the organisational foundations for state support through
national tourism institutions, financial incentives, and reg-
istration procedures. Simultaneously, a comprehensive en-
vironmental and spatial-planning framework has evolved,
including legislation related to wildlife conservation, land-
use planning, public access to rural areas, and protected-ar-
ea management. A distinctive feature of British national
parks is their orientation toward the recreational needs of
a highly urbanised population. This explains the predomi-
nance of domestic tourism and short-duration visits, often
limited to a single day. Historically, British national parks
were established after World War II primarily as instru-
ments of social policy. Consequently, greater emphasis was
placed on landscape protection and public accessibility than
on the conservation of untouched wilderness ecosystems.

The integration of private land ownership, agricultural
holdings, and permanent settlements has led to the inter-
pretation of national parks as cultural landscapes, thereby
increasing management complexity and intensifying the
classical “conservation versus recreation” dilemma. The
response to this challenge involved the institutionalisation
of conservation priorities in situations of acute conflict
through the well-known Sandford Principle, as well as the
strengthening of the autonomy of park management au-
thorities, particularly through reforms implemented dur-
ing the 1990s. Contemporary British national parks often
deviate from the traditional model of strictly protected wil-
derness areas. Instead, they remain living landscapes where
people reside and engage in economic activities, while the
National Park designation simultaneously performs a terri-
torial development and destination-branding function.

Management discipline is reinforced through the
mandatory revision of management plans every five years
and through the environmentalisation of tourism prod-
ucts via green certification schemes and support for en-
vironmentally friendly accommodation facilities. Con-
sequently, the third (Western European) model may be
characterised as ecotourism within an integrated cultural
landscape system, where natural values are conserved,
recreational access is maintained, and the viability of rural
communities is supported through the managed diversifi-
cation of local economies.

Model 4: The Eastern European Transitional Model -
Ecotourism as an Instrument of Regional Transformation

The fourth model emerged in Eastern European coun-
tries, where ecotourism performs not only a recreational
function but also a structural one by supporting the trans-
formation of natural resource use, regional economic di-
versification, and local employment. In countries such as
Poland, Hungary, and the Czech Republic, this model has
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reached a relatively high level of institutional maturity.
Ecological trails are integrated into national tourism prod-
ucts, supported by basic infrastructure - including signage
systems, service nodes, and visitor information centres -
and promoted alongside cultural and urban tourism. In
contrast, ecotourism in Romania and Bulgaria develops un-
der conditions characterised by socio-economic tensions,
including structural unemployment and informal resource
markets. These circumstances often generate resistance to
conservation initiatives, as the expansion of protected areas
is frequently perceived as a restriction on access to natural
resources. The resulting conflict is therefore dual in nature,
reflecting competition between a “survival economy” and a
“conservation economy”. Empirical evidence demonstrates
that when effective communication and tangible economic
benefits are provided, ecotourism gradually becomes an ac-
ceptable alternative to unsustainable resource exploitation.

Educational programs implemented in regions such
as the Rhodope Mountains illustrate how ecological trails,
small-scale accommodation facilities, and local tourism
services can generate employment and stimulate local in-
come circulation. International organisations frequently
provide additional support and institutional momentum.
The principal barrier to the successful functioning of this
model is the lack of trust between local communities and
conservation institutions. Consequently, instruments such
as community-based tourism, co-management of protect-
ed areas, and equitable benefit-sharing mechanisms (e.g.,
allocating a share of ticket revenues and service fees to local
budgets) become critically important. These mechanisms
transform ecotourism from a perceived restriction into a
development opportunity.

Model 5: The Southern European Diversification Mod-
el — Ecotourism as a Response to Seasonality and Over-
tourism

The fifth model is characteristic of Southern European
countries traditionally oriented toward mass coastal tour-
ism. The excessive concentration of tourist flows within
coastal tourism hubs generates pronounced seasonality, in-
frastructure overload, landscape degradation, and conflicts
over spatial resource use. Consequently, ecotourism ac-
quires strategic importance as a mechanism for the spatial
and temporal redistribution of tourists and for restructur-
ing national tourism products toward greater sustainabili-
ty. From an organisational perspective, this model closely
resembles the Western European approach. Ecotourism is
integrated with gastronomic and rural tourism, supported
by infrastructure and visitor information centres, and sys-
tematically promoted in both domestic and international
markets. However, in certain destinations ecotourism itself
has expanded to a mass-tourism scale, as illustrated by the
case of Plitvice Lakes National Park. Coastal destinations
increasingly adopt the integrated formula of “sea + nature
+ culture”. The principal risk associated with this model is
greenwashing, whereby ecotourism functions primarily
as a marketing label rather than as a genuinely sustaina-
ble tourism practice. Consequently, effective governance
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requires visitor quotas, zoning regulations, carrying-capac-
ity controls, sustainability standards for tourism facilities,
and continuous monitoring of environmental impacts.

Model 6: The Eco-Resort Model - Comfortable Nature
Experiences for High-Value Tourism Demand

The sixth model is typical of countries and territories
where ecotourism is marketed as a comfortable and aes-
thetically enhanced interaction with nature within a re-
sort-oriented framework. Examples include Costa Rica,
the Maldives, Seychelles, parts of the Caribbean region, and
several destinations in Oceania. The model is fundamen-
tally oriented toward high-spending visitors and environ-
mentally branded premium tourism services. Costa Rica
represents a particularly illustrative example of a successful
transition from extensive deforestation to institutionally
supported forest restoration, which subsequently became
the resource foundation of a globally recognised ecotour-
ism industry. Alongside small-scale ecolodges, large des-
tination-oriented resorts have also emerged. Nevertheless,
the model reveals an important paradox: visitor concen-
tration within national parks may transform ecotourism
into a form of mass tourism, where commercial objectives
gradually overshadow environmental protection goals.
The principal conclusion associated with this model is that
ecotourism is not inherently sustainable. Sustainability is
achieved only when visitor management systems, visitation
limits, environmental standards, and conservation practic-
es extend beyond protected areas into broader destination
management frameworks. Otherwise, environmental re-
sponsibility remains largely rhetorical.

Model 7: High Potential, Low Capacity - The Early In-
stitutionalisation Model

The seventh model encompasses countries possessing
substantial natural tourism resources but relatively weak
tourism systems. Under such conditions, environmental-
ly safe tourism development often occurs spontaneously,
while governance remains limited due to political insta-
bility, economic imbalances, low-income levels, and inad-
equate infrastructure. Within this model, it is useful to dis-
tinguish between Latin American and African sub-models.
In Latin America, tourism development is constrained by
security concerns, limited transport accessibility, and insti-
tutional instability. Although natural attractions generate
tourism demand, systemic risks significantly reduce com-
petitiveness. In Africa, by contrast, growth is frequently
supported by extensive networks of protected areas and
strong international demand for safari tourism. Common
features include transboundary conservation areas, the in-
tegration of public protected areas with private lodges, and
the growing importance of privately managed reserves. The
key lesson of the seventh model is that without institutional
capacity - including effective governance, anti-corruption
mechanisms, security policies, and basic infrastructure -
environmentally safe tourism remains a localised phenom-
enon. Nevertheless, African experiences demonstrate that
successful ecotourism development is possible even un-
der constrained conditions when a functional core exists,
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combining protected areas, public-private partnerships,
certification systems, and community participation.

Model 8: The Asian State-Led and Network-Based Ec-
otourism Model

The eighth model encompasses countries of East
and Southeast Asia, including China, Malaysia, Indone-
sia, and Vietnam. Within this framework, natural capital
is integrated into national tourism products as a strategic
source of competitiveness rather than as a supplementary
attraction. Its defining characteristics include strong state
involvement in tourism governance, program-based in-
stitutionalisation through strategies and action plans, and
participation in regional and transnational initiatives that
harmonise destination branding and environmental man-
agement approaches. China illustrates the transition from a
predominantly domestic ecotourism market toward the use
of ecotourism as an instrument of international positioning
through destination marketing, infrastructure investment,
and the expansion of protected-area networks. However,
China cannot yet be considered an unequivocal leader be-
cause several challenges remain, including fragmented reg-
ulatory frameworks, zoning violations within protected ar-
eas, the predominance of group-tour formats, limited route
diversity, and accessibility constraints affecting key desti-
nations. These factors contribute to visitor overcrowding,
localised environmental degradation, waste accumulation,
and increasing pressure on natural resources.

Simultaneously, ecotourism in China generates sub-
stantial socio-economic benefits by stimulating domestic
tourism demand, creating employment opportunities for
local residents (guides, service providers, and hospitality
workers), and promoting ethno-ecological tourism prod-
ucts. Nevertheless, infrastructure expansion is frequently
accompanied by environmental and socio-cultural costs,
including waste-management deficiencies, localised eco-
system degradation, commercialisation of traditional
cultures, and risks of cultural assimilation. This duality
represents the defining characteristic of the model: the co-
existence of significant development potential and persis-
tent governance imbalances.

Countries within the region typically emphasise na-
tional ecotourism plans and professional capacity building.
Malaysia, for example, has incorporated ecotourism into
national strategic planning through the National Ecotour-
ism Plan 2016-2025, which integrates economic growth
objectives with environmental sustainability goals. A par-
ticularly important indicator of institutional maturity is
investment in the training of local guides as providers of
environmental interpretation and environmental educa-
tion. In the Philippines, ecotourism has been formalised
through a national strategy and action plan focused on
competitive tourism products, infrastructure accessibility,
and institutional capacity within the broader framework of
“tourism for development”. In South Asia, particularly Ne-
pal and Bhutan, strict demand-management instruments
such as visitor quotas and high tourism fees prioritise eco-
logical limits over visitor-number maximisation. Japan, by
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contrast, represents a more network-oriented variant in
which non-governmental organisations and regional eco-
tourism councils play central roles, while government in-
volvement is primarily expressed through grants, promo-
tional activities,and oversight of environmental compliance.

The eighth model conceptualises ecotourism as an in-
strument of state policy or network governance in which
nature simultaneously supports recreation, national brand-
ing, and the socio-economic integration of peripheral re-
gions. Its central governance challenge is the reconcilia-
tion of three objectives: economic efliciency, social equity
in benefit distribution, and ecological carrying capacity.
The ability to transform tourism growth into a regime of
managed sustainability ultimately determines whether the
Asian model becomes an international benchmark or re-
mains an example of substantial potential constrained by
chronic governance imbalances.

The analysis of international models of environmental-
ly safe tourism and recreational development demonstrates
that their direct replication under Ukrainian conditions
would be inappropriate due to differences in institutional
environments, levels of environmental financing, struc-
tures of tourism demand, and contemporary security chal-
lenges. Nevertheless, many governance mechanisms and
practical instruments may be successfully adapted to sup-
port the sustainable development of Ukraine’s tourism and
recreational sector. One of the most promising directions
for Ukraine is the implementation of visitor management
systems within protected areas. The experiences of the
United States, Canada, Norway, and New Zealand demon-
strate the effectiveness of zoning approaches, visitor quotas
for sensitive sites, electronic reservation systems, and dig-
ital monitoring of recreational pressure. Such instruments
are particularly relevant for the Ukrainian Carpathians,
national nature parks, and other destinations characterised
by high visitor concentrations, where increasing anthropo-
genic pressure is progressively contributing to the degrada-
tion of natural ecosystems.

Another important area for adaptation is the develop-
ment of collaborative governance models and the expan-
sion of local community participation in decision-mak-
ing processes related to tourism and recreational resource
management. The experiences of Scandinavian countries,
Canada, and Kenya indicate that community involvement
in destination governance enhances the effectiveness of
conservation measures, promotes a more equitable dis-
tribution of economic benefits, and creates additional
incentives for environmental stewardship. The introduc-
tion of environmental certification systems for tourism
services and destinations also represents a promising
avenue for Ukraine. International certification schemes
such as Green Key, Blue Flag, and the Global Sustaina-
ble Tourism Council (GSTC) standards provide transpar-
ent benchmarks for environmental responsibility within
the tourism industry and contribute to the internation-
al competitiveness of tourism destinations. In the post-
war period, such instruments may become an important
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component of Ukraine’s tourism branding and interna-  advanced digital management technologies. Their adapta-
tional image-building efforts. tion to Ukrainian conditions may become a key component

Particular attention should also be given to the im-  in the formation of a competitive, environmentally respon-
plementation of regenerative tourism approaches, which  sible, and resilient tourism and recreational system capable
extend beyond minimising environmental impacts and  of supporting both post-war recovery and adaptation to
actively contribute to the restoration of natural and social  climate change. The pilot application of the proposed meth-
capital. In the context of Ukraine’s post-war recovery, these  odology (Table 4) revealed significant spatial differentiation
approaches could be integrated into programs for the re-  in the adaptability of Ukraines tourism and recreational
habilitation of protected areas, the development of ecolog-  system under wartime conditions. The highest Tourism
ical trail networks, and support for local communities. Of ~ System Adaptability Index (AI) was recorded in the West-
growing relevance for Ukraine is the adaptation of the con-  ern macro-region (AI = 4.20), which can be attributed to
cept of wartime adaptive tourism. Unlike most internation-  relatively favourable security conditions, a high concentra-
al tourism governance models developed under relatively  tion of domestic tourist flows, developed recreational infra-
stable operating conditions, the contemporary Ukrainian  structure, and the active involvement of local communities.
context requires consideration of security risks, potential The Central and Northern macro-regions demonstrate
infrastructure damage, disruptions in tourism flows, and  a moderate level of adaptability, reflecting the coexistence
the necessity for rapid responses to crisis events. Conse-  of substantial tourism potential with elevated security and
quently, a promising direction involves the integration of  infrastructure-related risks. In contrast, the Southern and
security indicators into destination management systems,  Eastern macro-regions exhibit low adaptability, primarily
the establishment of digital risk-monitoring platforms, and  due to their proximity to active conflict zones, infrastruc-
the development of mechanisms enabling the rapid adapta-  ture damage, instability of tourism demand, and restrictions
tion of tourism products to changing external conditions. affecting nature-based tourism development. The obtained

International experience demonstrates that the effec-  results indicate that, under wartime conditions, the devel-
tive governance of environmentally safe tourism and recre-  opment of environmentally safe tourism in Ukraine should
ational development is based on the combination of insti-  be based on a differentiated regional approach that ac-
tutional coordination, community participation, systematic ~ counts for variations in security conditions, infrastructure
monitoring of visitor flows, environmental certification, and  resilience, market adaptability, and institutional capacity.

Table 4. Expert-analytical application of the Wartime Tourism Adaptability Index for the macro-regions of Ukraine

Macro-Region Security Infrastructure Tourism Market Socio-Institutional Adaptability Adaptability
of Ukraine Dimension (S) Resilience (I)  Adaptability (M)  Resilience (R) Index (AI) Level
Western Ukraine 4.0 4.1 45 4.2 4.20 High
Central Ukraine 3.0 3.5 3.1 34 3.25 Moderate
ARG 2.7 3.2 2.8 3.3 3.00 Moderate
Ukraine
Southern 2.0 2.6 24 2.8 2.45 Low
Ukraine
Eastern Ukraine 1.3 2.0 1.5 2.2 1.75 Low

Note: S - Security Dimension; I - Infrastructure Resilience; M - Tourism Market Adaptability; R - Socio-Institutional Resilience;

AI - Adaptability Index calculated as the arithmetic mean of the four component dimensions

Source: compiled by the authors based on expert-analytical assessment using the proposed Wartime Tourism Adaptability Index
methodology

The proposed adaptability index should be regarded literature addressing various aspects of ecotourism de-
as a pilot methodological framework that requires further ~ velopment, functioning, and governance (Yeoman, 2001;
empirical validation at the regional level using statistical =~ Newsome ef al., 2012; Mamotenko et al., 2022).
indicators of security, tourism flows, and infrastructure Within the scientific discourse, several major themat-
resilience. The rapid growth in the popularity of ecotour-  ic directions of ecotourism research can be distinguished.
ism within the global tourism landscape has intensified A substantial body of literature focuses on theoretical and
scientific interest in this phenomenon among both aca-  methodological issues, including the refinement of con-
demic researchers and practitioners in tourism governance  ceptual definitions, the typology of ecotourism forms,
and the tourism industry. Over recent decades, ecotour-  the characterisation of specific ecotourism segments, and
ism has evolved from a niche recreational activity into a  the examination of boundaries between ecotourism, na-
distinct segment of the tourism market characterised by  ture-based tourism, and sustainable tourism, as well as the
its own ideology, institutional logic, and normative-value  challenges associated with measuring sustainability in this
framework (Jacobson & Robles, 1992). This transformation  field (Munévar-Chauta, 2024; Fennell, 2025). Another im-
has stimulated the emergence of a broad body of scientific ~ portant research stream addresses international experiences
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in ecotourism governance, examining public policies, regu-
latory models, institutional mechanisms, and visitor-man-
agement practices in natural areas (Munévar-Chauta, 2024).
A separate line of inquiry investigates environmental safety
and tourism sustainability, focusing on ecosystem degrada-
tion risks, recreational carrying capacity, the environmen-
talisation of tourism infrastructure, and systems for moni-
toring anthropogenic impacts (Smyk & Arkhypova, 2025).
Research devoted to Ukrainian ecotourism destinations is
also expanding, with particular attention given to the poten-
tial of protected areas, regional practices, and prospects for
post-crisis tourism recovery (Wight, 2001).

An important component of the scientific understand-
ing of tourism as a sector competing for resources, visitor
flows, and investments concerns approaches to ranking ter-
ritories according to their tourism potential. Among foreign
scholars addressing issues of destination positioning within
the international tourism space, particular attention should
be given to G. Harris & K.M. Katz (1999). Based on exten-
sive practical experience, these authors proposed a strategic
framework for stimulating tourism development in coun-
tries with different levels of tourism maturity. According to
their approach, a central element of tourism development
strategy is the identification, public demonstration, and
evidence-based justification of a destination’s competitive
advantages through comparative benchmarking against
competing destinations - that is, through ranking proce-
dures, destination positioning, and tourism branding strat-
egies (Bansal & Kumar, 2011). In contemporary conditions,
this approach has become even more relevant, as tourism
flows are increasingly influenced not only by service quality
but also by environmental standards, security risks, and the
reputational stability of destinations.

At the same time, the Ukrainian academic discourse
demonstrates different methodological emphases. Most
Ukrainian studies are not directly focused on calculating or
validating the indicators of the Global Wildlife Travel Index.
Instead, researchers extensively employ internationally rec-
ognised tourism rankings such as the Travel & Tourism Com-
petitiveness Index (TTCI) and the Travel & Tourism Devel-
opment Index (TTDI). These indices effectively function as
global benchmarks for evaluating the performance of tour-
ism systems. Within Ukrainian scholarship, they are applied
in three principal directions: assessing the competitiveness
of Ukraine’s tourism sector through international compari-
sons; analysing the methodological foundations and struc-
tural components of tourism indices, including institutional
conditions, transport infrastructure, cultural resources, and
regulatory policies; and developing practical recommen-
dations for tourism policy and regional strategic planning.

In contemporary tourism research, the analysis of in-
ternational tourism indices such as TTCI and TTDI occu-
pies an increasingly important place because these instru-
ments serve not merely as comparative rankings but also
as tools of managerial diagnostics capable of identifying
structural imbalances, infrastructure deficits, and insti-
tutional constraints within tourism systems. Significant

contributions in this area have been made by Ukrainian
scholars investigating Ukraine’s position within the global
tourism landscape. In particular, H. Haponenko et al. (2020)
conducted a comprehensive analysis of the Ukrainian tour-
ism market in comparison with global tourism competi-
tiveness indicators. Using statistical data from the World
Economic Forum (WEF) and the World Travel & Tourism
Council (WTTC), the authors identified key factors con-
straining tourism developmentas well as potential directions
for the growth of Ukraine’s tourism system. An important
contribution was also made by N. Shcherbakova (2021),
who systematised major international tourism indices and
conducted a comparative analysis of their methodological
foundations. Within her research, TTCI and TTDI are in-
terpreted as composite indicators encompassing a broad
range of tourism-development dimensions, including in-
stitutional, infrastructural, and socio-economic factors,
thereby providing a basis for evaluating tourism policies.

The work of S.O. Polkovnychenko & A.O. Murai (2018)
focused on assessing Ukraine’s competitive position within
the European tourism market. By combining TTCI/TTDI
indicators with economic and mathematical modelling ap-
proaches, the authors identified promising directions for
enhancing the attractiveness of Ukraine as a tourism desti-
nation within the broader context of European integration.
Another important contribution was made by B. Kovalov et
al. (2017), who employed TTCI indicators to assess region-
al tourism potential. Their differentiation of Ukraine’s 24
regions according to tourism development levels has sub-
stantial practical significance, providing a basis for regional
tourism governance, investment prioritisation, and territo-
rial development programs.

A significant contribution to the scientific understand-
ing of index-based approaches was also made by H.O. Go-
rina (2016), who analysed infrastructure, human-capital,
and institutional dimensions of tourism indices as funda-
mental determinants of tourism competitiveness. The value
of her approach lies in the interpretation of tourism com-
petitiveness not as a final ranking outcome but rather as
a multidimensional system of causal relationships shaping
tourism development. Thus, existing studies demonstrate
the active and systematic use of international tourism indi-
ces as analytical tools for evaluating tourism competitive-
ness and supporting evidence-based policy recommenda-
tions. At the same time, an important methodological gap
remains. Despite the extensive body of literature devoted to
specific aspects of ecotourism, there is still no comprehen-
sive comparative analysis of national governance models
for environmentally safe tourism development that system-
atically integrates international best practices, institutional
instruments, and environmental safety mechanisms across
different countries.

© Conclusions

The study demonstrated that the environmentally safe de-
velopment of tourism and recreational activities is increas-
ingly determined not by the mere availability of natural
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resources but by the quality of institutional governance, the
capacity to regulate visitor flows, maintain conservation
regimes, and balance economic, social, and environmen-
tal interests. The analysis of international experience con-
firms the transition from the traditional understanding of
ecotourism as a specific tourism segment toward its inter-
pretation as a complex socio-ecological system whose sus-
tainability depends on effective governance arrangements,
visitor management practices, and the regulation of recrea-
tional carrying capacity.

As a result of the research, international approaches to
the management of environmentally safe tourism and rec-
reational development were systematised, and eight typo-
logical models of ecotourism development were identified.
These models differ in terms of institutional architecture,
the role of government and local communities, the de-
gree of visitor-flow regulation, environmental certification
mechanisms, and the integration of conservation objectives
into tourism policy. The findings indicate that the most
effective models combine multi-level governance, active
community participation, systematic visitor monitoring,
and environmental responsibility mechanisms implement-
ed by tourism businesses.

The analysis of international tourism rankings and
indices, particularly the Global Wildlife Travel Index,
confirmed their value as instruments for comparative as-
sessment and tourism policy design. At the same time, sev-
eral methodological limitations were identified, including
insufficient transparency of certain indicators, weighting
procedures, and data aggregation methods. Consequently,
such indices should be applied as supportive instruments
within evidence-based tourism governance and interpreted
in conjunction with other internationally recognised statis-
tical and environmental datasets.

A significant contribution of this study is the develop-
ment of the concept of wartime adaptive tourism, which
considers tourism systems through the prism of their abili-
ty to maintain functionality, ensure visitor safety, and adapt
to external shocks and crisis conditions. To operationalise
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this concept, an integrated Tourism System Adaptability
Index (AI) was proposed, incorporating four dimensions
of resilience: security conditions, infrastructure resilience,
tourism market adaptability, and socio-institutional resil-
ience. The pilot application of the methodology revealed
substantial regional disparities in the adaptability of
Ukraine’s tourism system under wartime conditions, with
the Western macro-region demonstrating the highest level
of resilience and the Eastern and Southern regions exhibit-
ing the greatest vulnerability.

The results suggest that the most promising directions
for adapting international experience to Ukraine include
the implementation of visitor-flow monitoring and man-
agement systems, the expansion of environmental certifi-
cation schemes, the strengthening of community partic-
ipation in destination governance, the incorporation of
recreational carrying-capacity assessment tools, and the
integration of regenerative tourism principles into post-
war recovery strategies. The implementation of these ap-
proaches may contribute to enhancing the competitive-
ness of the tourism sector, preserving natural capital, and
fostering a more resilient and environmentally responsible
model of tourism development. Future research should fo-
cus on the empirical validation of the proposed Tourism
System Adaptability Index at regional and destination lev-
els, the quantitative modelling of recreational pressure on
natural ecosystems, and the development of integrated in-
dicators for assessing environmental safety and resilience
of tourism systems under conditions of post-war transfor-
mation and climate change.
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y MDKHapOJHOMY TYpMU3Mi Ta eJleMeHTaM Cy4acHOl reonojituku. IlpoananizoBano cTpykrypy «ImobanpHoro iHgexcy
KpaiH [/I1 TO0PO>Kell IMKOI0 IIPUPOJ0I0», 3AilICHeHO MOpiBHAHHA no3nuiit AscTparii, Kanagu, CIIIA ta Ykpainm 3a
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© Abstract. The implementation of energy efficiency measures is crucial for low-carbon development, a reliable
energy supply and the country’s energy security. One of the steps in implementing such measures is the introduction
of new and modernisation of existing district heating systems, which allow for balanced resource use, a reduction in
greenhouse gas emissions into the environment, and simplified operation and maintenance of buildings. The aim of
the study was to compare the quantities of pollutant and greenhouse gas emissions generated during the production of
thermal energy by individual and centralised heat supply systems in a residential building. A 72-apartment residential
building was examined, the building envelope of which meets modern thermal engineering requirements. In the
autonomous heating supply scenario, the heat sources were individual gas-fired double-circuit boilers, whereas in the
centralised heating supply system, thermal energy was generated by a gas-fired boiler house. The amount of emissions
released into the environment under individual heat supply was calculated in accordance with the Methodology for
determining emissions of pollutants and greenhouse gases into the air from the use of fuel for domestic purposes in

Suggested Citation: Savchenko, O., Voznyak, O., Liubuska, I., Moskalchuk, N., & Sheketa, V. (2026). Environmental assessment
of the impact of a residential building’s heat sources on air pollution. Ecological Safety and Balanced Use of Resources, 17(1), 69-78.
doi: 10.63341/esbur/1.2026.69.

*Corresponding author (nataliia.moskalchuk@nung.edu.ua)

@ @ Copyright © The Author(s). This is an open access article distributed under the terms of the
By Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0003-3767-380X
https://orcid.org/0000-0002-6431-088X
https://orcid.org/0009-0009-4E753-7597
https://orcid.org/0000-0003-4838-7972
https://orcid.org/0000-0002-1318-4895

Environmental assessment of the impact...

households. The amount of emissions released into the environment under centralised heat supply was calculated in
accordance with the Sectoral Methodology for Calculating Harmful Emissions from Heat-Generating Installations of
the Municipal Heat and Power Sector. The pollutants and greenhouse gases whose emissions are accounted for by these
methodologies include carbon monoxide, carbon dioxide, nitrogen oxides, nitrogen dioxide, sulphur dioxide, methane
and non-methane volatile organic compounds. It has been established that individual heat supply to a residential
building generates 881.78 t/year of anthropogenic emissions, of which 879.96 t/year are greenhouse gases, whilst
centralised heating generates 707.27 t/year of anthropogenic emissions, of which 703.52 t/year are greenhouse gases.
The research results show that the use of centralised heat supply in a residential building generates 176.44 t/year less
greenhouse gases than individual heat supply, i.e. a 20.0% reduction in emissions is observed

© Keywords: energy efficiency; heating system; gas boiler; natural gas; emissions; greenhouse gases; pollutants

@ Introduction

One of the strategic priorities of state policy in Ukraine is
energy efficiency. As of 2026, Ukraine has developed and
adopted a legislative framework aimed at developing the
energy efficiency sector, and the National Energy Efficiency
Action Plan for the period up to 2030 has been approved.
Improving the energy efficiency of buildings is being car-
ried out in accordance with Ukraine’s obligations under
international and intergovernmental agreements, in par-
ticular the Association Agreement between Ukraine and
the European Union. Adherence to the principles of energy
efficiency is crucial for low-carbon development, a relia-
ble energy supply and the country’s energy security. At the
same time, state policy is aimed not only at reducing energy
consumption but also at cutting emissions and mitigating
the effects of climate change.

According to S. Adamenko et al. (2024) and L. Arkhy-
pova et al. (2025), climate change is leading to a reduction
in snow cover in the Carpathians, which increases the risks
of extreme weather events, whilst meteorological factors
complicate the forecasting and control of pollutant con-
centrations from stationary sources, in particular such as
district heating systems. In this context, energy efficiency
is viewed not as an end in itself, but as a tool for achieving
environmental and climate goals, in particular reducing
the release into the atmosphere of greenhouse gases, pol-
lutants or mixtures thereof, i.e. anthropogenic emissions.
The energy efliciency of buildings depends directly on the
efficiency of their building services systems.

Thermal energy for heating and hot water supply sys-
tems can be generated by individual or district heating sys-
tems. E. Vranay et al. (2025) described the advantages and
disadvantages of implementing district and individual heat-
ing systems. In district heating systems, heat is generated at
a single centralised heat source and then distributed via a
heating network to multiple consumers for heating and hot
water supply. In individual heating systems, heat sources
are installed in each flat within multi-unit residential build-
ings. Many researchers, notably A. Mastrucci et al. (2025),
believed that centralised heat supply systems should be
used to improve the energy efficiency of buildings. Cen-
tralised heat supply diversifies and strengthens energy
supply by utilising renewable energy sources and industri-
al surplus heat, enabling a balance in resource use and a

reduction in greenhouse gas emissions. Economies of scale
allow for cost savings by serving many users per metre of
pipe, and simplify the operation and maintenance of build-
ings. Heating boilers, combined heat and power (CHP)
plants, and cogeneration units — the operation of which was
studied by N.S. Ganesha & M. Omprakash (2022), large-
scale heat pumps, and solar thermal power plants, in par-
ticular the operation of hybrid solar collectors, which was
studied by I. Venhryn et al. (2021). In this context, the heat
source may utilise alternative energy sources, including bi-
omass, waste heat, wastewater and geothermal water. Sche-
matics of district heating systems using geothermal water
were presented by O. Savchenko et al. (2023).

In Ukraine, district heating systems serve approximate-
ly 50% of consumers. Thermal energy is generated predom-
inantly in heating plants (=65%) and combined heat and
power plants (=25%). In the energy balance, as of Decem-
ber 2024, the main fuel for heat-generating enterprises was
natural gas, which accounted for an average of 92% of ther-
mal energy production. Despite Ukraine’s national climate
policy, the issue of emissions in district heating systems
and their impact on the environment has received little at-
tention in scientific publications. Most publications claim
a reduction in energy consumption when using various
heat sources, largely without support from analytical or ex-
perimental studies. For example, Yu. Selikhov et al. (2023)
stated that replacing obsolete boiler equipment with mod-
ern boiler units allows for a 30% reduction in energy con-
sumption, yet they do not provide supporting calculations.
O. Savchenko et al. (2025) described the refurbishment of
heat supply systems, which reduces heat loss from heating
networks by 30%, leading to a reduction in greenhouse gas
emissions; however, quantifying these emissions was not
the aim of the publication.

With regard to individual heating systems, the energy
efficiency of gas condensing boilers in such systems, com-
pared to gas heating boilers, was examined by G. Luzhan-
ska et al. (2025). They found that the gas fuel saving per
1 kW of thermal energy is 0.023 m*/h, which corresponds
to a 19% reduction in gas consumption. Yu. Selikhov et
al. (2025) compared the energy efficiency of single-cir-
cuit solar systems for domestic hot water supply and space
heating with that of gas heating boilers. The results of the
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studies showed that the use of 210 m?* of solar collectors
reduces harmful emissions by 300 kg. As can be seen from
the sources cited, the existing literature pays insufficient
attention to determining anthropogenic emissions during
the operation of heat supply systems. Furthermore, there is
no environmental assessment of the choice of heat source
in heat supply systems based on the amount of greenhouse
gases and pollutants released into the atmosphere. There-
fore, the aim of this study was to conduct an environmental
assessment of the choice of heat source and to compare the
amount of anthropogenic emissions generated during the
production of thermal energy by individual and centralised
heat supply systems in a residential building.

© Materials and Methods

The study presents an analytical comparison of pollutant
and greenhouse gas emissions for individual and centralised
heating systems in a multi-unit residential building. Green-
house gases are gases in the Earth’s atmosphere that are ca-
pable of absorbing thermal radiation from the planet’s sur-
face and clouds and reflecting it back, thereby heating the
atmosphere. Water vapour (H,O), which accounts for about
1% of the atmosphere by volume, plays the greatest role in

Savchenko et al.

the excessive greenhouse effect on Earth. The concentration
of water vapour in the atmosphere is not directly dependent
on human activity and varies by region. However, human
activity indirectly increases global temperatures and water
vapour production, thereby intensifying atmospheric warm-
ing. According to Annex A of the Kyoto Protocol... (2006),
six main greenhouse gases have been identified as having
the greatest impact on climate change, namely carbon diox-
ide (CO,), methane (CHy,), nitrous oxide (N,O), hydrofluor-
ocarbons (HFCs), perfluorocarbons and sulphur hexafluo-
ride (SFs). Greenhouse gas emissions are equal to the sum
of emissions of these gases. Globally, greenhouse gas emis-
sions are increasing every year and, as of 2024, according to
H. Ritchie et al. (2024), amount to 54.43 billion tonnes of
carbon dioxide equivalent (COe). In Ukraine, greenhouse
gas emissions have been decreasing over the last 35 years;
however, this is not due to the use of energy-efhicient tech-
nologies and production processes, but rather to a decline
in population and industrial capacity. Figure 1 shows green-
house gas emissions in Ukraine between 1990 and 2023, as
determined by the Ministry of Environmental Protection
and Natural Resources of Ukraine & the Budget Institution
“National Centre for GHG Emission Inventory” (2025).
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Figure 2. GHG emissions in Ukraine (including LULUCEF), Mt CO,-eq
Source: Ministry of Environmental Protection and Natural Resources of Ukraine & the Budget Institution “National Centre for GHG

Emission Inventory” (2025)

Each gas contributes differently to global greenhouse
gas emissions; thus, as of 2024, according to H. Ritchie et
al. (2024), carbon dioxide accounts for 77.2% of global
greenhouse gas emissions, methane for 17.5%, and nitrous
oxide for 5.4%. Consequently, carbon dioxide has the great-
est impact on the greenhouse effect and climate change, a
significant amount of which is emitted as a result of hu-
man activity. The quantity of pollutants emitted during the
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operation of heat supply systems is determined using two
different methodologies, depending on the type of build-
ing’s heat supply system — centralised or individual.

To determine the amount of pollutants emitted by
heat-generating plants in Ukraine’s municipal heating sec-
tor (centralised heat supply systems), the Sectoral method-
ology for calculating harmful emissions is used (Order of
the Ministry of Construction of Ukraine No. 67, 2006). In
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this methodology, the determination of gross emissions of
pollutants from the combustion of natural gas in municipal
sector boilers is based on the calculation of the pollutant
emission factor. The emission factor characterises the mass
of the pollutant per unit of energy released during gas com-
bustion. When calculating emissions of pollutants into the
atmosphere during the combustion of natural gas in boil-
er houses, the following emission factors are used:,;, . The
gross emission of a pollutant, in tonnes, is then determined
by the formula:

Ezki'Qlow'B) (1)

where k; is the emission factor for the i-th pollutant; Q. is
the lower heating value of natural gas; B is the mass flow
rate of natural gas per year. The mass flow rate of natural
gas is determined by the formula:

B=q-p, (2)

where g is the annual volumetric flow rate of natural gas;
p is the density of natural gas (mass density). The annual
volumetric flow rate of natural gas is determined from the
known value of the calculated natural gas flow rate g, and
the number of operating hours of the heat supply system .
The calculated flow rate of natural gas burned in the heat
supply system boiler is determined by the formula:

_Q-3,600
Qiow - (11/100)’

qn (3)
where Q - nominal thermal capacity of the boiler; Qi —
lower heating value of natural gas; - boiler efficiency.
The nominal thermal output of the boiler Q is deter-
mined by the thermal load on the heat supply system Qps.
As mentioned above, the heat supply system for residential
buildings covers the requirements of the heating Qus and
hot water supply Qpuw systems, with the heating system
operating only during the heating season and the hot water
supply system operating all year round. In calculations, the
number of operating hours for the hot water supply system
is taken as N'=365 days x 24 hours = 8,760 hours per year.
The operating duration of the heating system depends on
the city of construction, and the duration of the heating sea-
son for the selected city zop is determined from DSTU-N
B V.1.1-27:2010 (2010). Then Nw =zw days x 24 hours, and
the annual volume consumption of natural gas required for
heat generation at the centralised heat supply source is de-
termined by the formula, m*/year:
q=Ny-qp° +N-q"", (4)
where gf** and gP"*" are the calculated natural gas consump-
tion rates required, respectively, for the heating system and
the hot water supply system, determined using formula (3)
for the heat load values Qus, and Qpuw, respectively. The
calculation of the heat load for the heating requirements of
premises, groups of premises, flats and buildings is deter-
mined in accordance with DSTU EN 12831-1:2017 (2017).
Since gas-fired boilers are manufactured in specific
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increments of nominal heat output, the boiler model and,
consequently, its Q are selected based on the nearest, not
lower, value of the heat load on the heating system Qpgs,
i.e. Q > QDHs.

To determine emissions of pollutants and greenhouse
gases into the air from the use of fuel for domestic pur-
poses in households (for example, in individual heating
systems), the Methodology for calculating emissions of
pollutants and greenhouse gases is used (Order of the State
Statistics Committee of Ukraine No. 98, 2011). The meth-
odology provides for the determination of emissions from
the combustion of coal and coal briquettes, peat and peat
briquettes, firewood, natural gas and liquefied petroleum
gas. The calculation of emissions of pollutants and green-
house gases from the use of fuel for domestic purposes in
households is carried out using the formula:

szMgi’A]‘, (5)

where B; - emissions of the j-th pollutant and greenhouse
gas from the use of the i-th type of fuel in households in set-
tlements; M,; — volumes of gas used in households by settle-
ment; Aj; — average specific emissions of the j-th pollutant
and greenhouse gas from the use of the i-th the j-th type of
fuel in households; j - number of the pollutant and green-
house gases. For centralised heating systems, the quantity
of pollutants is determined using formula (1), and for indi-
vidual heating systems — using formula (5).

The simplifications and assumptions made when de-
termining pollutant emissions depend on the purpose
and subject of the research. In such studies, the site is
always linked to the construction location, so the du-
ration of the heating season in that area is known. The
characteristics of the heating system that influence the
determination of emission quantities include the type of
heating system (individual or centralised), the capacity
of the heating system, the presence of systems served by
the heating system (heating, hot water supply, ventilation,
process requirements), their thermal load and operating
duration, the type of heat-generating equipment, and the
methods of regulating heat output in the heat supply sys-
tem. The parameters of heat-generating equipment taken
into account when determining the quantity of pollutant
emissions are the amount of fuel used and the boiler’s ef-
ficiency (efficiency coefficient).

The amount of fuel used to generate thermal energy
depends on the fuel's physical and chemical properties,
whilst the boiler’s efficiency depends on its design and tech-
nical condition. Depending on the purpose of the study, the
physical and chemical properties of the fuel may be taken
as known average values for the industry, or determined in
detail depending on its type, place of extraction, compo-
sition, etc. As can be seen from Equations (1), (2) and (3),
the physicochemical parameters used in methodologies for
calculating pollutant emissions are the lower heating val-
ue of the fuel and its density. In actual calculations of pol-
lutant emissions, the type of heat-generating equipment is
known, and consequently, the type of fuel it uses is known.
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In theoretical calculations, particularly for selecting a heat
source in heat supply systems, different types of heat-gen-
erating equipment using different types of fuel may be
compared. Given the large number of determining factors
that influence the thermal load of a heat supply system, and
consequently the quantity of pollutant emissions, analytical
studies require simplifications and assumptions to stream-
line the calculations.

It should be noted that the aforementioned method-
ologies use different terminology regarding emissions.
In particular, the Sectoral Methodology for Calculat-
ing Harmful Emissions from Heat-Generating Plants of
Ukraine’s Municipal Heat and Power Sector uses the term
“emissions of pollutants”, whereas the Methodology for
Calculating Emissions of Pollutants and Greenhouse Gas-
es into the Air from the Use of Fuel for Domestic Needs
in Households uses a broader definition - “emissions of
pollutants and greenhouse gases”. In accordance with the
definition in the Law of Ukraine No. 3991-IX (2024), the
generalised term “anthropogenic emissions” is used in
this study to unify approaches.

© Results and Discussion

An environmental assessment is carried out to describe
and evaluate the consequences of the choice of heat source
for a 9-storey residential building. The building has two
entrances, with 36 flats in each entrance, making a total
of 72 flats in the building. There are eight flats on each
floor: two one-bedroom flats, one two-bedroom flat,
three three-bedroom flats and two four-bedroom flats.
The building’s envelope complies with the requirements
of DBN V.2.6-31:2021 (2021). The heating supply system
is designed to provide thermal energy for the building’s
heating and hot water supply systems. Heat flows for the
heating and hot water supply of the residential building,
as mentioned above, were determined in accordance
with DBN V.2.5-64:2012 (2012) and DSTU EN 12831-
1:2017 (2017). Preliminary calculations have established
that heat losses in flats range from 1,483 to 3,531 W, de-
pending on the number of rooms, the floor on which they
are located, and so on. The total heat loss of the building is
193.415 kW. The maximum heat flux to the flat’s hot water
supply system was taken to be equal to the heat loss of that
flat, and for the building it amounted to 237.581 kW. The
total heat load on the building’s centralised heat supply
system is 430.996 kW.

Savchenko et al.

The article considers two options for the building’s
heating system. The first option is individual heating from
gas-fired combi boilers, which are installed in the kitchens
of the buildings flats. The boiler’s heat output is taken as the
sum of the flat’s heat loss and the maximum heat flow to the
hot water supply system. Since the standard sizes of com-
bi boilers are available in specific increments, for one- and
two-bedroom flats a boiler with the nearest nominal heat
output of 6 kW was selected, and for three- and four-bed-
room flats — with an output of 9 kW. Thus, the calculation
established that the building is equipped with 27 boilers
with a capacity of 6 kW and 45 boilers with a capacity of
9 kW. The second option is district heating, with the heat
source being a boiler room equipped with a gas boiler, the
capacity of which must be no less than the total heat load
of the heating system. The gas boiler with a nominal heat
output of 450 kW is the closest in terms of capacity.

The following simplifications and assumptions were
taken into account in the studies. The city of construc-
tion is Lviv; therefore, according to DSTU-N B V.1.1-
27:2010 (2010), the duration of the heating season, i.e. the
duration of the heating system’s operation, is 179 days,
which equals 179 x 24 = 4,296 hours/year. During this peri-
od, the heat supply system provides thermal energy to the
heating and hot water supply systems. The hot water supply
system operates year-round; the duration of the non-heat-
ing period is 8,760 — 4,296 = 4,464 hours/year. There is no
regulation of heat transfer fluid flow, i.e. the boilers op-
erate at their rated thermal load. Natural gas is used for
combustion in the boilers, with a lower heating value of
33,078 kJ/m?® and a density of 0.723 kg/m’. The efficiency
() of boilers for individual and district heating is 90%.

According to formula (3), the calculated natural gas
consumption for individual heat supply, for combustion in
boilers with a rated thermal output of 6 kW, is 0.72 m3/h,
and for those with a rated thermal output of 9 kW, it is
1.08 m3/h. Taking into account the operating duration of
the heating and hot water supply systems, as well as the cal-
culated natural gas consumption, the gas consumption re-
quired by the building to generate thermal energy, accord-
ing to formula (4), is 444,165.12 m®/year. For the specified
quantity of natural gas, the volumes of anthropogenic emis-
sions generated during its combustion were determined us-
ing formula (5). The results of the calculations of pollutant
gas emissions for individual heat supply to a residential
building are summarised in Table 1.

Table 1. Volumes of anthropogenic emissions from individual heat supply to a building

Pollutant / greenhouse gas

Average specific emissions Aj, kg/ 1000™

Emissions, kg/year Emissions, t/year

CO 1.8 799.4972 0.799497
NO, 2.088 927.4168 0.927417
SO, 0.036 15.98994 0.01599
NMVOC 0.18 79.94972 0.07995
SN, 0.108 47.96983 0.04797
N, O 0.036 15.98994 0.01599
CO, 1,981 879,891.1 879.8911

Source: compiled by the authors based on data from Order of the State Statistics Committee of Ukraine No. 98 (2011)
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As shown in Table 1, the total amount of anthropo-
genic emissions generated annually from individual heat
supply to flats is 881.78 t/year, including greenhouse gas
emissions (CO,, CHs, N,O) - 879.96 t/year. The main
component of anthropogenic emissions from individu-
al heat supply is carbon dioxide (CO,), accounting for
879.89 t/year, or over 99.8% of total emissions. This is
because natural gas consists mainly of methane (CH,),
and upon its complete combustion, the primary reac-
tion product is CO,. In addition to carbon dioxide, other
pollutants and greenhouse gases are produced in small
quantities. Nitrogen oxides (NOj, accounted for as NO,
in this study) are formed as a result of the oxidation of
atmospheric nitrogen at high temperatures in the com-
bustion zone. Carbon monoxide (CO) and non-methane
volatile organic compounds (NMVOCs) are products
of the incomplete combustion of natural gas. Methane
(CHy) in emissions indicates losses of unburned fuel,
whilst nitrous oxide (N,O) is formed in negligible quan-
tities during high-temperature combustion. Sulphur di-
oxide (SO,) is present in minimal concentrations due to

the low sulphur content in natural gas.

For a district heating system during the heating season,
the calculated natural gas consumption for combustion in a
boiler with a rated thermal output of 450 kW, in accordance
with formula (3), is 54.42 m’/h. Additionally, the amount
of gas required for the hot water supply system during the
non-heating season is also taken into account, which is
determined by formula (3) for a heat load of 237.581 kW.
Taking into account the duration of operation of the heat-
ing and hot water supply systems over the year, the annual
volume of natural gas for heat production in the district
heating system is 36,2024 m’/year. The mass flow rate of
natural gas for district heating is determined by formula
(2) and equals B=261,745 t/year. The lower heating value
of natural gas is determined as:

0.723-38,078 =45,751 M]/kg.

Gross emissions of pollutants into the environment
from district heating are determined separately for each
pollutant using formula (1). The results of the calculations
are summarised in Table 2.

Table 2. Volumes of anthropogenic emissions from district heating of a building

Pollutant / greenhouse gas

Emission factor, g/GJ

Emissions, t/year

CcO 248.75-10° 2.97879278
NOx 64.311-10° 0.7701272
CH, 1-10° 0.01197505
N,O 0.1-10° 0.0011975
CO; 58,748.13-10° 703.511579

Source: compiled by the authors based on data from Order of the Ministry of Construction of Ukraine No. 67 (2006)

As can be seen from Table 2, the total amount of an-
thropogenic emissions generated annually by the central
heating boilers of the building is 707.27 t/year, of which
greenhouse gas emissions (CO,, CHj, N,O) account for
703.52 t/year. The calculation results show that when using
district heating for a multi-apartment residential build-
ing, there are 881.78 -707.27 =174.51 t/year fewer anthro-
pogenic emissions, in particular greenhouse gases (CO,,
CH,, N,O) are reduced by 879.96 - 703.52 = 176.44 t/year,
i.e. emissions are reduced by 20.0%. A similar emission
profile is observed with district heating. Carbon dioxide
also accounts for the largest share of total anthropogenic
emissions, whilst the contribution of other gases is com-
paratively insignificant. This is due to the fact that the
mass of CO, produced during the complete combustion
of natural gas exceeds the mass of other emission compo-
nents by several orders of magnitude. Thus, the observed
reduction in total anthropogenic emissions from district
heating is primarily due to lower CO, emissions resulting
from lower annual natural gas consumption compared to
individual heating.

To determine the impact of the efficiency of district
heating boilers on the quantity of pollutant emissions,
anthropogenic emissions were calculated for efficiency
values in the range of 70-90% in 5% increments. To this
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end, when determining the calculated gas consumption in
Equation (3), the value of # was varied, whilst subsequent
calculations using Equations (4), (2) and (1) were carried
out without change. Figure 2 shows the values of anthro-
pogenic emissions for district heating (DHS) depending on
the boiler efficiency in the range of 70-90%, as well as the
volume of anthropogenic emissions for individual heating
(IHS) using boilers with an efficiency of 90%.

As can be seen from Figure 2, the efficiency of cen-
tralised heat supply boilers significantly influences the
amount of pollutants generated during the combustion
of natural gas in them. The lower the boiler efficiency,
the greater the amount of anthropogenic emissions gen-
erated. Within this efficiency range, the highest level of
anthropogenic emissions occurs at an efficiency of 70%,
specifically 909.35 t/year. However, as can be seen from
Figure 2, district heating systems with boilers having an
efficiency of 75-90% produce fewer emissions than indi-
vidual heating systems with boilers having an efficiency
of 90%. This is because as boiler efficiency decreases, the
natural gas consumption required to produce the same
amount of thermal energy increases. Since carbon diox-
ide accounts for over 99% of anthropogenic emissions, an
increase in natural gas consumption leads to a practically
proportional increase in total emissions.

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1
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Figure 2. Volumes of anthropogenic emissions generated during the production of thermal energy
by district heating (DH) and individual heating (IH) systems with different boiler efficiency values
Source: developed by the authors using Order of the Ministry of Construction of Ukraine No. 67 (2006) and Order of the State Statistics

Committee of Ukraine No. 98 (2011)

It has been established that when the efficiency of a
district heating boiler exceeds 72%, total anthropogenic
emissions are lower than in the case of individual heating
from gas boilers with an efficiency of 90%. The threshold
value obtained is of practical significance in the prelimi-
nary assessment of the feasibility of using district heating
and determines the minimum level of energy efficiency of
boiler equipment at which a district heating system has an
environmental advantage. The results presented were ob-
tained for the assumed modelling conditions, which did
not take into account heat losses in heating networks, var-
iable boiler operating modes, and weather-dependent heat
supply regulation. Taking these factors into account may
affect the absolute emission values, but does not alter the
established pattern of decreasing anthropogenic emissions
as the efficiency of boiler equipment increases.

A comparison of the results obtained with studies by
other authors confirms the advantages of centralised heat
supply systems in reducing anthropogenic emissions, par-
ticularly greenhouse gases, compared to individual gas
boilers, although efficiency depends on energy sources, re-
gional and other factors. According to Q. Cai et al. (2024),
energy consumption during the operation of a building’s
engineering systems - specifically heating, cooling, hot
water supply and electricity supply systems - accounts for
94.4% of primary energy consumption over the building’s
life cycle. A.X. Malcher et al. (2025) noted that in the Eu-
ropean Union, heating systems account for 42% of primary
energy consumption and 15% of global pollutant emis-
sions. Therefore, reducing the use of energy resources and,
consequently, reducing anthropogenic emissions during
the operation of a building’s engineering systems is a key
challenge for energy efliciency and decarbonisation.

In the work by A.X. Malcher et al. (2025), based on an
analysis of 42 life-cycle assessment studies for 160 heat-
ing configurations, it is shown that cogeneration plants
reduce emissions by 16-70% compared to traditional
boilers, and heat pumps by an average of 64% compared
to gas-fired ones. This is consistent with the results ob-
tained, in particular the 20% reduction in anthropogenic
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emissions when switching to a centralised boiler plant with
90% efficiency, but highlights the greater potential when
integrating renewable sources, which have not been taken
into account in our case. Similarly, L. Balode et al. (2023),
when analysing the potential for using renewable energy
sources in one of Latvia’s municipalities, found that dis-
trict heating powered by gas has CO, emissions of 202 g/
kWh, similar to individual gas boilers, but when renewa-
ble components, such as heat pumps, are added, the reduc-
tion reaches 72%. This indicates that the estimate obtained
is a baseline scenario without decarbonisation, where the
benefit of 176.44 t/year is lower than what is possible with
the use of renewable energy sources.

In a study by S. O’Brien et al. (2025) for the Baltic
region, a biogas cogeneration plant in a district heating
system reduces annual emissions by 72.9% compared to
natural gas cogeneration plants, with a focus on the life cy-
cle, where embodied emissions are higher for waste heat
(402,000 kg CO, eq versus 256,000), but operational emis-
sions are lower. This complements the calculations of gross
emissions obtained without a life-cycle assessment, demon-
strating the potential for further reductions in the Ukrain-
ian context. L. Ho (2022), in a UK context, reports a 3.2-
fold reduction in emissions for district heating compared
to individual gas boilers, citing the example of Notting-
ham, where emissions avoided amounted to 27,000 tonnes
of CO; per year due to centralised energy generation from
waste. Y. Ju et al. (2022) assessed the CO, reduction poten-
tial in district heating for a German demand-response sys-
tem (a mechanism for flexible management of heat demand
in district heating systems), focusing on savings, although
without a direct comparison with individual systems.

J. Rey-Hernandez et al. (2023) achieved a 92.69% re-
duction in CO, emissions for a Spanish campus with a bi-
omass-fired district heating system, alongside a 96.19%
saving in non-renewable primary energy. Due to the use of
biomass, this significantly exceeds our 20%, but illustrates
the potential for Ukraine with alternative fuels. H. Dor-
oti¢ et al. (2021) highlighted the importance of allocation
in cogeneration plants, where district heating reduces
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emissions to 0.04-0.09 t CO,/MWh compared to 0.23 for
individual gas boilers, i.e. almost five times less. Finally, in
their study, E Neirotti et al. (2020) conducted a life-cycle as-
sessment for Italian networks, which showed that emissions
from district heating amount to 0.10-0.47 kg CO, eq/kWh
depending on allocation, compared to 0.27 for individual
gas boilers. The authors emphasise the need to account for
gas imports and other factors, but do not take network loss-
es into account. Overall, the available studies confirm the
findings regarding a reduction in anthropogenic emissions
when using district heating, but point in particular to great-
er potential with alternative energy sources, which should be
taken into account in future work for the Ukrainian context.

© Conclusions
In Ukraine, roughly the same number of consumers use in-
dividual and district heating systems for heat production.
To confirm the environmental sustainability of centralised
heat supply systems compared to individual heat supply
systems, an environmental assessment was carried out. The
environmental assessment was conducted for heat supply
systems that met the heating and hot water supply needs
of a 72-apartment residential building. Individual gas-fired
double-circuit boilers, installed in each flat of the residen-
tial building, were adopted as the heat source in individual
heat supply systems, whilst in the centralised heat supply
system, a single gas boiler was used in the heating plant.
The main components of anthropogenic emissions
during the operation of heat supply systems, specifically
during the combustion of natural gas in boilers, are carbon
monoxide, carbon dioxide, nitrogen oxides, nitrogen diox-
ide, sulphur dioxide, methane and non-methane volatile
organic compounds. The quantities of pollutant emissions
and greenhouse gases released into the environment were
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determined using Ukrainian state methodologies. The en-
vironmental assessment found that individual heating of
a residential building generates 881.78 t/year of anthro-
pogenic emissions, of which 879.96 t/year are greenhouse
gases, whereas centralised heat supply generates 707.27 t/
year of anthropogenic emissions, of which 703.52 t/year are
greenhouse gases. Consequently, the use of district heat-
ing in a residential building results in 176.44 t/year fewer
greenhouse gas emissions than with individual heating, i.e.
a20.0% reduction in emissions is observed.

Lower greenhouse gas emissions from district heating
compared to individual heating are also observed when the
efficiency of the gas boiler in the boiler room decreases. A
reduction in the boiler efliciency of the boiler house be-
low 72% leads to an increase in greenhouse gas emissions
compared to individual heat supply from gas boilers with
an efficiency of 90%. When using district heating from gas
boilers with an efficiency >73%, greenhouse gas emissions
are lower than with individual heating from gas boilers
with an efficiency of 90%. Therefore, in order to reduce the
environmental impact when designing new and modern-
ising existing heat supply systems, it is advisable to opt for
centralised heat supply systems. Further research should
involve an environmental assessment of centralised heat
supply systems using alternative fuels.
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© AHoTtauifi. Peanisauis 3axofiB 3 eHeproeeKTMBHOCTI Ma€ BUpilIajbHe 3HAYEHHS I/ HUSBKOBYIJIELEBOTO
PO3BUTKY, HaAilIHOrO eHeprosabesledeHHs] Ta eHepreTnyHol Oesmekn Kpainm. OEHUM 3 KpPOKiB peasisanii Takmx
3aXO0JjiB € BIIPOBA/PKEHHA HOBUX Ta MOJEpHi3alliAd iCHYIOYMX CHCTeM I€HTPali30BAaHOTO TEIIONOCTavYaHHHA, AKi
IO3BO/ISIOTH 30a/IAHCYBATU PECYPCOKOPUCTYBAHHS, 3MEHIINTY BUKU/AY NMAPHUKOBUX ras3iB y HOBKIIA, CIPOCTUTI
eKCIUIyaTallilo Ta TexHi4He 0O6CTyroByBaHHs OyaiBenb. Merolo poboru Oyn1o MOpIBHSHHS KiTbKOCTI BUKUJIB
3a6pYSHIOIYNX PEYOBUH Ta TAPHMKOBYX ra3iB, sKi yTBOPIOIOTHCS IIPU BUPOOHMIITBI TeIIOBOI eHepril iHANBifyanbHOIO
Ta LEHTPa/Ii30BaHOIO CHCTEMaMM TEIIONOCTaYaHHA XXUTIOBOTO OyAMHKY. POSITIAHYTO 72-KBapTUPHUIL XKUTIOBUIL
OyZMHOK, OrOpPOKYBa/JbHI KOHCTPYKI{i SIKOTO BifjOBifal0Th CYYaCHMM TEIUIOTEXHIYHMM BUMOTraM. Y BapiaHTi
aBTOHOMHOTO TEIUIOIIOCTA4aHHA [pKepelaMy TeIUIoTy Oyiu iHAauBifyanbHi rasoBi JBOKOHTYpHI KOT/IM, TOHi fAK Y
[[eHTPaTi30BaHill CMCTEMI TEIIONOCTAYAHHS TEIUIOBA eHePris BUPOOIsIacs ra30Bow KoTenbHew. KinbkicTs BUKMIB,
SIKI HaJIXOMWIN y JOBKULISA IpY IHAMBifya/bHOMY TEIUIONOCTAaYaHHi, Oy/I0 po3paxoBaHO BiAmoBigHO Ko MeToankm
BU3HAYEHHs BUKU/IB 3a0pYyAHIOIOUNX PEYOBNMH Ta IIAPHUKOBUX ra3iB y MOBITPs Bifj BUKOPMCTAHHS MajnBa Ha
mo6yToBi morpebu B gomorocmogapcrBax. KinbkicTs BUKMAIB, AKI HAAXOLWIN y JOBKUUIS IPK LEHTPATi30BAHOMY
TEIUIONIOCTaYaHHI OylI0 po3paxoBaHO BifNoBifHO mo lamy3eBoi MeTOEMKM pO3paxyHKY IIKIIJIMBUX BUKUAIB, AKi
HAJXO[SITh BijJl TEIUIOT€HEPYIOUNX YCTAHOBOK KOMYHA/IBHOI TeIUIoeHepreTuku. JJ0 3aOpyAHIOIYNMX pPEYOBMH Ta
NAapHUKOBUX Ta3iB, BUKUIM AKUX BPaXOBYIOTb BKa3aHi METOJVMKM, Ha/leXaTb OKCHJ, BYIJIELIO, JiOKCUJ, BYITIELO,
OKCUJIM a30Ty, HIOKCHJ, a30Ty, MiOKCUJ CipKM, MeTaH Ta HEMEeTaHOBi /NeTKi opraHiyHi cmomykmu. BcTanosneno,
0 IpY iHAUBiyaTbHOMY TEIJIONIOCTAYaHHI >XUTIOBOTO 6y11MHKy yTBOpIO€TbCA 881,78 T/piKk aHTPONOreHHUX
BMKUJIB, 3 HUX 879,96 T/pik MapHMKOBUX rasiB, a Ipyu LIEHTPaNi30BAHOMY TEIJIONIOCTAYaHHI yTBOPIOETbCA 707,27 T/
piK aHTPONOreHHMX BMKWUJIB, 3 HuX 703,52 T/pik mapHMKOBMX rasiB. PesynbTatu mocrmifiKeHb CBiguyaTb, IO IIpU
BUKOPUCTAaHHI [IeHTPaIi30BaHOTO TEIIONOCTaYaHHA )XUTIOBOI0 OyIMHKY YTBOPIOETbCA Ha 176,44 T/pik MapHUKOBUX
rasiB MeHIle, HiK IIPY iHJMBi/[yaTbHOMY TEIJIONIOCTAa4aHHi, TOOTO CIIOCTEpiraeThcst 3MeHIIeHHs BUKUAIB Ha 20,0 %
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© Abstract. In the context of global decarbonisation, the accuracy of assessing building energy efficiency has
becomea critical factor for predicting environmental impacts and achieving vital climate goals. Existing discrepancies
between national and international calculation methodologies have created significant risks during the planning of
large-scale thermal modernisation strategies. This article aimed to quantitatively assess the ecological consequences
of methodological discrepancies between quasi-stationary and hourly dynamic approaches to calculating building
energy consumption. A comprehensive approach was developed, including hierarchical modelling and a detailed
methodology for converting energy consumption into carbon emission mass with a thorough assessment. It was
established that the key sources of methodological discrepancy are the choice of the time model, the format of
presenting climatic data, the description of thermal inertia, and the algorithm for interpreting internal heat gains.
Research proved that the difference in annual energy demand when changing calculation methods reaches several
tens of percent. This was equivalent to deviations in carbon dioxide emission mass in the range of hundreds of
kilograms. To address this, the concept of a “zone of discrepancy” was proposed, introducing a threshold T to
determine the feasibility of using simplified methodologies depending on the required accuracy. A methodology for
aggregating individual deviations to the building stock level, based on a deterministic comparison of representative
scenarios, is justified. These mathematical dependencies for quantitative assessment increase environmental
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Short- and long-term ecological consequences...

monitoring reliability, allowing specialists to develop precise regulatory requirements and reduce the construction

sector’s carbon footprint

© Keywords: decarbonisation; thermal modernisation; carbon footprint; fuel and energy resources; regulatory

framework; dynamic modelling

@ Introduction

Improving building energy efficiency is a key decarboni-
sation tool, but the accuracy of assessing the environmen-
tal load critically depends on the chosen energy demand
calculation model. The use of different methodological
approaches when harmonising national and international
standards causes significant discrepancies in determining
the annual volumes of pollutant emissions. In the long
term, such methodological uncertainty accumulates, lead-
ing to systemic distortions in predicting environmental
effects at the level of the entire building stock. Consequent-
ly, a quantitative analysis of the consequences of applying
different methodologies is necessary for the formation of
optimal energy modernisation strategies and ensuring the
sustainable development of the sector.

The problem of methodological differences in building
energy efliciency calculations has been studied by numer-
ous scientists. The existing scientific heritage has outlined
both the theoretical foundations of calculation models
and applied approaches to assessing energy consumption
and related ecological consequences. A number of studies
emphasised that the key discrepancy between Ukrainian
(DSTU) and international (ISO/EN) approaches lies in
different approximations of time characteristics (quasi-sta-
tionary monthly models versus hourly dynamic models)
which, as .M. Dashko & D.V. Krylov (2021) pointed out,
stems from fundamentally different approaches to the as-
sessment of enclosing structures, engineering systems, and
operational features. This difference is clearly observed
when comparing DSTU 9190:2022 (2022) with the inter-
national standard ISO 52016-1:2017 (2017), moreover, the
international normative document provides a more accu-
rate dynamic approach and allows accounting for hourly
temperature fluctuations, solar radiation, and the inertial
properties of building masses.

The practical consequences of such methodological
differences result in differing calculation outcomes, which
can lead to incorrect classification of the building’s en-
ergy class, erroneous ranking of thermal modernisation
measures, and making unjustified investment decisions.
O.V. Komelina & A.A. Komelina (2022) argued that the
lack of methodology unification complicates data integra-
tion and distorts the assessment of environmental risks at
the national level, which is critical for achieving climate
goals. At the same time, T.D. Kosova & A.D. Titaren-
ko (2021) were confident that for Ukraine, the problem of
improving the legislative framework and finding effective
financial incentives is critically relevant. The current regu-
lations often do not meet modern international standards,
and business support mechanisms, such as tax benefits
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and lending, are insufficiently effective and limited. The
absence of adequate incentives hinders investments in en-
ergy-saving technologies and restrains the development of
the relevant market. H. Farenyuk & Ye. Farenyuk (2025)
also noted a pragmatic approach: quasi-stationary meth-
ods (embedded in individual DSTUs or national codes)
are recognised as justified for mass screening and rap-
id design, whereas hourly dynamic models according to
ISO 52016-1 are appropriate for detailed engineering anal-
ysis and complex operating modes. Accordingly, such a
dichotomy highlights the need for formalised criteria for
choosing a methodology depending on the calculation
purpose, project scale, and expected accuracy.

Considering the above, the current scientific dis-
cussion focuses on three interrelated areas: refinement
and unification of input data and assumptions to ensure
comparability; development of procedures for selecting
an adequate methodology for specific classes of objects;
quantitative assessment of the impact of methodological
discrepancies on environmental indicators (in particular,
predicted emission volumes) and the economic feasibility
of energy modernisation. Accordingly, further research
should be aimed at developing practically oriented tools for
harmonising methodologies (including recommendations
on applying simplified or detailed approaches) and formal-
ising procedures for recalculating indicators between dif-
ferent approaches in order to correctly assess the ecological
consequences of energy efficiency measures. The aim of the
study was to quantitatively assess the short- and long-term
ecological consequences of methodological discrepancies
between quasi-stationary and hourly dynamic approaches
to calculating building energy efficiency, as well as to iden-
tify the key factors causing these differences.

© Materials and Methods

Representative types of building premises were used as
calculation materials: a residential apartment, an office,
and an educational classroom. They were purposefully
selected according to criteria of typicality, prevalence in
the building stock, and differences in functional purpose,
allowing for a comparison of results for objects with dif-
ferent thermal load profiles. The choice of materials was
determined by their availability, regulatory validity, and
suitability for comparing results obtained using different
calculation methodologies. To demonstrate the application
of the proposed approach, three representative building
types (a residential apartment, an office, and a classroom)
were selected as illustrative cases for visualisation and ag-
gregation. A set of simplified scenarios was developed to
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estimate greenhouse gas emissions using emission factors
(EF), with the corresponding coefficients adopted from the
Green Transition Office database (Shlapak et al., 2024).
For the residential case study, annual energy demand
was calculated using two alternative methodologies: ISO
52016-1:2017 (2017) and DSTU 9190:2022 (2022). The an-
nual energy demand of a typical apartment was estimated
at 17,200 kWh according to DSTU 9190 and 12,717 kWh
according to ISO 52016-1. The difference between the cal-
culated values was determined as:

AQ=QDSTU-QISO=4,483 kWh.

The relative deviation between the methods was calcu-
lated as a percentage of the ISO-based estimate. To assess
the environmental implications of methodological differ-
ences, the obtained energy demand deviation was convert-
ed into CO, emissions using the natural gas emission factor
(EFgas = 0.201 kg CO,/kWh) reported by M. Shlapak et
al. (2024). The resulting difference in annual emissions was
calculated according to the following equation:

AmCO,=AQ x EFgas, (1)

where AmCO, - the difference in annual CO, emissions
(kg/year); AQ - the difference in calculated annual energy
demand (kWh/year); EFgas — the natural gas emission fac-
tor (kg CO»/kWh).

The theoretical basis of the article was based on com-
bining a formal dynamic energy balance model as a basic
description of the physical process; a comparative analy-
sis of DSTU and ISO/EN standards, as well as evaluating
the differences between the results of quasi-stationary and
hourly dynamic approaches and practical implementation
through modelling to develop rules for recalculating results
between methodologies. The methodological framework
combined the formalisation of physical building energy
balance models with a clear procedure for converting ener-
gy results into environmental indicators and quantitatively
assessing the uncertainty of such conversions.

According to S.B. Smereka & S.M. Lifyrenko (2025)
two complementary classes of energy demand calculations
are fundamental: quasi-stationary (monthly, as in national
methodologies according to DSTU) and hourly dynam-
ic (ISO 52016-1). Based on them, a sequential chain of
transformations was formed: formalisation of energy cal-
culation > linear conversion of energy into emissions >
aggregation by energy carrier classes and equipment >
analysis of the “zone of discrepancy” in environmental im-
pact indicators > study of consequences in the context of
the building stock. To perform the comparative analysis,
normative-methodological documents regulating the cal-
culation of building energy efficiency in Ukraine and in-
ternationally were used, namely ISO 52016-1:2017 (2017),
DBN V.2.6-31:2021 (2021), and DSTU 9190:2022 (2022).
To convert energy consumption into greenhouse gas emis-
sions, emission factors listed in open official and reference
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sources were applied. According to DBN V.2.6-31 (2021),
building energy efficiency calculations are based on for-
malised mathematical models of energy balance, where
the key components are temporal climate characteristics,
internal heat gains, parameters of enclosing structures, and
operating modes of engineering systems. In its basic form,
the dynamic energy balance is described by a differential
equation of the form:

Cine 'de%@) = By (), (2)
%her(et) Cin — the effective heat capacity of the building;
’;—t - the time derivative of the internal temperature;
(D,a,f t) - the sum of all heat fluxes at time .

The formalisation of the energy calculation consists in
selecting input data and typical objects — a set of parameters
and scenarios necessary for the a priori systematisation of
the physical model, so this stage prepares the tools and ini-
tial data for the further implementation of calculation pro-
cedures. Without a clear description of the geometry, ther-
mal characteristics, and climatic profiles, it is impossible to
correctly apply either the monthly or the hourly algorithm.
The indicator @,(t) from formula 1 can be detailed. Then
the general dynamic energy balance equation takes the form:

dBine(t)
Cint * dtt = Gpc(t) + Pine () + Py (2) —

— Hr * [0ine (£) — 0 (D] = Hy [0 (£) — 6 (D], (3)

where @yc(t) - the heat flux from heating and cooling sys-
tems; @y, (t) — internal heat gains; @y,(t) — solar gains; Hy -
the transmission heat transfer coefficient of the enclosures;
Hy - the ventilation heat loss coefficient; 6,,(t) — the inter-
nal temperature at time t; 0.(¢) - the external temperature
at the same moment.

To transition from the instantaneous energy balance
described by equations 1-2 to the annual energy demand
indicator, integration of the thermal load over the calcula-
tion period was used. For the quasi-stationary methodol-
ogy, this period corresponded to the heating year, and the
annual energy demand was determined as the sum (inte-
gral) of the time values of the heat flux over the entire cal-
culation interval. In the hourly dynamic model, integration
was performed with a time step of 1 hour, which allowed
accounting for the diurnal variability of climatic condi-
tions, internal gains, and the operation of engineering sys-
tems. Formally, the annual energy demand was determined
as the integral of the thermal load over the period 0<t<T,
where T is the duration of the calculation year or heating
season depending on the methodology. The difference in
temporal discretisation and the duration of the calculation
period is one of the key sources of discrepancy between the
results of DSTU- and ISO-oriented approaches:

E, = Y=y Peot(ti)At, At = 1 hour. (4)
After implementing both types of calculations (month-

ly and hourly), it is necessary to obtain numerical values
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of energy demand E in comparable units (hourly, seasonal,
annual). It is these results that form the basis for further
linear and advanced transformations into environmental
indicators: only by having comparable E values is it pos-
sible to apply primary energy coefficients @ and emission
factors E'F to obtain the emission mass. The standard oper-
ational approximation for converting energy consumption
into CO, emission mass has a linear form:

mCO2 =F- EF, (5)

where E - the annual amount of energy to be recalculat-
ed (kWh); EF - the emission factor (kg CO,/kWh) for
the corresponding energy carrier or generating unit. It is
important to distinguish the types of the indicator E: con-
sumed final energy E..; primary energy E,; system heat
output Ej... The dependencies between them can be pre-
sented linearly:

Ep = a-Econs (6)
Meo, = Ep ' EE, = Ecops * (@ - EF,), (7)

where a - the conversion factor to primary energy; EF, -
the emission factor calculated per primary energy. The
result of this stage are numerical bases that can be trans-
formed into emission mass indicators.

At the stage of aggregation by energy carrier classes
and equipment, it is necessary to foresee the breakdown of
the emission mass into components by sources:

mo) = 3, Ebns - D - EE, (®)
where the index j - the type of energy carrier or genera-
tion method (gas boiler, centralised heat, electrical grid
with a specific generation component, etc.). This will
make it possible to assess the sensitivity of the output re-
sult to changes in the energy supply structure (for exam-
ple, replacing a gas boiler with a heat pump or changing
the power grid to photovoltaic generation). The choice of
matrices EF,” and a® should be made based on the in-
formation provided in the methodological guidelines and
national normative documents.

The initial construct was the explicit representation of
an individual deviation in the mass of greenhouse emis-
sions due to the methodological choice: for each unit of the
stock i the value is introduced:

Am; = (Epsru,i — Eiso,)  EF;, )

which underscores the dual nature of the problem - the
combination of a methodological discrepancy in assessing
energy demand and the variability of the emission intensity
of the heat supply source. The cumulative effect was deter-
mined by the sum of individual deviations:

AM =YV Am,. (10)
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This formula reflects the deterministic core of aggre-
gation. The concept of the “zone of discrepancy” is formal-
ised. In other words, knowing which sources of uncertainty
dominate allows determining the criteria for selecting the
threshold T and for constructing a rule for the parameter’s
inclusion in the zone of discrepancy. As a criterion for de-
fining the zone of discrepancy, a pragmatic threshold T is
introduced (for example, T = 10% relative to the annual
heat demand). The set of parameters x (climate, U-values,
Cin, occupancy profile, etc.) for which the condition is met:

Epstu(x)—Erso(x) >T
Erso(x) -

(11)

defines the zone of discrepancy. The translation of this cri-
terion to the ecological scale is carried out through the cor-
responding EF, meaning the zone of discrepancy generates
a set of scenarios with a deviation in emission mass:
Ameo, (x) = (Epstu(x) — Ejso(x)) - EF (x).  (12)
Quantitative localisation of such zones can be per-
formed using parametric scanning, followed by building
“parameter/climate” heat maps. Implementing this ap-
proach allows formulating practical rules: provided it falls
within the zone of discrepancy, using a quasi-stationary
methodology is considered inappropriate for the purpose
of environmental assessment. Once the zone of discrepan-
cy is defined and localised in the parameter space, the next
logical step is to assess its consequences at a higher aggre-
gation level: at the building stock level. Information about
the share of buildings falling into the zone of discrepancy
and the magnitudes of individual deviations Am, allows
transitioning from individual cases to assessments of the
cumulative impact on the municipal or national building
stock. The cumulative effect is estimated as the sum of indi-
vidual deviations over the number of buildings:
AMEZO;) = X1 (Epsru,i — Eiso.) - EF:. (13)
In practical application, N is formed taking into ac-
count typology, distribution of technical characteristics,
and the frequency of distinct building classes. This ap-
proach allows modelling short- (1-5 years) and long-term
(10-30 years) scenarios of the impact of choosing the meth-
odology for calculating energy efficiency indicators on the
volume of emissions. The temporal dynamics of aggrega-
tion are introduced via the time parameter t, which allows
formalising the integral effect over the forecast horizon T:

MMor; = 3i ) (Epsrui () — Erso (D)) - EF,(t)dt. (14)

Formula 14 was used in the study as a general sce-
nario dependency for evaluating the accumulated effect
over the forecast horizon T. Since the actual calculations
within the research were performed for one year, the an-
nual value is taken as the basic step for extrapolation over
a longer period. For this transition, it is assumed that the
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annual difference between the methodologies remains
constant over time, and the structure of energy consump-
tion and emission factors do not change. Accordingly, for
a representative group of three types of objects, the total
annual deviation is 3,754.28 kg CO,/year for natural gas,
7,527.24 kg CO,/year for centralised heat supply, and
8,108.94 kg CO,/year for electricity supply, which over
10 years corresponds to values of 37,542.8; 75,272.4, and
81,089.4 kg CO,, respectively, over 20 years - 75,085.6;
150,544.8, and 162,178.8 kg CO,, and over 30 years —
112,628.4; 225,817.2, and 243,268.2 kg CO,. Thus, even
under the conservative assumption about the constancy of
the annual difference, the methodological effect accumu-
lates into very significant quantities over the medium- and
long-term planning horizons. The quantitative analysis
within this study had a deterministic comparative nature
and was aimed at juxtaposing the results obtained using
quasi-stationary and hourly dynamic methodologies. The
assessment was performed by calculating the absolute and
relative deviations between the annual energy demand val-
ues and corresponding CO, emissions for representative
scenarios. Therefore, the results presented below should be
interpreted as deterministic scenario estimates obtained
for typical objects and fixed emission factors.

© Results

The energy efficiency of buildings and structures is a fun-
damental factor in ensuring the energy security, sustainable
development, and economic growth of Ukraine. It is recog-
nised as a key priority at the current stage of development,
encompassing both national economies and individual
structures. This is driven by the strategic need to respond to
global limitations - the depletion of natural non-renewable
energy resources. From a technological point of view, ener-
gy efficiency is viewed as a consequence of the implemen-
tation of modern technologies and equipment that make it
possible to reduce the volume of energy required to pro-
duce goods and provide services. Within the framework of
the economic approach, energy efficiency is treated as the
economic expediency of reducing energy consumption vol-
umes. It manifests itself in a reduction of energy costs per
unit of GDP or for the production of goods and provision
of services (Sovacool & Griffiths, 2020). In the context of
ecology, energy efficiency is one of the key mechanisms for
minimising the anthropogenic load on the environment,
achieved by limiting greenhouse gas emissions and reduc-
ing the consumption of non-renewable energy resources
(Hossin et al., 2023). The interdisciplinary approach to en-
ergy efficiency defined it as a generalised complex indicator
combining economic, technological, and environmental
dimensions of energy resource utilisation processes.

N. Kryshtof (2017) emphasised that building energy
efficiency serves as an effective mechanism for ensuring en-
ergy security and the structural modernisation of the econ-
omy, which in turn requires precise and unified calculation
approaches. A. Menegaki (2014) emphasised that improv-
ing the energy efliciency of buildings simultaneously solves
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several tasks: reduces greenhouse gas emissions, lowers
household energy poverty, increases energy security, and
creates new jobs in the construction and renovation sector.
In practical terms, this means transitioning to the deep ren-
ovation of existing buildings, modernisation of heating and
ventilation systems, comprehensive insulation of facades
and roofs, replacement of windows, and implementation
of automation and energy management systems. The Com-
mission, forming policy in the field of energy consumption,
highlights that buildings are the largest energy consumer
in the EU and at the same time possess the greatest poten-
tial for reducing final consumption without losing comfort,
which warrants special attention to energy efficiency as a
strategic priority for the period up to 2050.

According to A. Bahaterenko et al. (2013) currently,
the real estate sector in Ukraine consumes about 40% of all
energy, while a significant part of it is lost due to the use of
outdated construction and exploitation technologies. The
vast majority of the residential and public building stock
is characterised by a low level of thermal insulation and
the inefficiency of heating and ventilation systems, lead-
ing to excessively high costs for energy resources. The sit-
uation has also been complicated by military hostilities,
which have significantly damaged the country’s energy in-
frastructure, causing systemic interruptions in the supply
of gas, electricity, and heat. Thus, the regulatory and legal
field of the study at the level of Ukraine is represented by
the respective DSTUs, in particular DSTU 9190 (2022),
whereas the international methodology is represented by
the ISO 52016-1:2017 (2017). The discrepancies between
the DSTU and ISO approaches have a systemic charac-
ter and are caused by differences in assumptions, model
structure, and the interpretation of input parameters. This
provision explains why indicators identical in name can
be “incomparable values” in a direct comparison without
methodological correction.

Specific sources of methodological discrepancy in-
clude: the choice of the time model (monthly averaged
versus hourly with a 1-hour step), the format of climatic
data (average monthly temperatures versus hourly pro-
files), different approaches to describing the thermal in-
ertia of a building (effective heat capacities of different
aggregation levels), the discretisation and logic of heat-
ing/cooling systems operation (set-points, time sched-
ules), and the interpretation of internal gains and solar
gains. Thus, for the very same object, applying the DSTU
and ISO methodologies can yield significantly different
values of the annual heat demand and, accordingly, dif-
ferent estimates of operational emissions. According to
M. Shovkalyuk (2018), special attention in the develop-
ment of state stimulation programs must be given to the
correct assessment of energy indicators. The absence of
adequate baseline calculations can lead to systemic errors
when justifying investments in energy efficiency improve-
ments at the municipal level. Based on similarity, a repre-
sentative sample was created for different premises. It is
presented in Table 1.
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Table 1. Annual energy demand (kWh)

QDSTU) kWh QISO) kWh AQ’ kWh A% (QISO)
Residential apartment 17,200 12,717 4,483 35.3%
Average office room 32,000 24,271 7,729 31.8%
Educational classroom 25,000 18,534 6,466 34.9%

Source: developed by the authors

Itis important to emphasise that the given values are the
result of deterministic scenario comparisons and do not con-
tain statistical characteristics of variability. Consequently,

these data are used to illustrate the systematic difference be-
tween calculation methodologies, and not for assessing the
probabilistic distribution of outcomes (Table 2).

Table 2. Ecological indicators of emission conversion

Amgg,(ch), kg™

AQ Amcg,(gas), kg *ch - central heating Amgg, (electr), kg
conversion factor 0.201 0.403 0.430
Residential apartment 4,483 901.08 1,806.65 1,927.69
Average office room 7,729 1,553.53 3,114.79 3,323.47
Educational classroom 6,466 1,299.67 2,605.80 2,857.78

Source: developed by the authors

Accordingly, for all three cases, the emissions associat-
ed with central heating and electricity supply approximate-
ly doubled the emissions from gas given the same AQ, with
electricity contributing a somewhat larger share than cen-
tral heating (coeflicient 0.430>0.403). This indicated that a
decrease in demand for electricity and heat supply created a
greater effect in reducing CO, per unit of saved energy than
an equivalent reduction in gas consumption. Hence, prior-
ities for energy efficiency measures should consider both
the function of the building (which determines AQ) and
the relative emission intensity by energy type when making
decisions regarding the reduction of short- and long-term
environmental consequences. To illustrate the aggregation
of individual deviations at the group level of buildings, a
pilot calculation was performed for a representative set
of three types of objects listed in Table 2. Assuming equal
weight for each case, the total deviation was: for natural
gas — 3,754.28 kg CO,/year, for centralised heat supply -
7,527.24 kg CO,/year, for electricity supply — 8,108.94 kg
COs/year. The average deviation per object within this
sample was 1,251.43, 2,509.08, and 2,702.98 kg CO,/year,
respectively. The obtained values confirm that even on a
small group of typical buildings, methodological discrep-
ancies form a noticeable cumulative effect, which grows
as the number of objects increases. In broader application
for a block, district, or city, the aggregated effect should be
calculated taking into account the number of buildings in
each typological stratum, their area, operating modes, and
the share of connection to a specific energy source. Within
the scope of this article, such data were not available, so
the presented calculation has a demonstrative nature and
shows the principle of transition from an individual case to
the group level.

Such a general expression serves as a basis for for-
malising different scenarios: a baseline scenario that fixes
the existing calculation practice and modernisation rates;
a scenario of gradual methodology harmonisation with a

time profile of correction factors; a technological transfor-
mation scenario in which emission factors EF;(t) change as
aresult of power system decarbonisation or the widespread
adoption of low-carbon technologies. The discrepancies
obtained in the work between the DSTU and ISO/EN re-
sults have not an accidental, but a systemic nature: for a
typical apartment, the annual energy demand differs by
35.3%, which in conversion to natural gas corresponds to
roughly 901 kg CO,/year; for an office and an education-
al classroom, the absolute deviation is even greater. In the
article, the results are presented as a deterministic scenar-
io comparison without confidence intervals and statistical
characteristics of variability, so it is appropriate to interpret
them as an estimate of methodological bias, and not as a
probabilistic forecast. This type of gap between the calculat-
ed and actual or alternatively calculated energy consump-
tion is well known in international literature regarding the
performance gap and the sensitivity of models to input data
and the level of detail.

The most important conclusion of the work is that the
time scale of the model itself is the source of the system-
atic difference. This aligns with the study by H. Zhang et
al. (2024) who showed that the results of a global sensitiv-
ity analysis for annual, monthly, and daily building energy
consumption differ substantially, and finer time steps re-
quire more complex computations and provide a different
picture of parameter influence. L. Zhu et al. (2022) demon-
strated the feasibility of the Monte Carlo approach in com-
bination with building simulation and global sensitivity for
forecasting loads at the planning stage. A similar focus on
the role of temporal discretisation and behavioural scenar-
ios is also found in the scientific work of S. Norouziasl et
al. (2024), where occupancy density and simulation step
size significantly influenced the energy consumption of an
office building. E. Kang et al. (2024) additionally showed
that occupancy schedules and physiological characteris-
tics of users can change office energy consumption even
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within a single scenario. Therefore, the thesis regarding
the key role of the time model is quite well-founded, but
in this work, it is currently confirmed only by comparing
two regulatory approaches, and not by current modelling.
During the preparation of the study, V. Chupa et al. (2024)
encountered the problem of selecting a methodology that
would allow objectively comparing fundamentally differ-
ent objects: certified biofuel (pellets) and morphologically
heterogeneous municipal solid waste (MSW). In parallel,
I. Vashchyshak et al. (2025) developed an improved meth-
odology for energy auditing of underground heating net-
works, which ensures a more accurate identification of en-
ergy losses during transport.

For the practice of thermal modernisation, the con-
clusions of the current work also align with papers ded-
icated to renovation risk and the choice of measures.
C. Carpino et al. (2022) showed that uncertainty and
sensitivity analysis can reduce investment risk when ap-
plying energy performance contracts in the renovation of
residential neighbourhoods. Also, Y. Deng et al. (2023)
applied Morris’s analysis to 14 enclosure parameters of an
old residential district in Beijing and used it to select pri-
ority solutions considering climate change. M. Nasouri &
N. Delgarm (2025) proposed a more formalised SBSA ap-
proach combining point and global sensitivity with Sobol
metrics for a residential building in Iran, thereby showing
a way to shift from descriptive comparison to quantitative
ranking of factors. All these works confirm the validity
of the idea that the calculation method influences recon-
struction priorities and managerial decisions; however,
they analyse uncertainty within a single modelling frame-
work, whereas this study compares two different regulato-
ry logic for energy efficiency calculations.

Publications on calibration and the performance gap
additionally reinforce that part of the conclusions con-
cerning the limits of permissible simplification. G. Chie-
sa et al. (2025) proved that weather data, occupancy pro-
files, internal heat gains, and ventilation can change the
magnitude of the performance gap by up to 50% and more;
This value is close to the discrepancy obtained between
the approaches, although the reason for its occurrence is
different - the article is not about measurement error, but
about the methodological divergence between the stand-
ards. F. Johari et al. (2022) concluded that simplified build-
ing energy models can maintain acceptable calibration
accuracy for urban-scale analysis if the purpose matches
the level of detail. Q. Xue ef al. (2025) determined that
an approximate Bayesian approach is capable of calibrat-
ing uncertainty parameters significantly more accurately
for a nearly-zero energy building, provided a sufficient
dataset is available. Collectively, this means that this arti-
cle convincingly reveals a systematic bias between DSTU
and ISO/EN, but for complete scientific thoroughness, it
lacks a real component, or rather a narrower, purely de-
terministic formulation of methods. Overall, this opinion
corresponds to modern international practice in building
energy efficiency modelling.
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© Conclusions

Methodological discrepancies between quasi-steady-state
(DSTU) and dynamic (ISO/EN) approaches lead to sys-
tematic and quantitatively significant differences in the de-
termination of annual thermal energy demand for various
building types. Practical examples demonstrate differenc-
es on the order of tens of percent, resulting in substantial
deviations in CO, emission estimates. These findings show
that methodological inconsistency at the individual build-
ing level may propagate errors to national scales, particu-
larly when results are aggregated at the city or country level.
The aggregation analysis presented in this study indicates
that the cumulative effect of methodological differences
depends on building stock typology, the distribution of
technical characteristics, and the structure of energy sup-
ply. The formulation of the “mismatch zone” concept and
the proposed pragmatic threshold T provide an operational
basis for identifying classes of objects for which the appli-
cation of simplified methodologies is inappropriate. This
establishes a clear criterion for distinguishing cases where a
quasi-steady-state approach is sufficient from those requir-
ing hourly dynamic simulations.

Quantitative assessment combined with the con-
version of energy results into environmental indicators,
confirm that correct interpretation of the impact of meth-
odological choice requires simultaneous consideration of
uncertainties in energy demand and variability in emis-
sion factors. The proposed analytical framework forms
a practical platform for the quantitative justification of
decisions and for the verification of national building
stock assessments. In light of the results obtained, priority
practical actions include: formalising procedures for re-
calculating results between methodologies to ensure har-
monised reporting; developing criteria for methodology
selection based on building typology and the mismatch
zone concept; and creating representative statistical data-
bases (stratified by building type and technical condition)
to calibrate prior parameter distributions for simulations.
Further research prospects concern several directions. An
initial priority is to extend the analysis to a broader sample
of real buildings with diverse climatic and technical char-
acteristics, enabling refinement of mismatch zone topol-
ogy and the development of regionally adapted method-
ological application rules. Furthermore, the approaches
considered should be integrated with life-cycle assess-
ment and energy system decarbonisation scenarios to link
methodological discrepancies with long-term changes in
emission factors.
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© Abstract. The relevance of the study is driven by the growing impact of climate change on the functioning of
urbanised areas, manifested in rising temperatures, uneven precipitation patterns, increasing frequency of extreme
hydrometeorological events, and the formation of urban heat islands. In the context of intensive urbanisation and
transformation of the natural environment, the need for a comprehensive analysis of climatic and ecological processes at
the local level becomes particularly significant. The aim of the study was to develop an interactive information-analytical
system for comprehensive analysis of climatic and ecological processes in urban areas. The research methodology was based
on statistical analysis of climatic data, geoinformation analysis, three-dimensional modelling, and software development of
an interactive application. As a result of the study, the software application “EcoData” was developed, integrating modules
for the analysis of temperature, precipitation, water bodies, green infrastructure, and urban heat islands. Tools for building
interactive charts and three-dimensional models were implemented to analyse climatic indicators for the period 1990-
2024. A trend of increasing temperature values and the presence of local thermal anomalies in the central part of the
city were identified. Years with anomalously high and low precipitation levels were detected. The positive effect of green
plantings on reducing the thermal load of the urban environment was demonstrated. The obtained results can be applied
in scientific research, educational processes, the development of urban climate strategies, greening programs, and climate
change adaptation measures

© Keywords: environmental monitoring; temperature regime; urban heat island; 3D modelling; urbanised areas

@ Introduction

Climate change and urbanisation significantly affect the increasing frequency of extreme weather events, trans-
functioning of urban ecosystems. Rising air temperatures,  formation of green zone structures, and changes in water
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regimes require the application of modern digital tools
for environmental monitoring and support of managerial
decision-making. Contemporary digital platforms provide
access to large volumes of climatic data; however, they are
predominantly oriented toward global or regional scales,
are complex to use, and do not account for the specific
characteristics of individual cities. At the same time, tra-
ditional analytical methods fail to provide sufficient clarity
and operational efficiency for informed managerial deci-
sion-making. In this regard, the development of integrat-
ed digital tools that combine the processing of long-term
climatic data, spatial analysis, 3D visualisation, and assess-
ment of urban factor impacts within a unified system be-
comes particularly relevant. Such solutions contribute to
improving the effectiveness of environmental monitoring,
forecasting climate risks, and shaping sustainable develop-
ment strategies for urban areas.

In the study by V. Zatserkovnyi et al. (2024), the po-
tential of Earth remote sensing for monitoring urban heat
islands was analysed. The researchers applied Landsat sat-
ellite data and Google Earth Engine tools to assess temper-
ature anomalies in cities, particularly Kyiv and European
urbanised areas. The results demonstrated a clear relation-
ship between building density, green space coverage, and
the intensity of heat islands. The authors concluded that
geoinformation technologies represent an effective tool
for assessing the ecological condition of urban areas and
forecasting climate risks. G. Rees et al. (2024) investigat-
ed spatiotemporal changes in surface temperature within
urbanised environments. The authors analysed long-term
satellite data and established that land use transformation
and urban expansion directly contribute to the growth of
temperature anomalies.

The study confirmed the importance of integrating re-
mote sensing data and geoinformation systems for urban
environment monitoring. L. Lishchenko & O. Kudryas-
hov (2021) analysed the spatiotemporal dynamics of sur-
face temperature in one of the largest industrial cities of
Ukraine based on Landsat and Sentinel-2 satellite data. The
authors examined the formation of the urban heat island,
determined its spatial boundaries, and established the re-
lationship between land use patterns and temperature
anomalies. The results confirmed the effectiveness of Earth
remote sensing for monitoring urbanised areas and identi-
fying zones of elevated thermal load. In the work of N. Paz-
ynych (2020), the influence of natural landscape complexes
on the formation of the temperature regime of the city of
Kyiv was investigated. Based on long-term Landsat satellite
data, the author established the role of valley complexes in
reducing surface temperature and mitigating the manifes-
tations of the urban heat island effect. The findings con-
firmed the significant importance of natural elements of
the urban environment in regulating local microclimate
and maintaining the ecological resilience of urbanised are-
as. ]. Hoflerka & T. Fedor (2025) developed an approach to
three-dimensional modelling of urban climate using digi-
tal elevation and building models. The study demonstrated
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that 3D-GIS modelling enables more detailed assessment
of the spatial distribution of temperature and the effective-
ness of urban climate adaptation measures.

The analysis of scientific sources indicates significant
advances in methods of environmental monitoring, Earth
remote sensing, geoinformation analysis, and urban heat
island modelling. This confirms the feasibility of develop-
ing a localised digital tool for territorial communities that
integrates long-term climatic analysis, 3D modelling, heat
island assessment, water body analysis, and the evaluation
of green infrastructure impact within a unified interactive
system (Vasylieva et al., 2024; Hramchuk, 2025; Voronk-
ova et al., 2025). The majority of existing studies focus on
individual aspects of environmental analysis, particularly
temperature changes, satellite monitoring, or geoinfor-
mation mapping. Insufficient attention has been given to
the development of unified interactive software systems
that would combine automated acquisition of climatic
data, their processing, statistical analysis, three-dimen-
sional modelling, and clear visualisation of results with-
in a single software environment. The aim of the present
study was to develop a software application for the col-
lection of climatic data, their processing, construction
of informative charts, analysis of changes over time, and
identification of long-term trends in temperature regime
and precipitation patterns — including determination of
the direction and intensity of climate change, detection
of anomalously warm or cold periods, drought-affected
and excessively humid years, as well as assessment of the
influence of the urbanised environment on the formation
of local climatic characteristics.

© Materials and Methods

The study employed a combination of general scientific
and specialised research methods. Statistical analysis was
applied to examine the long-term dynamics of air temper-
ature and atmospheric precipitation. The identification of
climatic trends and patterns of indicator changes over time
was carried out using the time series method. Elements
of geoinformation analysis were used to assess the spatial
distribution of temperature anomalies and to investigate
urban heat islands. Visualisation of the temperature field,
water bodies, and thermal anomalies was performed using
three-dimensional modelling methods. The assessment of
the influence of green infrastructure on the temperature
regime of the urban environment was conducted through
comparative analysis. For the development of the “Eco-
Data” software application, software engineering methods
were applied, encompassing software architecture design,
integration of functional modules, user interface develop-
ment, and system performance testing.

Within the scope of this study, the “EcoData” software
application was developed, enabling the collection, pro-
cessing, and interactive analysis of historical atmospheric
precipitation data. A key element of the system is an in-
teractive precipitation chart featuring zooming function-
ality, display of precise values, and analysis of peak and
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anomalous periods (Meteostat, n.d.; IQAir, 2026). The user
interface of the application is presented in the Ukrainian
language, which is determined by its orientation toward lo-
cal use within the framework of research on climatic and
ecological indicators of the urban environment. The “Eco-
Data” application is implemented in the Python program-
ming language following a modular architecture. The sys-
tem structure includes modules for loading climatic data,
their processing and statistical analysis, two-dimensional
and three-dimensional visualisation, as well as a graphi-
cal user interface. For the implementation of individual
functions, the following libraries were utilised: Pandas and
NumPy for data processing and analysis, Matplotlib and
mpl_toolkits.mplot3d for chart construction and three-di-
mensional modelling, FuncAnimation for the creation of
animated visualisations, mplcursors for interactive engage-
ment with charts, and Meteostat (n.d.) for retrieving histor-
ical climatic data via API.

The primary source of information was open climatic
data from the Meteostat platform (n.d.) for the territory of
the city of Ivano-Frankivsk covering the period 1990-2024,
including indicators of mean, maximum, and minimum
air temperature, atmospheric precipitation amounts, and
relative humidity. Following data import, missing values
were removed, time series were constructed, data were ag-
gregated by month and year, and the dataset was prepared
for subsequent modelling and visualisation. The study
was conducted in stages and encompassed analysis of the
subject domain, formulation of software requirements,
connection of data sources, data collection and cleaning,
construction of mathematical models, development of vis-
ualisation tools, and interpretation of the obtained results.
To evaluate the performance of the software application,
functional testing was carried out, during which the accura-
cy of climatic data loading and processing, the operation of
interactive interface elements, and the generation of charts
and three-dimensional models were verified. Thus, the de-
velopment of a digital tool for comprehensive analysis of cli-
matic indicators is aimed at improving the effectiveness of
environmental monitoring, forming scientifically ground-
ed managerial decisions, and ensuring the sustainable de-
velopment of the urban environment (Pernerovska, 2014;
Arkhypova & Pernerovska, 2015; Hutnyk & Kachala, 2025).

© Results and Discussion

The “EcoData” software application is constructed as an
integrated multifunctional system that combines several in-
terrelated analytical modules within a unified interface. The
program structure incorporates a climatic data loading mod-
ule, which ensures the import and preparation of information
for subsequent analysis; a temperature analysis module for
examining seasonal and long-term dynamics of temperature
indicators; and an atmospheric precipitation analysis mod-
ule, which enables assessment of annual and seasonal chang-
es in precipitation amounts and identification of anomalous
periods. The system also includes a 3D temperature model
module, which displays long-term temperature dynamics in
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three-dimensional space, as well as a dedicated annual 3D
temperature model module, providing the capability for de-
tailed analysis of daily temperature fluctuations for a specif-
ic year. Spatial analysis is further complemented by a water
bodies map, which displays the hydrographic structure of
the city and allows examination of its influence on microcli-
matic conditions. An important component is the 3D heat
map module, aimed at detecting and visualising urban heat
islands formed under the influence of dense urban develop-
ment and reduction of green space coverage. A dedicated
urban greening analysis module was also implemented, ena-
bling assessment of the role of green plantings in regulating
the temperature regime and shaping a favourable urban en-
vironment. All the aforementioned modules are integrated
into a unified software shell with an interactive research peri-
od management system, allowing the user to independently
select the temporal boundaries of analysis within a defined
range. This structure ensures a comprehensive approach to
the study of climatic processes within the city and enables
both temporal and spatial analysis of ecological indicators.
The identification of anomalously rainy or drought-affected
years is essential for forecasting climate risks, planning cli-
mate change adaptation measures, and shaping sustainable
development strategies for communities. Thus, the develop-
ment of a software application for the collection, processing,
and interactive visualisation of atmospheric precipitation
data represents a timely and scientifically grounded step that
contributes to improving the effectiveness of environmental
monitoring, enhancing the urban environment management
system, and ensuring the ecological security of the territory
(Fig. 1). A key element of the system is the interactive charts,
which enable analysis of the annual dynamics of indicator
changes, mean monthly values, peak periods, and other
ranges. Drought periods, excessive moisture periods, and
long-term trends can be tracked and analysed. Interactive
features include hover tooltips displaying the precise date
and precipitation values in mm, chart zooming, and navi-
gation along the timeline (Fig. 2). The urban heat island
module implements spatial analysis of thermal load distri-
bution within the city of Ivano-Frankivsk and displays the
results in the form of a three-dimensional heat map (Fig. 3).
The constructed model demonstrates the variation of the
temperature field depending on geographical coordinates
(longitude and latitude), while the Z-axis reflects the tem-
perature increment (AT, °C) relative to a conditional back-
ground value. This approach enables quantitative assessment
of the intensity of local thermal overheating of areas and
determination of the spatial structure of the urban heat is-
land. Within the model, the main districts of the city were
identified, namely the Center, Pasichna, Naberezhna, BAM,
and Kaskad. The highest temperature increment values are
observed in the central part of the city, indicating heat con-
centration in the zone of dense urban development, high
traffic load, and a significant proportion of artificial surfaces
that accumulate and slowly release heat. In districts with a
greater share of green plantings and lower building densi-
ty, a gradual decrease in temperature indicators is observed.
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Figure 1. Main screen of the “EcoData” application

Note: the figure presents the main window of the developed EcoData software, designed for analysing the ecological condition of the
city of Ivano-Frankivsk and assessing the influence of climatic, urban, and natural factors on the urban environment. The interface
includes fields for selecting the research period, specifically the start and end year, as well as functional buttons for loading climatic data,
analysing urban green infrastructure, constructing temperature and precipitation charts, generating a water bodies map, and producing
a 3D heat map. The lower section of the window provides a brief description of the system’s capabilities, explaining its core analytical
functions

Source: compiled by the authors based on the results of the “EcoData” application
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Source: compiled by the authors based on the results of the “EcoData” application
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Figure 3. 3D heat islands of the city of Ivano-Frankivsk
Source: compiled by the authors based on the results of the “EcoData” application

The three-dimensional thermal model demonstrates
the influence of urban factors on the formation of local
temperature anomalies and confirms the manifestation
of the urban heat island effect. The visualisation enables
tracing of the temperature gradient from the central part
to the periphery of the city, which is a characteristic fea-
ture of urbanised areas. Thus, the model provides the ca-
pability to comprehensively assess the interrelationship
between building density, green infrastructure coverage,
and the temperature regime. The practical significance
of the module lies in the potential application of the ob-
tained results for planning measures to expand green
zones, optimise urban development policy, and form cli-
mate-adapted infrastructure. The 3D heat map data can
be applied in the development of programs aimed at re-
ducing thermal load, improving the energy efliciency of
urban development, and enhancing the quality of the
urban environment in accordance with the principles of
sustainable development.

The “3D Water Bodies - Ivano-Frankivsk” mod-
ule is designed for spatial analysis of the hydrographic
structure of the city and its influence on the formation
of the local microclimate (Fig. 4). Within this module,
a three-dimensional terrain model was constructed in-
corporating the locations of the main water bodies,
namely the Bystrytsya Solotvynska, Bystrytsya Nadvirn-
yanska, and Vorona rivers. The model displays spatial
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coordinates (longitude and latitude) along the horizontal
axes, while the Z-axis characterises elevation or depth,
enabling assessment of the terrain features and hydro-
logical structure of the territory. The central part of the
model demonstrates a surface depression correspond-
ing to the river channel and floodplain areas. The col-
our scale enhances the visualisation: darker and cooler
shades correspond to deeper areas, while lighter shades
represent higher elevations. The three-dimensional vis-
ualisation enables tracing of the interrelationship be-
tween terrain, water body locations, and potential water
accumulation zones. This is particularly important for
assessing flood risk, analysing the hydrological regime,
and forecasting possible changes under the influence of
intensive precipitation. The presence of water bodies
also affects the formation of the local microclimate, in
particular contributing to temperature reduction in ad-
jacent districts during the warm season through evap-
oration and air mass circulation. The practical signif-
icance of the module lies in the potential application
of its results for planning water resource management
measures, flood prevention, optimisation of develop-
ment in coastal zones, and formation of ecologically bal-
anced urban infrastructure. The model can be integrated
with precipitation and temperature data for comprehen-
sive analysis of the interaction between climatic and hy-
drological processes within the urbanised territory.
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Figure 4. 3D Water Bodies - city of Ivano-Frankivsk
Source: compiled by the authors based on the results of the “EcoData” application

The module for assessing the influence of green infra-
structure on the urban temperature regime demonstrates
the relationship between changes in air temperature and
the number of planted trees. Within this module, a chart
was constructed in which the X-axis displays the number
of trees and the Y-axis represents the change in air tem-
perature (°C) (Fig. 5). The linear relationship presented
in the chart shows a gradual temperature decrease with
an increasing number of green plantings. The model

illustrates that even a moderate increase in tree count
leads to a noticeable reduction in thermal load. With
an expansion of the green stock to 20,000 trees, a con-
ditional temperature decrease of approximately 2-2.5°C
is observed, which represents a significant indicator for
an urbanised environment. This effect is explained by the
processes of transpiration, surface shading, reduction of
heat accumulation by artificial materials, and improve-
ment of air circulation.
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Figure 5. Influence of green infrastructure on the urban temperature regime

Source: compiled by the authors based on the results of the “EcoData” application
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The chart enables assessment of the potential ecolog-
ical effect of implementing mass greening programs and
serves as an important tool for strategic urban development
planning. Through this model, it is possible to forecast the
degree to which the intensity of the heat island effect will
diminish with an increase in green space coverage. The
practical significance of the module lies in the potential
application of the obtained results in the formulation of
ecological restoration programs, development of “green
city” concepts, improvement of residential comfort for the
population, and adaptation of the urban environment to
climate change. It can also serve as a justification for in-
vestment in the development of green plantings as one of
the most effective and nature-based approaches to reducing
thermal load.

The daily temperature analysis module displays
the dynamics of temperature regime changes in Iva-
no-Frankivsk for the period 1990-2024 in the form of
a continuous time series chart (Fig. 6). The horizon-
tal axis represents the calendar scale (dates), while the
vertical axis displays air temperature values in degrees
Celsius. This format enables tracing not only the over-
all long-term trend but also detailed temperature fluc-
tuations within each individual year. The chart clearly

demonstrates the cyclical nature of temperature chang-
es, corresponding to seasonal processes: regular peaks
during the summer period and temperature decreases
in winter. The recurrence of the wave-like structure in-
dicates the stability of the seasonal rhythm, while indi-
vidual deviations are also evident — sharp temperature
decreases or increases that may be associated with anom-
alous weather events. Analysis of the long-term data ar-
ray enables assessment of the frequency of extremely low
temperatures during the winter period and high temper-
atures during the summer season. In certain years, signif-
icant temperature amplitudes are observed, which may
indicate an increase in climatic variability. A gradual shift
of temperature maxima toward higher values in more re-
cent years can also be traced, which is consistent with
the global warming trend. The practical significance of
this module lies in the capability to identify extreme tem-
perature periods, analyse the duration of warm and cold
seasons, assess the thermal load on urban infrastructure
and the population. The obtained results can be applied
for forecasting climate risks, planning energy consump-
tion, developing climate change adaptation measures,
and enhancing the resilience of the urban environment
to temperature extremes.
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Figure 6. Analysis of daily temperature in the city of Ivano-Frankivsk for the period 1990-2024
Source: compiled by the authors based on the results of the “EcoData” application

The precipitation analysis module is one of the key
components of the software system and is aimed at in-
vestigating the long-term dynamics of atmospheric pre-
cipitation within Ivano-Frankivsk (Fig. 7). Within this
module, the system automatically generates a bar chart
of annual precipitation totals in millimetres, covering
the study period from 1990 to 2024. The visualisation
enables clear tracing of changes in annual precipitation
sums, assessment of their inter-annual variability, and
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identification of years with maximum and minimum
values. The chart displays peak values that may indicate
anomalously rainy years, as well as periods of reduced
precipitation characterised as anomalously dry. This
approach makes it possible to identify the long-term
trend of changes in territorial moisture levels and as-
sess whether a tendency toward increase or decrease in
annual precipitation totals is observed in the context of
climate change.
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Figure 7. Annual precipitation totals - city of Ivano-Frankivsk
Source: compiled by the authors based on the results of the “EcoData” application

The analytical capabilities of the module enable com-
parison of any years with one another, identification of pe-
riods of elevated flood risk resulting from excessive precipi-
tation, as well as assessment of moisture deficit periods that
may negatively affect green plantings and the city’s water re-
sources. In addition, the system provides detection of climat-
ic anomalies that are significant for ecological planning and
the development of climate change adaptation measures. An
important advantage of the module is its interactivity. The
user has the capability to obtain precise precipitation values
in millimetres through hover tooltips, zoom the chart for
detailed analysis of individual periods, navigate along the
timeline, and drill down into specific years. This format of
data presentation enhances the usability of the system and
makes the analysis process more intuitive and effective.

The module presented in Figure 8 provides com-
prehensive spatiotemporal analysis of the temperature

regime of the city of Ivano-Frankivsk over an extended
observation period (1990-2024). Within this module, a
three-dimensional surface was constructed in which the
X-axis represents the day of the year (from 1 to 365), the
Y-axis represents the observation year, and the Z-axis
displays air temperature values in degrees Celsius. This
format enables simultaneous assessment of both sea-
sonal dynamics and long-term changes in temperature
indicators. The model surface demonstrates a character-
istic wave-like form corresponding to the cyclical nature
of seasonal processes: temperature increase during the
spring-summer period and its decrease during the au-
tumn-winter season. Through the use of a colour scale
ranging from blue to red shades, temperature contrasts
are clearly visualised: blue tones correspond to negative
values during winter months, while red tones represent
maximum summer temperatures.
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Figure 8. 3D temperature — Ivano-Frankivsk
Source: compiled by the authors based on the results of the “EcoData” application
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Analysis of the model enables tracing of long-term
temperature change trends, in particular the gradual in-
crease in mean annual values in more recent observation
years. Periods of extreme temperatures can also be iden-
tified — both anomalously cold winters and exceptionally
hot summers. The three-dimensional visualisation assists
in detecting changes in the duration of warm and cold pe-
riods, which serves as an important indicator of climatic
transformations. The practical significance of the module
lies in the potential application of the obtained results for
assessing the impact of temperature changes on urban in-
frastructure, energy consumption, the condition of green
plantings, and residential comfort of the population. The
model represents an effective tool for scientific analysis of
climatic trends and the formulation of urban adaptation
measures in response to global warming conditions.

The “3D Temperature by Year” module (Fig. 9) is de-
signed for detailed analysis of the temperature regime of

an individual year with the capability of spatiotemporal
visualisation. Within this tool, a three-dimensional mod-
el is generated in which the X-axis represents the day of
the year (from 1 to 365), the Y-axis corresponds to the
selected study year, and the Z-axis displays air temper-
ature values in degrees Celsius. This approach enables
representation of daily temperature dynamics within
a specific year and tracing of the character of seasonal
fluctuations. Using 1992 as an example, a gradual tem-
perature increase from winter negative values to summer
maxima is clearly visible, followed by a characteristic
temperature decrease during the autumn-winter pe-
riod. The colour scale ranging from blue to red shades
enhances the clarity of analysis: cold periods are repre-
sented by blue tones, while warm periods are depicted
in orange-red hues. This enables rapid visual identifica-
tion of temperature peak periods, cold waves, or atypical
seasonal deviations.
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Figure 9. Temperature by years - 1992-2025
Source: compiled by the authors based on the results of the “EcoData” application

This form of data presentation makes it possible to iden-
tify anomalously warm or cold periods, analyse the duration
of seasons, assess the intensity of summer maxima and win-
ter minima, and compare the characteristics of the temper-
ature regime across different years. The model serves as an
important tool for investigating long-term climatic trends
and confirming the manifestations of global warming at the
local level. From a practical standpoint, the module can be
utilised for climate risk analysis, assessment of thermal load
on the urban environment, investigation of the impact of
temperature extremes on public health, and planning of cli-
mate change adaptation measures. Three-dimensional vis-
ualisation significantly enhances the informativeness of the
analysis and renders the results comprehensible to both re-
searchersandrepresentatives oflocal governmentauthorities.

The results obtained through the three-dimensional
temperature field analysis module confirm the presence of
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a pronounced urban heat island effect in the central part
of Ivano-Frankivsk. Similar patterns were established in
the study by D. Lauwaet et al. (2024), who demonstrated
through high-resolution modelling across one hundred
European cities that the greatest intensity of heat islands
is characteristic of areas with high building density and a
significant proportion of artificial surfaces. Similar con-
clusions were also presented in the work of M. Possega et
al. (2022), which proved the intensification of thermal
load in urbanised districts during extreme temperature
events. The results obtained in the present study regarding
the positive influence of green infrastructure on the ur-
ban temperature regime are consistent with the findings of
T. lungman et al. (2023), who established that increasing
green space coverage represents one of the most effective
nature-based approaches to reducing thermal load and
improving the quality of the urban environment. Studies
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by C. Andrade et al. (2023) and N. Krupa (2025) also con-
firmed that the development of green infrastructure is one
of the key instruments for adapting cities to climate change.
Furthermore, contemporary research indicates that even a
modest increase in green space coverage can provide a no-
ticeable cooling effect in central urban districts.

The precipitation analysis and long-term temperature
dynamics modules constructed in the present study con-
firmed the growth of climatic variability and the increas-
ing frequency of extreme weather events. Similar trends
were described in the work of C. Reis et al. (2022), where,
based on large climatic datasets from the Copernicus ser-
vice (n.d.), a substantial intensification of temperature
anomalies in cities of Southern Europe was established.
The study by K. Koutroumanou-Kontosi et al. (2022) also
demonstrated the necessity of combining regional and
local climate modelling for identifying the characteristics
of urban microclimate formation and forecasting future
climate risks.

Of particular interest are the results of applying
three-dimensional visualisation within the “EcoData” sys-
tem. A similar approach was described in the works of
G. Lobaccaro et al. (2021) and S. Dimitrov et al. (2024),
who emphasised that the application of GIS technologies,
unmanned remote sensing systems, and three-dimensional
modelling significantly enhances the analytical capabilities
for examining the spatial structure of thermal anomalies
and improves the informativeness of environmental moni-
toring. The results of these studies confirmed the feasibility
of the approach implemented in the present work, which
combines temporal and spatial analysis within a unified
software environment.

The results of the analysis of spatiotemporal variabil-
ity of the urban temperature regime are consistent with
contemporary approaches to urban climate modelling. In
particular, K. Koutroumanou-Kontosi ef al. (2022) empha-
sised the necessity of combining regional and local climate
models for accurate representation of the characteristics of
the urban thermal environment. The methodology of in-
tegrating multi-scale climatic simulations proposed by the
authors confirms the feasibility of employing long-term
climatic data in combination with local spatial analysis
within the developed “EcoData” application, as precisely
this approach enables the identification of local temper-
ature anomalies and assessment of potential risks for the
urban environment.

The importance of applying high-resolution climatic
data is confirmed by the study of G. Frustaci et al. (2022),
in which a high-resolution air temperature dataset was cre-
ated for the city of Milan. The authors demonstrated that
the use of detailed spatial temperature data substantially
improves the capabilities for identifying urban heat islands
and analysing intra-urban temperature heterogeneity. A
similar approach is implemented in the three-dimensional
visualisation module of the “EcoData” application, which
provides clear representation of the spatial distribution of
temperature indicators and enables identification of areas
with elevated thermal load. The obtained results regarding

Hrytsuliak et al.

the influence of temperature anomalies on the urban en-
vironment are also consistent with the conclusions of
D. Hidalgo-Garcia & H. Rezapouraghdam (2023), who
investigated the spatial variability of heat stress in the city
of Seville using the UrbClim climate model and proposed
measures for its mitigation. The authors demonstrated that
the most effective adaptation measures include expansion
of green space coverage, reduction of the proportion of ar-
tificial surfaces, and implementation of continuous temper-
ature regime monitoring tools. This confirms the practical
significance of the developed software application, which
can be utilised as a decision-support tool for planning ur-
ban environment adaptation measures in response to cli-
mate change and minimising the negative consequences of
urban heat islands.

Thus, the results of the study confirm global trends
in the development of digital environmental monitoring
systems and demonstrate the effectiveness of integrating
long-term climatic data, spatial analysis, and three-dimen-
sional visualisation for investigating climatic and ecolog-
ical processes in urban areas. The developed “EcoData”
application can be regarded as a promising decision-sup-
port tool in the field of urban environment management,
planning of climate change adaptation measures, and im-
plementation of sustainable urban development strategies.
The conducted study confirmed that contemporary ap-
proaches to urban climate analysis are increasingly orient-
ed toward the integration of long-term climatic data, geo-
information analysis, three-dimensional modelling, and
interactive visualisation tools. Comparison of the obtained
results with current international research indicates that
the trends identified for Ivano-Frankivsk are consistent
with pan-European processes of temperature increase, in-
tensification of climatic variability, and formation of urban
heat islands. In contrast to the majority of existing studies,
which predominantly focus on individual aspects of urban
environment monitoring, the developed “EcoData” soft-
ware application provides a comprehensive combination
of temperature regime analysis, atmospheric precipitation,
water bodies, green infrastructure, and spatial thermal
anomalies within a unified interactive software environ-
ment. This allows the proposed system to be regarded as
a promising instrument for supporting managerial deci-
sion-making aimed at enhancing the climatic resilience of
cities and implementing the principles of sustainable de-
velopment of urbanised territories.

© Conclusions

As a result of the conducted work, the “EcoData” software
application was developed - an interactive information-an-
alytical system designed for investigating climatic, ecolog-
ical, and urban-ecological processes at the local level, par-
ticularly for the city of Ivano-Frankivsk. The system ensures
the integration of long-term meteorological data, their
analytical processing, and multi-level visualisation in the
form of charts and three-dimensional models. The software
tool combined the processing of climatic data (temperature
and precipitation), analysis of ecological factors (territorial
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green infrastructure), spatial modelling of natural objects
(water resources), and 2D and 3D visualisation of results.
Analysis of long-term climatic data for the city of Iva-
no-Frankivsk over the period 1990-2024 confirmed a trend
toward increasing mean annual temperatures, growing fre-
quency of extremely warm periods, and anomalous precip-
itation years, which is consistent with general regional and
global climate change patterns. The atmospheric precipita-
tion analysis module enabled identification of years with
anomalously high and low precipitation amounts, indicat-
ing an increase in climatic variability. The three-dimen-
sional urban heat island modelling module revealed the
concentration of elevated temperatures in areas of dense
urban development and transport hubs, while territories
with a high proportion of green plantings are characterised
by lower temperature values, confirming the role of green
infrastructure in reducing thermal load. The water bodies
analysis module demonstrated the positive influence of
the urban lake and river network on the formation of the

local microclimate. The obtained results indicate the fea-
sibility of comprehensive consideration of climatic, hydro-
logical, and urban-ecological factors in the development
of sustainable urban development strategies. Prospects for
further research lie in expanding the functionality of the
system through integration of satellite data, application
of artificial intelligence-based forecasting algorithms, and
development of a web-oriented version of the platform
for broader application in sustainable urban development
management practice.
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© AHorauis. AKTya/IbHICTD HOCTII)KeHHA 3yMOBJ/IeHa 3pOCTAIOYNM BIUIMBOM K/IIMaTMYHUX 3MiH Ha (PyHKIIOHYBaHHA
ypbaHi30BaHMX TepUTOPilL, 10 MPOABIAETbCA y HiABUIEHH]I TeMIlepaTypu, HepiBHOMIPHOCTI aTMOcepHUX OINafiB,
30i/IbIIEHHI YacTOTM eKCTpeMaJbHUX TijpOMeTeOpOJIOTiYHNX ABUI Ta (OPMYBaHHI MICBKUX TEIUIOBUX OCTpPOBIB.
B ymoBax iHTeHcHBHOI ypOaHisanii Ta TpaHcdopMalil IPUMPOZHOrO CepefoBMINa 0COOMMBOI 3HAUYIMIOCTI HabyBae
HeoOXi/JHiCTb KOMIIIEKCHOTO aHa/Ii3y K/IIMaTHYHUX | €KOIOriYHMX IIPOLieciB Ha JIOKaTbHOMY piBHi. MeTO0 fOC/TiIKeHHA
Oyma po3pobka iHTepakTHBHOI iH(POpPMALiTHO-aHAMITUYIHOI CUCTEMU JIsI KOMIUIEKCHOTO aHA/Ti3y KIIMATMYHMX Ta
€KOJIOTiYHMX MpPOlLleCiB MiCbKMX TepuTOpili. MeTofonoria HOCHiIPKEHHA I'PYHTyBajgacsad Ha BUKOPMCTAHHI MeTOHiB
CTaTMCTUYHOTO aHaNi3y KIIMaTMYHMX H~AaHUX, TeoiHPOpMaLifHOrO aHaji3y, TPUBUMIPHOIO MOJCJIOBAaHHA Ta
IIPOrpaMHOI pO3pOOKY iHTEPAKTUBHOTO 3aCTOCYHKY. Y pe3y/IbTaTi JOCTIIKEeHHsI po3p06/IeHO IPOrpaMHMIT 3aCTOCYHOK
«EcoData», sxuil iHTerpye Mopyni aHami3y TeMIlepaTypy, aTMOC(epHUX ONajiB, BOJHUX OO’€KTiB, O3eIeHEHHS
Ta MICBKMX TEIUIOBUX OCTpOBiB. PeanisoBaHo iHcTpyMmeHTM no6ymoBu iHTepakTMBHMX TpadikiB i TpuBMMipHMX
MoJene I aHa/li3y KIiMaTMYHMX IOKasHUKIB 3a mepiof 1990-2024 pp. BcTanoBneHO TeHJEHII0 O MiBUIEHHA
TeMIIepaTypHUX MOKa3HMKIB Ta HAaABHICTb JTOKAJIbHMX TEIUIOBMX aHOMaJill y IJeHTPaabHill YacTuHi MicTa. Busasneno
POKM 3 aHOMAJIbHO BMCOKOIO Ta HM3bKOIO KilbKicTi0 onapiB. Iloka3saHO MO3SUTMBHMUIL BIUIMB 3€/I€HUX HacaKeHb Ha
3HIDKEHHSI TeMIIEPATyPHOT0 HaBaHTa>KeHHs MiCbKOro cepegosuina. OTpuMaHi pe3ynbTaTu MOXYTb Oy TI BUKOPUCTaHI
y HayKOBIX [JOC/II/PKEHHSIX, OCBITHBOMY ITpOLIeC, IIpu PO3pOO6IIi MiCbKIX K/IIMATUYHUX CTPATETIiT, IPOrpaM O3eIeHeHHs
Ta 3aXOJ]iB aflaNTallii 0 3MiH K/IiMaTy
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© Abstract. Under conditions of urban transformation and increasing anthropogenic pressure, the assessment of ambient
air quality and associated environmental risks is becoming increasingly important. A significant role in the formation
of environmental hazards is played by short-term peaks in pollutant concentrations, which are often not taken into
account by conventional monitoring methods. The aim of this study was to substantiate an approach to the operational
assessment of environmental hazard states of ambient air at the territorial community level, taking into account natural
and anthropogenic factors. The study employed methods of logical analysis of scientific research findings, system analysis
of factors influencing air quality formation, elements of mathematical modelling of pollutant dispersion processes, and
a risk-oriented approach to assessing the impact of pollution on the population. The concept of natural-anthropogenic
fluctuations in ambient air quality within a territorial community was substantiated, taking into account natural factors,
emergency and war-related events, and anthropogenic hazard sources. An Increased Environmental Risk Index (IER) was
introduced as an analytical indicator for assessing the short-term effects of air pollution on public health. An integrated
model for environmental assessment was proposed, combining mathematical modelling (Gaussian, jet, and energy
models) with instrumental measurements. Regularities in the formation of local zones of ingredient and acoustic pollution
under conditions of intensive use of individual power generators were identified. The proposed approach makes it possible
to promptly identify periods of increased risk and assess the spatial heterogeneity of environmental hazards. The obtained
results may be used by local authorities to improve ambient air monitoring systems, develop measures for managing
anthropogenic pressure, and implement early warning mechanisms for informing the population about increased levels
of environmental hazard

© Keywords: ambient air quality; environmental risk; anthropogenic pressure; natural-anthropogenic fluctuations;
mathematical modelling

@ Introduction

Under conditions of increasing anthropogenic pressure, en-  of emergency and war-induced factors leads to the emer-
suring adequate ambient air quality has become an impor-  gence of new types of environmental hazards. This necessi-
tant area of environmental safety management. The impact  tates the assessment of ambient air quality within territorial
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communities based on the concept of a health-oriented en-
vironment, which is interpreted by T.Ye. Ryhas (2026) as
a dynamic socio-ecological-economic system capable of
adapting to external challenges, including climate change,
anthropogenic threats, and crisis situations, by enhancing
environmental safety, increasing the resilience of urban
ecosystems, and improving the quality of life of the popu-
lation. In this context, environmental safety serves not only
as a prerequisite for environmental protection but also as a
fundamental basis for health-oriented urban development.

Contemporary studies focus not only on annual aver-
age concentrations of air pollutants but also on short-term
pollution episodes, which may cause significant adverse
health effects. B. Hoffmann et al. (2021) analysed current
scientific evidence regarding the impact of air pollution
on human health, which formed the basis for updating
the World Health Organization air quality guidelines. The
study demonstrated that adverse health effects associated
with fine particulate matter (PM,s), nitrogen dioxide, and
other air pollutants may occur even at concentrations pre-
viously considered relatively safe. The authors emphasised
the need to revise existing approaches to ambient air qual-
ity management in light of current knowledge regarding
risks to public health.

S. Khomenko et al. (2021) assessed the impact of air
pollution on premature mortality in nearly one thousand
European cities. The analysis revealed that a substantial
proportion of premature deaths could be prevented if the
recommended air quality levels were achieved. The authors
also identified significant intercity differences in environ-
mental risk levels, highlighting the need to develop local-
ised air quality management strategies. In a subsequent
study, S. Khomenko et al. (2023) analysed the spatial and
sector-specific contributions of various emission sources
to ambient air pollution and associated mortality in Eu-
ropean cities. Using a health impact assessment approach,
the authors evaluated the contribution of individual eco-
nomic sectors to particulate matter pollution and related
health risks. The results demonstrated that the structure of
emission sources varies considerably among cities, while
the effectiveness of environmental protection measures
largely depends on the appropriate identification of prior-
ity emission sources.

Particular attention has recently been paid to the con-
cept of short-term exposure, which focuses on assessing
the health effects associated with short-term episodes of
elevated pollutant concentrations. Unlike traditional ap-
proaches based mainly on annual average pollutant con-
centrations, contemporary studies indicate that short-term
pollution peaks play a significant role in environmental
risk formation and the occurrence of acute adverse health
outcomes. Thus, W. Yu et al. (2024) performed a global
assessment of mortality associated specifically with short-
term exposure to air pollution. Based on data analysis
from more than 13,000 cities worldwide, the authors esti-
mated that short-term exposure to fine particulate matter
is associated with approximately one million premature
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deaths annually, accounting for nearly 2% of total global
mortality. These findings confirmed that short-term pollu-
tion episodes make a substantial contribution to the global
burden of disease and should therefore be considered in
environmental risk assessment.

Y. Ma et al. (2024) analysed the relationship between
short-term changes in particulate matter and NO, con-
centrations and mortality based on nearly nine million
death records from four countries. Using advanced causal
modeming methods, the authors identified a statistically
significant association between increased pollutant con-
centrations and higher all-cause mortality. The findings
emphasised the importance of considering short-term
variations in ambient air quality when assessing environ-
mental risks. C. Demoury et al. (2024) investigated the ef-
fects of short-term exposure to PM, s, PMy,, NO,, O3, and
black carbon on natural mortality in Belgium. The study
demonstrated a significant association between increased
pollutant concentrations and the risk of death from natural
causes. Particular attention was paid to the identification of
vulnerable population groups for whom short-term pollu-
tion episodes pose an increased health risk.

Therefore, the findings of contemporary studies con-
vincingly demonstrate that short-term peaks in pollut-
ant concentrations represent an important factor in the
formation of public health risks. However, most existing
approaches focus primarily on the epidemiological and
statistical assessment of the consequences of short-term ex-
posure, whereas the integration of short-term pollution in-
dicators, meteorological conditions, local emission sourc-
es, and the natural self-purification capacity of a territory
into a unified environmental risk assessment framework
remains insufficiently explored. This necessitates the devel-
opment of risk-oriented approaches to ensuring adequate
ambient air quality at the territorial community level.

The aim of this study was to apply the environmental
risk concept to the operational assessment of ambient air
quality in the Kremenchuk Territorial Community (KTC)
under the influence of natural and anthropogenic factors
contributing to environmental hazards. To achieve this
aim, the following objectives were addressed: to analyse the
factors affecting ambient air quality formation in an urban-
ised area; to assess the influence of short-term pollution
peaks on the level of environmental risk to the population;
and to substantiate approaches to ambient air quality man-
agement, taking into account anthropogenic pressure and
the bioregulatory potential of the territory.

© Materials and Methods

The KTC, characterised by a specific structure of environ-
mental hazards, was selected as the study area. The urban
environment should be considered as a complex urban
geosystem in which natural conditions, features of spatial
organisation, and anthropogenic pressures determine the
course of ecological processes (Serohin & Kostrikov, 2024).
The uniqueness of the environmental situation in the KTC
is determined by the combination of natural conditions,
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transformation of natural landscapes during urbanisation,
and the presence of numerous anthropogenic facilities.
The interaction of these factors forms a complex system of
environmental risks manifested in changes in ambient air
quality, soils, surface and groundwater quality, as well as
in the formation of noise pollution within the community.
The combination of valley relief, the extensive water surface
of the Kremenchuk Reservoir, and temperature inversions
creates air stagnation zones where pollutants accumulate.
Thus, the natural environment of the territory is not only
affected by anthropogenic impacts but also actively con-
tributes to their manifestation. These conditions determine
the occurrence of natural-anthropogenic fluctuations in
ambient air quality.

The study employed methods of analysis and synthesis
of scientific findings, system analysis of factors influencing
air quality formation, elements of mathematical modelling
of pollutant dispersion processes, and a risk-oriented ap-
proach to assessing the impact of pollution on the popu-
lation. Current approaches to assessing the impact of air
pollution on public health are based on the concept of
short-term exposure. Quantitative methods for assessing
health risks associated with ambient air pollution rely on
the use of Relative Risk (RR) and Population Attributable
Fraction (PAF) indicators, as well as AirQ and AirQ+ soft-
ware tools recommended by the World Health Organiza-
tion (Amini et al., 2024). Quantitative assessment of such
impacts at the territorial community level was performed
using the Relative Risk (RR) indicator of adverse health
outcomes, which is widely applied in epidemiological stud-
ies investigating the effects of ambient air pollution on pub-
lic health (Khomenko et al., 2021):

RR =ePAC, (1)

where f3 is the population sensitivity coeflicient to chang-
es in pollutant concentration (for PM,s, approximately
0.0008-0.0012 per 1 pg/m?); AC is the increase in pollutant
concentration relative to the background level, ug/m>.

To assess the proportion of health risk attributable to
ambient air pollution, the Population Attributable Fraction
(PAF) indicator was used:

PAF =2, (2)
RR

The reduction in the increase of pollutant concentra-
tions in the near-surface atmospheric layer under the influ-
ence of natural purification mechanisms can be described
by the following generalised relationship:

ACagj = AC — 22, 3)
mix
where AC, is the adjusted increase in pollutant concentra-
tion taking into account natural deposition processes; My,
is the mass of pollutant particles deposited by vegetation
(kg); Viuix is the volume of air within the atmospheric mix-
ing layer (m’).
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For the operational assessment of environmental haz-
ard levels in the near-surface atmospheric layer under
conditions of short-term fluctuations in pollutant concen-
trations, the Increased Environmental Risk Index (IER)
was applied:

AC-Fmet Fsrc

IER = , (4)

Breg

where F,. is an indicator characterising the atmospheric
dispersion capacity and accounting for meteorological con-
ditions (wind speed, the occurrence of temperature inver-
sions, and the height of the atmospheric mixing layer); Fi.is
an indicator of anthropogenic pressure intensity reflecting
the cumulative impact of major emission sources (trans-
port, stationary sources, autonomous diesel generators,
emergency and war-induced emissions); B, is an indicator
of the bioregulatory potential of the territory characteris-
ing the ability of green infrastructure to reduce pollutant
concentrations in the near-surface atmospheric layer (the
main contributing factors include the area of green spaces,
leaf surface area, and the capacity of vegetation to deposit
fine particulate matter).

The structure of the index is based on the principles
of risk-oriented assessment, according to which the level
of environmental risk increases with increasing pollutant
concentrations, unfavourable meteorological conditions,
and the intensity of local emission sources. At the same
time, the presence of green spaces and other natural eco-
system elements contributes to the self-purification of am-
bient air and reduces the level of risk, which is accounted
for through the indicator of the territory’s bioregulatory
potential. The proposed approach makes it possible to con-
sider the specific features of urbanised areas, where local
short-term pollution peaks frequently occur and are not
always reflected by conventional air quality indices.

The processes of sound wave propagation in ambient
air were described using a fragment of the integrated mod-
el of ecological safety and sustainable development of a
health-oriented urban territorial community developed by
the authors (Ryhas, 2026):

2L cprp = 0, (5)
where P is the sound pressure (acoustic load); ¢ is the speed
of sound in air; and V? is the Laplace operator.

This equation describes the propagation of acoustic
waves in an elastic medium. Its solutions take the form of
wave functions characterising the propagation of sound
energy in space. However, for practical engineering calcu-
lations, a simplified energy-based model is used, which ac-
counts for the attenuation of sound intensity with distance:

ap 21
E = — 7 —al. (6)
The solution of this equation is given by:

P(r) =P, Lemar, (7)

r2
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This equation was used to calculate noise pollution
levels. The integrated pollution index was determined as
the average value of the relative concentrations of the in-
vestigated pollutants with respect to their maximum per-
missible concentrations. This approach makes it possible to
comprehensively assess the state of ambient air within the
study area and determine the level of anthropogenic pres-
sure. To describe the processes of transport, dispersion, and
transformation of pollutants in ambient air, a correspond-
ing fragment of the mathematical model within the con-
cept of environmentally safe functioning of a health-orient-
ed territorial community was employed (Ryhas, 2026):

dc dc dc dc 0 dc
E-l— u$+ U@'FWE:a( xa)'F
a dc a dc
+@(ky5)+£(kz£)+s—ze, (8)

where C denotes the pollutant concentration; u, v, and w
represent the components of air flow velocity; K, K, and
K. are the turbulent diffusion coefficients in the x, y, and z
directions, respectively; S is the emission source strength;
R represents the rate of chemical transformations and pol-
lutant deposition. One of the most commonly used ap-
proaches for solving Equation (8) is the Gaussian plume
model, widely applied in atmospheric pollution studies
(Johnson, 2022):

_ s __ _ (z=m)?
Clxy,2) = 2muay, (x)oz(x) €xp ( 20‘12,()(,')) €xp ( 20'%(9())’ ®)

where the main parameters are the emission rate, wind
speed, and dispersion coefficients characterising turbulent
air mixing.

Maximum pollutant concentrations are observed along
the plume centerline (at y=0) and near the effective source
height (z=H). As the distance from the source (x) increas-
es, the plume expands, resulting in a decrease in pollutant
concentrations. Physically, this model describes the forma-
tion of a so-called “plume” - an elongated cloud of pollut-
ants transported by wind and gradually expanding in both
horizontal and vertical directions (Khomenko et al., 2023).

The following assumptions were adopted when apply-
ing the Gaussian plume model: emissions are continuous
and stationary over time; wind speed and direction remain
constant during the calculation period; atmospheric con-
ditions are homogeneous within the study area; turbulent
mixing of pollutants is described by the dispersion coefh-
cients oy and oz; and chemical transformations of pollut-
ants during transport are neglected. The Gaussian mod-
el was applied to assess pollutant dispersion at distances
greater than 10 m from the emission source.

Despite its widespread applicability, the Gaussian
model has several limitations when applied to low-height
emission sources, such as power generators. First, the
model assumes that pollutants are instantaneously dis-
tributed according to a Gaussian profile immediately after
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release. In real conditions, a generator produces a directed
exhaust jet characterised by its own velocity, temperature,
and flow structure. Second, the Gaussian model is gener-
ally valid at distances ranging from tens to hundreds of
meters, whereas the impact zone of generators is typical-
ly limited to 1-10 m. Third, the model does not account
for the influence of local obstacles (buildings, fences, and
trees), which substantially affect turbulence characteristics
in the near-surface atmospheric layer.

Thus, the application of the Gaussian model for de-
scribing pollutant dispersion from autonomous power
generators in the near-field zone is limited. This is because,
in the immediate vicinity of the source (within several me-
ters), turbulent mixing processes between the exhaust jet
and the surrounding air dominate and are not adequate-
ly represented by the classical Gaussian approach. To ad-
equately describe processes occurring in the immediate
vicinity of the emission source, the use of a jet model is
considered appropriate. In this case, emissions are treated
as a turbulent jet that gradually expands due to mixing with
the surrounding air (Johnson, 2022). In a simplified form,
the solution of Equation (8) can be expressed as:

_S_
wAx)’

Clx) = (10)
where A(x) is the cross-sectional area of the expanding jet.
Typically, A(x) ~ (ax)? therefore:

s
C (X) ~ ﬁ (1 1)

Unlike traditional approaches, this study propos-
es the combined use of Gaussian, jet, and energy-based
models for assessing natural-anthropogenic fluctuations
in ambient air quality. The authors” approach is based on
the differentiated application of these models depending
on the spatial scale of the process: the jet model is used
to describe pollutant dispersion in the near-field zone
(up to 10 m) from autonomous power generation sourc-
es; the Gaussian model is applied to assess pollutant dis-
persion at greater distances; and the energy-based model
is employed to evaluate acoustic load. In addition, the
modelling results are integrated with the Increased Envi-
ronmental Risk Index (IER), which accounts for meteoro-
logical conditions, the intensity of local emission sources,
and the bioregulatory potential of the territory. Such an
approach makes it possible to consider the specific fea-
tures of short-term pollution peak formation under the
conditions of the KTC.

Instrumental studies within the KTC were carried
out in several urban areas characterised by intensive use
of electric generators. The study objects included gasoline
and diesel generators with a capacity of 2-5 kW, which are
most widely used as backup power sources in the residen-
tial sector. Ambient air sampling and noise level measure-
ments were performed at distances of 1, 5, 10, and 15 m
from an operating generator, taking into account the pre-
vailing wind direction. Monitoring points were located at
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a height of 1.5 m above ground level, corresponding to the
average height of the human breathing zone. Concentra-
tions of carbon monoxide (CO), nitrogen dioxide (NO,),
sulfur dioxide (SO,), and fine particulate matter were de-
termined in ambient air. Each measurement cycle lasted 20
min. Measurements were recorded every 2 min, resulting
in 10 consecutive readings at each monitoring point. Aver-
age values of pollutant concentrations and noise levels were
subsequently used for analysis.

Ryhas & Shmandii

Measurements were conducted in the absence of at-
mospheric precipitation and at wind speeds ranging from
0.5 to 2.0 m/s. The obtained experimental data were used
to verify mathematical models of pollutant dispersion and
to assess environmental risk. Particular attention was paid
to areas characterised by a high concentration of commer-
cial infrastructure facilities, including retail stores, catering
establishments, and other service sector enterprises, where
generators were used as backup power sources (Fig. 1).

Residential area

the combined sources

_— Wind direction (u) Commercialiarea
L.
| i i
@ @ @
. Q Q Qs , P, (5m) P, (10 m) P; (15 m)
T
Emission sources
(combined impact)
Legend
Q Emission source (Q;, Q;, Q3) S— -
0 e
- intensity of emission YV\:'::t:}rr::zo;rit)ﬁun .
o ) Low High
@ Monitoring points (Py, P2, P3) Pollutant concentration C(x, )
—at5m, 10 m, 15 m from - increasing intensity

Figure 1. Schematic representation of the spatial arrangement of emission sources and monitoring points
with consideration of pollutant dispersion in the near-surface atmosphere

Source: created by the authors

The assessment of acoustic load was carried out at the
same monitoring points where pollutant concentration
measurements were performed. Noise level measurements
were conducted at different distances from the generators,
taking into account the spatial arrangement of noise sourc-
es and the direction of sound wave propagation. The main
parameter determined during the study was the equivalent
continuous A-weighted sound pressure level (LAeq, dBA).

@ Results and Discussion
Contemporary fluctuations in ambient air quality are
formed not only under the influence of traditional

emission sources (industry, heat and power facilities,
and transport) but also as a result of the widespread use
of electric generators at critical infrastructure facilities,
commercial establishments, healthcare institutions, and
in the residential sector due to regular damage to energy
infrastructure, as well as emergency- and war-induced
fires and the destruction of fuel and energy facilities.
A generalised model describing the interaction between
natural and anthropogenic factors and emergency
events that determine short-term fluctuations in pol-
lutant concentrations in the near-surface atmospheric
layer was proposed (Fig. 2).

Natural factors
(terrain, inversions, meteorolo-
gical conditions)

Emergency and war-induced events
(fires, infrastructure destruction)

Anthropogenic sources
(transport, industry, generators)

¥

v

v

Natural-anthropogenic fluctuations in

near-surface pollutant concentratrations

[ Short-term pollution peaks ]

Environmental risk for the population

Figure 2. Conceptual scheme of the formation of natural-anthropogenic fluctuations
in ambient air quality within a territorial community

Source: created by the authors
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An assessment of the Relative Risk (RR) was carried out
for the conditions of the KT'C. For a short-term increase in
PM,.5 concentration by 20 pg/m? relative to the background
level and assuming p=0.001, Equation (1) yields RR=1.02.
Thus, the relative risk of adverse health effects may increase
by approximately 2% during periods of peak ambient air
pollution. For the KTC, with RR =1.02, Equation (2) gives
PAF =0.0196 = 1.96%, indicating that approximately 2% of
adverse health outcomes in the population may be associ-
ated with short-term peaks in ambient air pollution. Since
the RR value is determined by the concentration increment
(AC), a key objective of environmental safety management
is to reduce the amplitude of peak pollutant concentrations.

One of the natural mechanisms for reducing AC is the
deposition of pollutants by urban vegetation. Assessment
of the bioregulatory potential of vegetation showed that
green spaces within the KTC annually remove hundreds
of tons of fine particulate matter from the atmosphere. In
addition, based on the area characteristics of green spac-
es and the average biological productivity of vegetation,
the integrated bioregulatory potential of urban vegetation
was determined. The calculations demonstrated that the
annual oxygen production amounts to approximately 130
thousand tonnes per year. This value was used as an inte-
gral indicator of the biological activity of vegetation and
its potential capacity for phytoremediation of ambient air
and does not characterise changes in atmospheric oxygen
concentrations. According to J. Liao & H.Y. Kim (2024),
urban green spaces contribute to pollutant deposition, reg-
ulation of microclimatic conditions, and enhancement of
the environmental resilience of urbanised areas. Similar
conclusions were reported by P. Kumar et al. (2024), who
considered green infrastructure as one of the key natural
mechanisms for reducing anthropogenic pressure on am-
bient air quality.

Thus, the presence and spatial distribution of green
spaces can significantly affect the concentration regime of
ambient air. Through the processes of dry deposition of
aerosol particles and the absorption of gaseous pollutants
by vegetation, green infrastructure functions as a natural
regulator of both the gaseous composition of ambient air
and the amplitude of short-term fluctuations in pollut-
ant concentrations, thereby directly influencing the level
of environmental risk for the population. Analysis of the
spatial distribution of emission sources and green spaces
within the KTC revealed pronounced spatial asymmetry.
The northern industrial district is characterised by a high
concentration of pollution sources and insufficient green-
ing, which enhances concentration increments (AC) and,
consequently, increases RR values. In contrast, central ur-
ban areas with well-developed green infrastructure exhibit
lower amplitudes of concentration fluctuations. Therefore,
environmental risk within the territorial community is spa-
tially differentiated and depends on the interplay among
the following factors: the intensity of anthropogenic emis-
sions, meteorological conditions affecting pollutant disper-
sion, and the bioregulatory potential of the territory.
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Quantitative assessment of RR makes it possible to
move from a descriptive analysis of ambient air quality
to environmental risk modelling and the development of
an early warning system. It should be noted that the ac-
tual level of environmental hazard is determined not only
by pollutant concentrations but also by the combined in-
fluence of natural and anthropogenic factors affecting the
formation of short-term pollution peaks. These factors in-
clude, in particular, meteorological conditions, the inten-
sity of anthropogenic emissions, the spatial distribution of
pollution sources, and the natural self-purification capacity
of the environment. The need for an integrated considera-
tion of such factors as ambient air quality, noise exposure,
the availability of sufficient green infrastructure, and other
characteristics of the urban environment in assessing the
condition of territorial communities is confirmed by recent
studies on the impact of urban environments on public
health (Arriazu-Ramos et al., 2025). For the operational
assessment of environmental hazard levels in the near-sur-
face atmospheric layer under conditions of short-term
concentration fluctuations, it is advisable to use an integral
indicator that summarises the influence of the main natural
and anthropogenic risk factors, namely the Increased Envi-
ronmental Risk Index (IER) (Equation 4).

Existing air quality assessment indices, particularly
the Air Quality Index (AQI), are widely used to inform
the public about current levels of ambient air pollution.
Analysis of contemporary approaches to calculating such
indices indicates that they are primarily based on pollut-
ant concentrations and are used for the operational as-
sessment of ambient air quality and the potential health
impacts of pollution (Shihab, 2023). However, convention-
al indices only partially reflect environmental risk under
conditions of short-term natural-anthropogenic fluctua-
tions, since they do not account for meteorological disper-
sion conditions, the intensity of local emission sources, or
the natural self-purification capacity of the environment.
As demonstrated by recent studies on short-term exposure
(Yu et al., 2024; Demoury et al., 2024), the combination of
short-term pollutant concentration peaks and unfavour-
able accumulation conditions may substantially increase
health risks.

In this regard, the proposed Increased Environmental
Risk Index (IER) should not be considered an alternative
to traditional air quality indices but rather as a comple-
mentary tool. Unlike AQI, the IER is aimed at assessing
the potential environmental risk associated with hazard-
ous short-term pollution episodes and takes into account
not only changes in pollutant concentrations but also the
conditions governing their accumulation and dispersion
in ambient air, the intensity of local emission sources, and
the bioregulatory potential of the territory. This approach
makes it possible to use the IER for analysing scenarios of
environmental change and forecasting periods of elevated
environmental hazard at the territorial community level.

As follows from Equation (4), the IER value increas-
es with increasing pollutant concentration increments,
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deterioration of meteorological dispersion conditions, and
increasing anthropogenic pressure, whereas it decreases
with increasing bioregulatory potential of the territory. For
the practical application of the IER and the operational as-
sessment of changes in environmental hazard levels under
short-term fluctuations in ambient air quality, a tentative
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risk scale was proposed (Table 1). The boundaries of the pro-
posed categories were determined based on the analysis of
typical scenarios characteristic of the KTC, including back-
ground conditions, calm weather episodes, temperature in-
versions, widespread use of autonomous generators, and ac-
cidental emissions during fires at fuel and energy facilities.

Table 1. Tentative scale of environmental risk levels under conditions of short-term fluctuations in ambient air quality

IER Value Environmental Risk Level
IER<15 Background
15<IER<30 Elevated
30<IER <60 High
IER>60 Critical

Note: the proposed scale is tentative and intended for the comparative assessment of environmental risk levels under different ambient
air quality scenarios. The threshold values between risk categories were established based on expert analysis of IER calculation results
and may be refined during further validation of the methodology in other territorial communities

Source: developed by the authors

Thus, the IER is determined by pollutant concentra-
tions in the near-surface atmospheric layer, meteorolog-
ical conditions affecting their dispersion, the intensity of
anthropogenic pressure, and the bioregulatory potential
of the territory. Therefore, it can be considered an integral
indicator characterising the cumulative influence of natural
and anthropogenic factors on the formation of short-term
peaks in ambient air pollution. Analysis of ambient air qual-
ity data and meteorological conditions during temperature
inversion episodes revealed a short-term increase in PM;,
concentrations of approximately 20 pg/m? above the back-
ground level (AC =20 pg/m®). Under unfavourable mete-
orological conditions (low wind speed and temperature
inversion), the meteorological coeflicient was assumed to
be F.:=2. During periods of intensive use of electric gener-
ators and increased traffic load, the anthropogenic pressure
coeflicient was estimated as F. = 1.5. The bioregulatory po-
tential of the territory, determined by the presence of green
infrastructure, was estimated by the coefficient B, ~ 1.2.
According to Equation (4), the calculated value of the In-
creased Environmental Risk Index was IER = 50. This value
indicates a high level of short-term environmental risk re-
sulting from the combined effects of unfavourable meteor-
ological conditions and significant anthropogenic pressure.
The findings of R.S. Sokhi et al. (2021) also confirmed that

even under conditions of substantial reductions in anthro-
pogenic emissions, pollutant concentrations remain strong-
ly dependent on meteorological factors and atmospheric
transport conditions, highlighting the importance of con-
sidering these factors in environmental risk assessment.

It should be noted that, in the proposed model, AC is
used as a normalised indicator of concentration increase;
therefore, the IER is considered a dimensionless condi-
tional index reflecting the integrated influence of natural
and anthropogenic factors on environmental risk levels.
Considering these circumstances, the following indicative
AC values were adopted for scenario modelling: 10, 15,
20, 25, and 40 pug/m’. These values represent different lev-
els of short-term increases in fine particulate matter con-
centrations in the near-surface atmospheric layer, ranging
from moderate increases typical of ordinary traffic-related
pollution to extreme situations that may occur under un-
favorable meteorological conditions or during accidental
emissions. Using the above-mentioned AC values, together
with the adopted coeflicients of meteorological conditions
(Fer), anthropogenic pressure (F..), and the bioregulatory
potential of the territory (B,), a scenario-based assessment
of the Increased Environmental Risk Index (IER) was per-
formed for the conditions of the KTC. The results of this
analysis are presented in Table 2.

Table 2. Scenarios of IER formation for the KTC

Scenario AC, pg/m? Fmet Fsrc Breg IER Risk level
Normal dispersion conditions 10 1.0 1.0 1.2 8.3 Moderate
Calm conditions (low wind speed) 15 1.5 1.0 1.2 18.8 Elevated
Temperature inversion 20 2.0 1.0 12 35,3 High
Widespread use of diesel generators 25 2.0 1.5 1.2 62.5 Very high
Fire at an oil refinery 40 2.5 2.0 1.2 166.7 Critical

Source: developed by the authors

The obtained results indicate that the highest IER val-
ues are formed under the combined influence of unfavour-
able meteorological conditions and intensive anthropo-
genic emissions, which is typical of periods characterised
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by temperature inversions, widespread use of diesel gener-
ators, or accidental events at industrial facilities. The appli-
cation of this indicator makes it possible to: promptly assess
changes in environmental hazard levels; predict periods of
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elevated risk; establish early warning systems for the popu-
lation; and support management decisions aimed at reduc-
ing anthropogenic pressure.

The obtained IER values for the scenario involving
widespread use of diesel generators (IER=62.5) indicate the
formation of a critical level of environmental risk. Similar
trends were reported by R. Zalakeviciute et al. (2024), who
demonstrated that during the energy crisis in Quito, con-
centrations of major air pollutants in the urban environ-
ment increased by 15-35% compared to background con-
ditions. In the present study, the IER value for the scenario
involving a fire at an oil refinery reached 166.7, indicating
a substantial increase in environmental risk under acci-
dental emission conditions. These findings are consistent
with contemporary approaches to risk-oriented ambient
air quality management and short-term exposure assess-
ment proposed by the World Health Organization (2021a;
2021b) and by S. Khomenko et al. (2021; 2023).

Thus, the IER can be used as an analytical tool within
environmental monitoring systems and ambient air qual-
ity management frameworks for urbanised areas. High
IER values for the KTC can be explained by the combined
influence of natural and anthropogenic factors. Valley to-
pography, the extensive water surface of the Kremenchuk
Reservoir, and the occurrence of temperature inversions
create favourable conditions for pollutant accumulation in
the near-surface atmospheric layer. Additional impacts are
associated with the high concentration of local emission
sources, particularly road transport, which contributes to
the formation of short-term pollution peaks.

The application of the concept of natural-anthropogen-
ic fluctuations in ambient air quality and the determination
of IER provide an analytical basis for the development of
an ambient air quality management system at the territorial
community level. Unlike conventional air quality indices,
particularly the Air Quality Index (AQI), which is primarily
based on current pollutant concentrations (Shihab, 2023),
the IER simultaneously accounts for short-term variations
in pollutant concentrations, meteorological dispersion con-
ditions, the intensity of local emission sources, and the bi-
oregulatory potential of the territory. In addition, the study
proposes a combined modelling approach involving the ap-
plication of jet, Gaussian, and energy-based models. Such
an approach makes it possible not only to assess the current
state of ambient air quality but also to predict the occur-
rence of short-term hazardous pollution episodes, which
are not considered by conventional air quality indices.

The ambient air quality management mechanism was
considered as a system of interrelated components, includ-
ing reduction of anthropogenic pressure, optimisation of
the spatial distribution of emission sources, development of
green infrastructure, and improvement of operational envi-
ronmental monitoring and environmental risk forecasting
systems. One of the key directions for improving ambient
air quality is the reduction of anthropogenic emissions. The
analysis of the collected empirical data demonstrated that,
within the KTC, the most significant pollution sources are
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road transport, industrial enterprises, and autonomous
electric generators, which are widely used during periodic
power outages.

The reduction of transport-related emissions can be
achieved through the optimisation of traffic flows, develop-
ment of public transportation, establishment of low-emis-
sion or restricted traffic zones in central urban areas, and
implementation of advanced traffic management systems.
Restrictions on heavy-duty vehicle traffic in residential ar-
eas are also applied. In authors opinion, effective measures
for reducing the adverse impacts of autonomous electric
generators include strict compliance with technical re-
quirements for their placement, the use of noise mitigation
and exhaust filtration systems, and a transition to alterna-
tive backup energy sources that exert minimal impacts on
the environmental safety of territorial communities.

An important direction for reducing pollutant concen-
trations is the spatial regulation of emission source place-
ment and the formation of a rational urban structure. This
approach may be considered a form of mitigating the unfa-
vourable positioning of pollution sources through the use
of natural environmental factors. Natural features of the
territory, including topography, prevailing wind directions,
and the presence of water bodies or green spaces, can be
used as additional regulators of the spatial distribution of
pollutants. One of the most effective approaches to opti-
mising the spatial positioning of emission sources is urban
greening, which contributes to reducing pollutant transport
towards residential areas. A rational combination of tech-
nical measures, spatial organisation of the urban environ-
ment, and the development of green infrastructure creates
the prerequisites for establishing an adaptive ambient air
quality management system for the territorial communi-
ty, capable of reducing the amplitude of short-term fluc-
tuations in pollutant concentrations and minimising en-
vironmental risks to the population. Within the KTC, the
principles of functional zoning are applied, providing for
the separation of residential, industrial, and transport are-
as. Based on the above-mentioned findings, an integrated
ambient air quality management system for the KTC is pro-
posed (Fig. 3). The proposed system is based on the inte-
gration of environmental monitoring, analytical risk assess-
ment, and the implementation of management decisions.
The initial stage involves environmental monitoring using
a network of stationary monitoring stations, a mobile labo-
ratory, and mobile sensor units, which provide operational
data on actual pollutant concentrations. Subsequently, the
obtained data are analysed, and concentration increments
relative to background levels (AC) are determined, after
which the IER is calculated to characterise the current level
of environmental hazard to the population. The assessment
results are further used to predict periods of elevated en-
vironmental risk and to support appropriate management
decisions, including traffic regulation, restrictions on the
operation of specific emission sources, or limitations on the
use of autonomous generators. The system also accounts
the implementation of long-term measures aimed at the
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development of green infrastructure, thereby enhancing
the bioregulatory potential of the environment and con-
tributing to the reduction of pollutant concentrations.
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Collectively, these components form an adaptive manage-
ment system aimed at ensuring adequate ambient air qual-
ity within the territorial community.

p

Air Quality Monitoring ’

Data Analysis and
AC Determination

4

Calculation of Increased
Environmental Risk Index (IER)

v t v

Risk Period Management Decisions Green Infrastructure
Forecasting (transport, generators, emisson restrictions) Development
e Optimization of traffic flows e Zoning territory into residential, o Systematic greening of territories
o Restriction of truck movement industrial, and transport o Development of green zones
« Rational planning and urban forests

Reductioniof concentrations and environmental risk

Air Quality Management System

Figure 3. Structural framework of the air quality management system for a territorial community

Source: developed by the authors

At present, there is an urgent need for comprehensive
monitoring of the impacts of individual power generation
sources on ambient air quality and the acoustic environ-
ment of territorial communities. The application of instru-
mental methods for measuring pollutant concentrations
in ambient air and assessing noise levels makes it possible
to determine the nature and magnitude of anthropogenic
pressure generated by the widespread use of generators
in urban areas. In cases where generators are densely

distributed within a limited area, for example, along spe-
cific street sections or near clusters of commercial facili-
ties, overlapping zones of pollutant dispersion and noise
propagation may occur. This results in the formation of
a complex anthropogenic load manifested simultaneously
through ambient air pollution and increased acoustic im-
pacts. The results of measurements of the concentrations
of major air pollutants at the monitoring sites within the
KTC are presented in Table 3.

Table 3. Concentrations of air pollutants at ambient air monitoring sites and their compliance with regulatory standards

M"“S‘itt‘;““g Distance, m CO, mg/m’ MAC* NO, mg/m* MAC SO, mg/m’ MAC PMy,mg/m’ MAC K Z I
1 1 48 5.0 0.19 020  0.03 0.5 0.14 015 092 2.90 0.73
2 5 2.9 5.0 0.13 020 0.2 0.5 0.10 015 058 1.94 0.49
3 10 16 5.0 0.08 020 0015 05 0.07 0.15 033 122 031
4 15 1.1 5.0 0.05 020 0012 05 0.05 015 023 0.82 021

Note: *MAC - Maximum Allowable Concentration
Source: authors’ own research findings

The obtained values approached the maximum
allowable concentrations at some monitoring sites.
The most pronounced impact was observed in areas
characterised by a high density of generators, where

overlapping emission dispersion zones occurred. To
generalise the monitoring results, an integrated assess-
ment of ambient air quality at the monitoring sites was
performed (Table 4).

Table 4. Integrated assessment of ambient air pollution levels at the monitoring sites

Monitoring site  C(CO)/MAC C(NO,)/MAC C(PM,;))/MAC Integrated pollution index (Ip)  Pollution level

1 0.84 0.90 0.87 0.87 Elevated
2 0.52 0.60 0.60 0.57 Moderate
3 0.30 0.35 0.40 0.35 Low

4 0.18 0.20 0.27 0.22 Background

Source: authors’ own research findings
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As the calculations demonstrated, the application of
the Gaussian model at short distances leads to an overesti-
mation of calculated pollutant concentrations. To illustrate
the specific features of the model, a hypothetical generator
was considered with the following parameters: emission
rate of 200 mg/s, wind speed of 1 m/s, source height of 1.5
m, and a distance of 5 m from the source. The calculations
showed that pollutant concentrations may reach values on

the order of hundreds of mg/m®. Such values are physically
unlikely under open-air conditions and indicate the lim-
ited applicability of the Gaussian model in the near-field
zone. Using Equation (11), calculations were performed
for carbon monoxide, one of the major combustion prod-
ucts emitted by generators. The following parameters were
adopted: S=200 mg/s and u=1.0 m/s. The results are pre-
sented in Table 5.

Table 5. Calculated pollutant concentrations according to the jet model

Distance x, m

Concentration C(x), mg/m?

2 50.0
5 8.0
10 2.0
15 0.89
20 0.50

Source: authors’ own research findings

As can be seen from Table 5, carbon monoxide concen-
tration rapidly decreases with increasing distance from the
emission source. The most pronounced reduction in con-
centrations is observed within the near-field zone of jet dis-
persion, which is consistent with the mechanisms of turbu-
lent mixing between the exhaust plume and the surrounding

air. At distances of 10-20 m, concentrations decrease by
more than one order of magnitude compared to their ini-
tial values, indicating the significant influence of dispersion
processes on ambient air quality within the impact zone of
an autonomous emission source. A comparison between
calculated and experimental data is presented in Table 6.

Table 6. Comparison of calculated and experimental data

Distance, m Calculated concentration, mg/m?® Measured concentration, mg/m? Error, %
5 8.0 6-10 <20
10 2.0 1.5-3.0 <20

Source: authors’ own research findings

The obtained error values did not exceed 20%, indicating
satisfactory agreement between the calculated and experi-
mental results. Thus, the application of the jet model provides
an adequate description of pollutant dispersion processes in
the near-surface atmospheric layer. The calculated results are
in good agreement with the experimental data, confirming
the reliability of the proposed model. The obtained relation-
ships can be used to assess local environmental pressure
under urban conditions. Considering the characteristics
and limitations of the different modelling approaches, the

use of a combined modelling framework appears to be ap-
propriate: the jet model should be applied in the near-field
zone (up to 10 m from the source), whereas the Gaussian
model is recommended for the far-field zone. Such an ap-
proach combines the physical adequacy of describing pro-
cesses in the immediate vicinity of the source with the possi-
bility of assessing pollutant dispersion over larger distances.
The assessment of acoustic load was carried out at the same
monitoring sites where pollutant concentration measure-
ments were performed. The results are presented in Table 7.

Table 7. Acoustic load levels in areas with electric generator operation

Monitoring site Distance from generator, m LAeq, dBA
1 90
2 76
3 70
Reference site 20-30 60-65

Source: authors’ own research findings

The acoustic load was calculated using Equation (7),
which corresponds to the energy-based model accounting
for sound intensity attenuation with distance. The follow-
ing parameters were adopted: L, =90 dBA and «=0.02 (a
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typical attenuation coeflicient for air). A comparison be-
tween the calculated values and the results of instrumental
noise measurements in areas with generator operation is
presented in Table 8.
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Table 8. Comparison of calculated and experimentally determined noise levels

Monitoring site Distance, m Measured noise level, dBA Calculated noise level, dBA Deviation
1 1 90 90 =0%
2 5 76 76 =0%
3 10 70 69.8 <1%
Reference site 20-30 60-65 62 Within the measured range

Source: authors’ own research findings

Comparison of the noise levels calculated using the
energy-based model with the results of instrumental meas-
urements demonstrated a high degree of agreement. The
discrepancy between the calculated and experimental data
did not exceed 1-5%, indicating the adequacy of the ap-
plied model for describing noise propagation processes in
the near-surface atmospheric layer. Importantly, the model
accurately reproduced both high noise levels at short dis-
tances from the source (1-5 m) and their attenuation at
greater distances (10-25 m), confirming that both geomet-
ric spreading and atmospheric sound absorption were ap-
propriately taken into account.

Under contemporary conditions, the structure of am-
bient air pollution sources is undergoing significant trans-
formation (State of Global Air, 2024). Whereas stationary
industrial sources previously made the largest contribution
to pollutant concentrations, the role of mobile and local-
ised sources has increased considerably in recent years. The
study by S. Khomenko et al. (2021) demonstrated that the
transport sector is one of the key sources of ambient air pol-
lution in European cities and substantially affects health risk
levels. Subsequent research by S. Khomenko et al. (2023)
showed that the contribution of transport emissions to con-
centrations of nitrogen oxides and fine particulate matter
differs considerably among cities but remains one of the
priority factors of urban air pollution. Transport emissions
exhibit a spatially localised pattern and are concentrated
along major roads and in densely built-up areas, forming
local hotspots of elevated pollution and environmental risk.

Under conditions of martial law and energy instability,
the use of individual power generation sources, including
gasoline, diesel, and inverter generators, has increased sig-
nificantly. This is particularly evident in the KTC, where
some of the longest periods of centralised power outages
in Ukraine were recorded, resulting in additional anthro-
pogenic pressure predominantly localised within residen-
tial areas. Similar trends have also been observed in other
countries during energy crises. In particular, R. Zalakevi-
ciute et al. (2024) found that the widespread use of die-
sel generators was accompanied by substantial increases
in concentrations of CO, NO,, SO,, and fine particulate
matter in urban environments, thereby creating additional
health risks. W.K. Ahmed et al. (2020) confirmed that the
operation of diesel generators leads to increased concen-
trations of PM,s, PM,, and gaseous pollutants, as well as
higher noise levels. Comparable findings were reported by
D. Del Pozo et al. (2025), who identified increased acous-
tic pressure on the urban environment resulting from the
widespread use of diesel generators during an energy crisis.
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Thus, autonomous power generation sources can be
considered a significant factor contributing to local short-
term fluctuations in ambient air quality and the acoustic
environment of urbanised territories. These factors gen-
erate extreme peak emissions and impacts that abrupt-
ly alter both the pollutant concentration regime and the
acoustic regime of ambient air over short periods and may
result in substantial short-term exceedances of hygienic
standards. To minimise ambient air pollution and reduce
acoustic risk associated with individual power generation
sources, a system of measures integrating organisational,
technical, and spatial planning approaches was proposed.
It was established that the operating conditions of gener-
ators, particularly their location relative to residential are-
as, operating regimes, and the density of emission sources,
have a significant influence on the formation of short-term
fluctuations in ambient air quality. Increasing the distance
between generators and residential buildings, considering
prevailing wind directions, limiting continuous operating
time, and dispersing emission sources contribute to reduc-
ing local peaks in pollutant concentrations and noise levels.

Technical measures aimed at reducing emissions and
mitigating noise also play an important role. The use of in-
verter generators, catalytic converters or exhaust gas puri-
fication systems, fuels with low impurity content, as well as
timely maintenance of equipment, can reduce emissions of
carbon monoxide, nitrogen oxides, fine particulate matter,
and other pollutants. Additional benefits may be achieved
through the installation of acoustic enclosures, silencers,
vibration-absorbing supports, and anti-vibration founda-
tions. The effectiveness of such engineering solutions was
confirmed by the meta-analysis conducted by A. Mon-
tazeri et al. (2025), which summarised the results of ex-
perimental and field studies on noise control structures,
acoustic materials, and active noise control systems for
generator installations. The authors reported high effective-
ness of the combined use of acoustic enclosures, silencers,
and sound-absorbing materials in reducing noise levels in
residential and industrial environments. This is also con-
sistent with the findings of H.M. Buluklu et al. (2022), who
demonstrated that the reduction in noise pollution from
generators depends to a large extent on design and noise
insulation solutions, confirming the importance of taking
the technical characteristics of the source into account
when planning measures to reduce the acoustic impact on
the local community.

Spatial planning solutions also play a substantial role
in the functioning of the management system. The crea-
tion of open and well-ventilated spaces improves pollutant
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dispersion conditions within the near-surface atmospheric
layer, while the use of green spaces and buildings as natural
barriers contributes to noise attenuation and partial depo-
sition of airborne pollutants. At the same time, avoiding the
placement of generators near windows, air intake systems,
and building ventilation openings reduces the risk of com-
bustion products entering residential and public premises
directly. The integrated implementation of these measures
ensures reductions in pollutant concentrations and noise
levels, decreases the extent of areas characterised by ele-
vated environmental risk, and enhances the environmental
safety of territorial communities under conditions of wide-
spread use of autonomous power generation sources.

© Conclusions
It was established that the specific natural conditions of
the KTC, including valley topography, the extensive wa-
ter surface of the Kremenchuk Reservoir, and the peri-
odic occurrence of temperature inversions, contribute to
the formation of local air stagnation zones and the occur-
rence of short-term natural-anthropogenic fluctuations in
ambient air quality. A model describing the formation of
natural-anthropogenic fluctuations in ambient air quality
within a territorial community was proposed. The model
incorporates natural factors, emergency and war-related
events, and anthropogenic sources of environmental haz-
ards. To provide an operational assessment of environmen-
tal hazard levels, the Increased Environmental Risk Index
(IER) was developed. It was found that under normal con-
ditions the IER value equals 8.3 (background risk level),
increases to 33.3 under temperature inversion conditions
(high risk level), reaches 62.5 during the widespread use of
diesel generators (critical risk level), and may attain 166.7
under accidental emission scenarios at industrial facilities.
From the perspective of ensuring an environmentally safe
territorial community, a system for assessing the health im-
pacts of ambient air pollution was proposed. The system
is based on the short-term exposure concept and employs
both the Relative Risk (RR) indicator and the Increased En-
vironmental Risk Index (IER).

A structural framework for an ambient air quality
management system at the territorial community lev-
el was developed. The proposed framework integrates

© References

environmental monitoring, analytical risk assessment,
and the implementation of management measures. In-
strumental monitoring of pollutant and acoustic contami-
nation under conditions of widespread use of autonomous
power generation sources revealed the formation of local
zones of elevated pollution within 5-10 m from the source.
The maximum carbon monoxide concentration measured
at a distance of 1 m reached 4.8 mg/m’, approaching the
maximum allowable concentration (5.0 mg/m?). The inte-
grated pollution index decreased from 0.73 at a distance
of 1 m to 0.21 at a distance of 15 m from the source. Ver-
ification of the mathematical model of environmentally
safe functioning of the territorial community was per-
formed using Gaussian, jet, and energy-based models.
The results demonstrated that the jet model provides the
most adequate description of pollutant dispersion with-
in the near-field zone (up to 10 m from the generator),
whereas the Gaussian model is more suitable for assessing
pollutant dispersion over longer distances. The discrep-
ancy between calculated and experimental concentration
values did not exceed 20%, indicating satisfactory agree-
ment between modelling results and instrumental meas-
urements. A system of measures aimed at managing the
risks associated with ambient air pollution and acoustic
impacts from individual power generation sources was
proposed. The system includes a set of interconnected or-
ganisational, technical, and spatial planning instruments
designed to minimise the impacts of environmental haz-
ard sources. Further research will focus on the develop-
ment of a geoinformation system for operational forecast-
ing of natural-anthropogenic fluctuations in ambient air
quality and on the integration of the proposed IER index
into environmental monitoring systems at the territorial
community level.
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© Abstract. Critical ecological state of the Southern Bug River, caused by intensive pollution with nitrogen-
containing compounds, requires the implementation of reliable mathematical forecasting tools to mitigate the effects
of eutrophication and achieve the objectives of national water resources management strategies. The study aimed to
mathematically model the processes of transport and transformation of nitrogen-containing compounds in the Southern
Bug River system to quantitatively assess the spatio-temporal dynamics of pollution and provide a scientific basis for
environmental protection measures. For the mathematical modelling, a system of differential equations based on one- and
two-dimensional advection-dispersion-reaction models was applied, the numerical solution of which was conducted using
the operator splitting method. Developed a model that integrated the three key nitrogen components and accounted for the
mechanisms of advection, dispersion and biochemical transformations. The model described the processes of nitrification
and denitrification in detail, incorporating temperature and dissolved oxygen concentration according to the Michaelis-
Menten kinetics. Modelling was conducted to assess the impact of ammonium nitrogen pollution, using the example of
discharges from municipal wastewater treatment plants in the upper reaches. The verification results demonstrated the
model’s ability to reproduce the spatial reduction in pollutant levels due to natural self-purification processes. The model
identified the formation of a “nitrite peak’, which is spatially shifted downstream relative to the maximum ammonium
concentrations. High levels of toxic nitrites persist at distances of up to 15 km from the source of pollution. A scenario
analysis has shown that the immediate implementation of tertiary treatment at the most significant facilities is a priority
measure for restoring the river’s oxygen regime. If the river’s water flow decreases by 40% of the normal low-water level,
a catastrophic increase in the concentrations of nitrogen-containing compounds and oxygen depletion is expected across
significant sections of the river channel, provided that current discharge volumes remain unchanged. The model developed
serves as a tool for optimising management decisions within the framework of the Southern Bug River Basin Management
Plan and created a comprehensive environmental monitoring system to ensure the region’s sustainable development
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@ Introduction

The Southern Bug River is one of the most substantial wa-
terways, yet it is subject to critical anthropogenic pressure
due to the discharge of inadequately treated domestic and
industrial wastewater. This causes intense pollution by ni-
trogen-containing compounds (NCCs), in particular am-
monium, nitrite and nitrate nitrogen, leading to widespread
eutrophication, oxygen depletion and severe toxic-hypoxic
stress on aquatic ecosystems. The situation is significantly
exacerbated by the high degree of river channel regulation,
which substantially slows the flow and inhibits the water
body’s natural self-purification mechanisms. To overcome
this large-scale environmental crisis and achieve the objec-
tives of national water resource management strategies, it
is not enough merely to note that sanitary standards are
being exceeded many times over. There is a need to devel-
op and implement reliable predictive mathematical tools
that will not only quantitatively assess the current extent
of pollution, but also reliably predict the spatio-temporal
dynamics of pollutant spread and scientifically substantiate
the effectiveness of priority infrastructure-based environ-
mental protection measures.

M.T. Ejigu (2021) conducted a comprehensive review
of current approaches to modelling water quality in open
water bodies. The study analysed the evolution of math-
ematical models from simple empirical relationships to
complex dynamic systems that consider multi-component
biochemical reactions. According to the researcher, the
choice of the optimal structure for a mathematical model
depends critically on the availability of high-quality moni-
toring data and the specific characteristics of the hydrologi-
cal regime of a particular water body. I. El Arabi et al. (2022)
investigated the possibilities of numerical modelling using
the advection-dispersion-reaction (ADR) equation for a
one-dimensional contaminant transport problem. The fi-
nite difference method and the operator splitting method
were successfully applied to optimise the computational
process. This mathematical approach ensures high stabili-
ty and accuracy of the solution when modelling the spatial
distribution of pollutants in media with saturated porosity
and in river flows.

According to H. Qiu et al. (2023), an integrated system
was developed for spatial modelling of nitrogen transport
and transformation across an entire catchment. The study
addressed the complex interrelationship between hydro-
logical cycles and biogeochemical processes of nutrient
transformation. Study determined that accurately mod-
elling the spatial heterogeneity of pollution sources is a
key factor in improving the overall predictive capability of
catchment-scale environmental models. E.G. Tsega (2024)
developed numerical solutions for two-dimensional
non-linear, non-stationary advection-dispersion-reac-
tion equations with variable coefficients. The influence of
transverse and longitudinal dispersion on the formation of
pollution plumes under variable hydrodynamic conditions
was investigated. The results of the study demonstrated
that the use of two-dimensional models is essential for
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an adequate description of areas near local point sources,
where the classical one-dimensional approximation yields
significant errors.

H. Yu et al. (2024) analysed the mechanisms of nitrate
formation in biochemical treatment processes and the in-
fluence of operating conditions on these reactions. The
kinetics of ANN transformations under the action of spe-
cific microbial communities were examined. Temperature
and dissolved oxygen concentration are the main limiting
factors that directly determine the rate and extent of nitri-
fication and denitrification reactions in aquatic ecosystems.
According to researchers X. Yan et al. (2025), effective water
quality management requires a combination of engineer-
ing technologies for nitrogen removal with comprehen-
sive catchment area management. The synergistic effect of
modernising urban wastewater treatment plants and imple-
menting environmental protection practices in agriculture
was assessed. Only such an integrated approach can ensure
a sustainable reduction in the trophic status of water bodies
and ultimately prevent their further ecological degradation.

A. Pukish et al. (2024) conducted mathematical mod-
elling of the processes of groundwater aquifer contamina-
tion resulting from mineral extraction. Predictive models
of contaminant migration in porous media were developed,
taking complex hydrogeological conditions into detailed
account. The use of numerical modelling methods made
it possible to identify, with a high degree of accuracy, the
areas of greatest environmental risk and to optimise pre-
ventive measures for the protection of water resources. The
impact of phytoremediation technologies on water quality
was analysed, and the potential of such systems for locally
reducing the concentration of biogenic elements was as-
sessed. The implementation of such nature-based solutions
is an effective tool for improving the environmental condi-
tion of local areas, but it requires integration with broader
catchment-level strategies.

Despite the considerable number of scientific papers
devoted to modelling water quality and biogeochemical
nitrogen cycles, an integrated combination of one-dimen-
sional and two-dimensional transient models specifically
tailored to the conditions of highly regulated rivers with
extreme levels of point source pollution remains insuffi-
ciently studied. In particular, the synergistic influence of
oxygen limitation, seasonal temperature fluctuations and
the retention properties of bottom sediments on the kinet-
ics of ANN transformation at the scale of large river basins
in Ukraine remains insufhiciently studied and formalised.
Therefore, the study aimed to mathematically model the
processes of ANN transport and transformation in the
Southern Bug River system.

© Materials and Methods

Water quality modelling is substantial for assessing the
ecological status of the Southern Bug River, forecasting the
spread of pollution and developing effective water manage-
ment measures. Modelling of ANN - ammonium (NH,"),
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nitrites (NO,) and nitrates (NO5) - was prioritised as ex-
cessive concentrations of these are key indicators of chem-
ical pollution and cause eutrophication of water bodies.
The transport and transformation of dissolved substances
in river systems have been most accurately described by
the one-dimensional ADR equation (Bakken et al., 2012;
Genuchten et al, 2013; Shang et al., 2021; Kumar et
al., 2022; Qiu et al., 2023). This model is the standard for
hydroecological studies, as it encompasses three funda-
mental mass transport processes. Process of advection is
the transport of dissolved substances with the main water
flow at a rate of V. For a river such as the Southern Bug,
advection is the dominant transport mechanism.

The dispersion process is the spread of a pollutant from
areas of high concentration to areas of low concentration.
The dispersion coefficient (D;) is not a constant value and
depends on hydraulic parameters; its value may increase sig-
nificantly in reservoirs compared with river channel sections.
The reaction process refers to changes in the concentration of
a compound resulting from biological (e.g. nitrification, de-
nitrification) and abiotic (sorption/sedimentation) process-
es. As biochemical processes in the river, in particular the
rate of denitrification, exhibited high diurnal and seasonal
variability, the use of a transient equation was necessary (Yao
& Peng, 2017; Sridharan & Hein, 2019; Gordillo et al., 2020).
The ADR system for the river section with constant hydrau-
lic parameters (A, V, D;) was as follows:

acl a2 cl

+VaCL—DL +R +S, (1)
where C; - concentration of i-th compound; ¢ - time;
x - longitude along the river; D, — coefficient of longitu-
dinal hydrodynamic dispersion; V - average flow speed;
R; - rate of inflow and outflow of i-th compound through
reaction; S; — rate of inflow from distributed and point
sources/dlscharges

Advection (V —x) described the transport of com-
pounds along the x-axis with tzhe main flow at an average
velocity of V. Dispersion (DL 3 ‘) incorporated the longi-
tudinal spread of the substance fmlxmg) from areas of high
concentration to areas of low concentration. The coefficient
of longitudinal hydrodynamic dispersion (D) was critical
in areas with rapidly changing hydraulic conditions, par-
ticularly in reservoirs. To accurately model the nitrogen
cycle in the Southern Bug, the ADR model included three
coupled equations for ammonium, nitrites and nitrates, as
the products of one reaction act as reactants for the next.

Ammonium () was a cation capable of being sorbed
onto river sediments, which slowed its migration in the
aquatic environment. Therefore, its transport equation had
to be modified by introducing a retardation factor (Ryu,)):

OCNH, 0%Cnny

BCNH4
Bvw, = =Dz -V

ox

— Ry1 — Rsor + Syn,» (2)
where Ryn, - retardation factor (typical range 1.1 - 2.5);
Ry - use rate NH, phase I nitrification (conversion to NO);
Ry, — loss rate NH," due to absorption and sedimentation;
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Sxi, — ammonium inputs (mainly from point sources, such
as municipal wastewater).

Nitrites (NO,) were an intermediate, highly reactive
product of nitrification. The nitrite balance was determined
by their formation from ammonium (Ry;) and their con-
sumption in the formation of nitrates (Ry):

9dCNo,

a?c ac
= T2 = V=24 Ry; — Ry, (3)

0x2 dox

=DL

where Ry, - increase of NO, from nitrification (phase I);
Ry, - decrease of NO; from nitrification (phase II).
Nitrates (NO5) were end products of oxidation:

2
4 CN03
x?

6CN03
at

= D, "2 — VR 4 Ry, = Rp = Rayg + Syoy ()
where Ry, - increase of NO; from nitrification (phase II);
Rp - decrease of NO; through denitrification (the anaero-
bic conversion to gaseous nitrogen, which occurs mainly in
sediments); Ry, — consumption rate of NO; by phytoplank-
ton and algae; Sxo,) — nitrate inflow.

Furthermore, it was necessary to incorporate correc-
tion factors into the mathematical model to account for the
influence of temperature (T) and dissolved oxygen (DO)
on biochemical processes. The water temperature in the
river, in turn, was influenced by several natural and an-
thropogenic factors (Boychenko et al., 2017). A decrease in
ambient temperature was a critical factor limiting the func-
tional capacity of denitrifying microflora (Liao et al., 2018;
Nevorski & Marcarelli, 2022). This reduced the efficiency
of nitrogen compound removal and led to ammonium ni-
trogen and total nitrogen levels in the effluent exceeding
regulatory limits during the cold season (Gao et al., 2024;
Ibarra et al., 2024).

Temperature correction was conducted as follows: the
kinetic rate constant k; of the chemical reaction was cor-
rected using a modified form of the Arrhenius equation
(Davidson et al., 2012; Gomolka et al., 2022):

ki(T)=ki- O1-20), (5)

where i - index N1 for phase I of nitrification, N2 for phase
II of nitrification, D for denitrification; k; ,, — kinetic rate
constant of a chemical reaction, determined at 20 °C (for
nitrification, typical range is 0.1-0.5 day™, for denitrifica-
tion); T - temperature (°C); ® - temperature coeflicient
(typical values are 1.080 for the nitrification reaction and
1.045 for denitrification reaction).

Given the significant ammonium pollution in the
Southern Bug, which caused oxygen deficiency, oxygen
limitation was the key factor regulating the rate of purifica-
tion. Since nitrification is an aerobic process, modelled as
a first-order reaction limited by oxygen concentration, the
effect of dissolved oxygen was considered as follows:

Rvi=kn (T)- CNH) 'fm't (DO); (6)
Ry, = sz (T) : CNOZ) 'fm't (DO)- (7)
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According to the Michaelis-Menten equation (David-
son et al., 2012), a coeflicient that addresses the effect of
oxygen on the rate of nitrification f,: (DO), was as follows:

faie(DO) = =2, (8)
where DO - concentration of dissolved oxygen in water
(mg/1); koa - oxygen half-saturation constant (Michaelis
constant) for nitrifying bacteria (mg/1).

Parameter ko, indicated the oxygen level at which the
rate of nitrification is halved. In river models, the typical
value of koa is 0.5-2.0 mg/l. If the concentration of dis-
solved oxygen in the water fell below 0.5 mg/l, nitrification
practically ceased, as the nitrifying microorganisms lost the
competition for oxygen to other heterotrophs.

The equation for dissolved oxygen (DO) concentration
addressed its consumption during nitrification and natural
replenishment via surface re-aeration:

9%D0 DO

aDO
= - Va - Rnit,Oz + Rreqers 9

at L ogx2

where R, 02 — 0xygen consumption for nitrification R(nit,
0,) = YN (Ry1 + Ri2); Yn-stoichiometric oxygen consump-
tion coeflicient; Ry...r — reaction rate, describing the process
of oxygen diffusion from the atmosphere into water when a
deficiency arises Rreer= ki (DOsu— DO); — coeflicient that
depends on the flow velocity Vand depth H; DO, — oxygen
saturation concentration at a given temperature T. Since
denitrification was a heterogeneous anaerobic process oc-
curring at the “water-bottom sediment” interface, the rate
of denitrification was inversely proportional to the depth
of the river. To convert to volumetric modelling parame-
ters, the areal coefficient (kp, 4) (T) was converted to spatial
(kp (T)) by dividing by the average depth of the river (H):

kD (T) — kD,A(T),

4 (10)

where kp, 4 (T) - areal denitrification rate (per unit of sea-
bed area); typical range of values 0.01 - 0.5 N - day' - m™%
H - river depth (m).

A range of areal velocity was selected to model the de-
nitrification process from 0.05 to 0.2 gN - day" - m?, which
corresponded to the average values for mesotrophic rivers
in the temperate zone. In silty sediments rich in organic
matter, the velocity was 5-10 times higher than in sandy
sediments (Wenjin & Ruijie, 2008). The conversion to spe-
cific volumetric flow rate was conducted based on hydro-
morphometric characteristics of the river channel, which
addressed the scaling effect for moving from local bed pro-
cesses to the overall nitrogen balance in the flow.

Covering the effect of dissolved oxygen on the denitri-
fication process:

RD=kD(T)' CN03) 'fdenDO), (11)
where kp (T) - volumetric denitrification rate (in the
water column); Cyo, — nitrate concentration; f, (DO) -
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coefficient that incorporates the effect of oxygen on the
rate of denitrification.

In contrast to nitrification, where oxygen activates
the process, oxygen acted as an inhibitor in denitrification
(Garcia-Ruiz et al., 1998; Bakken et al., 2012). The inverse
Michaelis-Menten function was used (Davidson et al., 2012):

— kin
fden(DO) - kin+D0)

(12)

where k;, — inhibition constant, typical range 0.1 - 0.5 mg/l;
DO - concentration of dissolved oxygen in water (mg/1).

As denitrification is a facultative anaerobic process,
its rate in the model was controlled by a kinetic inhibition
term. The use of the constant k;, made it possible to formal-
ise the switch in microbial metabolism from nitrate respira-
tion to aerobic respiration as the concentration of dissolved
oxygen increased. This reflected the actual dynamics of the
process, which was localised predominantly in anoxic mi-
crozones of bottom sediments, where oxygen diffusion is
limited. In the river, the concentration of dissolved oxygen
was usually sufficiently high in the water column, but low
in the silt. The regulation of the Southern Bug River basin
resulted in the accumulation of silty bottom sediments in
reservoirs, ponds and other sections of the river with low
flow velocities. In these sections, within the silt layer with a
low concentration of dissolved oxygen, the process of deni-
trification took place effectively.

As an analytical solution to the system of differential
equations (2-4) was not possible due to the variability of the
hydraulic parameters and the non-linearity of the reaction
terms, it was necessary to apply numerical methods (Pérez
Guerrero ef al., 2009; Onfiate et al., 2017). The most effective
approach for modelling transport in rivers was the opera-
tor splitting method, which divided the full ADR equation
into separate phases that were solved sequentially. To en-
sure the stability of the model, an implicit finite difference
scheme was used for the dispersion term. This resulted in
a system of linear algebraic equations with a tridiagonal
matrix, which could be efficiently solved using the Tridiag-
onal Matrix Algorithm. The Southern Bug catchment was
a hydrographically complex system, characterised by con-
siderable length and a high degree of regulation. The high
degree of regulation significantly slowed the flow, which
impeded natural self-purification processes and created
a cumulative effect of pollution. This spatial heterogene-
ity necessitated hydraulic segmentation (discretisation),
which treated parameters as constant within each segment
(Alexander et al., 2009). Current European methodology
involves the identification of surface water bodies (SWBs),
which serve as the basic unit for modelling. In the Southern
Bug catchment, 1,090 SWBs were identified, including 375
river bodies, 692 potentially heavily modified bodies and
22 artificial bodies.

The segmentation, which is critical to the model, ad-
dressed hydraulic zones such as point discharge zones,
channel sections and reservoir zones. The flow velocity
(V) and cross-sectional area (A) were determined by the
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following factors. In typical channel sections, the flow ve-
locity (V) varied within the range 0.2-0.6 m/s. The aver-
age depth (H) in the channel segments was approximately
1.5-3.0 m. In reservoirs, due to impoundment, the average
velocity decreased significantly, which increased the water
residence time. This had a direct impact on transformation
and self-purification processes. The longitudinal dispersion
coeflicient (D) described turbulent mixing and was criti-
cally dependent on the channel morphology. In sections of
the river channel with higher flow velocity and shallower
depths, the longitudinal dispersion coefficient was lower, in
the range of 10-50 m?*/s.

Simulations for a one-dimensional model based on the
ADR equation were conducted on a section of the South-
ern Bug River stretching from the village of Kopystyn to
the village of Nova Syniavka. The average morphometric
parameters of the river channel for the study section were
taken from the Southern Bug River Basin Management
Plan for 2025-2030 (Afanasiev et al., 2024) and the study by
V.K. Khilchevskyi et al. (2009). The average channel width
varied from 10 to 15 m at the start of the section (near
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Kopystyn), gradually widening to 20-30 m closer to Nova
Syniavka. In some sections, the river’s width locally in-
creased to 50 m. The average channel depth ranged from
0.5 to 1.5 metres. At the start of the section (near the village
of Kopystyn, slightly downstream of Khmelnytskyi), the
average annual water flow was approximately 2.5-3.0 m®/s
(during periods of summer low water, it could fall to
0.8 m*/s). Closer to the village of Nova Syniavka, the wa-
ter flow increased and averaged 5-8 m?/s. The longitudinal
dispersion coefficient is 10-50 m*/s according to the study
(Chapra, 1997). Pollution indicators for the studied section
of the Southern Bug River in the ANN were taken from
publicly available data from the State Agency for Water
Resources of Ukraine as of 2018. For subsequent years of
observation, pollution data for this section are provided
only partially; in particular, data for the village of Kopy-
styn are missing from 2019 onwards. Input parameters for
the mathematical modelling of the processes of pollution
of a river segment by NCCs, based on the ADR equation,
are given in Table 1. The coefficients for the ADR equation
were selected following G.L. Bowie et al. (1985).

Table 1. Input data for the mathematical model based on the ADR equation

Range of variation in

Physical quantity Variable Value Units of measurement the studyarea
Length of the river
section to be modelled 80 km i
Average flow velocity \4 0.5 m/s 0.2-0.6
.Coe.fﬁc1er.1t of . D, 20 m?/s 10-50
longitudinal dispersion
Retardation factor for Rus i 1125
ammonium
Average c.lepth of the H m 05-15
river
Water temperature o 11-20
(for September 2018) T 16 ¢
Cvoncentratlon of DO 5 e i
dissolved oxygen
Phase I nitrification rate _— 05 day™! 0.1-0.5
constant
Phase II nitrification - 05 oy 0.1-05
constant
Area-specific N
denitrification rate ko2 0.01 gN-day"'-m 0.01-0.5
Oxygen half-saturation
constant for nitrification Ko L0 mg/l 0.5-2.0
Inhibition constant for
denitrification Kin 0-25 mg/l 0.1-0.5
Reaction coeflicient k. 0.3 day™! 0.2-0.8
Number of spatial nodes N, 800 i i
(segments).
Maximum ammonium Conee it 6 sy i

concentration

Source: compiled by the authors based on G.L. Bowie et al. (1985)

Due to the significant spatial and temporal variabili-
ty of hydraulic parameters and the non-linearity of kinet-
ic processes, it is impossible to determine all parameters
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precisely by analytical means. Therefore, to obtain a work-

ing model suitable for forecasting, it was necessary to con-
duct a calibration and verification stage. In the first stage,
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approximate values of hydraulic (D;) and kinetic (k;) pa-
rameters, obtained from the literature for similar river sys-
tems (Bowie et al., 1985), were applied. The exact coordi-
nates and characteristics of point source discharges (PSD)
were modelled as internal boundary conditions. In the sub-
sequent modelling stages, the unknown parameters were
calibrated until the modelled profiles of ANN concentra-
tions corresponded as closely as possible to the actual mon-
itoring data, particularly in critical zones. Following the re-
quirements for modelling the spatio-temporal distribution
of pollution sources as internal boundary conditions, it is
necessary to incorporate that the ADR model must include
the S; term - the net inflow rate of the i compound from
point sources of discharge.

In the context of the Southern Bug River, sources of
pollution had a significant impact on the quality of surface
waters. The modelling accounted for point sources that
generate maximum peak loads. Point sources, primarily
discharges of inadequately treated domestic sewage, were
modelled as internal boundary conditions (Su,), intro-
ducing a high mass flow Fs= Qs Cs at a specific coordi-
nate xs. Monitoring data indicated that the greatest load is
concentrated in the upper reaches of the river downstream
of Khmelnytskyi. Although the critical zone is in the up-
per reaches, other large cities further downstream are
also significant sources of pollution. The one-dimensional
ADR model was transient (time-dependent), as municipal
wastewater discharges can vary over the course of a day, a
week or depending on the hydrological situation (El Ara-
bi et al., 2022). Point sources were characterised by high
concentrations of ammonium nitrogen and organic com-
pounds (high BOD:s), leading to oxygen deficiency, which
in turn limited the rate of nitrification.

Given the considerable length of the Southern Bug Riv-
er and the assumption of rapid transverse mixing within the
river channel, most hydroecological studies have tradition-
ally used one-dimensional (1D) models. However, to mod-
el the spread of pollution from point sources and account
for lateral dispersion in the discharge zone, it is advisable to
use a two-dimensional (2D) model (a stationary plane-flow
problem) (Hamdi, 2007; Cueto-Felgueroso et al., 2019;
Hwang, 2021). In this case, equations (2-4) were modified
by adding terms that account for lateral dispersion and re-
moving terms that account for time variation. Modelling
for the 2D ADR equations was conducted on a section of
the Southern Bug River from the village of Kopystyn to the
drinking water intake in the city of Vinnytsia. According
to the Southern Bug River Basin Management Plan (Afa-
nasiev et al., 2024), the average channel width ranges from
15-25 m in the Kopystyn area to 40-80 m near the city of
Vinnytsia. The average depth is 2-3 m. The average annu-
al water flow near the village of Kopystyn (the start of the
section) is approximately 2.5-3.5 m*/s (during the summer
low-water period, this may decrease to 0.8-1.5 m?/s), near
the town of Khmilnyk - 10-14 m®/s, and near the city of
Vinnytsia - 25-30 m®/s (10-12 m®/s during the summer
low-water period). The longitudinal dispersion coefficient
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is 5-25 m?*/s according to the study (Chapra, 1997). Pollu-
tion indicators for the studied section of the Southern Bug
River were taken from publicly available data from the State
Agency for Water Resources of Ukraine as of 2018, which
was used for a comparison of the pollutant concentrations
with the modelling results. It is not possible to use pollution
data for the site after the specified date, as the figures for
these monitoring points are no longer officially published,
although instances of pollution continued to be recorded
by civil society organisations.

The system described the mass balance for three relat-
ed nitrogen components: ammonium (Cxg,), nitrites (Cyo,)
and nitrates (Cno,). In the 2D steady-state form, the ADR
equation, assuming constant hydraulic parameters on seg-
ment (V, Dy, Dy), is:

62Ci

62Ci V(?Ci
‘ox? R

v Vo (13)

D, =L+ Dy +R +S; =0,
where C; - concentration of i-th compound; x - longitudi-
nal coordinate (along the current); y — x-coordinate; V' -
average flow speed; Dy, Dr - coeflicients of longitudinal and
transverse dispersion; R; — rate of inflow and outflow of i-th
compound through reaction; S; - rate of inflow from dis-
tributed and point sources.

Ammonium was consumed by nitrification (Ry;) and

lost through sorption/sedimentation (Rs.):

2
0%Cyn,,

_y 2y
0x2

ay? ax

D, — Ry1 — Rsor + Sy, = 0. (14)

Nitrites were formed from ammonium (Ry;) and were
consumed to form nitrates (Ry):

2
a CNOZ
dx2

2
a CNOZ

+Dr 3

a
D, —VE%2 4 Ry — Ry, = 0.(15)
Nitrates were formed from nitrites (Ry,) and were lost
through denitrification (Rp) and uptake by algae (Ryuy):

2
a CNO3

0%Cnoy _v 0Cnoy +
0x2

+ Dy ay? ax
+ RNZ - RD'

D,
(16)

Environmental monitoring of water bodies using mul-
tispectral methods (Petruk et al., 2015; Kvaterniuk et al., 2020)
was used in the assessment of macrophytes and phytoplank-
ton parameters, which can be used to calculate algal uptake
(Rag). The kinetic terms depended on temperature (T) and
dissolved oxygen concentration (DO), which were modelled
as constant values for a steady-state problem. Point sources
(Snw,) were incorporated into the mathematical model as lo-
calised zones of high concentration. To numerically solve this
2D system of differential equations in steady state, the finite
difference method was used, which transformed the contin-
uous equations into a system of algebraic equations that were
solved iteratively to find the steady state.

© Results and Discussion
The Southern Bug River is Ukraine’s second-longest wa-
tercourse. Its catchment is characterised by significant
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hydrological vulnerability due to extensive regulation (the
presence of 164 reservoirs and 9,640 ponds) and substan-
tial anthropogenic pressure. These factors slow down the
flow and hinder natural self-purification processes, exac-
erbating the cumulative effect of pollution. ANN is a key
indicator of human impact on surface waters. Their forms
indicate the type and intensity of pollution. Ammonium
nitrogen is a marker of primary organic pollution of water
bodies by domestic and industrial effluents; furthermore,
the compound is highly toxic to aquatic biota, as it is capa-
ble of disrupting the physiological processes of organisms
even at low concentrations.

Nitrite nitrogen is an intermediate product of the bi-
ochemical oxidation of ammonium (nitrification). High
levels of nitrite nitrogen indicate that the natural self-pu-
rification processes of a water body are incomplete or in-
sufficiently vigorous. Consistently high concentrations of
nitrites indicate a permanent inflow of pollutants into the
river system. Nitrate nitrogen is the final and most stable
product of the biochemical oxidation of NCCs (Canchig et
al., 2023). Analysis of the monitoring data has identified
the upper reaches of the Southern Bug River, specifically
the section downstream of the city of Khmelnytskyi, as
an area of critical environmental pressure (Kvaterniuk et
al., 2025). Abnormal nutrient levels were recorded at this
section: the concentration of ammonium nitrogen exceed-
ed the maximum permissible limits by a factor of 34, and
that of nitrite by a factor of 80. The regular occurrence of
such peak concentrations indicates that the urban waste-
water treatment plants are either insufficiently effective or
critically overloaded.

The insufficient efficiency of denitrification and
dephosphatisation processes at wastewater treatment
plants led to excessive amounts of biogenic elements en-
tering the river system (Cho et al., 2019). The combination
of high concentrations of ANN with oxygen depletion in
the aquatic environment triggered toxic-hypoxic stress in
aquatic ecosystems. From a public health perspective, el-
evated levels of ammonium compounds in drinking water
sources were unacceptable due to their potential impact on
the human nervous, reproductive and excretory systems.
Ukraine’s current water resources management policy is in-
tegrated into the European framework through the South-
ern Bug River Basin Management Plan for 2025-2030 (Afa-
nasiev et al., 2024), which is based on the requirements of
the EU Water Framework Directive (Directive of the Euro-
pean Parliament and of the Council No. 2000/60/EC, 2000).
The main objective of this plan is the phased achievement
of “good” ecological and chemical status in water bodies.
Achieving this objective requires the implementation of
85 measures aimed at reducing pollution by biogenic sub-
stances (nitrogen and phosphorus). Given the critical levels
of pollution, which exceed standards by a factor of ten, and
the need to fulfil the plan’s strategic objectives, there is a
need for reliable tools for quantitative forecasting. Math-
ematical modelling is essential for assessing the ecological
status, predicting the spread of pollution (particularly in

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

Mandebura et al.

the case of short-term, sudden discharges) and evaluating
the effectiveness of environmental protection measures
(Chen et al., 2019). The significant variability of hydrologi-
cal parameters and the complexity of the biochemical deg-
radation of nitrogen compounds in the Southern Bug River
make the use of dynamic modelling appropriate.

The proposed calculation algorithm integrates the fol-
lowing kinetic mechanisms of nitrogen compound trans-
formation (Radwan et al, 2001; Xie et al., 2023; Yan et
al., 2025). Nitrification — the aerobic biochemical oxidation
of ammonium ions to nitrates; the kinetics of this pro-
cess are critically dependent on the temperature regime
of the aquatic environment and the concentration of dis-
solved oxygen. Denitrification is the anaerobic reduction
of nitrates to gaseous nitrogen, which is predominant-
ly localised in bottom sediments (Zhao et al., 2024). The
mathematical interpretation of this heterogeneous process
within a one-dimensional model involves converting the
areal reaction rate to a volumetric rate by normalising it to
the average channel depth. Sorption and sedimentation of
ANN occur via the adsorption of ammonium cations onto
suspended solids and bottom sediments. In contrast to an-
ionic forms (nitrites and nitrates), ammonium nitrogen is
characterised by a lower migration capacity, which neces-
sitates the introduction of a retardation coeflicient (R) into
the advection-diffusion equation.

Predictive value of the model depends on the results of
its calibration and validation using field monitoring data. A
key criterion is the model’s ability to reproduce the dynamics
of the decline in ANN concentrations below critical pollution
zones as a result of dilution and self-purification process-
es. The calibrated model, integrated with a corresponding
model of biochemical oxygen demand and dissolved oxygen
content, serves as a tool for scenario analysis and the optimi-
sation of management decisions within the framework of the
River Basin Management Plan. Based on the mathematical
model presented, the authors have developed Python soft-
ware adapted for use on Google Colab (Modelling of aquatic
environments, 2026). The results of the mathematical mod-
elling of pollution in the Southern Bug River by NCCs for a
one-dimensional model based on the ADR equation for am-
monium and nitrate ions are shown in Figure 1.

The modelled two-dimensional steady-state distribu-
tion showed how pollution from a point source (Sx,), lo-
cated at the start of the river segment (the critical pollution
hotspot downstream of Khmelnytskyi), spread and trans-
formed along the river (Fig. 2). The dynamics of ammo-
nium distribution (Cxu,) were analysed. In the transverse
distribution, the maximum concentration of Cyn, (up to
25 mg/dm?) was localised in the discharge zone (1-2 km),
which corresponded to the chronic inflow of fresh organic
pollution from the wastewater treatment plant. In the lon-
gitudinal distribution, due to advection (V) and reaction
(Ry: and Rs,,), the concentration of ammonium decreased
sharply downstream (dilution and self-purification effects),
although dispersion (D) caused it to spread slowly across
the entire width of the river channel. In the middle reaches,
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the concentration of Cyu, returned to background levels.
The dynamics of nitrite distribution (Cyo,) were analysed.
Nitrites, as an intermediate product, reached peak values
immediately after the zone of maximum ammonium con-
sumption (Ry:). The presence of significant concentrations
of indicated that the biochemical self-purification process
was overloaded, and the rate of nitrite oxidation to nitrates
(Rn2) was insufficient relative to the rate of their formation.

The dynamics of nitrate distribution (Cyo,) were analysed.
Nitrate concentrations gradually increased along the entire
length of the river (as the end product of oxidation, Ry,),
forming a particularly noticeable “tail” of pollution down-
stream of the nitrite peak. In this stationary model, the
overall Cyo, concentration was determined by point source
discharges. Although nitrates are less toxic, their accumu-
lation was the main cause of eutrophication.
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Figure 1. Results of mathematical modelling of NCCs pollution in the Southern Bug River
for a one-dimensional model based on the ADR equation
Note: a - compounds containing ammonium ions; b — nitrate-ion compounds
Source: compiled by the authors based on own software, “Modelling of aquatic environments” (2026)
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Figure 2. Results of mathematical modelling of NCCs pollution in the Southern Bug River
(2D steady-state plane problem)
Note: a - over a distance of 40 km; b — over a distance of 120 km
Source: compiled by the authors based on own software, “Modelling of aquatic environments” (2026)
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The model was tested for its ability to reproduce the dy-
namics of self-purification downstream of Khmelnytskyi (Ta-
ble 2). To provide an objective quantitative assessment of the
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predictive ability and accuracy of the developed model, sta-
tistical criteria such as the Nash-Sutcliffe efficiency criterion
(NSE) and root mean square error (RMSE) were calculated.

Table 2. Results of the verification of the mathematical model in critical zones

Distance from discharge point Modelled (mg/dm?) Factual (mg/dm?) Deviation (%)
0 km 11.70 11.70 -
10 km 8.45 8.90 5.1
40 km 3.20 3.05 4.9
80 km 0.83 0.89 6.7

Source: compiled by the authors

A key stage in verifying the model was its calibration
using monitoring data recording extreme pollution levels
in the upper reaches of the river. The model successfully re-
produced the presence of a critical pollution hotspot down-
stream of the city of Khmelnytskyi (the village of Kopystyn),
where the highest concentrations of ANN were recorded.
The persistence of these high readings, despite the high
non-conservativeness coefficient of nitrites, confirmed that
the source of pollution was constant and massive, and was
overwhelming the river’s natural self-purification capacity.
The statistical indicators obtained demonstrated a high de-
gree of agreement between the model and field data. The
Nash-Sutcliffe criterion value (NSE = 0.997), which was
close to one, indicated the high quality of the model (ac-
cording to generally accepted scales, NSE > 0.75 is classified
as “very good”). An RMSE value of 0.24 mg/dm® demon-
strated a minimal average deviation of the calculated data
from the actual values. Verification of the model quanti-
tatively confirmed the correctness of the parameterisation
of the ADR equation, in particular the validity of the in-
troduced retardation factor and oxygen limitation func-
tions. An analysis of the spatial distribution of nitrites also
confirmed the adequacy of the model. The model clearly
reproduced the “nitrite peak’, which is shifted downstream
relative to the ammonium peak. This reflected the time re-
quired for bacteria to initiate the nitrification process (Yu et
al., 2024). Persistence of high nitrite levels at distances of
up to 15 km from the source of pollution was an indica-
tor of the degradation of the ecosystem’s compensatory
mechanisms. The model, which included diffusion (D;)
and reaction (R;) terms, reliably reproduced the spatial
decline in ANN concentrations further downstream. The
observed reduction in concentrations to acceptable levels
at the drinking water intake point in Vinnytsia confirmed
the river’s significant, albeit limited, capacity for natural
self-purification. The successful reproduction of this pro-
cess verified the correctness of the parameterisation of the
kinetic constants, particularly those dependent on limiting
factors (such as oxygen).

An analysis of the spatial distribution of pollution us-
ing a model has identified the key hydraulic and biochem-
ical factors that govern water quality in the Southern Bug
catchment. The modelling confirms that the main cause of
extreme pollution is point source discharges of inadequate-
ly treated domestic sewage. The critical situation in the
upper reaches was primarily due to insuflicient dilution of
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the effluent by natural runoff. During the summer low-wa-
ter period, the dilution ratio of the effluent downstream of
Khmelnytskyi was only 1.5 times. In contrast, downstream
of Vinnytsia, the river’s flow rate was five times higher, which
ensured efficient dilution of the wastewater. This difference
in hydrodynamic conditions explains why critical pollution
peaks are recorded specifically in the upper reaches.

The ADR model, which covered the effect of oxygen
on the nitrification reaction step (Ry1), demonstrated that
the intensive oxidation of organic matter caused hypoxia,
which, in turn, inhibited nitrification - a key self-purifica-
tion process. Thus, the model reflected the synergy between
ANN toxicity and hypoxia, which caused mass fish kills. The
calibrated model was used to simulate three strategic sce-
narios for the development of events in the Southern Bug
catchment. Scenario I - Implementation of tertiary waste-
water treatment. This scenario is central to the programme
of measures stipulated in the River Basin Management Plan
(Afanasiev et al., 2024). It involves the reconstruction and
modernisation of wastewater treatment plants in 27 priori-
ty local authorities within the basin. The technical solution
is based on the implementation of biological processes for
the removal of nitrogen (denitrification in reactors) and
phosphorus. Modelling showed that reducing the concen-
tration of ammonium in Khmelnytskyi’s effluent to Euro-
pean standards (2 mg/dm?®) led to a radical improvement
in the ecological status along a stretch of over 150 km. The
dissolved oxygen level in the critical zone (0-20 km from the
outfall) increased from 2-3 mg/dm® to 6-7 mg/dm®. The risk
of mass fish kills decreased by 95% due to the elimination of
toxic-hypoxic stress. Nitrite concentrations in water intake
areas decreased to levels that pose no threat to the nervous
and reproductive systems of the population. Scenario II -
Fertiliser management. The scenario envisages the imple-
mentation of the EU Nitrates Directive (Council Directive
No. 91/676/EEC, 1991), the establishment of riparian buft-
er zones where the application of fertilisers is prohibited,
and adherence to crop fertilisation schedules. Modelling of
background nitrate pollution showed that controlling fer-
tiliser application reduced the average annual nitrate con-
centration by 25-30%. This is critical for preventing the eu-
trophication of reservoirs during the summer and reducing
the intensity of phytoplankton “blooms”. According to the
model’s projections, the combination of reduced phospho-
rus and nitrogen inputs reclassified water bodies from Class
4 (“poor status”) to Class 2 (“good ecological status”).
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Scenario IIT - Adaptation to hydrological stress. As cli-
mate projections indicate an increase in the frequency of
droughts, the model was tested for resilience in the event
of a 40% reduction in water flow (Q) from the normal
low-water level. The results were alarming: whilst main-
taining current discharge levels, even a slight reduction in
water flow led to a catastrophic rise in the concentrations
of NCCs and complete oxygen depletion across large sec-
tions of the river. This demonstrated that infrastructure
modernisation under Scenario I was the only way to ensure
the ecological safety of the catchment under conditions of
global climate change. The model confirmed that the riv-
er’s assimilation capacity had already been exhausted, and
that further management of water quality was only pos-
sible through strict limits on the mass of discharges. The
data obtained from the mathematical modelling made
it possible to quantitatively assess and visualise the com-
plex spatio-temporal dynamics of pollution in the South-
ern Bug River by NCCs. The developed one-dimensional
transient and two-dimensional steady-state models, based
on the ADR equation, proved their effectiveness in predict-
ing zones of critical pollution, particularly downstream of
point sources of wastewater treatment plant discharges. To
verify the adequacy of the proposed approaches and to de-
termine the place of this study within the global scientific
context, the results obtained were compared with studies
on similar hydroecological issues.

Within the context of fundamental mathematical
theory, researchers L.K. Kumar et al. (2022) analysed nu-
merical solutions to the ADR equation using uniform and
variable boundary conditions. Their work demonstrat-
ed the high convergence of computational algorithms for
idealised channel flows. The results obtained in this study
fully confirmed their mathematical conclusions regarding
the stability of implicit finite difference schemes. However,
in contrast to the authors” purely theoretical approach, the
model has now been adapted to the real-world conditions
of a heavily regulated river with extreme levels of pollu-
tion, where the decisive factor is not only hydrodynamics
but also the kinetics of transformations governed by the
Michaelis-Menten equation. Researchers Z. Gomolka et
al. (2022) addressed the phenomenon of diffusion when
assessing water quality in rivers, demonstrating that dif-
fusion processes are key in shaping the overall pollution
background. Their conclusions are relevant; however, the
present study shows that for the Southern Bug, under con-
ditions of low water flow and surge discharges from waste-
water treatment plants, advection remained the dominant
transport mechanism (particularly in channel sections),
whilst dispersion became critical mainly in reservoir areas
with significantly slowed flow.

Concerning the application of two-dimensional spatial
solutions, researchers A. Monsalve et al. (2025) presented
the latest Landlab component for calculating 2D river flow
dynamics. Their research addressed shallow-water hydro-
dynamics and the transverse distribution of velocities. The
results obtained in this study from steady-state 2D mod-
elling of the distribution of ammonium and nitrites were
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consistent with the researchers’ findings regarding the
asymmetric formation of pollution plumes downstream of
point sources. However, a key distinction of this study is
the integration of a complex system of coupled biochemi-
cal reactions (nitrification and denitrification) directly into
the 2D grid, which tracked not only hydraulic transport but
also the “nitrite peak”. The view expressed by E. Mignot et
al. (2023) is entirely valid; in their comprehensive review
of 2D models with depth averaging, they highlighted the
challenges involved in selecting diffusion coefficients. The
calibration stage confirmed their thesis: the use of gener-
alised literature coefficients for lateral dispersion leads to
significant errors; therefore, parameterisation must be con-
ducted exclusively based on local monitoring data for each
specific surface water body.

The modelling of biochemical nitrogen transformation
deserves particular attention. In their study of temper-
ate-zone rivers, researchers K.C. Nevorski & A.M. Mar-
carelli (2022) identified extremely high diurnal and annual
variability in denitrification and nitrogen fixation process-
es. Their field observations confirmed the accuracy of the
temperature coefficients (modified Arrhenius equation)
incorporated into the developed model, as well as the de-
pendence of biochemical constants on the presence of dis-
solved oxygen. At the same time, Y.-J. Gao et al. (2024),
whilst studying the characteristics of cold-tolerant strains
of denitrifying bacteria, demonstrated that at low tempera-
tures, natural self-purification processes are sharply inhib-
ited. This confirmed the hypothesis that the critical concen-
trations of nitrogen compounds in the Southern Bug River
during the winter and spring periods are caused not only by
the volume of discharges but also by the suppression of the
functional capacity of the local microflora.

A substantial scientific finding of this study is the
identification and mathematical description of the “nitrite
peak’, which is spatially shifted downstream relative to the
maximum ammonium concentrations. This phenomenon
has been widely discussed in the international literature.
B. Ibarra et al. (2024) studied in detail the effect of nitrites
on autotrophic denitrification in reactors. They found that
high concentrations of nitrites act as a potent inhibitor for
many species of granular biomass. This conclusion is con-
sistent with the results obtained: the persistence of high
levels of toxic nitrites at distances of up to 15 km from the
source of pollution (the Khmelnytskyi Wastewater Treat-
ment Plant) indicates a profound degradation of the river
ecosystem’s compensatory mechanisms, which are unable
to rapidly oxidise nitrite to the less toxic nitrate due to ox-
ygen deprivation. In their study on the importance of the
carbon-to-nitrogen (C/N) ratio in wastewater treatment
processes, S. Boychenko ef al. (2017) demonstrated that an
excess of nitrogen, coupled with a deficiency of readily avail-
able carbon, prevents complete denitrification. This finding
fully explains the modelled accumulation of nitrates in the
lower reaches of the Southern Bug: primary organic matter
(carbon) is oxidised in the upper reaches, whilst nitrates mi-
grate downstream, where their denitrification is limited by
the absence of a suitable substrate. The application of the
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coupled “Nitrogen-Oxygen” model revealed that critical am-
monium pollution (up to 25 mg/dm?) caused a local collapse
of the oxygen regime. The calculated oxygen consumption
exceeded the reaction rate by a factor of 3-4 in sections with
a slower current. This accounts for the persistence of the
“nitrite peak” due to oxygen deficiency (DO < 1 mg/l), the
second phase of nitrification was inhibited more severely
than the first, leading to the accumulation of toxic nitrites.

Lastly, having considered the scenario analysis and
possible solutions to the problem, it was established that
the immediate implementation of tertiary wastewater treat-
ment is the only viable option. This conclusion is widely
supported by international experts. For example, Q. Zhao et
al. (2024) described a successful pilot project involving the
implementation of the anammox process for the treatment
of municipal wastewater, which substantially reduced ni-
trogen content even at low temperatures. Y. Xie et al. (2023)
proposed new mechanisms and strategies for reducing
emissions during biological nitrogen removal from waters
with a low C/N ratio. In contrast to the purely technologi-
cal focus of the studies reviewed, the present work applies
these engineering solutions to the context of a river basin,
quantitatively demonstrating, using an ADR model, that
the application of such advanced European technologies
at 27 priority sites can reduce the risk of mass fish kills by
95% and eliminate hypoxic zones along stretches exceed-
ing 150 km in length. In summary, it can be stated that the
results of the mathematical modelling conducted are not
only consistent with the latest global trends in the fields of
hydroecology and computational hydrodynamics but also
build upon them. Whilst most international studies ad-
dress either the purely engineering aspects of treatment or
the theoretical modelling of idealised river channels, this
study establishes an applied association between microbio-
logical kinetics, transient hydrodynamics and the practical
management of a heavily regulated river basin under ex-
treme anthropogenic pressure.

© Conclusions

Based on the mathematical modelling and analysis of the
ecological and hydrochemical status of the Southern Bug
River basin, the following conclusions have been drawn. The
transient ADR model developed proved to be an adequate
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and reliable tool for assessing the dynamics of NCCs. It
successfully reproduced the processes of advection, disper-
sion and biochemical transformation of nitrogen under the
conditions of the river’s complex hydraulic profile. The in-
clusion of a retardation factor for ammonium and oxygen
limitation for nitrification achieved a high degree of mod-
elling accuracy (error less than 10%). The critical state of
water quality in the upper reaches of the river (downstream
of Khmelnytskyi) was the result of extreme anthropogenic
pressure, which exceeded the system’s natural assimilation
capacity by a factor of 30-80 for certain indicators. The
main cause was chronic overloading and the technological
obsolescence of municipal wastewater treatment plants.

The priority measure for achieving the objectives of the
River Basin Management Plan for 2025-2030 is the imme-
diate introduction of tertiary treatment at the wastewater
treatment plants of the 27 most influential local authorities.
Scenario analysis confirms that only a radical reduction in
point-source ammonium discharges will restore oxygen
levels and eliminate the threat of environmental disasters.
A comprehensive approach to controlling fertiliser applica-
tion through the implementation of the EU Nitrates Direc-
tive is also essential. Although the effects of these measures
are felt over a longer period of time, they are crucial for the
long-term recovery of the river’s lower reaches and for pre-
venting the eutrophication of reservoirs. A promising ave-
nue for further research is the integration of the developed
ADR model with a dynamic model of dissolved oxygen and
BOD, as well as detailed spatial mapping of diffuse sources
using geographic information systems. This can be used for
the creation of a comprehensive environmental monitor-
ing and forecasting system, which will ensure the sustaina-
ble development of the region and the conservation of the
Southern Bug for future generations.
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© AHotauifi. Kputnaanit ekonoriaamit cran piuku IliBgeHHmit Byr, cipyamHenuit iHTeHCHBHUM 3a6py/HEHHAM
HITPOr€HOBMICHMMU CIIOJYKaMy, BUMAara€ BIPOBA[PKEHHs HAAIIHMX MaTeMaTUYHUX IHCTPYMEHTIB IPOTHO3YBAHH:A
IS HOZIONIaHHA HaCTiIKiB eBTpoikanii Ta JOCATHEHHA Lijeil Kep)KaBHMX CTPATErill yIpaBIiHHA BOJHIMMI peCypcaMiul.
Mertoro gocnimkenHs 0yI0 MaTeMaT/YHe MOJI/IIOBAaHH:A IPOIleCiB TPAaHCIOPTY Ta TpaHCPOpMalil HiITPOreHOBMiCHNX
crionyk y piukosiit cucremi ITiBgernoro Byry st KifbKiCHOI OL[iHKY TPOCTOPOBO-4acOBOI AMHAMIKM 3a0pyIHEHH Ta
HAyKOBOTO OOIPYHTYBAHHS NPYPOJOOXOPOHHMX 3aXOMiB. JI/Isi MaTeMAaTHIHOTO MOJETIOBAHHS 3aCTOCOBAHO CUCTEMY
nudepeHIiTHUX piBHAHD Ha 6a3i OfHO- Ta IBOBMMIPHMX MOJie/Ieil afiBeKIil-aucnepcii-peaxiyii, YMCenbHUIT PO3B’I30K
SIKUX 3[i/ICHEHO METOZOM pO3IIel/IeHHs1 omeparopiB. Po3pobreHa Mopenp MO€fHAIAa TPY KIIOYOBI KOMIIOHEHTH
HIiTporeHy Ta BpaxyBa/a MeXaHisMM afBekuii, mycrepcii Ta 6ioxiMi4yHMX IepeTBOpeHb. Mofenb HeTalbHO ONMUCANIa
nponecyu HiTpudikanii Ta geHiTpudikanii 3 ypaxyBaHHAM TeMIIEpPAaTyp) Ta KOHIEHTpAlil pO3YMHEHOrO KIUCHIO 3a
Kinetukow Mixaenmica-Menrten. MogenoBanHsl 6yl10 IPOBeIEHO HA MPUKIAAi OLIHIOBAHHS BIUIMBY 3a0pymHEHHs
aMOHITHMM a30TOM Ha IIPUK/IAfli CKUJiB KOMYHa/IbHIX OYMCHVX CIIOPYJ, Y BepxHill Teuii. Pesynbratu Bepuikanii
IIPOJIeMOHCTPYBaJIN 3JaTHICTh MOJIe/Ii BifTBOPIOBATH IIPOCTOPOBE 3HIDKEHH A PiBHA 3a0pyHIOBAUiB 3aBIAKI IPUPOLHIM
IpolecaM caMoouMileHH:A. Mogpenb 3adikcyBana yTBOPEHHA «HITPUTHOTO MiKY», IKUI IPOCTOPOBO 3CYHYTUIT BHU3 3a
T€Yi€l0 BifITHOCHO MAaKCMMAaJbHMX KOHIEHTPaLili aMOHi0. BMCOKi piBHI TOKCMYHUX HITPUTIB 3a/MIIAIOTHCA CTIIKMMU
Ha Bifictani fo 15 KM Big mxeperna 3a6py}1HeHHH. CueHapHMI aHATI3 3aCBiYNB, 10 HeTallHe BIPOBAJKEHHS TPETUHHOL
OYVCTKM HA HAMOUIBII BIVIMBOBUX 06 €KTAaX € IPIOPUTETHNUM 3aXOf[OM /Il BifHOBJIEHHsI KUCHEBOIO PEXNMY PIdKIL
ITpu smeHmeHHi BogHOCTI piuky Ha 40 % Bif HOpMU MeXXeHi O4iKyeTbcA KaTacTpodiuHe 3pOCTaHHA KOHI[EHTpPALiil
HITPOreHOBMICHUX CIIONIyK Ta BUCHa)KeHHA KUCHIO Ha 3HAUHUX OUIHKAX pyc/la, SAKIIO MOTOYHI 06CATM CKUJiB
3a/IMIIAThCA He3MiHHMMM. Po3po6/ieHa MOfie/b € IHCTPYMEeHTa/IbHOI0 6a30I0 /ISt ONTHMI3alil yIpaB/IiHChKIUX pillleHb
y Mexax IDrany ynpasmiHHA piukoBuM OaceitnoM IliBgennoro byry Ta go3Bomuia CTBOPUTM IIOBHOLIHHY CUCTEMY
€KOJIOTYHOrO MOHITOPUHTIY [Is1 3abe3IedeHHsI CTA/IOTO PO3BUTKY PErioHy
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© Abstract. Global climate change and increasing urbanisation are intensifying pressure on urban infrastructure and
natural resources, highlighting the importance of implementing green infrastructure to enhance urban resilience and
reduce environmental impacts. The purpose of the study was to conduct a comparative life cycle assessment of a rain
garden and a green roof using OpenLCA software (version 2.6, 2025) by modelling their environmental indicators,
which made it possible to identify the key climate-related and resource-related parameters of their performance. For
the modelling, data were collected at all stages of the life cycle of the structures and normalised per square metre over
a 15-year operational period. The main environmental impact categories selected were global warming potential,
eutrophication potential, acidification potential and abiotic resource depletion. The results demonstrated a different
balance of environmental impacts across the various life cycle stages. The green roof was characterised by a lower
impact during the construction phase, for example, a global warming potential of 50 kg CO,-eq/m?, due to the use of
prefabricated modular blocks. By contrast, rain gardens demonstrated a lower impact during the operational phase,
with 130 kg CO,-eq/m* compared with 320 kg CO,-eq/m” for green roofs over 15 years, due to passive stormwater
runoff filtration and minimal maintenance requirements. A significant share of the construction-stage impact was
associated with the use of quartz sand as a soil additive for rain gardens and bark mulch as a ground cover, which
suppresses unwanted vegetation and supports the establishment of target vegetation. At the end-of-life stage, both
systems demonstrated minimal overall environmental impact, with most indicators remaining negligible. The results
confirmed that none of the green infrastructure systems studied is universally optimal; their effectiveness depends on
the specific life cycle stage and local conditions, highlighting the need to consider local objectives and priorities when
selecting a system

© Keywords: green structures; life-cycle impact analysis; scenario-based modelling; global warming potential;
eutrophication potential; acidification potential; abiotic resource depletion

Suggested Citation: Kravchenko, M., Tkachenko, T., & Vasylenko, L. (2026). A comparative life cycle assessment of rain garden and
green roof systems using the OpenLCA software platform . Ecological Safety and Balanced Use of Resources, 17(1), 129-143. doi: 10.63341/
esbur/1.2026.129.

*Corresponding author (marina-diek@ukr.net)

@ @ Copyright © The Author(s). This is an open access article distributed under the terms of the
By Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0003-0428-6440
https://orcid.org/0000-0003-2105-5951
https://orcid.org/0000-0003-4201-5481

A comparative life cycle assessment of rain garden...

@ Introduction

Modern urbanisation is accompanied by denser develop-
ment and increasing pressure on natural resources and
urban infrastructure. Climate change is increasing the fre-
quency of extreme rainfall and heatwaves, raising the risk
of flooding and reducing the resilience of urban systems.
Under these conditions, traditional engineering approach-
es are proving inadequate, bringing carbon neutrality strat-
egies to the fore, particularly the development of green
infrastructure. Its key elements are rain gardens (RG) and
green roofs (GR), as components of urban ecosystems.

According to the analysis by D. Pons Fiorentin et
al. (2024), green structures (GSs) contribute to the achieve-
ment of a number of the UN Sustainable Development
Goals by 2030. In particular, they support SDG 11 “Sustain-
able Cities and Communities” by reducing the urban heat
island effect, improving air quality and enhancing the com-
fort of the urban environment, as well as SDG 13 “Climate
Action” through carbon sequestration and improved ener-
gy efficiency in buildings. Furthermore, RG and GR con-
tribute to the achievement of SDG 15 “Life on Land” and
SDG 6 “Clean Water and Sanitation” through the support
of biodiversity and, as M.V. Kravchenko & T.M. Tkachen-
ko (2024) argued, effective stormwater management. GR,
classified as extensive or intensive, offer a range of environ-
mental benefits. Authors D. Perivoliotis et al. (2023) not-
ed that GR contribute to the thermal insulation of build-
ings, the regulation of the urban microclimate, and the
extension of the service life of roof structures. Researchers
M. Kravchenko et al. (2024) found that RG systems pro-
vide retention, filtration and purification of surface runoff,
which helps to reduce the risk of flooding. However, both
types of systems are characterised by a significant envi-
ronmental impact during the construction and operation
phases due to the use of materials and resources, which jus-
tifies the use of the life cycle assessment (LCA) method for
their comprehensive analysis.

To quantitatively assess the environmental advan-
tages and disadvantages of GSs, the LCA method is used,
which provides a comprehensive analysis of environmen-
tal performance throughout the entire operational life of
the systems. In their study, K. Bagheri & H. Davani (2024)
concluded that LCA is an environmental management tool
based on the “cradle-to-grave” principle, covering stages
from raw material extraction to the disposal or recycling of
materials. The method enables the quantitative assessment
of environmental indicators based on material and energy
flows and the identification of the processes with the great-
est impact on the environment. In this context, the use of
specialised LCA software tools becomes crucial for con-
ducting a comprehensive analysis. Among the most widely
used are SimaPro (Netherlands), GaBi LCA Software (Ger-
many), Umberto LCA+ (Germany) and OpenLCA (Ger-
many). According to M. Seckar et al. (2025), these tools
enable the assessment of environmental impacts through-
out the life cycle, support management decision-making
and the formulation of environmental policy, and differ in
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terms of functionality, databases and modelling approach-
es. A. Ostovar et al. (2026) noted that they support a full
LCA cycle and are used for the comprehensive assessment
of production systems. A.W. Ahmadi et al. (2025) empha-
sised that the use of commercial platforms may be limit-
ed by high licence costs, interface complexity and partial
incompatibility between systems, which reduces their ac-
cessibility in scientific research. Unlike commercial solu-
tions, OpenLCA is a free, open-source platform that serves
as an affordable alternative. It features an intuitive inter-
face and broad compatibility with international databases,
which, according to Y. Pamu et al. (2022), enabled a com-
prehensive life-cycle assessment that takes into account
environmental, economic and social aspects. Thanks to its
open architecture and the absence of licensing restrictions,
OpenLCA is widely used in academic research, but it has
certain limitations, particularly regarding technical sup-
port and working with large databases.

The use of OpenLCA in practical studies enables the
analysis of different types of GSs within a comparative
life-cycle context. L. Pique ef al. (2023) found that in the
largest proportion of LCA studies (37%), GR are com-
pared with gravel surfaces, whilst in 10.4% they are com-
pared with ‘white’ roofs. In less than 10% of studies, GR
are compared with other types of GSs, in particular RG,
which indicates that this area is under-researched. There
are only a few LCA studies of RG in the literature. For in-
stance, Y. Peng et al. (2024), using Energy Expert, assessed
only the global warming potential without considering
other impact categories and without comparing with alter-
natives, which limits the generalisability of the results and
confirms the need for a comprehensive comparative analy-
sis. The purpose of the study was to conduct a comparative
assessment of the impact of GR and RG on key climate and
resource indicators using the LCA method in the OpenL-
CA software environment. The analysis covered the main
stages of the life cycle and took into account the specifics
of modelling, the selection of system boundaries and input
data to formulate recommendations for standardising fu-
ture LCA studies in the field of sustainable urban planning
and climate adaptation.

© Materials and Methods

In this study, the OpenLCA software (version 2.6, 2025) was
used to model the life cycle of GR and RG. This software
enables iterative model building, accounting of material
and energy flows, and the calculation of environmental in-
dicators. During the inventory analysis stage, the ELCD 3.2
(European Reference Life Cycle Database) dataset, as main-
tained by GreenDelta (v.2.18, 2022), was used. This database
contains standardised data on material production, energy
supply, and transport operations. The use of the ELCD refer-
ence database ensures consistency of results with European
methodological frameworks, guarantees high reproducibili-
ty of the study, and supports comparability of indicators in
the context of sustainable construction and urban planning.
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The methodological basis for the study is provided by
the ISO 14040:2006 (2006) and ISO 14044:2006 (2006)
standards, which set out the principles, structure and pro-
cedures for conducting an LCA. In accordance with these
standards, the scope and boundaries of the system were
defined within the OpenLCA environment, an inventory
analysis was carried out, and an impact assessment and

Kravchenko et al.

interpretation of results were performed for the GR and
RG systems, ensuring methodological consistency, com-
parability of results and their reproducibility (Popowicz et
al., 2025). During the stage of defining the system bound-
aries and input data, a real-world study object was select-
ed and justified - the RG, built in August 2024 in the Kyiv
region (Fig. 1).

-

Figure 1. Construction stages of the RG (Kyiv region)

Source: created by the authors

The RG is designed to collect, retain and infiltrate rain-
water runoff from the roof of an adjacent building with an
area of 52.0 m?. The water is channelled via a downpipe di-
rectly into the bio-infiltration system. The total area of the
RG is 2.55 m? (1.7 x 1.5 m), making it a small-scale green

infrastructure solution for local surface runoff manage-
ment. The materials used for the construction of the struc-
ture and their specific weights are given in Table 1. In addi-
tion, the table provides the corresponding material names
according to the OpenLCA software environment database.

Table 1. Materials used in the construction of the RG and their respective proportions

Material name in . . Specific weight
RG components OpenLCA Layer thickness (mm) Material (kg/m?)
Iris pseudacorus L., Rosa gallica
Vegetation layer - - L., Chrysanthemum x koreanum, -
Tagetes lucida, Sedum lydium
Mulch spruce wood 50 Spruce wood 12.0
Substrate excavated material 200.0 Soil 280.0
Intermediate filtration sand 0/2 300.0 Sand 480.0
layer
Lower drainage layer gravel 2/32 300.0 Gravel 500.0
Filter element
(synthetic fibre) polypropylene fibres - Polypropylene fibres 0.1
Separating element polyethylene
(—— b - Polyethylene terephthalate 0.2

Source: created by the authors

To conduct a comparative LCA, a model GR was
selected as the second study object, with parameters
formulated based on common technical solutions for
extensive green roofing used in sustainable urban con-
struction practice. The use of a hypothetical structure
allows for the standardisation of modelling input data

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

and ensures a valid comparison with the RG. The GR
is considered an extensive structure designed to reduce
surface runoff, improve the building’s thermal insula-
tion characteristics and mitigate climatic impacts in the
urban environment. For modelling purposes, a flat roof
with an area of 52.0 m* was adopted, corresponding to
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the catchment area used for RG, in order to ensure the
comparability of LCA results. The GR is multi-layered,

and its composition and the relative weight of the layers
are shown in Table 2.

Table 2. Materials used in the construction of GR and their proportions

Material name in Layer thickness . Specific weight
GR components OpenLCA o) Material (kg/m?)
Vegetation layer - - Sedum 5.0
Mulch Spruce wood 30 Spruce wood 7.5
excavated material Soil 50.0
gravel 2/32 Gravel 48.0
1 150.
Substrate layer sand 0/2 50.0 Sand Y
kaolin coarse filler Kaolin 30.0
" polyethylene
Additional filter/separator terephthalate Polyethylene terephthalate 0.2
Drainage layer polystyrene (general 25.0 Polystyrene 0.5
purpose)
Protective layer polypropylene fibres - Polypropylene fibres 0.3
Roof barrier (waterproofing) polyvinylchloride 1.0 Polyvinyl chloride 1.4

Source: created by the authors

Plant components in both systems were not included
in the life cycle inventory analysis due to the absence of
relevant processes in the OpenLCA database used. Given
the relatively low mass of plant biomass compared to the
mineral structural layers, their direct contribution to en-
vironmental impacts is considered negligible. In addition,
vegetation helps to offset CO, emissions during the oper-
ation of the systems. Therefore, the modelling focused on
construction materials and transport processes, which ac-
count for the majority of the environmental impact.

A list of building materials was compiled, specifying
their quantitative characteristics. The resulting volumes
were expressed in units of mass for subsequent use as in-
put data in the life cycle modelling software. Figures 2-3

show the composition of materials and their quantitative
indicators for modelling the RG and GR per unit area
of 1 m” in the OpenLCA software environment. Among
energy resources, attention was focused on diesel fuel,
which is used for construction and transport operations.
For the LCA modelling, the amount of diesel consumed
was taken into account, as this allows for a correct as-
sessment of the contribution of transport and construc-
tion operations to the overall environmental impact of
the system’s life cycle. All transport volumes were con-
verted into tonne-kilometres (t-km), which is a stand-
ard metric for quantifying freight transport in life cycle
models. This metric is used as an input parameter in the

@ Inputs/Outputs - RAIN GARDEN

LCA modelling software.

\

v Inputs © X 3
Flow Category Amount  Unit Costs/Reven... Uncertainty  Avoided wa.. Provider Data quality.. Location Description
[ diesel Energy carriers and techno.. 200000 Fikg none S Diesel, c.. B
£} excavated material Materials production/Othe...  280.00000 F=5 kg none a Excavato...
£} gravel 2/32 Materials production/Othe..  500.00000 F= kg none a Gravel 2...
{8} polyethylene terephthal... Materials production/Plast... 0.20000 F3 kg none AN Polyethyl...
{5} polypropylene fibres (PP) Materials production/Plast... 0.10000 E5 kg none a Polyprop...
8} sand 0/2 Materials production/Othe..  480.00000 F= kg none 5'1 Sand 0/2...
£} spruce wood Materials production/Wood 12.00000 E5 kg none A spruce ..
{8} transport in t*km Transport services/Other tr... 0.50000 E3 t'km none & Lomy tra...
£8} water Materials production/Water  1500.00000 F=) kg none a Liquid P...

v Outputs © X w3
Flow Category Amount  Unit Costs/Reven... Uncertainty  Avoided pro... Provider Data quality.. Location Description
) RAIN GARDEN 1.00000 E5 m2 none

/)

Figure 2. Input parameters and material composition of the Rain Garden model in the OpenLCA software
Source: created by the authors based on their own modelling in OpenLCA
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anuts/OUtputs - GREEN ROOF

)

~ Inputs © X 13
Flow Category Amount  Unit Costs/Reven... Uncertainty Avoided wa... Provider Data quality... Location Description
@ diesel __Energy carriers and techno... 1.20000 F2 kg none &Y Diesel, c.. ]
€} excavated material Materials production/Othe... 50.00000 3 kg none o'j Excavato...
€% gravel 2/32 Materials production/Othe... 48.00000 3 kg none o" Gravel 2...
€} Kaolin coarse filler Materials production/Othe... 30.00000 D kg none 0'1 Kaolin c...
€ pol e Is production/Plast... 0.20000 B3 kg none 9'1 Polyethyl...
5} polypropylene fibres (PP) Is production/Plast... 0.30000 B3 kg none & Polyprop...
{& polystyrene (general pur.. Materials production/Plast... 0.50000 F3 kg none &V Polystyre...
@ polyvinyichloride resin (.. Materials production/Plast... 1.40000 B2 kg none o’i Polyvinyl..
6} sand 0/2 Materials production/Othe... 48.00000 3 kg none ’91 Sand 0/2...
€% spruce wood Materials production/Wood 7.50000 B3 kg none oi Spruce ...
€} transport in t*km Transport services/Other tr... 8.00000 F3 t*km none 5 Articulat...
¥ Outputs © X 123
Flow Category Amount Unit Costs/Reven... Uncertainty Avoided pro... Provider Data quality.. Location Description
{5 GREEN ROOF 1.00000 5 m2 none

%

Figure 3. Input parameters and material composition
of the Green Roof model in the OpenLCA software
Source: created by the authors based on their own modelling in OpenLCA

The study analysed four impact categories: global
warming potential (GWP100), acidification potential (AP),
eutrophication potential (EP) and abiotic resource deple-
tion (AD). The selection of these categories is driven by the
need for a comprehensive comparison of the environmen-
tal characteristics of GR and RG throughout their life cy-
cle, particularly in terms of their impact on climate change,
natural resource consumption and potential environmental
consequences. The impact categories used are widely em-
ployed in LCA studies of green infrastructure and align
with the approaches of common LCA methodologies im-
plemented in the OpenLCA software environment. The
approach to selecting indicators was based on the work of
Y. Pamu et al. (2022), which outlines the main categories
of environmental impact used to assess building and na-
ture-based systems.

The GWP100 characterises the total contribution of
all greenhouse gas emissions throughout the object’s life
cycle and is expressed in kilograms of CO, equivalent,
which allows for a quantitative assessment of its carbon
footprint. AP potential determines the formation of ac-
id-forming emissions, primarily sulphur oxides (SO,)
and nitrogen oxides (NOy), which, when interacting
with atmospheric moisture, form acid rain and nega-
tively impact soil and aquatic ecosystems. EP potential
characterises the input of nitrogen and phosphorus com-
pounds into the aquatic environment, which can cause
excessive algal growth and disrupt ecological balance;
for nature-based stormwater management solutions, this
indicator is particularly relevant given the potential mi-
gration of nutrients from substrates and soil layers. AD
characterises the consumption of non-renewable natural
resources of inorganic origin, in particular mineral raw
materials and fossil materials, used in the production of
structural elements and building materials.

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

Other impact categories were not analysed within
the scope of this study. This is because the systems under
investigation do not involve the use of technological pro-
cesses or materials associated with significant emissions of
ozone-depleting or highly toxic substances on a scale capa-
ble of substantially influencing the results of the compara-
tive assessment. The operational phase covers all input and
output flows, as well as the environmental benefits accu-
mulated over the life cycle of RG and GR. The calculation
of impacts and benefits is based on an assessment of annual
indicators, which are extrapolated linearly over the entire
operational period. Given the limited data on the durabil-
ity of such systems, a 15-year design service life has been
established for the analysis.

@ Results and Discussion

A schematic representation of the stages of the GR life cycle
is shown in Figure 4, which illustrates the interrelationship
between all the key stages of its operation within the LCA
approach. The system boundaries for GR assessment are
defined as: extraction, transport and production of neces-
sary materials; installation, operation, maintenance, refur-
bishment, dismantling and final disposal; reuse, recovery
or recycling of materials.

The conceptual model for assessing the life cycle of a
multi-layer GR structure has been developed taking into
account the environmental, economic and social aspects
of sustainable development. At the centre of the model is
a structural system comprising several functional layers
(vegetation layer, substrate, drainage, filtration, and wa-
terproofing layers) that form an integrated ecological and
engineering system. The main stages of the life cycle are
structured around it in accordance with the cradle-to-grave
approach, which is the most widely used methodology for
comprehensive environmental assessment.

133



A comparative life cycle assessment of rain garden...

-

Materials

4
Rewie; q Product

) { r
ecovery o stage

Social recycling

o

End of life
stage

Comparisons

g Use stage /

o

’ \ &

Construction
process

Economic

=
=

o a

Cradle to grave is the most
common approach

Cooling and heating energy
significantly influence the
environmental impacts

Processes

Green roofs usually cause less
environmental impact than
conventional roofs

Polymeric materials are usually
used for all the layers

Life cycle cost and life cycle

cost-benefit approaches are used
to evaluate economic viability

Figure 4. GR life cycle diagram within the LCA approach

Source: T.P. Scolaro & E. Ghisi (2022)

The product stage (material production) covers the ex-
traction of raw materials, the production of polymer and
mineral components, transport, and the preparation of in-
stallation materials. At this stage, the primary energy and
carbon costs associated with production processes are in-
curred. An additional contributing factor is the significant
energy consumption associated with the production of in-
dividual functional layers, primarily polymer components,
which are typically used in almost all structural elements,
except the load-bearing structure (Scolaro & Ghisi, 2022).

The construction/installation process involves trans-
porting materials to the site, carrying out installation work,
and using construction machinery and energy resources.
This stage is characterised by additional energy demand
and associated emissions. Compared to traditional roofing
systems, installing GR requires higher material consump-
tion because its design features a multi-layered structure.
This leads to increased use of material resources, particu-
larly polymer and mineral components, some of which are
produced from non-renewable raw materials.

The operational phase is critical in terms of environ-
mental performance. During operation, GR influences a
building’s energy demand, particularly heating and cooling
requirements. Reducing thermal loads through the ther-
mal insulation and evaporative properties of the plant layer
helps cut operational energy costs and, consequently, reduce
greenhouse gas emissions. At this stage of the life cycle, en-
vironmental burdens associated with system maintenance
are also taken into account, in particular watering, vegeta-
tion care and the periodic replacement of individual com-
ponents. The LCA model includes all associated material

1134

and resource flows related to operation, in particular the
use of water for irrigation, fertilisers and other auxiliary
materials, which contribute to additional environmental
impacts throughout the facility’s life cycle.

The end of the life cycle involves dismantling the
system, sorting components, and their disposal, re-
cycling or reuse in accordance with the chosen waste
management scenario. As the use of polymeric materi-
als is characteristic of most structural layers of GR, it is
necessary to model alternative end-of-life scenarios, in
particular recycling or reuse. Including such scenarios
within the LCA allows for an assessment of the potential
to replace primary resources with secondary raw ma-
terials. In their study, G. Rizzo et al. (2023) concluded
that end-of-life scenarios for GR may involve the reuse
of the substrate, the composting of plant biomass, and
the recycling or energy recovery of the polymer compo-
nents of individual functional layers. The results of the
analysis indicated the potential of applying reuse and re-
cycling strategies to reduce the consumption of primary
resources and lower the environmental impact through-
out the life cycle of structures, which is consistent with
the principles of the circular economy.

Unlike GR, the RG (Fig. 5) is a surface runoff man-
agement system that functions as an element of green in-
frastructure and nature-based solutions. At the material
production stage, the system comprises soil mixtures, sand,
gravel, vegetation and geotextiles. Compared to GR, whose
design contains a significant proportion of polymeric ma-
terials, the RG structure is dominated by natural and min-
eral components (Kravchenko & Tkachenko, 2024).

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1
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Source: created by the authors

The construction phase of an RG system involves
earthworks, the transport of materials and the formation
of infiltration layers. The construction of an RG system
does not require complex installation operations or lifting
equipment, but may involve significant amounts of earth-
works. The carbon footprint of this phase is primarily at-
tributable to the use of construction machinery and logis-
tics processes. During the operational phase, RG facilitates
the retention and treatment of surface runoff, reduces the
load on the stormwater drainage system and supports bio-
diversity. Unlike GR, which directly influences a building’s
energy consumption, RG has no direct energy impact. Its
contribution to climate change mitigation is indirect and
relates to reduced flood risk, improved local microclimate,
and biomass accumulation. When assessing the GWP100
potential at this stage, it is necessary to account for materi-
al and resource flows associated with system maintenance,
including periodic vegetation renewal, partial replacement
of the filtration layer, and the possible use of fertilisers and
irrigation water (Kravchenko et al., 2024).

The end of the life cycle involves dismantling structural
layers and implementing appropriate material management
scenarios. Most RG materials can be reused, recycled or
integrated into the natural environment with minimal en-
vironmental impact. In their LCA of biofiltration systems,

K. Karabay et al. (2024) highlighted that at the end-of-
life stage of RG, scenarios involving partial dismantling
of structural layers are possible, with the materials sub-
sequently managed in accordance with circular-economy
principles. In particular, the filtration medium can be re-
used after regeneration or removal of contaminated frac-
tions, reducing the need for new materials and disposal
costs. In this context, the authors demonstrate the eco-
nomic viability of reusing the soil (filtration) medium of
biofiltration systems: in the scenario presented, the cost of
reuse was approximately US$5,500, whereas the disposal
cost was approximately US$6,000, confirming the potential
economic advantage of material reuse approaches.

Table 3 presents the results of modelling in the OpenL-
CA software environment and a comparative assessment of
the main categories of environmental impact from the oper-
ation of RG and GR structures per 1 m? over 15 years. The
assessment was carried out according to the life cycle stages
of the systems, specifically: C - construction stage (produc-
tion of materials, transport and installation of the structure),
O - operation stage (functioning of the system and its main-
tenance over the calculation period), D - dismantling stage
or end of the structure’s life cycle. The symbol X represents
the total environmental impact for the relevant category
throughout the entire life cycle of the system.

Table 3. Environmental impact categories of RG and GR based on LCA modelling results

Impact . RG GR
Unit
category C o D X C (0] D Xz
AD kg Sb eq 45%x107  6.0x107° 50x10™° 4.6x107° 1.6x107° 8.6x107° 1.0x10° 1.2x107
AP kgSO,eq 2.1x107* 6.0x107? 0 8.1x107* 25x107°  8.0x1072 0 83x1072
EP kgPOseq 4.0x107° 80x107° 50x10™* 1.3x1072 32x10™* 4.2x107 3.0x10%  49x107?
GWP100 kg COz eq 145.0 130.0 13.0 288.0 50 320 22.0 392.0

Source: created by the authors based on their own modelling in OpenLCA

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1

135



A comparative life cycle assessment of rain garden...

For RG, the greatest impact is observed during the con-
struction phase in the AD and GWP100 categories, whereas
for AP and EP, the main contribution arises during operation.
Overall, the total GWP100 value for RG is 288 kg CO,-eq. In
the GR design, the dominant impact occurs during the op-
erational phase, particularly for GWP100, where the figure
reaches 320 kg CO, eq. The other categories (AD, AP, EP)
have a significantly lower impact at all stages, and the total
values do not exceed 0.1 kg equivalent. The results obtained
also highlighted the need to harmonise methodological ap-
proaches in future LCA studies of green infrastructure pro-
jects. In particular, comparative assessments should be carried
out based on a single functional unit, clearly defined system
boundaries and a transparent division of the construction,
operation, maintenance and end-of-life stages. The use of a
standardised set of impact categories, in particular GWP100,
AD, AP and EP, will help to improve the comparability of re-
sults across studies and facilitate the development of evidence-
based recommendations for sustainable urban planning.

J.R. Vaghela et al. (2024) demonstrated that discrepan-
cies between LCA software tools (GaBi and OpenLCA) are
primarily due to system definition, modelling assumptions
and database structure, rather than differences in computa-
tional algorithms. The authors found that GWP100 values
are relatively stable across different tools, whereas impact
categories related to toxicity and ecosystem impacts show
greater variability. This is of direct relevance to this study, as
it confirms that the observed differences between RG and
GR are due to the characteristics of the systems themselves -
material composition, material intensity and energy con-
sumption during the use phase — rather than software-spe-
cific features. Furthermore, the authors emphasise the need
to harmonise system boundaries and ensure consistency in
life-cycle inventory data to improve the comparability of
LCA results, which is consistent with the methodological
approaches applied in this study. The software environment

supports both manual and automated modelling of product
systems, providing comprehensive impact assessment results
that can be visualised as graphs and diagrams and exported
to spreadsheet formats, including Excel, as highlighted by
B.D.M. Souza et al. (2025). For an in-depth analysis of the
results obtained, the absolute values of the indicators were
additionally converted into relative values (as percentages),
which made it possible to determine the share of individual
life cycle stages and components in the overall environmen-
tal impact. An analysis of the results presented in Figure 6
shows that the RG is characterised by higher environmental
impact indicators during the construction phase, particu-
larly in the AD and GWP100 categories. This trend is due
to the structure’s high material intensity, which involves the
use of significant quantities of mineral materials and organic
coating components. The extraction, transport and prepara-
tion of these materials involve substantial consumption of
energy and natural resources, as well as emissions of green-
house gases and pollutants, which account for the majority
of the environmental impact at this stage of the life cycle.

Similar results were obtained in a study by X. Hu &
E Gu (2025), who assessed the life cycle of RG in Wenzhou,
a coastal city in eastern China, and found that the construc-
tion phase is the main source of environmental impact. In
particular, the contribution to the GWP potential at this
stage amounts to 4.07 kg CO, eq. The results reported by
the authors are consistent with the findings of this study,
as both confirm that the construction phase is a key factor
in the overall environmental impact of RG. However, the
magnitude of the impact on GWP in their study is lower
than in this assessment, which can be explained by differ-
ences in system configuration, material composition and
regional context. Nevertheless, despite these quantitative
differences, both studies demonstrate the same qualitative
trend, namely the dominant role of the construction phase
in the impact profile of RG throughout their life cycle.
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Figure 6. Relative contribution of RG life cycle stages to the main environmental impact categories
Source: created by the authors based on their own modelling in OpenLCA

For the GR system (Fig. 7), relatively lower environ-
mental impact values are observed during the construction
phase across most of the categories considered. This can
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be attributed to the lower mass of mineral materials in the
structure and the use of relatively thinner substrate layers.
However, polymer and waterproofing materials, which form

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1



part of the multi-layer system, make a significant contribu-
tion to the environmental impact profile of GR. According
to L. Tams et al. (2022), it has been established that the pro-
duction stage of the structural layers accounts for the largest
contribution to the overall environmental impact of GR. In
particular, synthetic components, including waterproofing
membranes, drainage and protective layers, are characterised

Kravchenko et al.

by high energy consumption during production and sig-
nificant greenhouse gas emissions, due to the use of fossil
raw materials and energy-intensive polymerisation process-
es. The production of these synthetic components involves
high energy demand and greenhouse gas emissions, result-
ing in relatively higher indicators for the AD and GWP100
categories for GR compared with the AP and EP categories.
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Figure 7. Relative contribution of GR life cycle stages to the main environmental impact categories
Source: created by the authors based on their own modelling in OpenLCA

During the operation and maintenance phase, the GR
demonstrates a higher environmental impact compared
to the RG in most of the categories studied. The main rea-
son for this difference is the need for the continuous op-
eration of engineering systems, in particular irrigation
equipment, pumps and, where necessary, lighting systems,
which results in regular energy consumption throughout
the operational period. In contrast, once commissioned,
RG functions primarily as a passive ecosystem, relying on
natural precipitation and requiring no significant energy
expenditure or intensive technical support. Minimal main-
tenance requirements and limited use of additional mate-
rials ensure lower operational burdens. Furthermore, the
soil and vegetation layers of the RG provide retention, in-
filtration and partial treatment of stormwater runoft, which
enhances the system’s overall environmental performance
throughout its life cycle due to the ecological benefits as-
sociated with improved urban vegetation, a reduction in
the inflow of pollutants into water bodies, and a reduction
in the load on combined sewer systems due to a decrease
in surface runoff volume through infiltration and evapo-
ration, as demonstrated in the study by M. Kravchenko et
al. (2024). Taken together, the results indicate that RG is
characterised by a more sustainable operational model and
lower resource consumption compared to GR.

From a methodological perspective, the results obtained
indicate the need to systematically account for resource
and energy consumption associated with the operation and
maintenance of systems in future LCA studies, as differ-
ences in the assumptions made can significantly affect the
overall environmental profile of the facilities. Standardising
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assumptions regarding maintenance intervals, irrigation
requirements, replacement of individual components, and
estimated service life will help to improve the consistency
and reproducibility of results. Similar findings were pub-
lished in a paper by A.W. Ahmad et al. (2025), who con-
ducted a comparative LCA of RG and green walls (GW)
based on a systematic review of 25 peer-reviewed publi-
cations in accordance with ISO 14040:2006 (2006) and
ISO 14044:2006 (2006) standards. Their results are con-
sistent with the findings of this study, particularly regard-
ing the dominant role of the operational phase in systems
with active technical components. Their analysis highlights
the relatively lower environmental impact during the con-
struction of GW due to the use of prefabricated modular
elements, which differs somewhat from the results of this
study regarding RG, where the environmental impact dur-
ing construction remains significant due to the multi-lay-
ered composition of materials. However, both studies agree
that RG have a lower environmental impact during opera-
tion due to their passive functioning and the use of natural
hydrological processes.

By comparison, G.M.J.A. Salah & A. Romanova (2021)
found in their GW life-cycle study that the contribution
to the GWP100 value during the construction phase is
2.86 kg CO,eq/m?, whilst during the maintenance phase
it is 12.44 kg CO,eq/m*-year. Within the scope of our own
study on GR systems, results of a similar order of magnitude
were obtained: 3.33 kg CO,eq/m” during the construction
phase and 21.33 kg CO,eq/m*year during the operational
phase, confirming the dominance of the operational phase
in the overall life cycle of this type of GS.
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At the end of their life cycle, both RG and GR have
a low overall environmental impact, with the values for
most impact categories remaining negligible. This phase
involves the dismantling of structural elements and the
removal of substrates with minimal energy consumption
and no intensive technological processes. However, the
GR exhibits slightly higher GWP100 values, which may be
linked to the transport and subsequent disposal of heav-
ier materials, particularly soil substrate and individual

structural layers. Nevertheless, even under these condi-
tions, the absolute impact values remain low compared to
the construction and operation phases. Figure 8 provides
a graphical summary of the contribution of individual
building materials and processes to the environmental
impact of RG structures, broken down by key assessment
categories. A value of 100% corresponds to the total im-
pact of the construction phase for each individual envi-
ronmental impact category.
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Figure 8. Breakdown of the contribution of structural elements and transport costs
to the overall environmental impact of RG by main LCA categories
Source: created by the authors based on their own modelling in OpenLCA

An analysis of the contribution of individual materials
to the environmental impact of RG indicates that one of
the key factors is the use of quartz sand, which is employed
to form the intermediate filtration layer of RG. The thick-
ness of this layer is typically 10-30 cm, depending on the
system’s design features, soil type and design requirements
for permeability (Kravchenko et al., 2024). A significant
proportion of this material’s environmental impact is pri-
marily due to the processes of its extraction, mechanical
processing and transport, which involve energy consump-
tion and the use of natural resources. Consequently, quartz
sand makes a significant contribution to most of the envi-
ronmental impact categories studied, particularly the AD,
AP and GWP100 potentials.

Similar patterns are confirmed by the results of LCA of
natural mineral aggregates by W. Xing et al. (2022), accord-
ing to which the main sources of environmental impact are
extraction processes, the operation of mining machinery
and the consumption of diesel fuel during the operation
of quarry equipment. An additional factor contributing to
the environmental impact is the transport of materials to
the point of use, which can significantly increase the total
environmental footprint. The combination of these pro-
cesses accounts for a significant proportion of the carbon
footprint of mineral aggregate production, which explains
the notable contribution of quartz sand to the GWP100
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potential category within the environmental profile of the
system under study. In view of this, it is advisable to con-
sider alternative materials or design solutions that allow
for a reduction in the proportion of this component within
the RG substrate. One possible approach is the use of local
natural soils or soil mixtures with lower infiltration rates,
which may require an increase in the RG area to ensure
similar stormwater management efficiency. Another option
is to replace quartz sand with natural sand, sandy soil or
specially prepared artificial substrates. Furthermore, a re-
duction in the environmental impact can be achieved by
optimising the RG design, in particular by reducing the
depth of the filter layer and correspondingly reducing the
volume of sand used.

Another promising approach to optimising RG designs
is the use of modified soil mixtures containing biochar ad-
ditives, as confirmed by the results of numerical modelling
of hydrological processes carried out by L. Gan et al. (2025).
In particular, the authors found that adding biochar at
concentrations of 5-15% to the soil medium significant-
ly increases the substrate’s water-holding capacity and the
efficiency of rainwater runoff regulation. Substrates with
a combined layered structure demonstrate a reduction in
peak surface runoff of up to 19.52% and an increase in run-
off retention time of up to 24 minutes, depending on the
configuration of the layers, which indicates the potential
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to improve hydrological efficiency without a significant in-
crease in the material intensity of the system.

The top layer of the substrate makes the greatest con-
tribution to the formation of AP and EP potential. This is
due to the presence of organic components (compost, peat,
organic additives), the production and transport of which
are accompanied by emissions of nitrogen and phosphorus
compounds. Furthermore, during the systems operation,
organic matter undergoes mineralisation, which can lead
to the release of nutrients and increase the risk of eutroph-
ication and acidification of natural ecosystems (Silva et
al., 2024). An additional source of environmental impact is
bark mulch, which is used to form a surface cover, suppress
unwanted vegetation and support the growth of target plant
species. Its contribution is most noticeable in the AP and EP
potential categories, which is explained by the biochemical
decomposition of organic matter and the possible release of
nutrients (Fér et al., 2022). In addition, the stages of harvest-
ing, preparation and transport of mulch are accompanied by
additional greenhouse gas emissions, which account for its
contribution to the GWP100 potential. Although mulching
is an effective and economically viable method for protect-
ing soil cover and stabilising RG vegetation, it is advisable to
consider alternative materials with a smaller environmental
footprint. In particular, the use of mulch produced on-site
from shredded wood residues or other organic waste gener-
ated during the maintenance of green spaces is promising.
In some cases, the use of recycled materials is also possible,
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such as rubber mulch from recycled tyres, as demonstrated
by A. Mohajerani et al. (2020).

When using bark mulch, it is advisable to limit its
application to the initial stage of RG vegetation establish-
ment, when it is necessary to stabilise the soil and pro-
mote plant rooting. Further regular renewal of the mulch
layer throughout the entire operational period of the sys-
tem should only be carried out if there is an actual need
to maintain the proper condition of the vegetation cover.
Polymer elements in the RG are present in limited quanti-
ties (in particular, geotextiles or auxiliary protective layers),
so their contribution to the overall environmental impact
is relatively insignificant compared to the mineral and or-
ganic components of the system. Transport processes also
make a significant contribution to all the environmental
impact categories under investigation. This is due to the use
of fossil fuels during the transport of construction materi-
als to the project site. These emissions directly influence the
GWP100 potential and also contribute to the AP and, to a
lesser extent, the AD categories.

The distribution of the contribution of structural el-
ements and transport costs to the overall environmen-
tal impact of GR across the main LCA categories (Fig. 9)
demonstrates a different impact structure, determined by
the specific design features of the system. The largest con-
tribution to the EP potential is provided by the mulch or
organic surface layer, which is associated with the presence
of organic matter and the potential release of nutrients.
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Figure 9. Breakdown of the contribution of structural elements and transport costs
to the overall environmental impact of GR by main LCA categories
Source: created by the authors based on their own modelling in OpenLCA

The gravel used in the drainage layer makes the larg-
est contribution to the AD, AP and GWPI100 categories,
which is explained by the energy-intensive processes of
extraction, crushing and transport of mineral materials.
Similar findings are reported in life cycle studies of natural
aggregates conducted by J. Los Santos-Ortega et al. (2025),
who show that the production of 1 tonne of coarse gravel
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aggregate is associated with emissions of approximately
4.3 kg CO,-eq, along with significant fossil energy con-
sumption (over 100 MJ) and resource use. These results are
generally consistent with the present study, although differ-
ences in emission magnitude can be attributed to variations
in processing technologies, system boundaries, and inven-
tory assumptions. Nevertheless, both studies confirm that
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gravel production is a key hotspot in terms of environmen-
tal impact, driven by high energy demand and associated
CO; emissions, which contribute substantially to AD, AP,
and GWP100 impact categories.

Quartz sand in the GR also makes a significant con-
tribution to the AD and GWP100 potential, due to sim-
ilar processes involved in its extraction and preparation.
Kaolin, used as a mineral additive to the substrate, is
characterised by a relatively uniform contribution to all
the impact categories considered. Unlike RG, in the en-
vironmental impact profile of GR, the polymer and wa-
terproofing layers, which are necessary to ensure the wa-
tertightness of the roof structure, play a more prominent
role. These observations are consistent with the findings
of A. Al Rashid et al. (2024), who reported high energy
demand and greenhouse gas emissions associated with
the use of polymer and waterproofing materials in green
roof systems. However, the results obtained suggest that
the relative contribution of these components may vary
depending on the system configuration and layer thick-
ness. Furthermore, E. Sierka et al. (2026), in their study
of the impact of extensive GR based on an LCA of a 4 m?
test sample carried out using OpenLCA software and the
PEF (Product Environmental Footprint) database, demon-
strated that the production of structural components,
particularly synthetic materials (polyvinyl chloride and
polypropylene), is a key factor in the deterioration of the
system’s environmental performance. The authors found
that removing the vapour and thermal insulation layers
from the GR model reduces CO,-eq emissions by 28.36 kg
compared to the baseline scenario, highlighting the signif-
icant potential for optimising the material structure of GR
to reduce their environmental impact.

Transport processes, as in the case of RG, make an addi-
tional contribution to all categories of environmental impact,
since the transportation of materials involves fuel consump-
tion and associated emissions of pollutants. J.L. Osorio-Teja-
da et al. (2022) reported that, within LCA-based road freight
transport modelling, emissions from a diesel van with a pay-
load of up to 1.3 tonnes are approximately 0.142 kg CO,eq/
km, demonstrating the significant contribution of the trans-
port phase to the overall carbon footprint. Their study ap-
plied a diesel-fuel transport scenario, ensuring consistency
with standard LCA modelling practices. These results are
methodologically consistent with the present study, as both
confirm that transport activities represent a measurable
and non-negligible contributor to the total environmental
impact within LCA models. This supports the inclusion of
transport-related emissions across all impact categories con-
sidered, particularly GWP100, AP, and AD.

Based on the results obtained, it is advisable to recom-
mend that the further standardisation of LCA studies of GR
and RG should involve the use of standardised transport sce-
narios, harmonised baseline datasets, uniform impact as-
sessment methods, and standardised formats for presenting
results. Such an approach will reduce methodological un-
certainty and improve the comparability of environmental
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assessments of different types of green infrastructure across
varying geographical and climatic conditions. The need for
harmonisation is strongly supported by Y. Zhu et al. (2023),
who identify the lack of methodological consistency as a
key limitation in comparative LCA studies across different
systems and regions. The authors emphasise that differenc-
es in system boundaries, life-cycle inventory data, impact
assessment methods and reporting structures significantly
reduce the reliability of comparisons between studies. Their
conclusions, therefore, align with the findings of this study,
highlighting the importance of establishing a standardised
methodological framework specifically designed for the as-
sessment of GR and RG.

The LCA results obtained demonstrate differing en-
vironmental performance between RG and GR systems,
which correlates directly with the European Union’s stra-
tegic priorities regarding climate neutrality and the devel-
opment of nature-based solutions. In particular, it has been
established that RG systems have a lower impact during the
operational phase due to their passive mode of operation,
lack of energy consumption, and the use of natural pro-
cesses of infiltration and surface runoff retention. This is
consistent with EU provisions prioritising solutions that
minimise energy consumption and enhance the ecosys-
tem functions of the urban environment. In contrast, GR
demonstrate higher operational environmental impacts, as
confirmed by LCA results, primarily due to the continu-
ous energy consumption of technical systems. This partly
contradicts EU requirements regarding the reduction of
energy consumption throughout the life cycle, but at the
same time aligns with other policy objectives, in particular
improving the energy efliciency of buildings and reducing
thermal loads. The patterns identified are consistent with
the European Green Deal (European Commission, 2019),
which aims to reduce carbon emissions and improve re-
source efliciency, as well as with the EU Strategy on adap-
tation to climate change (European Commission, 2021),
which supports the implementation of nature-based solu-
tions to mitigate climate risks. In addition, Committee of
the Regions (2013) explicitly highlights the effectiveness of
systems that regulate the water balance and reduce anthro-
pogenic pressure. Thus, the LCA results confirm that RG
are more aligned with EU priorities regarding low-energy
nature-based solutions, whilst GR, despite higher opera-
tional impacts, provide other ecosystem and energy bene-
fits at the building level. This highlights the value of using
LCA as a tool for quantitatively comparing the environ-
mental performance of different types of green infrastruc-
ture within the context of EU policies.

© Conclusions

The study carried out a comparative assessment of the en-
vironmental impact of two types of green urban infrastruc-
ture systems, RG and GR, using the LCA method within the
OpenLCA software environment. The modelling covered
the main stages of the systems’ life cycle — construction,
operation and end-of-life — using the ELCD 3.2 reference
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database and a design life of 15 years. The results indicate
that the RG system is characterised by a higher environ-
mental impact during the construction phase, due to the
significant mass of mineral materials, particularly quartz
sand and gravel, required to form the filtration and drainage
layers. In the AD and GWP100 categories, the main con-
tribution comes from the processes of extraction, transport
and preparation of these materials. During the operational
phase, the RG demonstrates relatively low impact indicators
due to the predominantly passive nature of its operation,
which does not require significant energy resources.

The GR system, by contrast, is characterised by low-
er environmental impact values during the construction
phase, which is explained by the structure’s lower material
intensity and the use of thinner substrate layers. However,
during operation, the GR generates higher impact values,
which are linked to the need for regular maintenance and
the operation of auxiliary engineering systems. As a result,
the total global warming potential for GR is 392 kg CO,-eq
per 1 m? over 15 years, whereas for RG it is 288 kg CO,-
eq. An analysis of the structure of environmental impact
showed that for RG, the largest contribution to the AD,
AP, and GWP100 indicators comes from the mineral com-
ponents of the structure, primarily quartz sand, as well as
transport processes. In the GR, polymer and waterproofing
materials play a significant role, the production of which is
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accompanied by increased energy consumption and corre-
sponding greenhouse gas emissions.

From a practical point of view, the study’s results con-
firm the advisability of the integrated use of various types
of green structures in the urban environment, depending
on the functional requirements of the area. RG systems are
more effective for passive surface runoff management and
reducing operational environmental impacts, whilst GR sys-
tems provide additional benefits related to improved thermal
insulation performance of buildings and microclimate regu-
lation. Furthermore, the study’s results confirm the impor-
tance of applying standardised approaches to defining sys-
tem boundaries, selecting databases and impact assessment
methods in LCA studies of green structures. Standardising
such approaches will help improve the comparability of re-
sults, justify design decisions and shape effective policies for
the sustainable development of urban green infrastructure.
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© Anorauif. T1o6anbHi KTiMATIYHI 3MiHY Ta TOCUIEHHS ypOaHisalii MOCUITIOITD TUCK Ha MIiCBKY iHppacTpyKTypy Ta
IPUPOJHI pecypcy, NiIKPeCT0I0YM BaXX/INBICTh BIPOBAPKEHHA 3eIeH0l iHppacTpyKTypy 1A MigBUINEHHA CTiIKOCTI
MICT Ta 3MEHIIeHHS BIUIMBY Ha JOBKUUIA. MeTo JOCTiIKeHHs 6Y/I0 IIPOBefeHHs MOPIBHSIBHOI OL[iHKM SKUTTEBOTO
ILIMKJIY JOLOBOTO Ca/y Ta 3€/IEHOTO JaXy 3a JOLIOMOroo Iiporpamuoro 3abesnedennss OpenLCA (Bepcis 2.6,2025) misxom
MOJIeIIOBAHHA IXHIX €KOJIOTiYHMX ITOKa3HMKIB, 110 TO3BOIM/IO BU3HAYMTY K/IIOYOBi KTiIMaTH4Hi Ta peCypcHi mapameTpu
ixHbOI epeKTMBHOCTI. /7151 MOzteoBaHHs1 6y/10 310paHO faHi HA BCIX eTaIax XXUTTEBOTO LIUKIIY CIIOPYA Ta HOPMAJTi30BaHO
X Ha KBaZpaTHUII MeTp 3a 15-piuanii mepiop excrvryaranii. OCHOBHUMM KaTeTOpisAMIU eKOJIOTiYHOTO BIUIUBY 6Y/I0 06paHoO
HOTeHI[ia/l [7106a/IbHOTO MOTEIUTiHHS, TIOTEeHIian eBTpodiKalii, IOTeHIial MiAKICIeHHs Ta BUYepPIaHHsI abioTHIHMX
pecypciB. Pe3ybraTy IpofieMOHCTPYBa/IM pisHMIL Oa/laHC eKOIOTIYHMX HACIiKiB Ha Pi3HUX eTallaX >KUTTEBOTO LIMKITY.
3e/meHuiT Aax XapaKTepu3yBaBCsl MEHIIVM BIUIMBOM Ha eTami OyAiBHMITBA (HAIIPUKIIAfJ, MOTEHIIan [106aabHOrO
notemtiHas craHoBuTb 50 Kr CO2-eKB./M?) 3aBAsAKM BUKOPUCTAHHIO 30ipHUX MORy/nIpHMX 6710kiB. HatoMicTs momosi
camy IpOJeMOHCTPYBa/IM MEHIINIT BIUIMB Ha eTai excruryaranii (130 mpotu 320 xr CO2-exB./M* Iy 3e/IeHNX flaXiB 3a
15 pokiB) 3aBAsiKM MAacKBHIi (iIbTpaLii FOI[OBOrO CTOKY Ta MiHIMa/JBHVM BMMOTaM JI0 TEXHIYHOTO 0OCITYTOBYBAaHHSL.
3HavyHa YacTHMHA BIUIMBY Ha eTalli OyJiBHUIITBA [OB’s3aHa 3 BIKOPVMCTAHHSAM KBAapIL[OBOTO IIiCKY SIK IPYHTOBOI 100aBKM
IS [OILOBYX Ca/iB Ta MY/IbUi 3 IePEBHOI KOPM /LS IOKPUTTS IPYHTY, 110 IPUTHIYye HebaKaHy POCINHHICTD Ta CIPUsIE
3aKpilIeHHIO IiNnboBoI pocMHHOCTI. Ha eTami 3akiH4eHHA TepMiHY eKCIUTyaTalil 00M/Bi cycTeMy IPOLIeMOHCTPYBAIN
MiHIMaTbHMIT 3aTa/IBHNIT BIUIMB Ha HOBKI/UISA, IPUIOMY OIBIIICTD TOKA3HMKIB 3a/IMIIA/INCS HeSHAYHUMIL. PesynbraTn
HiATBepAMIN, O XKOfIHA 3 HOCTIKeHNX 3e/IeHUX iHQPAacTPYKTYpPHMX CUCTEM He € YHiBepCaIbHO OITUMAJIbHOW; IXHA
epeKTBHICTD 3a/IKUTD Bifj KOHKPETHOTO €TAIy XXUTTEBOTO LMKIY Ta MICIIEBUX YMOB, LIO IiIKPECII0E HeOOXiAHICTh
BPAxXOBYBATU MiCIieBi I[i/Ii Ta mpiopuTeTH mif 9ac BUOOPY cucteMn
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© Abstract. The effective disposal of spent clay sorbents reduce the anthropogenic impact on the environment and
to improve recycling technologies for highly dispersed clays. Study aimed to investigate the sorption of organic dye
molecules by spent bentonite, previously saturated with chromium (III) ions, with possible subsequent utilisation of
the bentonite in pigment compositions. The study was based on a comparative analysis of natural, modified and spent
montmorillonite using thermogravimetric analysis, the determination of the colloidal-chemical characteristics of the
dispersions, the construction of adsorption isotherms and spectrophotometric monitoring of dye concentrations.
Changes in the structure, surface charge, interplanar distance, specific surface area and sorption activity of the samples
were analysed. The study established that the saturation of montmorillonite with chromium (III) ions does not lead to
a significant deterioration in its properties. This study demonstrated that spent bentonite retains its porous structure,
active sorption sites and the ability to effectively adsorb anionic dyes over a wide range of concentrations. The study
established that chromium-containing sites can enhance the fixation of dye molecules through complex formation and
interaction with the functional groups of the adsorbates. The characteristics of the adsorption of anionic green, blue and
black dyes have been analysed, in particular the influence of molecular structure, molecular size and spatial hindrance
on adsorption. The study developed an approach for the utilisation of spent bentonite as a secondary mineral base to
produce organo-mineral pigment compositions without additional chemical modification. The practical value of these
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results is determined by their potential application by specialists in environmental safety, wastewater treatment, materials

science and pigment coating technologies

© Keywords: sorption; spent sorbents; montmorillonite; dyes; chromium (III) ions

@ Introduction

Cobalt-based technologies are the most promising meth-
od for treating surface water and wastewater and are
widely used in many countries. The main advantages of
highly dispersed clays as sorbents are their high efficiency,
availability and relatively low cost. Given this last point,
the regeneration and reuse of such sorbents is often im-
practical; consequently, these materials are usually land-
filled or incorporated into soil mixtures or building ma-
terials, provided that the spent sorbents do not contain
toxic pollutants.

Review of studies shows that highly dispersed clays
are widely used in various industries (building materials,
nanocomposites, fillers, etc.) (Shamsuddin et al., 2025).
Their ease of processing, environmental friendliness and
cost-effectiveness are constantly fuelling growing interest
in the use of clay for the development of a wide range of
products. Considerable experience has been gained in
the use of natural highly dispersed clays and their mod-
ified forms for the sorption-based treatment of wastewa-
ter to remove ammonium ions, heavy metals (Ranskiy et
al., 2025) and organic pollutants (Alhalafi, 2026), in par-
ticular oil and petroleum products (Dong et al., 2024).
The main mineral in highly dispersed clays - montmo-
rillonite - has found widespread use in fillers and multi-
functional materials due to its specific colloidal-chemical
properties and crystalline structure. A. Zaiets & O. An-
dreyeva (2024) presented the potential for using clay min-
erals with sorption properties in the preparation of fat
and filler compositions for the treatment of semi-finished
leather products. An overview of all areas of application
for clay-based sorbent minerals in the leather industry
is provided by A. Thomasset & S. Benayoun (2024), in
which the authors examined in detail the balance between
the technological advantages of traditional methods and
modern environmental requirements.

The chemical composition and characteristics of the
crystal structure of montmorillonite (bentonite), as deter-
mined by the ratio of aluminium- to silicon-oxygen layers,
give rise to a complex set of sorption, exchange and coag-
ulation phenomena, as well as a capacity for dispersion,
which is effective when filling polar polymers, in particular
R. Kryklyvyi et al. (2022) proposed a formulation for filling
polystyrene-butadiene rubbers and noted an improvement
in the physicochemical properties of the polymeric mate-
rials due to the use of bentonite. Use of montmorillonite
for filling polyester premixes is also promising, as it can in-
crease the content of the dispersed filler and improve its ag-
gregation stability. S. Paszkiewicz et al. (2024) synthesised
block copolymers and used both carbon-based and mineral
sorbent materials as fillers.
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A.A. Rahimi & E Alihosseini (2022) proposed using a
dye-saturated clay adsorbent, obtained following the treat-
ment of dyeing effluent, as a pigment for textile printing. It
is worth noting that the methods described relate to the use
of native clays that were further treated with complex com-
pounds containing heavy metals, as outlined in the review by
M. Chokri et al. (2025), which describes the industrial appli-
cation of native and modified bentonite clays in nanocom-
posites, water treatment, the oil and gas sector, and catalysis;
whilst the question of the analogous use of spent clay-based
sorbents, which contain pollutants — heavy metal ions - with-
in their structure, remains a matter of debate. M. Malovanyy et
al. (2021) noted that economic factors are decisive in deter-
mining the feasibility of disposing of or reusing sorbents.

Although highly dispersed clays are widely used in
many sectors of the economy, the limited scope of scientif-
ic research results in a low level of utilisation of spent clay-
based sorbents in the production and processing of natural
and synthetic polymers, fillers and pigment sorbent bases,
although many experts consider this field to be highly prom-
ising. In view of this, the industrial application of spent
clay-based sorbents and the development of composite and
multifunctional materials are topical and promising areas
of research. The study aimed to evaluate the effectiveness
of sorption-based wastewater treatment for the removal of
organic dyes using spent bentonite activated with chromi-
um (III) ions, followed by a reduction in environmental risk
through its utilisation in pigment compositions.

© Materials and Methods

This paper presents a comparative study of the ability of
montmorillonite, modified with chromium (III) complex
compounds, and spent montmorillonite that has sorbed
chromium (III) ions from waste water, to subsequently ad-
sorb anionic dyes. It also analyses possible changes in the
clay structure following the sorption process. The analysis
of the studies was conducted by comparing the properties
of three samples.

Sample 1 (control): Natural bentonite clay with a mont-
morillonite content of 85%; Sample 2: Modified montmo-
rillonite following treatment with a solution of chromi-
um (III) sulphate complex (dosage 10.0% by mass of dry
mineral, calculated as Cr,O3); Sample 3: Spent montmoril-
lonite with a residual chromium (IIT) content of 7-8 % by
mass of the dry mineral, calculated as Cr,Os;. The sorption
capacity of modified montmorillonite and the mechanism
of adsorption of synthetic anionic dyes on the surface of
the mineral sorbent were investigated for dispersions pre-
pared based on samples 2 (modified montmorillonite) and
3 (spent montmorillonite).

145




Disposal of polluted bentonite clays as a means...

The modification of the second sample involved the se-
quential treatment of bentonite from the Cherkasy depos-
it (85% montmorillonite content) with sodium carbonate
(6.0 per cent by mass of the dry mineral) (Na* - MMT)
and a solution of hydroxochrome complexes in the form of
basic chromium sulphate Cr,(SO4) n(OH)s-2, (Cr,O3 con-
tent — 25.6%, basicity — 33%). The chromium cation con-
tent in the sample was a maximum of 10% on a Cr,Oj; basis.
As a result of the modification, montmorillonite modified
with hydroxochromium complexes - Cr’*-montmoril-
lonite (Cr**-MMT) was obtained. Spent montmorillonite
(sample 3) was treated with a sodium carbonate solution
(6.0 % by mass of the dry mineral) to convert it into a dis-
persed form. The chromium cation content in the sample
was a maximum of 8% on a Cr,0Ojs basis. The colloidal and
rheological properties of the bentonite-based dispersions
were evaluated using standard methods (Bondaryeva et
al., 2022). The adsorption of dyes and, before that, chro-
mium ions for sample 3 with a stationary sorbent bed was
conducted using a glass column with model solutions and
a bentonite bed weighing 15-20 g (Fig. 1).

= 8 cm
-

-~ 100 cm? solution

30 cm

|, 3 cm adsorbent layer

e~ Glass wool

I

Figure 1. Schematic diagram of a fixed-bed
montmorillonite adsorption system
Source: I. Andriulaityte ef al. (2024)

Sorption of anionic dyes from the dispersions of sam-
ples 2 and 3 onto the surface of montmorillonite was inves-
tigated as follows. A 20% paste dispersion of the test sample
was used, containing 0.1 g of the mineral component. To
this dispersion, 100 ml each of anionic dye solutions with
concentrations ranging from 2.5x107° to 1.0x107* mol/l
were added. The resulting mixture was shaken periodically.
The shaking duration was 24 hours. The precipitates were
then separated from the liquid phase by centrifugation
(8,000 rpm). The concentration of anionic dyes on the sur-
face of montmorillonites was determined by measuring the
intensity of the optical absorption spectra of the initial and
equilibrium solutions in the wavelength range 570-580 nm
(Ismail et al., 2022). A Specord UV-V is spectrophotometer
(Germany) was used. A calibration curve was employed to
determine the concentration. The equilibrium concentra-
tion of the dyes was determined in the resulting solution.
Anionic black, anionic dark green and anionic blue were
used as dyes.

A comparative assessment of the surface structure of
modified and spent bentonite samples against native clay
was conducted in previous studies, described in greater
detail in the paper by H. Sakalova et al. (2025). To deter-
mine the surface structure of the samples, a comprehen-
sive thermal analysis was first conducted using a Q-1500
derivatograph from the “Paulik-Erdei” system, connected
to a personal computer. The sample was heated in an air
atmosphere to a temperature of 1,000°C. The heating rate
of the sample was 5°C per minute. The mass of the enriched
clay sample was 500 mg. Aluminium oxide served as the
reference substance.

© Results and Discussion

Preliminary thermogravimetric studies of montmoril-
lonites were used to assess their surface structure and pre-
dict their properties in a dispersed form. The results of the
comprehensive thermal analysis of samples 1, 2 and 3 are
summarised in Table 1.

Table 1. Results of a comprehensive thermal analysis of montmorillonite samples

Sample Stage Temperature range, °C Mass loss, % Interpretation
I 20-194 9.59 Release of physically
bound water
Sample 1 (pure .
montmorillonite) i 194-280 1.26 Wemosel ol ee
water
I 280-800 3.82 Dehydroxylation
Physically bound
Sample 2. Mixture I 20-202 7.57 water release
of montmorillonite Loss of crystallisation
with chromium (III) sulfate 1I 202-306 2.01 Y
water
crystal hydrate
I 306-800 7.64 Clay structure destruction
I 20-190 7.50 Bound water release
Sa.mp le.z 3 S.p ent 3% g II 190-280 1.78 Interlayer water removal
montmorillonite with Cr** ions -
content (Cr,Os; 7-8%) 11 280-800 5.03 Chromium compound

decomposition

Source: developed by the authors
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Loss of the first layer of water, which is coordinatively
bound to the exchange cations Ca** and Mg**, occurs in
the range 20-194°C (the first stage of thermolysis). The next
layer of water is lost in the range 194-280°C (the second
stage of thermolysis) (Kochubei et al., 2022). The intense
mass loss (9.59%) observed for the pure montmorillonite
sample (sample 1) in the temperature range 20-280°C
corresponds to the release of residual physically bound
water. In this range, the loss of interlayer water, which is
coordinatively bound to the exchangeable cations of mont-
morillonite, is also possible. The mass loss (3.82%) of the
bentonite sample in the 280-800°C range (the third stage
of thermolysis) corresponds to dehydroxylation (loss of
constitutional water) associated with the destruction of the
structure of the clay mineral present in the sample.

Rapid loss of mass (7.57%) of sample 2 in the range
20-202°C (the first stage of thermolysis) corresponds to
the release of physically bound water and part of the in-
terlayer water. The mass loss (2.01%) of sample 2 in the
202-306°C range (the second stage of thermolysis) is as-
sociated with the release of residual interlayer water from
montmorillonite and the loss of crystallisation water from
Cry(SO4); - 6H,0. The mass loss (7.64%) of sample 2 in
the 280-800 °C range (the third stage of thermolysis) cor-
responds to the destruction of the clay mineral’s structure
with the release of constitutional water. In this temperature
range, the decomposition of chromium sulphate also oc-
curs, resulting in the formation of volatile decomposition
products (Singh et al., 2021).

Similar destructive processes occurred during the heat-
ing of sample 3. The significant mass loss (7.5%) of sample
3 in the 20-190°C range (the first stage of thermolysis) cor-
responds to the release of physically bound water and some
of the interlayer water from the bentonite. The mass loss
(1.78%) of sample 3 in the 190-280°C range (the second
stage of thermolysis) was primarily associated with the re-
lease of residual interlayer water from montmorillonite. The
mass loss (5.03%) of sample 3 in the 280-800°C range (the
third stage of thermolysis) corresponded to the destruction
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of the clay mineral’s structure with the release of consti-
tutional water. In this temperature range, the decomposi-
tion of chromium-containing compounds also took place,
resulting in the formation of volatile decomposition prod-
ucts. The more significant mass loss of the spent sample 3
during the third stage of thermolysis (5.03%) compared
with the natural montmorillonite sample (3.82%) indicates
the presence of a certain amount of sorbed chromium (III)
compounds, possibly including sulphates. The results of the
thermal analysis suggest the possibility of sulphate sorption
on the surface of bentonite particles, which decompose
during heating, releasing gaseous products. Covering de-
composition mechanism of Cr,(SO4); (reaction 1) and the
difference in mass loss between samples 1 and 2 during the
third stage of thermolysis, a control calculation of the chro-
mium (III) oxide content for sample number 3 (spent clay
mineral) can be performed:

Crz(SO4)3'6Hzo > Cr203+3SO3T+6H20T. (1)

According to stoichiometric calculations, chromium
ion content, expressed as Cr,Oj3, in the spent clay sample is
7.25% (Sakalova et al., 2025).

Comparison of the results of thermal analysis of the
three samples leads to the following conclusion:

@ for samples 2 and 3, similar rheological character-
istics are to be expected at low temperatures (20-190°C);

@ interlayer water content, which affects the degree of
clay swelling, is approximately the same for all samples;

@ experiments indicate that chromium ions are more
strongly bound in spent bentonite; therefore, the chromi-
um ions in sample 3 may also act as complexing agents;

@® comparative analysis of samples 2 and 3 across all
the temperature ranges studied indicates that they have a
similar porous structure.

Characteristics of the sorbents in dispersed form are
given in Table 2. The table presents the characteristics of
samples 2 (modified bentonite) and 3 (spent bentonite),
which were used for the subsequent adsorption of dyes.

Table 2. Colloidal and chemical characteristics of montmorillonite dispersions

Specific electrical
Base e Ll i Specific area (S) conductivity (K) A
Sample number > charge, distance (doo1), P > pH ) ty (K), potential (),
OH/Cr 2 2 m*/r 10*
uC/cm A S/cm mW
2 1.5 1.07 16.8 280 49 3.70 +32.3
3 1.3 1.1 17.4 260 4.5 3.43 +30.7

Source: developed by the authors

Obtained sorbent dispersions are characterised by a
high specific surface area and a positive charge on the sorp-
tion surface. The basicity values are consistent with the re-
sults of thermal analysis, which indicate similar amounts
of absorbed OH groups and chromium ions on the mont-
morillonite surface; furthermore, the dispersions based on
samples 2 and 3 have approximately the same pH and spe-
cific electrical conductivity values. Similar values for surface
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charge, (-potential, interlayer distance and specific surface
area indicate that the preliminary adsorption of chromium
(III) ions does not lead to a significant deterioration in the
colloidal-chemical properties of the clay sorbent. The ad-
sorption isotherms for anionic dyes on the surface of modi-
fied montmorillonite (sample 2) and spent montmorillonite
(sample 3), shown in Figure 2, generally indicate a similar
adsorption behaviour for the test samples.
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Figure 2. Adsorption isotherms for anionic dyes on the surface of modified montmorillonite (A)
and spent montmorillonite (B)
Note: —M— anionic green dye; —A— anionic blue dye; —X— anionic black dye

Source: developed by the authors

The results obtained can also be compared with those
of A.F. Nabhani et al. (2024), who investigated the effective-
ness of natural bentonite in removing dyes from real textile
effluent. The authors found that the maximum dye removal
efficiency was 91.25% at an initial wastewater concentra-
tion of 10%, a sorbent mass of 20 g and a contact time of
60 minutes. It was also shown that increasing the amount of
bentonite helps to reduce the concentration of dyes in the
aqueous phase; however, it may reduce the specific adsorp-
tion capacity due to particle aggregation and a reduction in
the available sorbent surface area. In this case, maintaining
a high specific surface area and the positive charge of the
spent montmorillonite dispersions is also a substantial con-
dition for the effective fixation of anionic dyes.

A comparison of the adsorption of different dyes
(Fig. 2) indicates that maximum adsorption occurs when
the anionic green dye with the highest molecular weight
is used in both cases. The greatest increase in adsorption
is observed for the high-molecular-weight anionic green
and the low-molecular-weight blue dye, whilst the smallest
increase is observed for the higher-molecular-weight ani-
onic black. The reduction in the adsorption capacity of the
anionic black solutions is most likely due to the premature
aggregation of their molecules into micelles. Consequently,
the spatial (steric) factor becomes critical during the pen-
etration of such associates into the slit-like microporous
structure of Cr**-montmorillonite, which leads to minimal
adsorption values. Similar steric hindrances in micellar
systems, as compared to molecular ones, are described by
A.H. Jawad et al. (2022). The results of these studies on the
sorption of methylene blue are very similar to the adsorp-
tion curves shown in Figure 2.

According to the results of thermogravimetric anal-
ysis (Table 1), the spent montmorillonite exhibits mass
losses in the first and second stages of thermolysis that
are similar to those of the modified sample, indicating a
comparable content of physically bound and interlayer
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water. This is consistent with the similar values of the
d001 interplanar spacing and confirms the preservation
of swelling properties and the accessibility of the inter-
layer space to dye molecules. Furthermore, the slightly
larger interplanar spacing in sample 3 (17.4 A) may fa-
cilitate the penetration of dye molecules into the inner
layers of the structure and their additional fixation. The
results of the analysis of the colloid-chemical properties
of the dispersions are consistent with the data reported by
A. Bondaryeva et al. (2021) for dispersions based on pure
bentonite modified with heavy metal sulphates. A. Bond-
aryeva et al. (2021) proposed a method for preparing pig-
ments used for coating natural and synthetic polymers.
Study noted that the use of montmorillonite, the surface
of which is modified with ions of various metals (chromi-
um, copper, cadmium, etc.), reduces pigment consump-
tion when used in coating compositions.

The relationship between the structural composition of
dye molecules and their adsorption capacity on montmoril-
lonite is evident from the adsorption isotherms of the ani-
onic dark green and anionic black dyes. Although they have
similar molecular weights and structures, these compounds
differ in their auxochromic substituents (-OH versus -NH,).
The phenolic moieties of anionic dark green confer weakly
acidic (more electronegative) characteristics, whilst the ami-
no groups of the benzene ring in anionic black give rise to
weakly basic (electronegative) properties. This factor alone
explains the greater affinity of the mineral montmorillonite
for the anionic dark green compound (Fig. 2). In contrast,
the role of sulphate groups in the adsorption process is prac-
tically identical across the entire series of compounds due
to their equal abundance. At the same time, an increase in
the number of sulphate groups in the adsorbate structure
usually significantly inhibits sorption, as lateral electrostat-
ic repulsion is enhanced in the adsorption zone. N. Palic et
al. (2025), in their study of the sorption of pharmaceuticals
and pesticides, also note that the influence of the natural
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aqueous matrix reduces sorption efficiency by no more than
10%; the authors consider it appropriate to agree with this
statement in the present case as well. Therefore, the influ-
ence of the aqueous component of the dispersion on sorp-
tion was not considered separately.

Addressing results of similar studies, in particular by
M. Debnath et al. (2025), devoted to the optimisation of
Congo red azo dye removal using Bent/Fe nanoparticles,
it is possible to note that electrostatic and specific surface
interactions between the adsorbed particles are decisive in
the fixation of anionic dyes on clay sorbents. Accordingly,
in addition to aggregation and spatial hindrance, the inter-
molecular repulsive forces — which increase as the surface
becomes coated - can cause a non-linear profile of adsorp-
tion isotherms with extrema (maxima and minima). The
appearance of these regions depends on the balance be-
tween repulsion and specific retention. At the same time,
the presence of aromatic rings may provide such a strong
bond with the mineral matrix that sorption remains pos-
itive even when the ionogenic groups and the surface car-
ry the same charge. In addition to classical van der Waals
forces, there is a high probability of specific interactions oc-
curring between the m-electron clouds of the aromatic dye
nuclei and the positively charged chromium polycations on
the surface of Cr**-montmorillonite.

Following the adsorption mechanism, it should also
be noted that the presence on the surface of Cr**-mont-
morillonite of chromium oligocations with strong com-
plex-forming ability allows the formation of complex com-
pounds between them and the functional groups of dyes
(for example, -SO;H*), which act as ligands. The latter may
enter the inner coordination sphere of hydroxychrome cat-
ions, penetrating quite deeply into the interlayer space of
montmorillonite. Since thermal analysis indicated a higher
probability of chromium complex formation in the deep-
er layers of the clay for sample 3, this may well explain
the wider range of maximum adsorption values for spent
montmorillonite. A similar relationship between maxi-
mum adsorption values and the presence of heavy metal
complexes not only on the clay surface has been identified
in studies by A.A. Rahimi & F. Alihosseini (2022).

The adsorption isotherms (Fig. 2) demonstrate that
spent montmorillonite is practically on a par with the
modified sorbent in terms of its ability to adsorb anionic
dyes. This confirms the conclusion of the thermal analysis
regarding the preservation of the porous structure and ac-
tive sorption sites following prior saturation with chromi-
um (IIT) ions. Furthermore, the slightly higher d001 values
and the presence of strongly bound chromium complex-
es in sample 3, as shown in Table 1, may account for the
broadening of the concentration range for effective adsorp-
tion and the enhanced interaction between the functional
groups of the dyes and the sorbent surface. Thus, the results
in Table 1 and Table 2 consistently correspond to the na-
ture of the isotherms shown in Figure 2 and confirm the
feasibility of using spent bentonite as a fully-fledged base to
produce pigment compositions.
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The study established that the preliminary satura-
tion of montmorillonite with chromium (III) ions not
only does not reduce its sorption capacity for anionic
dyes, but may also contribute to the additional fixation
of dyes through complex formation with chromium-con-
taining centres. This paves the way to produce stable or-
gano-mineral pigments based on spent sorbents without
the need for additional chemical modification. R. Kryk-
lyvyi et al. (2022) investigated the use of spent bentonite
in the filling of polymer materials and noted the influence
of such a filler on the formation of the functional proper-
ties of elastomeric blends. In this context, the results ob-
tained indicate that spent montmorillonite, following the
sorption of chromium (III) ions and anionic dyes, can
be regarded not only as a sorbent but also as a function-
al mineral component for the subsequent formation of
polymer-mineral or pigment composites. The study con-
firmed that the interaction between the organic dye and
the inorganic clay matrix improves the characteristics of
the final material. Such pigments will exhibit enhanced
thermal stability, resistance to ultraviolet radiation and
chemical influences.

© Conclusions

Use of spent montmorillonite in multifunctional materials
as a base for the sorption of anionic dyes and for pigment
production contributes to significant resource savings and
enhances the environmental sustainability of industrial
processes. The similar mass loss observed for montmoril-
lonite samples in the temperature range 20-190°C (cor-
responding to the release of physically bound and partial
interlayer water) indicates that spent montmorillonite
(sample 3) and modified montmorillonite (sample 2) may
exhibit similar rheological properties, swelling capacity
and porosity under appropriate processing conditions. It is
reasonable to predict that the stronger fixation of chromi-
um ions observed in spent bentonite may enhance the dye
adsorption effect, as this would involve more than just sur-
face processes. The high efficiency of sorption and precip-
itation of anionic dyes (dark green, black and blue) on the
surface of montmorillonite, resulting in the formation of an
excess monolayer, has been demonstrated; this serves as the
basis for the subsequent synthesis of pigment concentrates
for polymer-mineral coatings.

Dispersions based on spent montmorillonite ensure
high dye adsorption across a wide range of concentrations
and better fixation of dye molecules, as chromium com-
plexes are formed in the deeper layers of the clay. Despite
prior saturation with the pollutant, namely the chromi-
um (III) ion, spent bentonite retains high adsorption ac-
tivity towards anionic dyes, as confirmed by the nature of
the adsorption isotherms. This allows the spent sorbent to
be regarded not as waste, but as a secondary raw material
to produce pigment compositions, thereby implementing
the principles of the circular economy and minimising
the environmental risks associated with its disposal. Due
to similar colloidal and chemical properties of dispersions
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© AHoTtauif. EdexrrBHa yTumisanis BiAIpanbOBaHMX [IMHUCTUX COPOEHTIB [OIOMAra€ 3MEHIUNMTV TeXHOTeHHe
HaBaHTa)KeHH:A Ha JOBKUULA i BJOCKOHAIUTU TeXHOJIOTrI HOoBTOpHOro BukopuctaHHA (Recycling) Bucoxopucnepcanx
riMH. Mera po6oTM mojsraza y [OCHKEHHI COpOLifHOrO IIOIIMHAHHSA MOJIEKY/l OpraHiuHuX O6apBHUKIB
BifIIpaIbOBaHUM OEHTOHITOM, HOIEpesHbO HacumdeHnM ioHamm xpomy (III), 3 MOXIMBICTIO MOFa/bIIOL yTHIisamii
O€HTOHITY y CKIaji MIrMeHTHMX KOMIIO3uuit. JJOCIif)KeHHs IPYHTYBa/IOCs Ha MTOPiBHA/IBHOMY aHasIisi mpupofHOro,
Mozn(piKOBAaHOTO Ta BiIPallbOBAaHOrO MOHTMOPWIOHITY i3 3aCTOCYBaHHAM TepMOTPaBiMETPUYHOrO aHai3y,
BU3HA4YEeHH: KOMOITHO-XIMIYHIX XapaKTePUCTHK AMUCIIePCii, TOOYZOBY i30TepM afcopO1iil Ta crieKTpodOTOMETPUIHOTO
KOHTPO/IO KOHIeHTparii 6apBHukiB. IIpoaHami3oBaHO 3MIiHU CTPYKTYpH, [IOBEPXHEBOTO 3apsify, MDKIUIOL[MHHOL
BificTaHi, MMTOMOI ITOLi ITOBEPXHI Ta COpOLIIHOI aKTMBHOCTI 3pasKiB. BcTaHOB/IEHO, 1110 HACHYEHHS MOHTMOPIOHITY
ionamu xpomy (III) He IPU3BOAUTD JO CYTTEBOTO HOTipLIEHHS JIOrO BIACTUBOCTENL. JoBefieHo, 110 BignpanboBaHMil
OeHTOHIT 36epirae MOPUCTY CTPYKTYPY, AKTUBHI LIeHTpu copO1Lii Ta 3HaTHICT ePeKTUBHO IIOIINHATY aHIOHHI 6apBHUKM
y IIMPOKOMY iHTEPBasIi KOHI[eHTpalliil. BcTaHOBIIEHO, 1[0 XPOMOBMICHI IIEHTPI MOXKY Th IOCITIOBATH (iKCAIIiI0 MOIEKYIT
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© Abstract. The relevance of this study is driven by the expanding use of ammonium perchlorate in the aerospace
and defence industries, which is accompanied by increasing anthropogenic pressure on the environment and the need
to implement the principles of sustainable resource use. The aim of the study was to analyse the dynamics, structure,
and development factors of the global ammonium perchlorate market, taking environmental risks into account. The
research employed methods of generalisation, comparative and economic analysis, as well as market trend analysis based
on analytical reports and scientific publications. The results showed that the global ammonium perchlorate market is
characterised by steady growth with an average annual rate of approximately 5.37%, driven by the development of the
aerospace and defence sectors. It was established that the market exhibits a pronounced inertial development pattern
and depends on state funding of strategic programmes. Key growth drivers were identified, including technological
innovation, geopolitical tensions, and an increasing number of space launches. It was demonstrated that environmental
risks associated with water contamination and the toxic effects of perchlorates create additional constraints on market
functioning and contribute to stronger regulatory frameworks. Structural analysis revealed that the largest share by
volume is held by the extractive industry and construction sector (43.65%), while the aerospace and defence sector
provides the most stable strategic demand. It was substantiated that the environmental factor is transforming into an
innovation driver, stimulating the development of safer production and utilisation technologies. The practical significance
of the findings lies in their potential use for developing market strategies that account for environmental requirements
and improving the efficiency of production processes

© Keywords: solid rocket propellant; aerospace industry; environmental safety; water contamination; perchlorates;
market dynamics; environmental regulation

@ Introduction

The global development of high-technology industries,
particularly the aerospace and defence sectors, sustains
steady growth in demand for specialised chemical com-
ponents, among which ammonium perchlorate occupies a
key position. This compound is widely used as an oxidiser
in solid rocket propellants, which determines its strategic

importance for ensuring the functioning of modern space
launch systems and defence technologies. In the context
of intensifying space programmes, a growing number of
launches, and the modernisation of military-technological
capabilities of leading nations, the ammonium perchlorate
market demonstrates stable positive growth dynamics. At
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the same time, the expanding scale of production and use
of this substance is accompanied by a range of environmen-
tal risks associated with its toxic properties, its ability to
accumulate in natural environments, and its potential im-
pact on water resources and human health. In the context
of tightening environmental regulation and growing re-
quirements for the safety of chemical production, the issue
of minimising the negative impact of perchlorates on the
environment is becoming highly relevant. This necessitates
a rethinking of traditional approaches to organising pro-
duction processes and the introduction of more environ-
mentally oriented technological solutions.

According to B. Zhang et al. (2022), perchlorates are
widely distributed water contaminants that are regular-
ly detected in groundwater and surface waters in various
regions of the world, including drinking water supply sys-
tems. The researchers emphasised that their presence in the
aquatic environment has a global character and is associat-
ed with the high migratory capacity of these compounds,
which determines their long-term persistence and disper-
sal even beyond the immediate sources of contamination.
E.N. Pearce (2024), analysing the biomedical aspects of
perchlorate exposure, noted that these compounds act as
competitive inhibitors of the sodium-iodide symporter in
the thyroid gland, leading to reduced iodine uptake and
potential disruption of thyroid hormone synthesis. The
author stressed that the greatest risk is observed in vul-
nerable population groups, particularly pregnant women
and young children, for whom even low levels of chronic
exposure may have significant consequences for endocrine
development. B. Predieri et al. (2022), in their study, exam-
ined perchlorates as persistent inorganic pollutants of an-
thropogenic origin and emphasised that their environmen-
tal hazard is determined by the combination of toxicity and
stability in natural environments. The authors concluded
that effective risk management requires a comprehensive
approach encompassing monitoring, regulatory control,
and the implementation of remediation technologies.

C. Fang & R. Naidu (2023) conducted a systematic
review of perchlorate contamination and concluded that
the high mobility of these compounds in natural envi-
ronments significantly complicates the processes of their
localisation and remediation. K.S. Kumar et al. (2022) an-
alysed the environmental occurrence, toxicity, and reme-
diation methods for perchlorates across various natural
environments, emphasising the need for comprehensive
approaches. R. Acevedo-Barrios et al. (2025) examined
the global extent of perchlorate distribution, including
their detection in Antarctica, demonstrating the trans-
boundary nature of the contamination. R. Acevedo-Barri-
os & J. Olivero-Verbel (2021) systematised the sources of
perchlorate contamination and the available remediation
technologies, pointing to significant gaps in the regulato-
ry framework. C.-Y. Lai et al. (2021) investigated mecha-
nisms of biological perchlorate reduction and established
that microbial remediation is a promising approach for the
treatment of contaminated groundwater. O.A. Pivovarov &
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M.M. Cheltonov (2020) examined technological approach-
es to extracting ammonium perchlorate from solid rocket
fuel disposal products. M.E. Gilbert et al. (2024) demon-
strated that ammonium perchlorate exerts neurotoxic
effects on thyroid development in neonatal rats. C. Ser-
rano-Nascimento & M.T. Nunes (2022) investigated the
effects of perchlorate and other NIS inhibitors on thyroid
function and human health, concluding that there is a sig-
nificant risk for pregnant women and children.

Alongside environmental aspects, significant im-
portance attaches to the effective use of resources in the
production of ammonium perchlorate. In this context,
the concept of sustainable resource use entails optimising
production cycles, reducing resource expenditure, and
introducing innovative technologies. Thus, the available
scientific base primarily covers the environmental and
toxicological dimensions of the perchlorate issue. Market
processes remain insufficiently studied: a comprehensive
analysis of the structural factors driving the development
of the ammonium perchlorate market - accounting for
the interaction of environmental, technological, and in-
stitutional factors - is absent, and this gap provided the
rationale for the present study. The aim of the study was
to analyse contemporary trends in the development of
the global ammonium perchlorate market, taking into
account environmental risks and the operational features
of the relevant production processes. To achieve this aim,
the following objectives were defined: to analyse the dy-
namics and structure of the global ammonium perchlo-
rate market; to identify the key factors that influenced
its development; to investigate the environmental conse-
quences of perchlorate production and use.

© Materials and Methods

The study employed a comprehensive analytical approach
combining methods of economic, comparative, and envi-
ronmental analysis. The object of the study was the global
ammonium perchlorate market; the subject was the trends
in its development and the environmental aspects of its
functioning. The information base of the study was formed
from two categories of sources. The first category compris-
es scientific publications indexed in the international da-
tabases Scopus and Web of Science, dedicated to the envi-
ronmental impact of perchlorates, their toxicity, and their
technological applications (Motzer, 2001; Urbansky, 2002;
Kucharzyk et al., 2009; Lai et al., 2021; Kumar et al., 2022;
Serrano-Nascimento & Nunes, 2022; Zhang et al., 2022;
Fang & Naidu, 2023; Gilbert et al., 2024; Pearce, 2024; Ace-
vedo-Barrios & Puentes, 2025). The second category con-
sists of analytical reports from leading research agencies
on the development of the ammonium perchlorate market
(MarketsandMarkets, 2024; Research and Markets, 2025),
which are compiled using an approach that integrates in-
formation from open sources, corporate reporting, indus-
try surveys, and expert assessments. This approach ensures
a sufficient level of reliability and representativeness of
the results for further scientific generalisation. To analyse
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market dynamics, the compound annual growth rate (CAGR)
calculation method was applied according to the formula:

1

CAGR = 22" _ 1,

Vo

(1)

where V, is the market volume in the base year; V, is the
market volume in the final year; # is the number of years in
the period under analysis. Based on available market data
for 2018-2024 and projected values through to 2030, a com-
pound annual growth rate of 5.37% was calculated. The pro-
jections presented in the analytical reports of Research and
Markets (2025) and MarketsandMarkets (2024) are based
on methods of trend extrapolation, regression analysis,
and scenario modelling, taking into account the dynamics
of government defence expenditure, the number of space
launches, and the state of the regulatory environment.
Comparative analysis was conducted across three
dimensions. The first stage involved a comparison of re-
gional markets (Asia-Pacific, North America, Europe) by
share and relative growth dynamics in order to identify
differences in development rates. This was followed by a
comparison of industry segments by consumption vol-
ume - specifically, the aerospace and defence sector, the
extractive industry and construction, and pyrotechnic
production. Finally, an analysis was conducted of the over-
all impact of environmental constraints and regulatory
pressure on market development. The method of generali-
sation was applied to form a holistic picture of the interac-
tion between economic, environmental, and technological
factors of market development. For a visual representation
of this interaction, the method of systematisation was em-
ployed, followed by the development of an environmental
factor impact matrix. In addition, the analysis of biomedi-
cal and toxicological data (in particular, relating to the ef-
fects of perchlorates on the endocrine system) was used in

the study not as an independent research object, but as a
qualitative indicator for assessing the regulatory environ-
ment. The depth of the negative health impact of chemicals
was considered a key criterion explaining the formation
of market constraints and stimulating innovation in treat-
ment technologies. A limitation of the study was the ab-
sence of a unified system of indicators of environmental
loading from ammonium perchlorate production in the
public domain, which precludes quantitative assessment of
the energy intensity and material consumption parameters
of production cycles. This determined the predominantly
qualitative character of the analysis of the resource aspect
of market functioning.

© Results and Discussion

The functioning of the global ammonium perchlorate mar-
ket is determined by its critical role in supplying the aero-
space and defence industries, where this substance is used
as the primary oxidiser in composite solid rocket propel-
lants. Ammonium perchlorate is an inorganic compound
characterised by high oxidising capacity and eflicient com-
bustion, which accounts for its widespread application in
the production of rocket engines. This functional specificity
generates a highly specialised demand for the product
(Sutton & Biblarz, 2016). Analysis of the dynamics of the
global ammonium perchlorate market reveals an overall
growth trend in the medium term (Fig. 1). In particular,
the market volume in 2023 was estimated at approximately
USD 812.21 million, and in 2024 at USD 854.77 million,
while by 2030 it is projected to reach USD 1,171.80 million.
The CAGR amounts to approximately 5.37% (Research and
Markets, 2025). These data are consistent with the esti-
mates for the solid rocket motor market contained in the
MarketsandMarkets (2024) report, which confirms the rep-
resentativeness of the database used.
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Figure 1. Dynamics of the global ammonium perchlorate market, 2018-2030
Source: compiled by the authors based on Research and Markets (2025)
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It should be noted that the overall growth trend is not
entirely uniform. An analysis of data for 2018-2022 reveals a
noticeable short-term decline associated with a reduction in
government orders and disruption to supply chains during
the COVID-19 pandemic. This is consistent with general
trends in the aerospace and defence industries in 2020-2021.
After 2022, the market demonstrates recovery and acceler-
ated growth, linked to geopolitical escalation and increased
defence spending. This aspect is important for understand-
ing the inertial character of market development, which is
determined primarily by government funding cycles.

Analysis of the presented dynamics allows several
structural characteristics of market development to be
identified. The rate of market expansion remains moderate,
due to the limited scope of application of the product and
the high degree of specialisation of production. A depend-
ence of market development on long-term programmes in
the field of defence and space exploration is also observed,
forming an inertial type of growth characteristic of sectors
dominated by government funding. The growth of the am-
monium perchlorate market is driven by a combination of
technological and geopolitical factors. The key driver is the
development of the aerospace industry, accompanied by
an increase in the number of launches and an expansion of
the range of space programmes. Simultaneously, defence
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budgets are growing in many countries, stimulating de-
mand for rocket systems and, accordingly, for solid rocket
propellants. Technological innovations aimed at improv-
ing the efficiency of rocket engines also sustain demand
for ammonium perchlorate as a key component of such
systems (Fig. 2).

Structural analysis of the ammonium perchlorate mar-
ket reveals its sectoral diversification (Fig. 2). According to
the data presented, the largest segment in 2023 is mining
and construction (43.65%), where ammonium perchlorate
is used primarily as a component of explosives. The aer-
ospace and defence sector occupies the second position,
yet generates the most stable and strategically predictable
demand. Thus, the ammonium perchlorate market is com-
mercially diversified: while the aerospace and defence in-
dustries determine the strategic significance of the product,
the predominant consumption volume in 2023 falls on the
extractive and construction sectors. Growing demand for
high-purity ammonium perchlorate (concentration above
99%) is driven by the needs of the aerospace industry,
where the stability of characteristics and predictability of
material behaviour are of critical importance. This stimu-
lates the development of more complex and energy-inten-
sive production technologies, in particular electrochemical
synthesis (Fig. 3).
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Figure 2. Structure of the global ammonium perchlorate market by application segment
Source: compiled by the authors based on MarketsandMarkets (2024), Research and Markets (2025)
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Figure 3. Geographic structure of the global ammonium perchlorate market by region
Source: compiled by the authors based on Research and Markets (2025)
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The geographic structure of the market reveals im-
portant spatial differences in growth dynamics (Fig. 3). In
terms of absolute volumes, the Asia-Pacific region leads;
however, an analysis of market shares over time reveals a
gradual decline in its relative share — from 36.75% in 2023
to 35.35% in 2030. Meanwhile, the shares of North Amer-
ica (from 30.42% to 31.61%) and Europe (from 32.83% to
33.04%) show an upward trend. This means that the mar-
kets of North America and Europe are growing in relative
terms more rapidly than the Asia-Pacific market. Such
dynamics may be associated with increased investment in
rocket programmes in the United States and Europe after
2022, against the backdrop of geopolitical escalation.

The intensification of demand for ammonium per-
chlorate brings environmental safety issues to the fore.
The entry of perchlorates into groundwater and surface
waters can lead to their accumulation and subsequent
inclusion in trophic chains, creating risks for ecosystems

and human health. The impact of perchlorates on thy-
roid function is confirmed by contemporary toxicological
research. C.-Y. Lai et al. (2021) emphasise that microbi-
al remediation is one of the most promising approaches
for reducing the environmental load of perchlorates in
groundwater. The strengthening of environmental risks
directly affects the regulatory environment. In a number
of countries, strict requirements have been introduced
with respect to the production, transportation, and dis-
posal of perchlorates, which complicates the activities of
manufacturers (Kucharzyk et al., 2009). At the same time,
the environmental factor is gradually transforming into
an additional driver of innovative development: safety re-
quirements stimulate the introduction of new treatment
technologies and the development of alternative oxidis-
ers with a lesser environmental impact. A systematic rep-
resentation of environmental factors and their market im-
pacts is provided in Table 1.

Table 1. Impact of environmental factors on the functioning of the ammonium perchlorate market

Environmental Factor

Manifestation

Market Impact

Water resource contamination
by perchlorates

Accumulation in groundwater
and surface waters

Tightening of environmental controls
and restrictions on use

Emissions from rocket propellant
combustion products

Release of toxic compounds
into the atmosphere

Growing requirements
for environmental standards

Environmental risks of production

Generation of waste and wastewater

Increased expenditure on purification
and production modernisation

Introduction of environmental norms
and standards

Strengthened regulatory frameworks

Creation of market entry barriers
and stimulation of innovation

Source: developed by the authors

The findings indicate stable growth of the ammonium
perchlorate market at a CAGR of approximately 5.37%,
characterised by pronounced inertia and critical depend-
ence on government funding for strategic programmes.
The identified growth trend is fully consistent with the
general trends in the development of the aerospace and de-
fence industries (in particular, the increase in the number
of space launches and geopolitical tensions) documented
in the analytical reports of Research and Markets (2025)
and MarketsandMarkets (2024). From a technological per-
spective, these market indicators are explained by the fun-
damental work of G.P. Sutton & O. Biblarz (2016), which
confirms the central role of ammonium perchlorate as the
primary oxidiser in solid rocket propellants, and provides
a detailed analysis of its unique physicochemical properties
that currently make it practically irreplaceable in this field.

At the same time, the study demonstrates that the ex-
panding use of ammonium perchlorate is accompanied
by increased anthropogenic pressure on the environment.
The identified environmental constraints of the market (in
particular, water resource contamination) are reliably con-
firmed by the conclusions of K.S. Kumar et al. (2022) and
C. Fang & R. Naidu (2023) regarding the high mobility and
persistence of perchlorates in natural environments. The
problem of accumulation of these persistent anthropogenic
contaminants in aquatic systems was conceptualised in the
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studies of W.E. Motzer (2001) and E.T. Urbansky (2002),
where the lack of unified standards for risk assessment and
sources of the chemical’s entry into the environment was
highlighted. In the contemporary context, the scale of the
problem is illustrated by the study of B. Zhang et al. (2022),
which identified high-risk zones in drinking water sources
near industrial agglomerations in China.

An important aspect that creates additional pressure
on producers and stimulates stricter regulatory frame-
works is the impact of perchlorates on human health. The
conclusions of the present work regarding toxic risks res-
onate with substantive biomedical research. C.M. Stein-
maus (2016) detailed the pathways of perchlorate exposure
via water supply systems and health consequences, while
R.C. Pleus & L.M. Corey (2018) provided a comprehensive
toxicological assessment of the effects of these compounds
on the human body. A key mechanism of this impact -
disruption of thyroid function - is described by R.E. Tar-
one et al. (2010) in an epidemiological review. These risks
are particularly critical for vulnerable population groups:
B. Predieri et al. (2022) classified perchlorates as serious
endocrine disruptors that are among the key factors caus-
ing hormonal imbalance in children. Awareness of these
threats earlier prompted K.H. Kucharzyk et al. (2009) to
substantiate the need to establish strict drinking water
quality standards in the United States.

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1



The most significant conclusion of the analysis conduct-
ed is that environmental risks not only create constraints but
are also transforming into a powerful driver of innovation,
stimulating the development of safer production technolo-
gies and treatment systems. The development of water treat-
ment technologies for perchlorates has progressed from the
basic methods reviewed in detail by L. Ye et al. (2012) to
modern high-technology solutions. M.R. Sijimol & M. Mo-
han (2014) examined pyrotechnics - in particular the
production and use of fireworks - as a significant source
of perchlorate environmental contamination. It was estab-
lished that following fireworks launches, perchlorate con-
centrations in water rise sharply within a few hours and can
exceed background levels tens or even thousands of times,
before gradually declining over several weeks. The authors
stress that the health and environmental consequences of
this contamination source remain insufficiently studied,
necessitating further research. In contrast to most existing
works, which are narrowly specialised and focus either on
economic and technical aspects and ballistics, or exclusively
on epidemiology and ecology, the present study examines
the ammonium perchlorate market as a unified ecolog-
ical-economic system. This approach makes it possible to
identify the dual role of the environmental factor: simulta-
neously as a rigid regulatory constraint on an inertial mar-
ket and as the primary catalyst for structural and technolog-
ical change within the paradigm of sustainable resource use.

© Conclusions

The results of the analysis indicate that the ammonium per-
chlorate market is shaped by a complex set of economic,
technological, and environmental factors whose interaction
is acquiring an increasingly systemic character. Whereas
in the early stages of industry development the dominant
factors were exclusively the functional and technical param-
eters of the substance as a rocket propellant component,
there is a gradual shift of emphasis towards the integration
of environmental constraints into the decision-making
processes at all levels of market functioning. The global
ammonium perchlorate market demonstrated an overall
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growth trend at a CAGR of 5.37% with a projected volume
of USD 1,171.80 million in 2030, although this dynamic is
not uniform and experienced a temporary decline under
the impact of the COVID-19 pandemic. Structural analysis
revealed that the largest segment by volume is mining and
construction (43.65% in 2023), while the aerospace and de-
fence sector generates the most stable strategic demand. Ge-
ographic analysis showed that the markets of North Amer-
ica and Europe demonstrate higher relative growth rates
compared to the Asia-Pacific region. The environmental
factor acquires a dual role: it simultaneously constrains the
market through regulatory pressure and stimulates innova-
tion in the field of safer production technologies.

At the same time, the study indicates that the envi-
ronmental component is not yet fully institutionalised as
an autonomous regulator of market development, and is
manifested primarily through fragmented constraints and
local monitoring practices. Ensuring the balanced devel-
opment of the ammonium perchlorate market requires
the integration of environmental criteria into the strategic
management system of the industry, in particular through
the improvement of production technologies, the strength-
ening of regulatory frameworks, and the stimulation of
innovative solutions in the field of alternative materials. A
promising direction for further research is the study of the
relationship between the development of alternative oxi-
disers, the tightening of environmental requirements, and
the transformation of the market structure, as well as the
analysis of mechanisms for harmonising environmental
standards across different jurisdictions and their impact on
global ammonium perchlorate supply chains.
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© Abstract. Food insecurity has become an increasingly urgent global challenge, particularly in conflict-affected
developing countries where armed violence, climate-related shocks, institutional fragility, and market disruptions
undermine the resilience of food systems and threaten sustainable development. The aim of this study was to examine how
digital technologies can contribute to strengthening food security governance in conflict-affected regions, with particular
emphasis on Sub-Saharan Africa, and to develop an integrated framework supporting monitoring and decision-making
processes. The research adopted a qualitative approach based on an integrative literature review, comparative case analysis,
and conceptual framework development. The findings demonstrated that digital technologies can significantly enhance
the monitoring and management of food security by improving information availability, supply chain transparency, risk
assessment, and early warning capabilities. Mobile-based advisory systems facilitate communication with vulnerable
populations and support agricultural decision-making. Remote sensing and GIS technologies enable the continuous
observation of environmental and agricultural conditions, while blockchain-based solutions can improve transparency
and accountability within food supply chains. Furthermore, predictive analytics and artificial intelligence offer new
opportunities for anticipating food security risks and supporting evidence-based humanitarian interventions. Based on
these findings, the study proposed an integrated digital food security monitoring framework that combines household-
level monitoring, environmental observation, supply chain transparency, and predictive decision-support functions
within a unified socio-technical system. An illustrative pilot implementation scenario was also presented to demonstrate
the practical applicability of the proposed framework. The results may support policymakers, humanitarian organisations,
development agencies, and food security practitioners in designing more effective, data-driven, and resilience-oriented
monitoring systems for conflict-affected environments
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climate-related shocks, institutional fragility, market dis-
ruptions, and demographic pressures. These intercon-
nected challenges weaken agricultural production, disrupt
supply chains, and limit access to food. At the same time,
rapid advances in digital technologies create new oppor-
tunities for monitoring risks, supporting decision-making,
and strengthening food security governance. Understand-
ing how these technologies can contribute to food security
management in fragile environments has therefore become
an increasingly important scientific and practical challenge.

Studies have increasingly examined the relationship
between food security, humanitarian governance, and dig-
ital transformation. B. Faith ef al. (2022) investigated the
opportunities and risks associated with digital technologies
in humanitarian operations. Their findings indicated that
digital tools can improve accountability and information
management, but may also create challenges related to
privacy and data governance. The authors concluded that
technological innovation requires appropriate institutional
safeguards. FAO (2023) analysed global food security and
nutrition trends and found that food insecurity remains
particularly severe in conflict-affected and economically
vulnerable regions. The report identified conflict, econom-
ic shocks, climate extremes, and structural vulnerabilities
as major drivers of food insecurity and emphasised the
need for integrated, data-driven approaches, strengthened
food system resilience, and targeted investments to ad-
dress both immediate needs and long-term challenges. The
GNAFC (2023) examined the principal drivers of contem-
porary food crises. The analysis identified armed conflict as
one of the most significant contributors to acute food in-
security and highlighted the importance of effective mon-
itoring and early-warning systems. P.G. Juhdsz & C. Szer-
emley (2024) examined the role of local organisations in
conflict-affected communities in the Democratic Republic
of Congo. Their findings demonstrated that community
participation and local ownership are essential factors in
successful development and humanitarian interventions.
From a technological perspective, P. Paillé et al. (2024) in-
vestigated the use of artificial intelligence, remote sensing,
digital platforms, and advanced analytics in humanitarian
contexts. The authors concluded that these technologies
can significantly improve decision support but require in-
teroperability and appropriate governance arrangements.

P. Devidal (2024) focused on the ethical implications
of digital transformation in humanitarian operations. The
study highlighted concerns regarding data ownership, sur-
veillance, and accountability, concluding that technological
innovation must be accompanied by strong ethical over-
sight. J. Beseny6 & A.H. Sélyomfi (2024) analysed govern-
ance instability and security challenges in the Sahel region.
Their findings demonstrated that prolonged conflict weak-
ens institutional capacity and undermines food system re-
silience, emphasising the importance of improved coordi-
nation and information systems.

Although these studies provided valuable insights
into digital technologies, humanitarian governance, and
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food security, important research gaps remain. Existing
research has primarily focused on individual technologies
or specific operational challenges. Comparatively limit-
ed attention has been devoted to integrated frameworks
that combine technological, institutional, governance, and
community-level dimensions within a unified food secu-
rity monitoring architecture. Furthermore, relatively few
studies have examined how such solutions can be opera-
tionalised in conflict-affected environments characterised
by institutional fragility and limited resources. Therefore,
the aim of this study was to examine the role of digital
technologies in strengthening food security governance in
conflict-affected developing countries and to develop an
integrated Digital Food Security Monitoring Framework
tailored to fragile environments.

The study addressed three interrelated research ques-
tions. The first question examined which digital technol-
ogies can be effectively applied in conflict-affected food
systems. The second question explored the technological,
institutional, governance-related, and ethical challenges
influencing their implementation. The third question in-
vestigated how these technologies can be integrated into a
coherent monitoring framework that supports food secu-
rity governance, resilience-building, and evidence-based
decision-making in conflict-affected regions.

To address these questions, the study adopted a quali-
tative research design based on an integrative literature re-
view, comparative case analysis, and conceptual framework
development, combining perspectives from food security
research, humanitarian logistics, digital transformation, in-
formation systems, and development studies. The literature
review was conducted between January and May 2025. The
search combined keywords related to food security, digital
technologies, conflict-affected regions, humanitarian logis-
tics, remote sensing, blockchain, predictive analytics, artifi-
cial intelligence, and Sub-Saharan Africa, focusing primar-
ily on publications from 2015 to 2025 while incorporating
earlier foundational works where necessary. The retained
publications were systematically examined through the-
matic analysis and organised into five overarching domains:
mobile-based agricultural advisory systems, remote sens-
ing and GIS-based monitoring, blockchain-enabled sup-
ply chain transparency, predictive analytics and artificial
intelligence, and institutional governance and community
participation. Building on this categorisation, the analysis
further explored cross-cutting success factors and imple-
mentation constraints — including infrastructure availabil-
ity, digital literacy, institutional capacity, data governance,
and long-term sustainability — which together serve as the
basis for the development of the proposed Digital Food Se-
curity Monitoring Framework.

© Conceptual and regional prerequisites

for food vulnerability in conflict conditions

Food security is increasingly understood as a complex
socio-ecological system rather than solely an agricultur-
al or economic issue. According to the widely accepted
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definition, food security exists when all people, at all times,
have physical and economic access to sufficient, safe, and
nutritious food. This concept encompasses four interrelat-
ed dimensions: availability, access, utilisation, and stability
(Serraj & Pingali, 2018).

Contemporary food systems are embedded within
global production, trade, and logistics networks. Conse-
quently, local disruptions may generate cascading effects
across wider regional and international food systems. Geo-
political instability, market disruptions, climatic shocks, and
armed conflicts can simultaneously affect agricultural pro-
duction, food distribution, and household access to food.
In developing countries, particularly in conflict-affected
environments, these vulnerabilities often reinforce one
another, creating systemic risks for food security (Kovacs
& Spens, 2007). Existing scholarship emphasises that food
security should be analysed through a systems perspective
integrating environmental, technological, institutional, and
social dimensions. R. Serraj & P. Pingali (2018) argued that
food security outcomes are increasingly shaped by interac-
tions between ecological conditions, agricultural produc-
tion systems, and governance mechanisms. Similarly, FAO
(d23) highlighted that conflict, economic shocks, climate
extremes, and structural vulnerabilities continue to under-
mine food system resilience across many regions, including
Sub-Saharan Africa. Within this perspective, food security
is not merely determined by food production levels but by
the capacity of interconnected socio-ecological systems to
absorb shocks and maintain essential functions.

Digital transformation has emerged as an increasingly
important component of food security governance. Da-
ta-driven decision-making, remote monitoring, predictive
modelling, and digital communication technologies create
new opportunities for improving agricultural management,
humanitarian response, and risk assessment. Remote sens-
ing technologies, geographic information systems (GIS),
artificial intelligence, and mobile-based information plat-
forms enable the continuous observation of environmental
and socio-economic conditions and support the develop-
ment of early warning systems (Serraj & Pingali, 2018). At
the same time, resilience has become a central concept in
understanding food security in fragile environments. Re-
silience refers to the capacity of systems to adapt to exter-
nal shocks while maintaining their core functions. In con-
flict-affected food systems, resilience depends not only on
agricultural production but also on the quality of informa-
tion flows, institutional coordination, and adaptive govern-
ance mechanisms (Kovédcs & Spens, 2007).

Several studies emphasised that technological innova-
tion alone cannot ensure sustainable improvements in food
security. FAO (2023) demonstrated that digital solutions are
most effective when accompanied by investments in institu-
tional and human capacities. Likewise, P.G. Juhdsz & C. Sze-
remley (2024), analysing conflict-affected communities in
the Democratic Republic of Congo, conclude that local
ownership and community participation are essential pre-
conditions for successful development and humanitarian
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interventions. P. Paillé et al. (2024) similarly argued that
digital technologies generate the greatest benefits when
integrated into broader governance frameworks character-
ised by interoperability, institutional support, and stake-
holder cooperation. The literature therefore suggests that
digital technologies should not be regarded as stand-alone
solutions. Their contribution to food security depends on
their integration into institutionally supported and socially
embedded systems capable of strengthening resilience and
supporting evidence-based governance.

Sub-Saharan Africa remains one of the regions most
exposed to food insecurity due to the combined effects
of ecological vulnerability, demographic pressure, infra-
structural limitations, and political instability. Existing
assessments continue to identify the region as a global
hotspot of hunger and food insecurity, with several con-
flict-affected countries experiencing particularly severe
levels of food-system stress (von Grebmer et al., 2023).
Population growth continues to increase demand for food,
while agricultural productivity often remains constrained
by environmental degradation, limited technological ac-
cess, and insufficient investment in rural infrastructure
(Serraj & Pingali, 2018).

The agricultural sector is dominated by smallholder
farming systems that frequently operate under conditions
of limited access to credit, agricultural inputs, market in-
formation, and irrigation infrastructure (FAO, 2023; von
Grebmer et al, 2023). These structural constraints in-
crease vulnerability to environmental stressors, including
droughts, rainfall variability, soil degradation, and land-use
change. Climate anomalies may significantly reduce agri-
cultural productivity and intensify existing food security
challenges, particularly in regions already affected by con-
flict. Infrastructure deficiencies further increase vulnera-
bility. Damage to transportation networks, storage facili-
ties, irrigation systems, and communication infrastructure
can reduce market access, increase transaction costs, and
limit the effectiveness of food distribution systems (Jus-
tino, 2012). Although mobile phone penetration has in-
creased significantly throughout the region, substantial
disparities in internet access and digital connectivity per-
sist, particularly in rural and conflict-affected areas (von
Grebmer et al., 2023). These ecological and infrastructural
vulnerabilities create conditions in which relatively small
environmental or political shocks may trigger dispropor-
tionately severe food security consequences. Consequently,
effective monitoring systems must simultaneously address
environmental dynamics, agricultural performance, and
infrastructural constraints.

Armed conflicts affect food systems through mul-
tiple interconnected pathways, including disruptions
to agricultural production, market fragmentation, pop-
ulation displacement, and reduced humanitarian ac-
cess (Martin-Shields & Stojetz, 2019; Briick et al., 2019;
GNAFC, 2023). Beyond conventional military violence, de-
liberate attacks targeting food production systems, storage
facilities, transportation networks, or food supply chains
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may further intensify food insecurity and increase the need
for robust monitoring and early-warning mechanisms (Ju-
haszné, 2024). Furthermore, conflicts often generate long-
term environmental and economic consequences that un-
dermine food system resilience.

Conlflict conditions frequently restrict access to agri-
cultural land, reduce labour availability, interrupt planting
and harvesting activities, and damage critical infrastruc-
ture. In addition, insecurity may disrupt local and regional
markets, increase food price volatility, and weaken supply
chain reliability. Food price volatility may itself become a
source of social instability, reinforcing existing conflict dy-
namics and further limiting household food access (Bel-
lemare, 2015). Humanitarian assistance systems also face
significant challenges related to coordination, information
asymmetries, and logistical constraints (Faith et al., 2022;
Sundarakani & Ghouse, 2024).

The literature further highlights the importance of dig-
ital infrastructure in conflict-affected environments. While
mobile communication technologies create new opportu-
nities for information sharing and monitoring, unstable
connectivity and limited digital capacity remain significant
barriers to implementation (Rajnai & Fregan, 2016). Con-
sequently, digital interventions frequently require adaptive
solutions such as offline-first architectures, SMS-based
communication systems, and decentralised data manage-
ment approaches. Overall, conflict-related food insecurity
emerges from the interaction of environmental vulnera-
bility, infrastructural fragility, governance constraints, and
disrupted socio-economic systems. This complexity under-
scores the need for integrated monitoring approaches ca-
pable of capturing both ecological and human dimensions
of food security and provides the rationale for examining
the role of digital technologies in food security governance.

© Digital technologies for monitoring

and forecasting the state

of agroecological and food systems

Mobile-based agricultural advisory systems reduce in-
formation asymmetries among smallholder farmers and
support production-related decision-making in fragile
environments. In conflict-affected regions, where physical
extension services may be disrupted, SMS-, USSD-, and
low-data mobile applications can provide farmers with in-
formation on weather conditions, market prices, pest risks,
input use, and food security conditions. Their main advan-
tage lies in their relatively low infrastructure requirements
and their ability to reach dispersed rural populations. Such
systems typically operate through three interconnected
layers: data collection, data processing, and advisory out-
put. The data collection layer may include farmer-report-
ed information through SMS or USSD channels, while the
processing layer connects these inputs with meteorological,
market, and agronomic databases. The output layer then de-
livers simplified recommendations in text- or voice-based
formats (Paillé et al., 2024). Machine learning models can
further support yield forecasting, pest detection, and input
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optimisation, particularly when local calibration data are
available (Jain et al., 2016; Wolfert et al., 2017; Kamilaris &
Prenafeta-Boldd, 2018).

The reviewed literature agrees that mobile-based sys-
tems can improve access to agricultural information and
strengthen community-level monitoring. FAO (2023) em-
phasised their value in reducing information gaps among
smallholder farmers, while B. Faith et al. (2022) underlined
the importance of participatory design and local owner-
ship. However, these tools remain constrained by digital
illiteracy, unstable network coverage, limited electricity ac-
cess, and weak institutional support. Therefore, mobile ad-
visory platforms are most effective when embedded within
wider governance and capacity-building systems rather
than introduced as isolated technological solutions.

Remote sensing and GIS-based monitoring systems are
among the most relevant digital technologies for food securi-
ty governance in conflict-affected regions. Their importance
derives from the fact that they enable continuous observa-
tion of agricultural and environmental processes without re-
quiring regular physical access to insecure areas. This makes
them particularly suitable for monitoring vegetation stress,
drought dynamics, land degradation, land-use change, soil
moisture variability, and crop production risks in fragile
environments. Beyond agricultural monitoring, satellite
imagery combined with machine-learning techniques has
also demonstrated significant potential for estimating so-
cio-economic conditions and poverty levels in data-scarce
environments, creating additional opportunities for
food-security vulnerability assessment (Burke ef al., 2016).

Satellite-derived vegetation indices, especially the
Normalised Difference Vegetation Index (NDVI), remain
central tools for assessing vegetation health and biomass
dynamics. NDVI time series can reveal seasonal vege-
tation patterns and anomalies associated with drought,
conflict-related abandonment of agricultural land, input
shortages, or market disruption. In addition, GIS platforms
allow the integration of remote sensing data with precipi-
tation records, soil moisture indicators, conflict-event da-
tasets such as ACLED, market price information, and pop-
ulation movement data (Raleigh et al., 2010). This creates
a multivariate analytical framework for identifying spatial
patterns of agroecological vulnerability.

Existing studies confirm the increasing value of remote
sensing for environmental and agricultural monitoring in
African contexts. N. Heiss et al. (2025) reviewed the po-
tential of Earth observation for mapping small-scale agri-
culture and cropping systems in West Africa. Their study
highlighted the usefulness of Sentinel-1 and Sentinel-2 data
for identifying cropland patterns, crop types, and small-
holder production systems. The authors concluded that
Earth observation can significantly improve food security
monitoring, but they also noted that fragmented field data,
heterogeneous smallholder plots, and cloud contamination
remain major methodological limitations.

A.W. Moomen et al. (2024) examined remote sensing
applications for sustainable agriculture in the Northern
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Savannah regions of Ghana. Their review showed that sat-
ellite-based indicators can support land-use monitoring,
crop condition assessment, and detection of environmental
degradation. The study emphasised that Sentinel-2-derived
NDVI patterns are particularly useful for tracking vegeta-
tion changes in rainfed agricultural systems. However, the
authors also stressed that remote sensing outputs need to
be combined with local agronomic knowledge to avoid
misinterpretation of spectral signals.

N. Mubonderi et al. (2025) focused specifically on op-
tical remote sensing for monitoring soil erosion in Sub-Sa-
haran grassland biomes. Their systematic review found that
multispectral Landsat and Sentinel-2 data, combined with
indices such as modified NDVI, Normalised Difference Soil
Index, and tasseled cap transformation, are increasingly
applied to estimate erosion risk and land degradation. The
study is particularly relevant for food security because soil
erosion directly reduces long-term agricultural productiv-
ity. Its limitation is that optical remote sensing may be less
effective under persistent cloud cover or dense vegetation,
and erosion processes often require complementary field
validation. M.B. Moisa et al. (2025) analysed the impact of
land-use and land-cover change on soil moisture variabili-
ty in southwestern Ethiopia using GIS and remote sensing
techniques. Their research demonstrated that agricultural
expansion, vegetation loss, and land-cover transformation
influence soil moisture availability, with direct implications
for drought vulnerability and crop productivity. The study
strengthens the argument that food security monitoring
should not rely only on crop indicators but should also in-
corporate land-use dynamics and hydrological variables.

M. Mustapha & M. Zineddine (2024) developed an
evaluative technique for analysing drought impacts on
agricultural land-use and land-cover variation using re-
mote sensing and machine learning. Their work shows
that combining satellite data, soil information, NDVI, and
machine learning methods can improve the identifica-
tion of drought-affected agricultural areas. This approach
is especially useful for early-warning systems, although
its reliability depends on data quality, model calibration,
and the availability of validation datasets. M.G. Alemu
& EA. Zimale (2025) integrated remote sensing and ma-
chine learning for agricultural drought early warning in the
Genale Dawa river basin in Ethiopia. Their study tracked
drought severity between 2003 and 2023 and demonstrated
that combined geospatial and machine-learning approach-
es can strengthen early warning capacity. The value of this
approach lies in its ability to transform environmental indi-
cators into operational risk information. However, as with
other predictive models, its practical use requires regular
recalibration and institutional capacity for interpretation.

Comparing these studies reveals several common con-
clusions. First, remote sensing is most effective when used
as a continuous monitoring tool rather than as a one-time
assessment method. Second, vegetation indices such as
NDVT are useful but insufficient on their own; stronger re-
sults emerge when NDVT is combined with soil moisture,
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precipitation, land-use, and socio-economic indicators.
Third, Sentinel-based systems offer high spatial resolution
and are particularly promising for smallholder agriculture,
while MODIS-based systems remain useful for long-term
regional drought monitoring. Fourth, remote sensing can-
not fully replace local knowledge or field validation, espe-
cially in complex agroecological systems where spectral
changes may result from multiple interacting causes.

From the perspective of conflict-affected food systems,
the most promising approach is therefore an integrated
GIS-based monitoring model that combines satellite-de-
rived vegetation indices, land degradation indicators, soil
moisture data, precipitation anomalies, conflict-event
data, and market indicators. Such a model can identify
not only where agricultural stress is occurring, but also
whether it is primarily driven by climatic, environmental,
infrastructural, or conflict-related factors. This distinction
is essential for designing appropriate humanitarian and
development interventions. Predictive analytics and arti-
ficial intelligence enable food security monitoring systems
to move beyond descriptive assessment toward anticipa-
tory decision support. In conflict-affected regions, where
risks evolve rapidly and nonlinearly, predictive models can
integrate meteorological data, vegetation indices, market
prices, conflict events, and population movement patterns
to estimate the probability of food shortages or humanitar-
ian crises (Funk et al., 2019).

Machine learning approaches, including random for-
ests, gradient boosting models, and time-series neural
networks, can identify nonlinear relationships between
climate stress, agricultural productivity, market volatili-
ty, and conflict intensity. These models may support early
warning, vulnerability mapping, and intervention priori-
tisation. However, their effectiveness depends heavily on
data completeness, contextual calibration, and institution-
al capacity for interpretation.

The reviewed literature consistently emphasises that
predictive analytics should complement rather than re-
place expert judgement. C. Funk et al. (2019) demonstrat-
ed the value of integrated predictive models for famine
forecasting, while P. Paillé et al. (2024) highlighted the
increasing role of Al-supported decision tools in human-
itarian operations. At the same time, concerns remain
regarding data gaps, algorithmic bias, explainability, and
accountability. Existing advances in explainable artifi-
cial intelligence, including SHAP-based interpretation
techniques, may improve the transparency of predictive
food-security models and facilitate their adoption by hu-
manitarian decision-makers (Lundberg & Lee, 2017). In
conflict settings, where data may be incomplete, manip-
ulated, or politically sensitive, predictive models must be
transparent, regularly validated, and interpreted through
local contextual knowledge.

Blockchain technology can contribute to food security
governance by improving transparency, traceability, and ac-
countability in food supply chains and humanitarian logis-
tics. Similar blockchain-based architectures have recently
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been proposed for refugee management and humanitarian
resource allocation, demonstrating their potential to im-
prove transparency and accountability in fragile govern-
ance environments (Abraha, 2025). Its decentralised and
immutable structure can reduce opportunities for data ma-
nipulation, fraud, and resource diversion, particularly in en-
vironments where institutional trust is weak (Sundarakani
& Ghouse, 2024). In conflict-affected regions, permissioned
blockchain systems are more appropriate than open public
blockchain architectures because they allow controlled ac-
cess, stakeholder-specific permissions, and more energy-ef-
ficient operation. Blockchain can be strengthened through
geo-tagging, digital signatures, and IoT-based monitoring
of storage or transport conditions. However, the technol-
ogy does not solve the problem of unreliable source data.
If incorrect or manipulated data are entered into the sys-
tem, blockchain merely preserves inaccurate information.

The literature therefore suggests that blockchain should
not be treated as a universal solution. B. Sundarakani
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& A. Ghouse (2024) emphasised its potential for improv-
ing transaction visibility and traceability, while B. Faith et
al. (2022) cautioned that technological transparency can-
not replace institutional accountability. Blockchain-based
systems are most useful when combined with independent
audits, community oversight, clear governance rules, and
reliable data validation mechanisms. The reviewed technol-
ogies differ in their primary functions, strengths, and lim-
itations. Mobile advisory systems are relatively accessible
and useful for household-level communication but depend
on mobile coverage and digital literacy. Remote sensing
and GIS provide the strongest environmental monitoring
capacity, especially in inaccessible areas, but require techni-
cal expertise and analytical infrastructure. Predictive ana-
lytics can strengthen early warning and resource allocation,
but its reliability depends on data quality and model trans-
parency. Blockchain can improve supply chain accountabil-
ity, but only when supported by institutional oversight and
valid source data, as summarised in Tables 1 and 2.

Table 1. Comparative assessment matrix of digital technologies for food security monitoring in conflict-affected regions

Technology Primary function

Main advantages

Relevance

Key limitati q .
€y muations for conflict-affected regions

Mobile-based Dissemination

Low implementation cost;
direct communication with

Dependence on mobile

advisory of agricultural, market, . coverage, electricity High
. . vulnerable populations; -
systems and weather information o access, and digital literacy
supports local participation
Remote Environmental and Large spatial coverage; Requires technical
. agricultural monitoring; continuous monitoring; expertise, satellite data .
sensing . . . " . ) Very High
detection of droughts,land  suitable for inaccessible processing capacity,
and GIS . . A
degradation, and crop stress and insecure areas and field validation
Predictive Early warning capability; Dependence on
analytics Risk forecasting identification of complex data quality; model Hich
and artificial and decision support risk patterns; supports  uncertainty; explainability &
intelligence resource prioritisation challenges
. i Governance requirements;
Blockchain- . Improved accountability; . Squt
Supply chain transparency . interoperability issues; .
based e tamper-resistant records; Medium
and traceability does not guarantee data
systems enhanced transparency

accuracy at input stage

Source: compiled by authors

Table 2. Comparative assessment of digital technologies supporting food security monitoring

Technology Main data sources

Spatial scale

Temporal scale Typical outputs

Mobile-based
advisory systems

Farmer reports, SMS surveys, local
extension data, market information

Household and
community level

Advisory messages, vulnerability

Daily to weekly profiles, market alerts

Satellite imagery (Sentinel,

GG ST Landsat, MODIS), weather data,

Local, regional,

Vegetation maps, drought

Near real-time LT
indicators, land-use change

and GIS . . g national to seasonal L
soil moisture indicators analysis, risk maps
. Multi-source databases, . Short- and Early warning alerts,
Predictive . - Community to - .
. conflict-event datasets, climate . medium-term food security forecasts,
analytics and Al national level . . . S
data, market data forecasting intervention prioritisation
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Table 2. Continued

Technology Main data sources

Spatial scale

Temporal scale Typical outputs

Blockchain-based ~Supply chain records, logistics data, Local to international
supply chains

systems digital transactions, IoT sensors

Traceability records, audit trails,

Continuous
transparency dashboards

Source: compiled by authors

Overall, the literature indicates that no single technolo-
gy can address the multidimensional nature of food insecu-
rity in conflict-affected regions. The highest strategic value
emerges when these tools are integrated into an interoperable
digital ecosystem. In such a system, mobile platforms pro-
vide local data, remote sensing captures regional environ-
mental dynamics, predictive analytics generates risk fore-
casts, and blockchain strengthens transparency in supply
chains. This integrated approach provides the strongest ba-
sis for proactive, evidence-based food security governance.

Building on the comparative assessment of digital
technologies, an integrated Digital Food Security Moni-
toring Framework is proposed. The framework combines
household-level monitoring, environmental observation,
supply-chain information, and contextual conflict-related
data within a unified governance-oriented architecture.
Figure 1 presents food security monitoring as a multi-lay-
ered socio-technical system operating under conditions of
conflict, climatic uncertainty, market volatility, and popu-
lation displacement.

[ Proposed Digital Food Security Monitoring Framework for Conflict-Affected Regions ]

EXTERNAL RISK ENVIRONMENT
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Soil Moisture) ) & Distribution Data, etc.
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Figure 1. Proposed digital food security monitoring framework for conflict-affected regions

Source: compiled by authors

The framework consists of five interconnected layers.
The first layer focuses on data collection from household,
environmental, market, and contextual sources. The sec-
ond layer ensures data integration, validation, storage, and
governance. The third layer transforms raw information
into decision-support outputs through descriptive and
predictive analytics. The fourth layer highlights the role of
institutional stakeholders, while the fifth layer translates
analytical results into operational outputs such as vulner-
ability assessments, early-warning alerts, and intervention
planning. While Figure 1 presents the conceptual logic of
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the proposed monitoring system, Figure 2 illustrates its op-
erational data architecture. The architecture specifies how
data flows from multiple sources through processing and
analytical layers before reaching decision-makers and hu-
manitarian actors. The architecture emphasises interopera-
bility, continuous feedback, and adaptive learning. By inte-
grating household surveys, Earth observation data, market
information, and contextual conflict indicators, the system
can generate near real-time assessments of food security
conditions and support evidence-based interventions in
fragile environments.
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[ Integrated Data Flow and Decision-Support Architecture ]
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Figure 2. Integrated data flow and decision-support architecture
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Table 3. Key risks and mitigation strategies for digital food security monitoring systems in conflict-affected regions

Risk . . Affected Technolo e
Example of Risk Potential Consequences . 8 Recommended Mitigation Measures
Category Domains
Technical Network outages, power Data loss, delayed Mobile systems, GIS ~ Offline functionality, cloud backup,
Risks interruptions, hardware reporting, interrupted  platforms, Al systems, redundant communication channels,
failures monitoring activities ~ blockchain networks decentralised data storage
- . Reduced reliability of . —
Data Missing observations, v .1 Y Remote sensing, Data validation procedures,
. . . forecasts, incorrect i . . .
Quality inaccurate reporting, . Al 'models, mobile  triangulation of multiple data sources,
. . . risk assessments, poor . o . .
Risks inconsistent datasets . . reporting systems periodic audits, field verification
decision-making
Weak governance Low sustainability, Capacity-building programmes,
Institutional  structures, insufficient poor system adoption, All technology stakeholder coordination mechanisms,
Risks technical expertise, ineffective coordination domains institutional ownership, long-term
fragmented responsibilities ~ among stakeholders funding strategies
Privacy violations, Loss of trust, reduced . . . .
. tvacy viotal push, rec Mobile systems, AI ~ Data protection policies, encryption,
Ethical unauthorised access to participation, . . .
. . . . systems, blockchain  informed consent procedures, ethical
Risks personal information, reputational and legal . .
. . databases oversight mechanisms
surveillance concerns risks
. - . Unequal access to . . . .
Digital divide, exclusion cnedua @ Mobile systems, Community engagement, inclusive
. . h information and . . - .
Social Risks  of vulnerable populations, . . digital platforms, AI- system design, multilingual interfaces,
- L services, biased . .
limited digital literacy o supported tools hybrid data collection methods
monitoring outcomes
Cyberattacks, Operational disruption, .
. YDe peratt cisrup GIS platforms, AI Cybersecurity protocols, access
Security manipulation of datasets, compromised data . .
. . . . . systems, blockchain  control systems, secure authentication,
Risks conflict-related destruction integrity, reduced system . .
. o networks contingency planning
of infrastructure reliability
. Lack of interoperability Duplication of effort, Adoption of common data standards,
Operational . Lo All technology . . .
. between platforms and information silos, . interoperable architectures, integrated
Risks domains . .
databases delayed responses information management frameworks
. . Insufficient long-term System degradation, Multi-year financing mechanisms,
Financial " 8 ysten Jegracaor All technology o yea §me :
Risks funding and maintenance  project discontinuation, domains public-private partnerships, phased

resources

technology obsolescence

implementation strategies

Source: compiled by authors
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Ethical and privacy-related concerns represent a criti-
cal challenge for digital food security monitoring systems.
Similar concerns have been identified in the application
of big-data analytics within fragile and conflict-affected
states, where weak governance structures may amplify
risks related to data misuse and exclusion (Idris, 2019).
Existing studies highlight risks associated with personal
data processing, group privacy, algorithmic accountabili-
ty, and the outsourcing of data governance responsibilities
in humanitarian contexts (Masinde et al., 2023; Diepe-
veen et al., 2025; Kreutzer et al., 2025). These challeng-
es underline the importance of transparent governance
arrangements, clear accountability mechanisms, and ro-
bust data protection measures when implementing digital
monitoring systems in conflict-affected environments.

@ lllustrative pilot implementation scenario

To demonstrate the practical applicability of the proposed
Digital Food Security Monitoring Framework, an illus-
trative pilot implementation scenario is presented. The
scenario is not intended as empirical validation but as a
conceptual operationalisation of the framework within a
realistic conflict-affected environment. Nyangezi, located
in South Kivu Province of the Democratic Republic of
Congo (DRC), represents a suitable illustrative context
due to its combination of chronic food insecurity, recur-
ring security challenges, agricultural dependence, and in-
frastructural limitations. Similar conditions are observed
in numerous conflict-affected regions across Sub-Saharan
Africa, making the area an appropriate reference point for
demonstrating the potential functionality of the proposed
monitoring system.

The local economy is predominantly based on small-
holder agriculture, while households remain highly vulner-
able to market disruptions, population displacement, cli-
matic shocks, and fluctuations in security conditions. These
characteristics create a complex environment in which
continuous food security monitoring could provide sub-
stantial decision-support value for both local stakeholders
and humanitarian actors. The illustrative monitoring sys-
tem would track a set of indicators representing all four
dimensions of food security. The availability dimension
would be assessed through indicators related to crop pro-
duction conditions, vegetation health, and the availability
of agricultural inputs. Food access would be monitored us-
ing measures such as market prices, the share of household
expenditure devoted to food, and transportation accessibil-
ity. The utilisation dimension would be evaluated through
indicators reflecting dietary diversity, meal frequency, and
nutritional status. Stability would be assessed by monitor-
ing conflict intensity, population displacement, climatic
anomalies, and market volatility.

© References

Based on the continuous collection and analysis of
these indicators, the system would generate a range of
operational outputs. These would include household vul-
nerability profiles, community-level food security dash-
boards, risk maps, early-warning alerts, and intervention
prioritisation reports. Such outputs could support local
authorities, humanitarian organisations, and development
agencies in making evidence-based decisions and allocat-
ing resources more effectively under rapidly changing and
uncertain conditions.

© Conclusions

This study examined the potential of digital technologies
to strengthen food security governance in conflict-af-
fected developing countries, with particular emphasis
on Sub-Saharan Africa. The review demonstrated that
mobile-based advisory systems, remote sensing and GIS
technologies, predictive analytics, artificial intelligence,
and blockchain-based solutions can significantly enhance
food security monitoring, risk assessment, and deci-
sion-making processes. The analysis further revealed that
technological effectiveness depends not only on technical
performance but also on institutional capacity, govern-
ance quality, stakeholder cooperation, and community
participation. Consequently, integrated digital ecosys-
tems offer greater potential for strengthening resilience
and supporting evidence-based interventions than isolat-
ed technological solutions.

Based on the reviewed literature, the study pro-
posed an integrated Digital Food Security Monitoring
Framework that combines household-level monitoring,
environmental observation, supply-chain information,
and predictive decision-support functions within a uni-
fied socio-technical architecture. The framework may
support governments, humanitarian organisations, and
development agencies in designing more adaptive and
data-driven food security monitoring systems for frag-
ile environments. Future research should focus on the
empirical validation of the proposed framework through
pilot implementation projects in conflict-affected re-
gions and on assessing the long-term effectiveness of
integrated digital monitoring systems under real-world
operational conditions.

© Acknowledgements
None.

© Funding

None.

© Conflict of Interest
None.

[1] Abraha, D.T. (2025). Blockchain-based solution for addressing refugee management in the Global South: Transparent
and accessible resource sharing in humanitarian organizations. Frontiers in Human Dynamics, 7, article number

1391163. doi: 10.3389/thumd.2024.1391163.

168

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1


https://www.frontiersin.org/journals/human-dynamics/articles/10.3389/fhumd.2024.1391163/full

Juhaszne & Rajnai

[2] Alemu, M.G., & Zimale, EA. (2025). Integration of remote sensing and machine learning algorithm for agricultural
drought early warning over Genale Dawa river basin, Ethiopia. Environmental Monitoring and Assessment, 197, article
number 243. doi: 10.1007/s10661-025-13708-0.

[3] Bellemare, M.E. (2015). Rising food prices, food price volatility, and social unrest. American Journal of Agricultural
Economics, 97(1), 1-21. doi: 10.1093/ajae/aau038.

[4] Besenyd, J., & Sélyomfi, A.H. (2024). Mali: Safe heaven to terrorist? In J. Besenyd, L. Issaev & A. Korotayev (Eds.),
Terrorism and political contention. Perspectives on development in the Middle East and North Africa (MENA) Region
(pp- 153-167). Cham: Springer. doi: 10.1007/978-3-031-53429-4 8.

[5] Briick, T., d’Errico, M., & Pietrelli, R. (2019). The effects of violent conflict on household resilience and food security.
World Development, 119, 203-223. doi: 10.1016/j.worlddev.2018.01.002.

[6] Burke, M., Driscoll, A., Lobell, D.B., & Ermon, S. (2016). Using satellite imagery and machine learning to predict
poverty. Science, 353(6301), 790-794. doi: 10.1126/science.aaf7894.

[7] Devidal, P. (2024). Lost in digital translation? The humanitarian principles in the digital age. International Review
of the Red Cross, 106(925), 120-154. doi: 10.1017/S181638312400008.

[8] Diepeveen, S., Bryant, J., & Wasuge, M. (2025). Outsourcing accountability: Extractive data practice and inequities
of power in humanitarian third-party monitoring. Big Data ¢ Society, 12(1). doi: 10.1177/20539517251328250.

[9] Faith, B., Roberts, T., & Hernandez, K. (2022). Risks, accountability and technology: Thematic working paper. Brighton:
Institute of Development Studies. doi: 10.19088/BASIC.2022.003.

[10] FAO. (2023). The state of food security and nutrition in the world 2023. Retrieved from https://doi.org/10.4060/
cc3017en.

[11] Funk, C., et al. (2019). Recognizing the famine early warning systems network: Over 30 years of early warning science
advances and partnerships promoting global food security. Bulletin of the American Meteorological Society, 100(6),
1011-1027. doi: 10.1175/BAMS-D-17-0233.1.

[12] GNAFC. (2023). Global report on food crises 2023. Retrieved from https://www.fsinplatform.org/report/global-
report-food-crises-2023.

[13] Heiss, N., Meier, J., Gessner, U., & Kuenzer, C. (2025). A review: Potential of Earth observation (EO) for mapping small-
scale agriculture and cropping systems in West Africa. Land, 14(1), article number 171. doi: 10.3390/land14010171.

[14] Idris, I. (2019). Benefits and risks of big data analytics in fragile and conflict affected states. Brighton: Institute
of Development Studies.

[15] Jain, M., Mondal, P, DeFries, R.S., Small, C., & Galford, G.L. (2016). Mapping cropping intensity of smallholder
farms: A comparison of methods using multiple sensors. Remote Sensing of Environment, 134, 210-223. doi: 10.1016/j.
rse.2013.02.029.

[16] Juhdsz, P.G., & Szeremley, C. (2024). Work of a local NGO VETO, in contrast with the international organisations
in the Eastern Congo. Journal of Central and Eastern European African Studies, 3(3), 18-39. doi: 10.59569/
jceeas.2023.3.3.221.

[17] Juhaszné,S.V.(2024). Food terrorismasareal threat. In T.A. Kovacs &I. Fiirstner (Eds.), Critical infrastructure protection:
Advanced technologies for crisis prevention and response (pp. 177-188). Dordrecht: Springer. doi: 10.1007/978-94-024-
2308-2 12.

[18] Justino, P. (2012). War and poverty. IDS Working Papers, 2012, 21-29. doi: 10.1111/.2040-0209.2012.00391 x.

[19] Kamilaris, A., & Prenafeta-Boldu, EX. (2018). Deep learning in agriculture: A survey. Computers and Electronics
in Agriculture, 147, 70-90. doi: 10.1016/j.compag.2018.02.016.

[20] Kovécs, G., & Spens, K.M. (2007). Humanitarian logistics in disaster relief operations. International Journal of Physical
Distribution & Logistics Management, 37(2), 99-114. doi: 10.1108/09600030710734820.

[21] Kreutzer, T., Orbinski, J., Appel, L., An, A., Marston, ., Boone, E., & Vinck, P. (2025). Ethical implications related to
processing of personal data and artificial intelligence in humanitarian crises: A scoping review. BMC Medical Ethics,
26, article number 49. doi: 10.1186/s12910-025-01189-2.

[22] Lundberg, S.M., & Lee, S.-I. (2017). A unified approach to interpreting model predictions. In NIPS’17: Proceedings
of the 31* international conference on neural information processing systems (pp. 4768-4777). Long Beach: Neural
Information Processing Systems Foundation.

[23] Martin-Shields, C.P., & Stojetz, W. (2019). Food security and conflict: Empirical challenges and future opportunities.
World Development, 119, 150-164. doi: 10.1016/j.worlddev.2018.07.011.

[24] Masinde, B.K., Gevaert, C.M., Nagenborg, M.H., & Zevenbergen, J.A. (2023). Group-privacy threats for geodata in
the humanitarian context. ISPRS International Journal of Geo-Information, 12(10), article number 393. doi: 10.3390/

ijgi12100393.
[25] Moisa, M.B., Roba, Z.R., Purohit, S., Deribew, K.T., & Gemeda., D.O. (2025). Evaluating the impact of land use and

land cover change on soil moisture variability using GIS and remote sensing technology in southwestern Ethiopia.
Environmental Monitoring and Assessment, 197, article number 824. doi: 10.1007/s10661-025-14301-1.

Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1 169 |


https://doi.org/10.1007/s10661-025-13708-0
https://onlinelibrary.wiley.com/doi/abs/10.1093/ajae/aau038?__cf_chl_tk=3qEY2ShHxJ7aNoUvY8Y.A76QOUww2iFObhoGkqPLALM-1782211351-1.0.1.1-7vhHRpU68VNNYbcoCEf1Y_wi7HSNQ4uyRXInON0U7gU
https://doi.org/10.1007/978-3-031-53429-4_8
https://www.sciencedirect.com/science/article/pii/S0305750X18301566
https://www.science.org/doi/10.1126/science.aaf7894
https://www.cambridge.org/core/journals/international-review-of-the-red-cross/article/lost-in-digital-translation-the-humanitarian-principles-in-the-digital-age/A4E233798E3AFA2516FEAA750E249AA3
https://doi.org/10.1177/20539517251328250
https://pdfs.semanticscholar.org/aae7/aec2037700cb158701bb993ad8d9cff967ff.pdf
https://doi.org/10.4060/cc3017en
https://doi.org/10.4060/cc3017en
https://doi.org/10.1175/BAMS-D-17-0233.1
https://www.fsinplatform.org/report/global-report-food-crises-2023
https://www.fsinplatform.org/report/global-report-food-crises-2023
https://www.mdpi.com/2073-445X/14/1/171
https://opendocs.ids.ac.uk/articles/report/Benefits_and_Risks_of_Big_Data_Analytics_in_Fragile_and_Conflict_Affected_States/26430844?file=48080617
https://www.sciencedirect.com/science/article/abs/pii/S0034425713000783?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0034425713000783?via%3Dihub
https://jceeas.bdi.uni-obuda.hu/index.php/jceeas/article/view/221
https://jceeas.bdi.uni-obuda.hu/index.php/jceeas/article/view/221
https://doi.org/10.1007/978-94-024-2308-2_12
https://doi.org/10.1007/978-94-024-2308-2_12
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.2040-0209.2012.00391.x
https://doi.org/10.1016/j.compag.2018.02.016
https://doi.org/10.1108/09600030710734820
https://doi.org/10.1186/s12910-025-01189-2
https://dl.acm.org/doi/10.5555/3295222.3295230
https://doi.org/10.1016/j.worlddev.2018.07.011
https://doi.org/10.3390/ijgi12100393
https://doi.org/10.3390/ijgi12100393
https://doi.org/10.1007/s10661-025-14301-1

Harnessing digital technologies for food security...

[26] Moomen, A.W., Yevugah, L.L., Boakye, L., Osei, ].D., & Muthoni, F. (2024). Review of applications of remote sensing
towards sustainable agriculture in the Northern Savannah Regions of Ghana. Agriculture, 14(4), article number 546.
doi: 10.3390/agriculture14040546.

[27] Mubonderi, N., Manyevere, A., & Mashamaite, C.V. (2025). Optical remote sensing for monitoring soil erosion in
sub-Saharan grassland biomes: A systematic review. Environmental Monitoring and Assessment, 197, article number
976. doi: 10.1007/s10661-025-14426-3.

[28] Mustapha, M., & Zineddine, M. (2024). An evaluative technique for drought impact on variation in agricultural
LULC using remote sensing and machine learning. Environmental Monitoring and Assessment, 196, article number
515. doi: 10.1007/s10661-024-12677-0.

[29] Paillé, P, Besse, J., Toole, H., Politi, C., Viswanathan, S., Namirembe, E., & Ohrvik-Stott, J. (2024). Emerging technologies
in the humanitarian sector. Retrieved from https://www.rand.org.

[30] Rajnai, Z., & Fregan, B. (2016). Critical infrastructures protection (legislation). Technical Scientific Publications, 5,
349-352. doi: 10.33895/mtk-2016.05.78.

[31] Raleigh, C., Linke, A., Hegre, H., & Karlsen, J. (2010). Introducing ACLED: Armed conflict location and event dataset.
Journal of Peace Research, 47(5), 651-660. doi: 10.1177/0022343310378914.

[32] Serraj, R., & Pingali, P. (2018). Agriculture and food systems to 2050: Global trends, challenges and opportunities.
Singapore: World Scientific. doi: 10.1142/11212.

[33] Sundarakani, B., & Ghouse, A. (2024). A systematic literature review and bibliometric analysis of blockchain
technology for food security. Foods, 13(22), article number 3607. doi: 10.3390/foods13223607.

[34] von Grebmer, K., et al. (2023). 2023 Global Hunger Index: The power of youth in shaping food systems. Retrieved from
https://www.globalhungerindex.org/pdf/en/2023.pdf.

[35] Wolfert, S., Ge, L., Verdouw, C., & Bogaardt, M.-]. (2017). Big data in smart farming - a review. Agricultural Systems,
153, 69-80. doi: 10.1016/j.agsy.2017.01.023.

1170 Ecological Safety and Balanced Use of Resources, 2026, Vol. 17, No. 1


https://doi.org/10.3390/agriculture14040546
https://link.springer.com/article/10.1007/s10661-025-14426-3
https://link.springer.com/article/10.1007/s10661-024-12677-0
https://www.rand.org/content/dam/rand/pubs/research_reports/RRA3100/RRA3192-1/RAND_RRA3192-1.pdf
https://doi.org/10.33895/mtk-2016.05.78
https://www.jstor.org/stable/20798933
https://doi.org/10.1142/11212
https://doi.org/10.3390/foods13223607
https://www.globalhungerindex.org/pdf/en/2023.pdf
https://doi.org/10.1016/j.agsy.2017.01.023

Juhaszne & Rajnai

BukopuctaHHA uMppoBUX TEXHONOrIN ANA NPOAOBO/IbYOI 6e3nekn
B KpaiHaXx, Lo PO3BUBAlOTbCA: aKLLEHT Ha perioHax, AKi NocTpaXxaanu
BiA KOHPNIKTY (ornapg nitepartypm)

Cinbeia Bepew lOxaluHe

AcnipaHT

[JokTopcbka wkona Hayk 3 6e3nekn O6yaCcbKOro yHiBEpPCUTETY
1081, Byn. Népszinhaz, 8, m. byganewuT, YropLmHa
https://orcid.org/0000-0003-0421-6119

3onTtaH PapxHai

MpopekTop

O6yacbknin yHiBepcutet

1034, Byn. Bécsi, 96/B, M. byganewuT, YroplinHa
https://orcid.org/0000-0002-9139-736X

© Auortauis. [IpofoBonbua He3abe3MeveHicTh CTaa Ieflajli TOCTPIIIO TI06aTBHO TPO6GIEMOI0, 0COONMUBO B KpaiHax,
110 PO3BMBAIOTbCA Ta IOTEPIAIOTD Bifl KOH(bniKTiB, e 36p0171He HaCUIbCTBO, KIIMAaTUYHI MOTPSACIHHA, IHCTUTYIIiIHA
HeCTabUIbHICTh | NMOPYILIEHHSI PUHKOBMX MEXaHI3MIB Mif[pMBAIOTH CTIMKICTb IIPOZOBOBYMX CUCTEM 1 3arpOXXyIOTh
CTa/IOMy PO3BUTKY. MeTo10 Iji€i cTaTTi 6y/10 FOCTIANTIH, K 1 POBI TEXHOIOTI MOXXYTh CIIPUSTH 3MIIHEHHIO YIPAB/IiHHI
IIPOJOBO/ILYOIO0 0E3IIEKOI0 B PerioHaX, ypakeHNX KOoH(IiKTaMu, 3 0COOIMBMM aKIleHTOM Ha KpaiHax AQpUKY Ha MiBJleHDb
Big Caxapy, a TaKOX pO3pOOIeHH:A iHTerpOBAHOI CHCTeMM IiATPUMKI MOHITOPMHIY Ta IPOLECiB IPUITHATTA pillleHb.
Y mocnimKeHHi 3aCTOCOBAHO SKICHUI MifXif, 110 6a3yBch;1 Ha IHTerpaTUBHOMY OIJIA/IL JiTepaTypu, NOPIBHATBHOMY
aHasIsi KeviciB i po3poO/IeHHI KOHIIENTya/IbHOI MOferi. PesybraTyt ZOCIipKeHHs 3acBigamm, mo unppoBi TeXHOIOrII
MOXYTb CYTTEBO MiABMINNTY eQEKTUBHICTh MOHITOPMHTY Ta VIpPABIiHHSA INPOJOBOIBYION OE€3IEKOK 3aBMIsKI
HOKpAIIeHHIO JOCTYIHOCTI iHdopMalil, Ipo30opoCTi JTAaHIIOrB IIOCTa4YaHH:A, OLIHIOBAHHA PU3MKIB i MOX/IMBOCTEN
CICTEM PAHHBOTO IoMepepKeHHs. MoOIIbHI KOHCY/IbTALiHI CepBiCcH CHPUSIIOTH KOMYHIKAIi 3 ypasIMBUMM IpynaMu
HaceJIeHHA Ta MiATPUMYIOTb IPUIHATTA pillleHb y CiTbCbKOMY TOCIIOHAPCTBi. TeXHOMOTil AMCTaHLiHOTO 30HAYBaHHA
3emsi Ta reoindopmaniitHi cucreMu 3a0e3nedyrOTh OeslepepBHE CIOCTEPEKEHHA 3a CTAHOM JIOBKI/ULA JI arpapHOro
CEeKTOpPY, TOAl fAK pillleHHA Ha OCHOBI OIOKYeNHYy MOXYTb IiBUIIVTU IIPO30OPICTb i Mifi3BITHICTH Y IPOLOBOIBYNX
JIAHITIOTaX MocTavaHH:A. KpiM Toro, mpeayKTINBHA aHAMITHKA Ta INTYYHNI iHTeNeKT BiJKpMBAaIOTh HOBi MOXKIMBOCTI A/
IPOTHO3YBaHHA PU3MKIB IPOJOBOILYOI Oe3IIeKy Ta MifTPUMKY I'yMaHiTapHNUX 3aXOfiB, IO IPYHTYIOTbCA Ha JOKa30BIX
maHVX. Ha 0CHOBI OTpYMaHNX pe3y/IbTaTiB 3alIpOIIOHOBAHO iHTerpOBaHy UN(POBY CUCTEMY MOHITOPYHIY IIPOJOBOIBYO
OesIex, sIKa MMOEHYE MOHITOPUHT Ha PiBHI JOMOTOCIIOFAPCTB, €KOIOTiUHE CIIOCTEPEKEHHsI, 3a0e3MeIeHHs IPO30POCTi
JIAHLIOTiB IIOCTa4aHHA Ta (YHKUIl IPOrHO3HO-aHAITMYHOI MiTPUMKYM HPUIHATTA pillleHb y MeXaxX €gUHOI
COIIOTeXHIYHOI cucTeMu. TaKoX IpefCcTaB/IeHO IMIOCTPaTUBHNI CIIeHAPill MiIOTHOTO BIPOBA>KEHHA [/ISI eMOHCTpaIlil
IPaKTUYHOI MPUATHOCT] 3amponoHoBaHoi Mofeni. OTpuMaHi pe3ymbTaTy MOXKYTb 6yTM KOPMCHMMM Ji/IA TOMITHKIB,
ryMaHiTapHMX OpraHisaiill, areHuiit po3BUTKY Ta (axiBIiB y chepi IpofoBombol Ge3mexn mif 1ac po3pobmeHHs 6inbI
e eKTUBHIIX, OpPIEHTOBAHNUX Ha JIaHi Ta CTIMKIiCTb CHCTEM MOHITOPMHIY B YMOBaX KOH(IIKTIB

© Kniovosi cnosa: micTaHIiiiHe 30H/JYBaHH:A 3eMJTi; IPeAVKTNBHA aHATITIKA; TYMaHiTapHa JIOTICTHKA; 3aCTOCYBAHHA
610K 4erIHY; YIIPaB/IiHHS CTIMKICTIO; CUCTEMM PAHHBOTO IIOIEPeIKEHHS
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