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ANALYSIS AND IMPROVEMENT OF CHEMICAL POLLUTION DISPERSION MODELS
IN THE ENVIRONMENT

Purpose. To develop and analytically substantiate a model for assessing the chemical situation during ac-
cidents at chemically hazardous facilities, taking into account the specific features of the formation of primary and
secondary chemical contamination.

Methods. The study uses an integrated analytical approach to modeling chemical contamination scenarios
by applying modified atmospheric diffusion equations, formulas for calculating the mass of substance evaporation,
the duration of cloud formation, and its spatial dispersion.

Results. Special attention is paid to incorporating the roughness of the underlying surface, which affects
the parameters of toxic cloud dispersion, and to determining the depth of impact zones depending on the type of
hazardous substance, meteorological conditions, and site characteristics. The surface roughness parameter was in-
troduced to account for terrain heterogeneity. Calculations were performed for various categories of hazardous
substances (ammonia, chlorine) under typical conditions for Ukraine. Reference and regulatory data, as well as
algorithms and scenarios from practical assessments of chemical situations, were used. Based on the developed
model, calculations of the affected area for typical chemically hazardous facilities were performed; the penetration
depth of toxic clouds was determined depending on the type of underlying surface, wind speed, and temperature.
It was shown that accounting for roughness increases the accuracy of assessments by 12—18%, which is critical
for operational decision-making. It was also established that the secondary cloud forms an additional risk zone,
which under certain conditions may exceed the area of primary contamination. The model’s applicability for use
in environmental monitoring and forecasting the consequences of man-made accidents was demonstrated.

Conclusions. The proposed model allows for the consideration of topographic and meteorological factors
in assessing chemical contamination. This improves the accuracy of determining the boundaries of affected zones
and can be integrated into decision-support systems for rapid response by emergency services, environmental
monitoring, and territorial planning under conditions of potential man-made hazards.

KEYWORDS: chemically hazardous facility, chemical situation, secondary contamination, affected zone,
surface roughness, highly toxic substance
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Introduction
The expansion of chemical production harm to the population, degradation of ecosys-
and the intensification of hazardous material tems, and significant economic losses. This
transport have led to a growing risk of emer- problem becomes particularly acute in the con-
gency situations involving the release of toxic text of increasing urban density, infrastructure
inhalation-hazardous substances into the envi- development, and the concentration of poten-
ronment. Such events can cause large-scale tially hazardous industrial facilities in close
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proximity to residential areas. Modern ap-
proaches to ensuring environmental and tech-
nogenic safety demand the development of reli-
able methods for predicting the spatiotemporal
dynamics of hazardous chemical cloud disper-
sion, as well as assessing the potential conse-
quences for both human health and the environ-
ment. However, the application of existing
models is associated with a number of limita-
tions. Classical Gaussian models fail to account
for complex terrain and urban structures, engi-
neering models for dense gases often overlook
phase transitions and secondary evaporation,
and highly detailed computational fluid dynam-
ics (CFD) approaches require significant com-
putational resources, making them impractical
for real-time emergency response.

Numerous studies by both domestic and
international researchers propose various ap-
proaches to the modeling of accidental releases
of hazardous substances. Accidental emissions
of toxic compounds remain one of the most
pressing issues in the fields of ecological and
technogenic safety. Contemporary research in-
creasingly focuses not only on the modeling of
toxic cloud dispersion but also on the organiza-
tion of evacuation procedures. For example,
Yoo and Choi demonstrated the effectiveness of
using GIS tools to develop risk maps and opti-
mize evacuation plans in the event of chemical
spills in South Korea [1]. The authors empha-
sized that geoinformation analysis helps to min-
imize evacuation time and reduce the risk of
cloud exposure to the population; however, their
study did not account for the complex physical
processes underlying the formation of primary
and secondary chemical clouds. Hou et al. con-
ducted a large-scale review of hazardous chem-
ical leakage accidents in China [2]. Their re-
search showed that organizational factors (such
as imperfect monitoring systems and delayed
responses) play a role as significant as technical
factors. Nevertheless, the authors also under-
scored the lack of scenario-based models capa-
ble of predicting the spatiotemporal dynamics
of toxic clouds in real time. Lacome et al. exam-
ined the discrepancies in atmospheric disper-
sion modeling approaches used to assess acci-
dent consequences in Europe [3]. Their compar-
ison revealed considerable divergence in results
depending on the selected models and parame-
terizations, highlighting the need for harmoni-
zation of methods and the development of
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unified evaluation criteria. However, the article
does not propose a universal model suitable for
complex urban environments. Significant pro-
gress in physically grounded modeling is
demonstrated in the work of Weger and col-
leagues, who developed the LES-based
CAIRDIO model for urban-scale applications
[4]. This model is capable of accounting for the
influence of buildings, vegetation, and complex
geometries, resulting in highly realistic
transport scenarios. Its primary drawback is
computational complexity, which limits its usa-
bility in real-time applications. A more applied
approach was taken by Liptak et al., who inte-
grated a Lagrangian model into the ESTE sys-
tem for predicting pollution dispersion in urban
environments [5]. The authors demonstrated
that it is possible to strike a balance between
computational efficiency and modeling accu-
racy. However, their model remains limited in
its ability to simulate turbulent effects. Di Ni-
cola and co-authors proposed a new method for
representing surface roughness in urban disper-
sion models [6]. Their approach enables more
accurate accounting of buildings and other ob-
structions, making the models more realistic.
However, the study was not tested against actual
accident scenarios involving the release of toxic
substances. Field experiments such as Jack Rab-
bit II are of critical importance, and their results
have been published by Gant et al. [7]. This
study tested chlorine dispersion modeling and
compared several dense gas models with real-
world measurements. The authors found that
even the most advanced models struggle to ac-
curately reproduce peak concentrations, which
highlights the continuing need for improvement
in modeling techniques. In general, studies [1 —
7] cover a wide spectrum of approaches—from
organizational aspects of emergency response
to high-fidelity CFD simulations. Nonetheless,
there remains a clear need for the development
of a comprehensive model that combines spati-
otemporal accuracy with the capability for rapid
deployment in civil protection systems.

Further research has significantly deep-
ened the understanding of dense gas dispersion
mechanisms and the advancement of predictive
models. For example, Fox et al. summarized the
results of the Jack Rabbit II field experiments
and the comparative methods used for disper-
sion modeling [8]. The authors emphasized that
experimental data are critically important for
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validating model performance but also demon-
strated significant discrepancies between the re-
sults of different approaches, especially under
conditions of intense turbulence. Spicer and co-
authors proposed a simplified source descrip-
tion for use in the Jack Rabbit II modeling
framework [9]. This approach considerably re-
duces uncertainty in input data yet also revealed
that even precise field measurements do not al-
ways allow for adequate characterization of the
initial cloud formation phase. This highlights
the need to develop more flexible initial condi-
tion modules within models. In their classical
works, Hanna and Chang formulated ac-
ceptance criteria for evaluating the performance
of urban dispersion models [10]. These criteria
(FB, NMSE, FAC2, etc.) are still used today as
a benchmark in contemporary studies. How-
ever, their application in complex urban settings
remains a subject of debate, as real-world dis-
persion processes may deviate from underlying
statistical assumptions. A major contribution to
the development of engineering models was
made by Fthenakis and colleagues, who re-
viewed and advanced the HGSYSTEM model-
ing framework for dense gas scenarios [11]. The
model has been widely used in regulatory doc-
uments, but it exhibits significant limitations in
accounting for complex terrain and urban envi-
ronments. Earlier, Spicer and Havens validated
the DEGADIS model through full-scale field
trials [12], which was among the first attempts
to use dense gas models for validated impact
zone assessment. However, today this model is
considered outdated due to its limited ability to
reproduce dynamic behavior under complex en-
vironmental conditions. More recent CFD-
based studies by Bellegoni et al. demonstrated
that even small infrastructural barriers such as
perimeter walls can substantially alter the trajec-
tory of LNG vapor clouds [13]. This underlines
the importance of detailed consideration of infra-
structure features in any dispersion forecast.

In Ukrainian research, Amelina et al. ex-
amined accidental ammonia leakage scenarios
from pipelines [14]. The authors employed a
mathematical model to calculate near-surface
air concentrations. The significance of this work
lies in the adaptation of modeling techniques to
the specific conditions of national infrastruc-
ture. However, further integration of modern
CFD and GIS technologies is required. Thus,
studies [8—14] illustrate the evolution from clas-
sical empirical approaches to experimentally
validated and CFD-based solutions that incor-
porate complex infrastructural and
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topographical factors. At the same time, the
challenge remains to combine computational ef-
ficiency, accuracy, and spatial resolution in a
single integrated system.

Contemporary research also highlights
the need to consider national and regional spec-
ificities. Rusin et al. analyzed the safety of
transporting ~ methane—ammonia  mixtures
through pipelines [15]. The authors demon-
strated that even minor leaks can pose signifi-
cant hazards due to the combined toxic and fire
effects. This study emphasizes the importance
of comprehensive risk assessment within trans-
portation systems. Significant steps towards the
integration of CFD and GIS were made by Wu
and colleagues [16], who developed a system
combining CFD modeling with geoinformation
technologies for rapid prediction of pollution
consequences. This approach enables the crea-
tion of interactive scenarios for crisis manage-
ment, although its implementation requires high
computational resources. Jiao et al. developed
machine learning models for the quantitative as-
sessment of accident consequences [17]. The
use of gradient boosting and neural networks al-
lowed for rapid prediction of impact zones and
potential casualties. However, the model’s accu-
racy is constrained by its dependence on train-
ing datasets, which may not generalize well to
atypical conditions. Qian and colleagues
demonstrated the application of LSTM net-
works for the direct prediction of toxic gas dis-
persion in real-world emergencies [18]. The au-
thors showed that deep learning models are ca-
pable of generalizing the dispersion dynamics
of various substances; however, the issue of re-
sult interpretability remains unresolved. Finally,
Viudez-Moreiras, in his editorial article, sum-
marized recent advances in atmospheric model-
ing and emphasized the importance of integrat-
ing physical and machine learning approaches
[19]. The author argued that the future lies in
hybrid models that combine CFD, empirical
methods, and artificial intelligence algorithms.
Overall, studies [15—19] illustrate current trends
toward integrating classical and modern ap-
proaches, incorporating GIS and Al in forecast-
ing, and adapting modeling techniques to re-
gional contexts. Nonetheless, challenges remain
regarding model accuracy, computational per-
formance, and universality.

At the same time, several critical issues
remain unresolved. In particular, there is a need
to develop a unified approach that combines the
precision of physically based models, the ability
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to account for topographical and meteorological
conditions, source parameters, and infrastruc-
tural features, while also ensuring sufficient
computational speed for real-time use in moni-
toring and emergency response

The purpose of study is to develop and jus-
tify a mathematical model for the dispersion of

toxic clouds in the environment during acci-
dental releases at chemically hazardous facilities.

The model accounts for the physico-
chemical properties of substances, site-specific
topographical features, and meteorological con-
ditions, and it is designed to be integrated into
environmental and technogenic safety systems.

Methodology

The object of study comprises chemically
hazardous facilities (CHFs) where highly toxic
substances (HTSs), particularly ammonia and
chlorine, are stored or used. The research fo-
cuses specifically on assessing the chemical sit-
uation (CS) that arises during emergency re-
leases of HTSs, as well as forecasting the spatial
extent of contamination zones, taking into ac-
count topographical, atmospheric, and physico-
chemical factors.

The methodology is grounded in a sys-
tems analysis of the physical processes that ac-
company the rupture of HTS storage tanks, the
formation of both primary and secondary toxic
clouds, their subsequent dispersion, and their
environmental impact. To simulate accident
scenarios, a formula-based assessment scheme
was developed. This scheme includes: the cal-
culation of the spill area for HTSs; estimation of
the quantity of substance transitioning into the
primary and secondary clouds; determination of
the dispersion depth for both primary and sec-
ondary clouds; incorporation of surface rough-
ness effects via the introduction of the parame-
ter z,; calculation of the evaporation time of
HTSs from the surface of the spill; and the esti-
mation of the time required for the cloud to
reach a specified boundary.

The mathematical modeling is based on
atmospheric diffusion equations (modified
Gaussian models), adapted to the near-surface
air layer, which is especially relevant for local-
ized emergency situations. All formulas were
derived or adapted in accordance with [20]. The
vertical stability of the atmosphere is described
using the Pasquill stability classification (A-F),
which influences the dispersion coefficients in
the calculations. The model also incorporates an
analysis of substance toxicity using the inhala-
tion toxic dose index (PCt50). It allows for the
variation of input parameters for both hypothet-
ical and real-world facilities, including: the
quantity of substance (100-200 tons), type of
surface (flat, grassy, urban), wind speed, atmos-
pheric conditions, distance to populated areas,
and more. Calculations were carried out using
analytical modeling tools implemented in Mi-
crosoft Excel, followed by validation through
comparison with real-life accident data (in par-
ticular, the 2007 ammonia release in Lviv Ob-
last, Ukraine) [21]. The methodology is in-
tended for use in environmental monitoring,
technogenic safety management, and the devel-
opment of automated decision-support systems
(DSS) for emergency response.

Results and Discussion

For many years, the Incident and Emer-
gency Centre (IEC) has operated within the
structure of the International Atomic Energy
Agency (IAEA), receiving real-time information
from nuclear facilities around the world. Based
on incoming data, one of three response modes —
"routine readiness," "basic response,” or "full re-
sponse" — is selected, depending on the signifi-
cance and degree of environmental hazard posed
by the event. However, the methodological sup-
port and decision-making tools available for the
prevention of ecologically hazardous emergen-
cies remain insufficiently developed.

According to the Law of Ukraine “On
National Security of Ukraine” (No. 2469-VIII
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of June 21, 2018), state policy in the fields of
national security and defense is aimed at ensur-
ing Ukraine’s military, foreign policy, state,
economic, informational, environmental, criti-
cal infrastructure, and cyber security, as well as
other areas of national interest.

Within the territory of Ukraine, the fol-
lowing categories of chemically hazardous fa-
cilities (CHFs) can be identified:

e Plants and complexes in the chemical in-
dustry, as well as individual units and installa-
tions that manufacture or use highly toxic sub-
stances (HTSs);

¢ Oil refining facilities and associated in-
dustrial complexes;
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e Enterprises in other industrial sectors that
utilize HTSs in their processes;

¢ Facilities with refrigeration systems, wa-
ter pumping stations, and treatment plants using
chlorine or ammonia;

¢ Transport vehicles, including rail tankers,
road tankers, containers, and river or sea tankers
used for transporting chemical products;

e Warchouses and depots storing pesticide
reserves for agricultural use, among others.

It has been established that the territorial
distribution of potentially hazardous industrial
facilities is characterized by different sectoral
structures across specific economic regions. For
instance, in the Podillia and Central economic re-
gions, potentially hazardous food industry enter-
prises dominate (according to the Classifier of
Potentially Hazardous Objects, 2006, Code 460),
including livestock farms, poultry plants, meat-
processing plants, and feed antibiotic factories.
In contrast, the Dnipro and North-Eastern re-
gions primarily house enterprises of the heavy
and chemical industries (Codes 340 and 100).

The situation is further complicated by
frequent and irresponsible violations of techno-
genic safety regulations. The poorest compliance
with safety measures has been recorded in the
following oblasts: Volyn (only 50% of safety
measures implemented), Zaporizhzhia (37%),
Lviv (46%), Odesa (25%), Ternopil (45%),
Kharkiv (49%), and Chernivtsi (38%). Further-
more, only 3.6% of potentially hazardous facili-
ties are equipped with early detection systems for
emergencies and public alert systems. The imple-
mentation of early warning systems is further
supported by international experience: such sys-
tems are deployed at strategically important sites
in the United States, as well as chemically haz-
ardous sites in Germany and other EU countries.

Thus, it is necessary to intensify efforts to
develop effective national and international
mechanisms for the prompt notification and re-
sponse in cases of incidents or potential threats
at critical and potentially hazardous sites.

One way to meet the high demands for
timeliness and quality of decision-making in
critical situations is to employ automated deci-
sion support systems (DSS) or expert systems.
Such systems must possess the following core
functionalities:
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1. The ability to process poorly formal-
ized, vague, and incomplete input information
about critical situations;

2. The capacity to accumulate knowledge
about past critical incidents for the purpose of
learning from past emergency response experi-
ence;

3. Ease of working with large datasets, in-
cluding the ability to synthesize heterogeneous
information on emergencies and provide high-
speed access to such data.

A general structure of such a decision
support system is presented in Figure 1.

The stated requirements must be based on
the software framework of the system. For the
efficient implementation of operational algo-
rithms, the software should be grounded in a
model or a formula-based scheme for chemical
environment assessment.

Chemical environment assessment is a
sequence of procedures aimed at obtaining val-
ues of chemical contamination indicators. These
indicators can be classified into several groups:

— in the context of evaluating an environ-
mentally hazardous chemical situation, the pri-
mary task is to determine the following groups
of indicators: the extent of chemical contamina-
tion, the duration of contamination, and the haz-
ard level posed by the contamination;

— to determine spatial indicators of che-
mical contamination (extent), the dimensions of
the destruction zone and chemical contamina-
tion zones are established;

— to determine duration indicators of con-
tamination, parameters such as the time re-
quired for the toxic cloud to reach a specified
boundary and the duration of the damaging ef-
fects of the hazardous substance are calculated;

— to determine hazard indicators, the as-
sessment includes the estimation of potential
chemical casualties among the population and
industrial personnel.

To develop a methodology for assessing the
chemical environment, it is necessary to examine
the processes occurring during the destruction of
a chemically hazardous facility (CHF). This can
be done using a combination of existing mathe-
matical models that describe: the contamination
source; atmospheric dispersion of pollutants; and
the toxic effects of hazardous substances on the
population and industrial personnel.
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Fig. 1 — Schematic Diagram of Environmental Safety Assurance in the Event of Chemical
Contamination Caused by Accidents at Chemically Hazardous Facilities

A preliminary step in developing the ap- — the radius (Ryp) and area (S;p) of the de-
propriate methodology for chemical environ- struction zone;
ment assessment during CHF failure is the con- — the depth (G1) and area (S:) of the primary
struction of a model describing the process of toxic cloud dispersion zone;
chemical casualties among the population and — the depth (G:) and area (S:2) of the second-

personnel. The purpose of creating such a model
1s to estimate the environmental hazard indica-
tors associated with air contamination in the
event of an accident at a CHF.

The indicators of chemical contamination
scale are determined by:

ary toxic cloud dispersion zone.
The indicators of chemical contamination
duration are determined by:
— the evaporation time of the hazardous sub-
stance from the spill surface (Tevap);
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— the time required for the toxic cloud to
reach a designated boundary (tarr).

The hazard indicators of chemical con-
tamination are assessed through the estimation
of potential chemical casualties among the pop-
ulation and industrial personnel in environmen-
tally hazardous zones. The primary toxicologi-
cal characteristic of a hazardous substance is its
inhalation toxic dose.

In determining the specifics of the chem-
ical contamination process in various environ-
mental compartments, several hypotheses may
be formulated:

1. The formation conditions of the primary
and secondary toxic clouds differ. Based on
their formation mechanisms, the contamination
source for the primary cloud should be consid-
ered as an instantaneous point source, while for
the secondary cloud, a continuous point source
should be assumed.

2. The atmospheric dispersion of toxic clouds
can be characterized as follows: first, the distance
over which the hazardous substance has a dam-
aging effect typically spans several kilometers;
second, the vertical extent of primary and sec-
ondary toxic clouds rarely exceeds 150 meters. It
is generally accepted that, in cases of isotropic
diffusion, the transport of toxic substances oc-
curs horizontally along the x-axis, i.e., within the
surface atmospheric layer.

In the event of a spill of highly hazardous
toxic substances (HHTS) from damaged storage
containers, the liquid typically disperses over a
leveled surface within the containment area, form-
ing a shape that closely resembles a circle. This
allows for the estimation of the area of the destruc-
tion zone (Sd) using the following formula:

Sy =1-R; (1)

where Rd is the radius of the HHTS spill
mirror [m].

Alternatively, the area may be expressed
through the diameter of the spill mirror (da) as:

2
i @)

Sd =TC- T

Here, d; is the diameter of the spill mir-
ror, which depends on the total amount of
HHTS released from the damaged containment.
The following equation is used to estimate the
diameter based on the volume of the spilled sub-
stance:
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p
where:
b is a coefficient depending on the presence
of bunding:

- b = 1.22 m"” if bunding is present,

- b = 5.04 m™” if no bunding is provided;

p is the density of the HHTS, [kg/m?];

Q is the total mass of HHTS in the storage
container, [kg];

Q) is the mass of HHTS that transitions into
the primary toxic cloud, [kg].

An approximate estimation of the quan-
tity of HHTS (Q;) that transitions into the pri-
mary cloud at the moment of container breach
can be performed using the formula presented
in [20], which incorporates thermal parameters:

Cp(t-t
Q =22, @
where:
Q is the total amount of HHTS in the storage
container, [kg];
C, is the specific heat capacity of the liquid,

[kJ/kg-°C];

t is the temperature of the liquid HHTS at the
moment of release, [°C];

tx is the boiling point of the HHTS, [°C];

A is the specific latent heat of vaporization
for the HHTS, [kJ/kg].

The values of C, and 4 are to be ob-
tained from chemical reference data specific to
the substance in question.

When determining the depth of disper-
sion of the primary toxic cloud of hazardous
chemicals (HHTS) within the atmospheric
boundary layer near the ground surface, the in-
fluence of surface roughness on the propagation
of the contaminated air mass was not initially
considered. To account for the effect of terrain
roughness on the dispersion of toxic substances,
a standard roughness parameter (zo) is intro-
duced. This parameter enables the incorporation
of surface heterogeneity into the modeling of
wind velocity profiles and, consequently, toxic
plume behavior. The modified near-surface
wind speed (u'), accounting for surface rough-
ness, is calculated using the following logarith-
mic wind profile expression:

Z+Z
u=u-In (—0)
Zo

(%)

where:
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u' is the adjusted horizontal component of
the wind velocity near the surface, con-
sidering terrain roughness, [m/s];

u is the average undisturbed wind speed at
reference height, [m/s];

z is the vertical height of the toxic cloud’s
dispersion, [m];

zo is the effective surface roughness length
[m], a geometric parameter that reflects
the characteristic height of surface irreg-
ularities (e.g., vegetation, buildings, ter-
rain features).

The value of zo is selected based on the
type of underlying surface and can be found in
Table 1 (not included here), which classifies
roughness values for various land cover types
such as water surfaces, grassy fields, urban ar-
eas, forests, and industrial zones.

This correction is essential for improving
the accuracy of predictive models used in envi-
ronmental safety systems, particularly under
conditions where local terrain has a significant
influence on airflow and toxic plume trajectory.

Table 1

Effective Roughness Height Values (z0) for Different Types of Surfaces

Surface Type Zo, [m]
Very flat, snowy or icy surface 1-10°°
Flat snow over short grass 5-10°°
Desert 3-103
Snow-covered surface with low shrubbery 1-10°3
Mowed grass, cut height up to 1.5 cm 2-103
Mowed grass, cut height up to 3 cm 7-103
Mowed grass, cut height up to 4.5 cm 2.4-102
Grass height 60—70 cm:
—for0<u<l1.5m/s 9-102
—for1.6 <u<3.5m/s 6.7-1072
—for3.6<u<6.5m/s 3.7-10
Heterogeneous surface with predominant areas | 0.1
of grass, shrubbery, and trees
Forested area with average tree height ~10 m, 0.9
urban development

Thus, the expression for determining the
depth of propagation of the primary toxic cloud
takes the following form:

G, = by (Ql~10‘3)“1

u’-PC750

(6)

where:

G, — depth of propagation of the primary
cloud of hazardous chemical substances
(HCS) over flat terrain, taking into ac-
count the surface roughness, [m];

(1 —amount of HCS that transitions into the
primary cloud, calculated from expres-
sion (4), [kg];

PCts5y — average threshold value of toxic
dose (toxic load), [g-s/m?];

u’ — horizontal component of near-surface
wind velocity adjusted for the roughness
of the underlying surface, [m/s];

a,, b; — dimensionless coefficients depend-
ing on the category of vertical
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atmospheric stability, calculated using
the following formulas:

by = 15,42 - exp(6,96 - ¢) (7)

a, = 0,57 - exp(0,864 - ¢), (8)
where ( € ) is a parameter of vertical at-
mospheric stability determined according to the
Pasquill stability categories:
e A, B, C(convection): €=-0.2
e D (isothermal): €=0
e E, F (inversion): €=0.2
Another indicator characterizing the
scale of chemical contamination is the depth of
propagation of the secondary cloud of air con-
taminated with HCS. The amount of HCS tran-
sitioning into the secondary cloud is determined
by the following expression:

Q2 =Q — @4, 9)

where:
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Q — total quantity of HCS released, [kg];
Q1 — quantity of HCS that transitioned into
the primary cloud, [kg].

The value of @, is associated with the
evaporation time of the hazardous chemical
substance (HCS). In this context, the minimum
evaporation time within which it is reasonable
to assess the extent of cloud dispersion should
not exceed 24 hours due to the high variability
in wind direction.

The following formula is used to estimate
the depth of propagation of the secondary cloud,
excluding the influence of surface roughness.
However, previous assumptions allow the intro-
duction of a parameter to account for the surface
roughness effect on the propagation of the con-
taminated air mass:

16.84-17%51.p,Q,-1073
’ ai
u -PC‘l:50

G2=

where:

G, — depth of propagation of the secondary
cloud of air contaminated with HCS, [m];
PCtgy, ) — average threshold toxic dose,

[g-s/m’];

Q, ) — amount of HCS entering the secondary
cloud, defined by expression (9), [kg];

T ) —evaporation time of HCS from the spill sur-
face, [s];

a, b, ) —dimensionless coefficients depending
on the vertical atmospheric stability cate-
gory.

Coefficient a, is defined by expressions (7)
and (8); Coefficient b, is determined by:

(10)

b, = 16.84 - exp(6.87 - )
where

€ — vertical atmospheric stability parameter,
with values as follows:

E,F—¢e=0.2;

D—e=0;

A B C—e=-02

u’  — horizontal component of ground-level
wind speed, accounting for surface rough-
ness, [m/s].

The indicators of chemical contamination
duration include:

- the evaporation time of the HCS from the
spill surface, and

- the time for the contaminated cloud to
reach a given boundary.

The toxic effect of the HCS depends sig-
nificantly on the evaporation time from the sur-
face of the spill. This time is a function of both
meteorological conditions and the

(11)
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physicochemical properties of the substances.
The parameter is determined using the following
formula:
T — Q>
eVaP  E-Sgpin-3.6-103
where:
Tevap — €Vaporation time of HCS from the sur-
face of the spill mirror, [s];
E — specific evaporation rate, [kg/m?-s], calcu-
lated as:
u-M AM (1 1
E = 0,041 5 exp & G-2)l

(13)

(12)

where:

M — molecular weight of the HCS, [g/mol];

dspin — effective spill diameter from expression
@), [m];

T,, — ambient air temperature, [°C];

A — specific latent heat of evaporation, [kJ/kg];

R - universal gas constant, equal to 8.3
[kJ/kmol-K];

0.041 — dimensional consistency coefficient,
[s-K-mol / m°-#6-g];

Ty — boiling point of the HCS, [K].

To ensure timely notification of the pop-
ulation about the onset of chemical contamina-
tion and to carry out emergency response
measures, it is necessary to determine the time
of arrival of the contaminated air cloud at a
given facility or populated area. This parameter

is calculated using the following formula:
0.3-x

ty =

(14)

where:

t, —time of arrival of the HCS-contaminated air
cloud at the designated boundary, [hours];

x — distance from the damaged chemically haz-
ardous facility to the assessment object (e.g.
settlement), [km];

u — ground-level wind speed, [m/s];

0.3 — conversion coefficient from [m/s] to
[km/h].

As an example of a potential threat posed
by highly toxic substances to the environment,
one can refer to the accident that occurred in
Lviv Region on October 3, 2007. During rail-
way transportation of 28 tank cars filled with
ammonia (each with a capacity of 20 tons), a
leak of 200 kg of ammonia occurred due to a
valve failure [21]. While no evacuation was car-
ried out, the smell of ammonia was reportedly
noticeable at a distance of more than 10 km.

Thus, the proposed formula-based scheme
provides a tool to calculate the indicators of
chemical contamination for a hypothetical
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environmentally hazardous facility. The results
of the calculations are presented in Table 2.

The data presented in Table 2 indicate
that the risks associated with large-scale storage

of hazardous chemical substances can increase
by several orders of magnitude in the event of
an emergency at environmentally hazardous fa-
cilities

Table 2

Calculated indicators of potential chemical contamination for a hypothetical environmentally
hazardous facility

Indicators Of Ch.emlcal Type of HCS | Amount of HCS, [t] Distance to CHO, [km]
Contamination
Ammonia 100 13 13 13 13
Depth of primary cloud 200 18 18 18 18
spread, [km] . 100 44 44 44 44
Chlorine 200 62 62 62 62
Ammonia 100 29 29 29 29
Depth of secondary cloud 200 40 40 40 40
spread, [km] . 100 96 96 96 96
Chlorine 200 133 | 133 | 133 | 133
Conclusions

A comprehensive formula-based model
for assessing the chemical environment has
been developed, which takes into account the
mechanisms of formation of both primary and
secondary contamination clouds. The model is
based on the physicochemical properties of sub-
stances, local terrain conditions, and meteoro-
logical factors. A novel approach has been pro-
posed to incorporate surface roughness (zo),
which enables the model to be adapted to vari-
ous types of terrain — from open areas to
densely built urban zones. This ensures more
accurate forecasting of the configuration and
parameters of the contamination zone.

The model provides quantitative esti-
mates of the depth, area, and duration of con-
tamination, enabling effective planning of civil
protection measures, including the identifica-
tion of evacuation zones, calculation of re-
sponse timeframes, and assessment of the level
of environmental risk. The mathematical struc-
ture of the model allows for algorithmization,
making it suitable for integration into infor-
mation-analytical systems, decision support
systems (DSS), and automated modules for
emergency monitoring.

Model verification, based on the example
of an ammonia leak under different terrain
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conditions, demonstrated high accuracy and
sensitivity to changes in key environmental pa-
rameters, confirming its practical applicability.

The results of the study have significant
potential for practical application in the fields of
civil protection, industrial safety, environmental
monitoring, and emergency modeling. The pro-
posed model can be integrated into: automated
alert and response systems, operating at national
and regional levels of the State Emergency Ser-
vice of Ukraine (SESU), to forecast impact
zones in real-time; decision Support Systems
(DSS) to improve response efficiency in case of
accidents at chemically hazardous facilities, as
well as for planning evacuation routes and de-
termining priority protective measures for the
population; training and simulation platforms
for preparing emergency response specialists,
modeling chemical release scenarios, and prac-
ticing response algorithms in contaminated en-
vironments; geographic Information Systems
(GIS), which will allow spatial data to be com-
bined with simulation results to create interac-
tive chemical hazard maps; normative and
methodological frameworks, as a tool for justi-
fied assessment of sanitary protection zones and
potential evacuation areas for high-risk chemi-
cal facilities.
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AHAJII3 TA YIOCKOHAJIEHHS MOJIEJIEN MMOIWPEHHS XIMIYHOI'O
3ABPYJHEHHSA Y HABKOJIMIIIHBOMY CEPEJTOBUIIII

Meta. Po3poOka Ta aHamiTH4YHE OOTPYHTYBaHHS MOJAEI OIL[IHKK XiMiYHOT 0OCTaHOBKH IIPH aBapifx Ha Xi-
MIYHO HeOe3MeIHnX 00'€KTaxX 3 ypaxyBaHHIM OCOOIMBOCTEH (hOpMyBaHHs MEPBUHHOTO Ta BTOPUHHOTO XiMigHOTO
3apaKCHHS.

Metoau. BuxoprctaHo KOMIUIEKCHUH aHAJMITHYHUA MiAXiA IO MOIETIOBAHHSA CIICHApiiB XiMi9HOTO 3apa-
JKCHHS 3 BUKOPUCTAaHHIM MOIM(IKOBAHUX PIBHIHB aTMOChepHOT nudy3ii, hopMyi st pO3paxyHKy MacH BHIIAPY
PEYOBHHH, TPUBAJIOCTI YTBOPEHHS XMapH Ta ii IPOCTOPOBOTO HOIIUPEHHSI.

PesyabraTn. Oco0nuBy yBary NpuaIEHO BpaXyBaHHIO IIOPCTKOCTI MiACTHIIAIOU0] TOBEPXHI, sIKa BIUIMBAE
Ha MapamMeTpH MOUIMPEHHsI TOKCUYHUX XMap, Ta BU3HAYCHHIO NIMOUHU 30H ypakeHHs 3anexHo Bix tuiy CHOP,
METEOYMOB 1 BIIACTHBOCTEH MicleBOCTI. BBeZeHO mapaMeTp MOPCTKOCTI MOBEPXHI It 00JIIKY HEOTHOPITIHOCTEH
penbedy. PozpaxyHku IpoBeieHO ISl pi3HUX KaTeropii CHIIbHOAIIOUMX OTPYHHUX PEYOBHH (aMiak, XJop), y TH-
MOBUX YMOBax uisl YKpaiHu. BuUkoprcTaHo OBIAKOBI Ta HOPMATHBHI JIaHi, a TAKOX aJTOPUTMH 1 CLieHapii 3 mpak-
TUKH OIIHKY XiMIi9HOT 00cTaHOBKU. Ha 0CHOBI po3p00IreHOT MOIeIi MPOBEACHO PO3PaXyHKH IUIOMI ypaXKeHHS IS
TUTIOBHX XIMIYHO HeOe3neuHnx 00'€KTiB, BU3HAYCHO MIHMOWHY MPOHUKHEHHS TOKCHYHOI XMapH B 3aJISKHOCTI BiJl
THITy ITiACTHIIa040] MOBEPXHI, IIBUJIKOCTI BITPY Ta Temiieparypu. [loka3aHo, o BpaXyBaHHS IOPCTKOCTI MiBHU-
IIy€ TOYHICTH OWIHKH Ha 12—18 %, 10 KPUTUYHO ISl ONIEPATUBHOTO MPUHHATTS pillleHb. BcTaHOBIICHO, IO BTO-
puHHa XMapa (opMye IONAaTKOBY 30HY PU3HKY, SKa Yy IIEBHHX YMOBAaX IIEPEBHIIYE 3a IUIOMICIO TIEPBUHHE 3apa-
skeHHs. [IpoeMOHCTPOBAaHO MOXKIIMBICTh BUKOPHCTAHHS MOJIEII Y CHCTEMaX €KOJIOTIYHOrO MOHITOPHHTY Ta Ipo-
THO3YBaHH;I HACJI/IKIB TEXHOTEHHUX aBapii.

BucHoBKH. 3anponoHoOBaHa MOJEINb JI03BOJISIE BPAXOBYBaTH TONOrpadiyHi Ta METEOPOJIOTriyHI YMHHUKH
NPY OLIHII XiMIYHOTO 3apakeHHs. Lle cnpusie miBUILIEHHIO TOYHOCTI BU3HAUEHHS! MEX 30H YPaXKEHHS Ta MOXe
OyTH iHTErpoBaHa y CHCTEMH MIATPUMKH NPUUHATTS PillleHb AJIsl ONepaTUBHOrO pearyBaHHs ciyxoamu JJCHC,
€KOJIOT1YHOTO MOHITOPHHTY Ta TEPUTOPIaJIbHOTO IUIaHyBaHHS B YMOBaxX IOTEHIIHHOT TEXHOT€HHOT HEOEe3EeKH.

KJIFOUYOBI CJIOBA: xinviuno nebesneunuii 00'ekm, Ximivna ob6CmaHo8Kd, MOPUHHE 3APANCEHHS, 30HA
VPadiceHHsl, WOPCMKICMb NOBEPXHI, CUNLHOOTIOUA OMPYUHA PEUOBUHA
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