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Abstract: The authors analyze the fire and explosion hazards of solid waste disposal facilities,
taking into account current trends in the introduction of biogas (methane) collection and utilization
systems. Methane is considered an alternative energy source for power plants. The authors determined
the initial and limiting conditions of the mathematical apparatus of the method of combating fire and
explosion hazards of solid waste disposal facilities based on the results of analysis and synthesis of
factors of occurrence and spread of man-caused danger, existing mathematical models, and methods of
counteracting man-caused danger. This is the basis for the further development of appropriate
emergency response techniques. During the analysis, the authors found that humidity, the temperature
of the landfill (household waste), the presence of sufficient oxygen at some point in time initiate the
formation of explosive concentrations of methane in the array and contribute to the spread of hazards
in landfills or dumps. The specific weight of the organic component, the value of the density of the
array, the height of the landfill affect the process of counteracting the danger, namely the prevention of
dangerous events and prevention of emergency from the object to the highest level of distribution
(local level), primarily in the first group priorities, such as the number of victims and injured civilians
and specialists of the units of the State Emergency Service of Ukraine. The team of authors has
defined a system of equations of connection of the existence of the mathematical device taking into
account initial and boundary conditions. A system of communication equations is determined taking
into account the initial and boundary conditions of the mathematical apparatus, which allows to further
develop a control algorithm for emergency response related to fire and explosion hazardous landfills
close to settlements.

Keywords: solid waste, fire and explosion hazard, mathematical apparatus, initial conditions,
boundary conditions.

OOPMYBAHHSA MATEMATHUYHOI'O AITAPATY METO/IUKHA
NPOTUJIII MOXKEXXOBUBYXOHEBE3IEI OB’EKTIB
3AXOPOHEHHS IMOBYTOBUX BIAXO/IB

PamkeBuu H. B.l, ITacTyxoBa A. A.l, Konosaua B. M.Z, Cuosincbknii B. K.2
'Hayionansnuii ynisepcumem yuginbhozo saxucmy Yxpainu

“Yepracekuti 0eparcasnuii mexnono2iunuii ynisepcumen

$Yepracoruii Haykoso-0ocnionuii excnepmuo-kpuminanicmuynuti yenmp MBC Yipainu

AHoTamisi: ABTOpaMH B poOOTI mpoaHANi30BaHO IMOKEKOBHOyxoHeOe3neka 00’ €eKTiB
3aXOPOHEHHS TBEPAWX IMOOYTOBMX BIAXOMIB 3 YpaxyBaHHSAM Cy4YaCHHX TEHIEHIIH BIpPOBAKEHHS
cucTeM 300py Ta yTuiizamii Oiorasy (MeraHy). MeTaH pOTrJISIa€ThCs SK albTEPHATUBHE JDKEPEIIO
EHepTrii A1 eHePreTHYHUX YCTAaHOBOK. 3a pe3ysIbTaTaMy aHali3y Ta CUHTE3y (DaKTOpiB BUHUKHEHHS Ta
MOLIMPEHHS TEXHOTEHHOI HEeOe3NeKH, HasBHUX MaTeMaTHYHUX MOJeJIeld Ta METOOUK MPOTHIil
TEXHOTeHHIN HeOe3rel 10 BUKIAJeHI B HOPMATHBHIN JIiTepaTypi, HAYKOBIH MEpioJAMKH 32 OCTaHHI
POKHM BH3HAYEHO IIOYATKOBI Ta TPaHUYHI yYMOBHM ICHYBaHHS MAaTE€MaTH4HOrO arapary METOAUKU
npoTuii moxexoBHOyxoHeOe3neni 00 €KTIB 3aXOPOHEHHsT TBEPAMX MOOYTOBHMX BIJXOMIB, IO €
OCHOBOIO ISl TTOJANIBIIOI PO3POOKH BIAMOBIIHOI METOAMKH MPOTHU/IT HAJA3BUYAKHIN cuTyaii. Y Xoi
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aHayizy aBTOpPaMU BCTAHOBJICHO, IO BOJIOTICTh, TeMIlepaTypa MacUBY 3BIMIIHUX IPYHTIB
(moOyTOBUX BiAXOMIB), HASBHICTH Y JOCTATHIM KITBKOCTI KHCHIO y TIEBHUH MOMEHT Yacy iHIIIIOIOTh
YTBOPCHHSI TOXKEKOBHOYXOHEOE3MEYHOT KOHIICHTPAIlii METaHy B MACHBI Ta CIPHUSIOTH MOIIMPESHHIO
HeOe3nell Ha TONroHax a0o 3BaJIMIIAX 3a HACHIKAMH BIUIMBY, SIK Ha JOBKULISA, Tak W JIIOJEH.
IIntoma Bara opraHiduHOI CKJIaI0BOi, 3HAYEHHS MIUTFHOCTI MacHBY, BHCOTa 3aXOPOHEHHS BiIXOIiB
BIUIMBAIOTh Ha MPOIEC MPOTUAIl HeOe3mell, a caMe 3ano0iraHHs BUHUKHECHHS HEOe3NeuHol Mol Ta
MOTIePEKEHHS TISPEPOCTAHHS HAJ[3BHMYAHOI CHUTyallii 3 00’€KTOBOIO Ha HAMOLIBI BHCOKUH PIBEHb
MOIIUPEHHS (MICIIEBUH PIBEHB), B MEPITY YEPry 3a HACTIAKAMH MEPIIOi TPYITH MPIOPUTETHOCTI, SIK TO
KUTBKICTh JKEPTB Ta MOCTPAXKAATUX IUBUTBHUX 0ci0 Ta (axiBiiB mimposniniB depxaBHOI ciyKOm
VYkpainu 3 Haa3BUYaiiHUX cuTyaliii. KoleKTHBOM aBTOpIB BH3HAUEHO CHCTEMY pPIiBHSHB 3B’SI3KY
ICHYBaHHS MAaTEeMATHYHOTO amapaTy 3 ypaxyBaHHSM TOYATKOBHX Ta TpaHUYHUX yMmoB. Cucrema
3B’SI3KY JI03BOJISIE Y TIOJIATBIIIOMY PO3POOUTH KEPYIOUHH allTOPUTM METONWKH MPOTUAIT HaA3BUIaHHIT
CHUTYyalii, sSika MOB’sA3aHa 3 TOXKEKOBUOYXOHEOE3MEeKOI0 00’ €KTIB 3aXOPOHEHHS TBEPAMX MOOYTOBHX
BIJIXOJIiB, 1[0 HAOJMKEHI J0 HACEJICHUX MYHKTIB.

KaiouoBi ciaoBa: moOyTOBI BigXoaw, MOXKEXKOBHOyXOHeOe3Neka, MaTeMAaTHYHHH arapar,
MOYaTKOBi YMOBH, TPaHUYHI YMOBH.
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1 INTRODUCTION

Areas of landfills and dumps for solid waste are increasing every year and approaching
settlements [1, 2]. Combustion processes are constantly taking place at these facilities.
However, the problem of fires and explosions is especially acute. Waste combustion occurs
not only on the surface of landfills but also in the depths of waste accumulation masses [3].
The main consequences of the hazard include both the pollution of environmental
components, a significant area of their distribution, and a significant number of dead, injured,
people with impaired living conditions. Minimization of these consequences is a priority in
the activities of the State Emergency Service of Ukraine. Thus, the solution to the problem of
ensuring fire and explosion safety of solid waste disposal facilities becomes relevant.

2 ANALYSIS OF LITERATURE DATA AND PROBLEM STATEMENT

Research has shown that the scientific community, for the most part, considers landfills
as sources of environmental pollution regularly, as well as as a result of an emergency
(emergency) or a hazardous event (NP) related to fire and explosion hazards. In [4] it was
noted that an important characteristic in assessing the fire and explosion hazard of solid waste
disposal facilities (SMW) is the morphological composition of waste. Some scientists [5, 6] in
support of statistics [1, 2] note that the largest category of waste is food and green waste.
Food and green waste are raw materials for the formation of biogas (methane), which can
burn and explode. SMW are a heterogeneous mixture in which almost all chemical elements
are present both in pure form and in the form of various compounds. The most common
chemical elements are carbon and hydrogen [7]. Studies [8] showed the pyrotechnic
characteristics of SMW samples. In practice, it is impossible to eliminate the combustible
component of waste at the landfill. Considering the morphological composition, the authors
[5-7] focus on the calorific value of waste to use it as a raw material for the formation of an
alternative energy source. The interest in biogas as an alternative energy source is growing
every year in the world [8]. The main components of biogas are methane (on average up to
60% of the total composition), carbon dioxide, nitrogen impurities, hydrogen sulfide, oxygen,
hydrogen and other gases [9]. But it should be borne in mind that the composition of SMW,
which are sent for disposal, is influenced by many factors (climatic conditions, seasonality,
living standards, level of secondary raw materials market), which impose restrictions on the
reliable and safe production of quality methane in biogas.

Much of the work of scientists is devoted to the study of optimal conditions for the
maximum formation of combustible methane gas in the biogas in the burial sites of SMW. In
works [10-12] the optimal range of humidity (60-80%), temperatures (35-40 °C for
mesophilic activity and 50—65 °C for thermophilic activity) is given. However, compliance
with the optimal values of the factors of formation of the maximum amount of methane can
increase the emergence of man-made hazards - reducing the stability of the waste mass due to
excessive moisture, or the formation of voids due to waste incineration at high temperatures.

The most common causes of fires are an increase in the oxygen content of the waste due
to the violation of landfill technology (insufficient sealing or insulation layer, the placement
of excessive amounts of waste), the excess of biogas collection. The use of large volumes of
water during extinguishing can lead to a portion of the oxygen in the thickness of the waste
and enhance the processes of aerobic decomposition — the formation of flammable explosive
gas — methane. Studies [13] have shown that the increase in temperature in the SMW array
depends on humidity, morphological composition, activated carbon content, density, heat
capacity, thermal conductivity and thermal conductivity of waste. Modelling of thermal
processes in the waste array shows the patterns of origin and development of combustion
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processes. Under certain conditions, the rate of heat release of the oxidation reaction of
combustible substances may exceed the rate of heat loss, which leads to a continuous increase
in the temperature of the substance and its ignition [4].

Forecasting and prevention of fires at landfills, as a factor in reducing stability [14], is
extremely difficult due to the different specific heat of waste. Until the fire or smoke came to
the surface, it is almost impossible to detect the source of ignition visually [15, 16]. Also, the
results of modelling the temperature distribution in the waste massif at different temperatures
of the combustion source [17] indicate the impossibility of accurate detection on the surface
by contact methods of underground fire. The state of development of phytocenoses can be
used as an indicator of underground fire, but, unfortunately, low efficiency. The above-
mentioned works emphasize the fire and explosion hazards at the landfills but do not fully
disclose the issue of increasing the level of man-made safety.

In works [18, 19] the mathematical apparatus of the method of prevention of emergencies
of cascade type of propagation, associated with the landslide of landfills at the landfill with
liquidation-intensive technological equipment. The mathematical model consists of analytical
equations of dependence of the number of dead, injured, people with impaired living
conditions on the physical properties of landfill soils, such as humidity, density, temperature,
and technological indicators of existing power equipment. The condition for the existence of
the proposed model is a set of initial and boundary conditions for non-outgrowth of the
consequences of emergencies outside the object level of hazard distribution, taking into
account the maximum amount of methane in the biogas. However, given not only the hazard
associated with landfill landslides, but the unresolved part of the problem is also the lack of a
comprehensive and effective method of counteracting the emergency associated with fire and
explosion of landfill sites close to settlements where fire, the explosion can be considered as
the initiating factors of the shift. Thus, there is a need to determine the conditions for the
formation of the mathematical apparatus, which adequately describes the process of
preventing an emergency or preventing an emergency related to fire and explosion of solid
waste disposal facilities for further development of appropriate methods of combating hazard
to civilians and specialists of divisions of the Stater Civil Emergency Service of Ukraine.

3 PURPOSE AND OBJECTIVES OF RESEARCH

The work aims to determine the conditions for the formation of the mathematical
apparatus of the method of counteracting the emergency associated with fire and explosion
hazards of landfil close to settlements.

To achieve this goal it is necessary to solve the following scientific problems:

— to determine the initial and limit conditions of existence of the mathematical apparatus
of the method of counteracting the emergency related to fire and explosion hazard of landfill;

— to determine the basic equations of connection of the mathematical apparatus of the
method of counteraction the emergency related to fire and explosion hazard of landfill.

4 RESEARCH RESULTS

There are probabilities of occurrence of both hazardous event and emergencies at the
landfills, which are characterized by the size of the consequences. Methane, as a component
of landfill gas (biogas), is a hazardous factor in the occurrence and spread of fire, explosion —
hazardous event or emergency.

Mathematical modelling is the main tool for studying the process of methane generation.
To calculate the gas-energy potential of biogas (methane), a significant number of
mathematical models have been developed: Tabasaran-Rettenberger, B. Weber, LandGEM,
AKG. KD Pamfilova, AM Shaimova and others. The most important factors for the study of
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methane generation are humidity, morphological composition, active carbon content, density,
the temperature in the waste mass, storage height, service life of the object.

The optimal approach to obtaining complete and reliable assessment data, methane
generation forecast is to combine the results of mathematical modelling with field research.
However, the use of direct field measurement methods is limited. The limitations are due to
their complexity and high cost.

Explosives at landfills undergo complex physical, chemical and biological
transformations with the release of landfill gas.

The initial volume after unloading the SMW on the burial map is significantly reduced
due to self-sealing. To reduce the volume occupied, the waste is compacted with the help of
special heavy equipment (bulldozers, rollers) - the density reaches 1 t/m*. The formed
substrate has anomalous geophysical characteristics, anomalous engineering and geological
parameters, as well as inhomogeneous filtration properties and poor drainage. The higher the
density (microbiological life in such material slows down), the less gas is formed, and the
reduction of waste fractions increases gas formation.

Among the chemical processes at the landfills of SMW are redox and photochemical
reactions, hydrolysis and depolymerization, the formation of sparingly soluble and complex
compounds.

Biodegradation occurs under the action of a large number of microorganisms. The main
place is occupied by bacteria, which provide the beginning of the process of decomposition of
organic matter and a rapid temperature rise. First, a group of mesophilic bacteria develops,
and after heating the waste medium, a group of thermophilic bacteria begins to actively
develop, which can break down more stable organic compounds. It should be borne in mind
that some chemicals (such as heavy metals) are toxic and inhibitors of microorganisms.

Aerobic decomposition takes place in the upper layers of the burial massif at a depth of
50-80 cm and is usually quite short, as its duration is limited by the amount of oxygen. This
stage is characterized by the formation of carbon dioxide, water, nitrates, nitrites, nitrogen,
organic residues and large amounts of heat. As the waste is compacted and isolated by the
soil, the aerobic phase of microbiological decomposition tends to become anaerobic-aerobic
microorganisms go into an anaerobic state. This is caused by insufficient oxygen supply to the
waste layer to meet the conditions of the aerobic process.

Anaerobic decomposition is slower and is accompanied by an order of magnitude less
heat release. In the hydrolysis phase under the action of bacteria is the decomposition of
easily degradable and hydrolysis of cellulose-containing waste. In the acetogenic (acidic)
phase — further decomposition of cellulose with the formation of low molecular weight acids,
alcohols. The environment in the body of the landfill becomes very acidic. Acids reduce the
hydrogen index, which contributes to the decomposition of easily and moderately
decomposable waste. Acids together with moisture release nutrients for methane-forming
microorganisms. Then comes the methanogenic phase in which the acids formed in the
acetogenic phase decompose, with significant methane formation. Over time, the amount of
nutrients decreases and the process of methane formation attenuates. Anaerobic
microorganisms receive the energy necessary for life as a result of the decomposition of
organic matter. The proportion of the organic component of SMW (paper, wood, textiles,
plant and food residues) determines the number of micronutrients required for methane-
forming microorganisms.

Humidity is a necessary factor for the activity of many microorganisms, including
methane-forming ones. The solubility of carbon dioxide in water is higher than the solubility
of methane, so the high humidity of SMW increases the methane content in the gas phase.
The actual moisture content in the array is determined by the initial humidity of solid waste,
measures to comply with disposal technologies.
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Temperature, like humidity, is a determining factor in bacterial activity. Mesophilic
groups of methane-forming bacteria actively work at temperatures up to 40 °C, thermophilic -
up to 70 °C. The optimal temperature value for the efficient process of methane formation is
in the range of 3040 °C. The level of gas formation decreases significantly when the value of
the optimal temperature changes [12].

Taking into account the analysis of factors contributing to the formation of methane in
the landfill gas (biogas), the initial conditions of hazard are described by expression (1):

w(t) =w,
TMH=T, 1)
O,(t)=0,,.

Thus, the initial conditions are the mathematical apparatus of counteraction to the
emergency connected with the fire safety of objects of protection of SMW which are close to
settlements, is a set of value of moisture. w, the temperature of the landfill massif (dump) T ,

the presence of sufficient oxygen O,, which at a certain point in time t initiate the formation

of explosive concentrations of methane in the array and the spread of hazard as a result of
exposure.
The boundary conditions for counteracting the hazard are described by expression (2):

Cstart < C < Cfin
pstart < p < pfin (2)
hstart < h < hfin '

Thus, the boundary conditions for the existence of the mathematical apparatus of the
method of counteracting the emergency associated with fire and explosion hazards of
landfills, close to settlements, is a set of interval values of the specific gravity of the organic
component C, density p, height of waste disposal h, which affect the process of
counteracting the hazard.

Taking into account modern domestic scientific approaches in the field of civil protection
of Ukraine and the relevant regulatory framework (Order of the Ministry of Internal Affairs of
Ukraine dated 06.08.2018 Ne 658 «On Approval of Classification Features of Emergencies»,
National Classifier of Ukraine «Emergency Classifier» DK 019: 2010, Resolution of the
Cabinet of Ministers of 24.03.2004 Ne 368 «On approval of the Procedure for classification of
emergencies by their levels»), emergencies are a conditional level of emergency, which is
achieved by one or more dominant features, in terms of the level of threat and/or
countermeasures of the Stater Civil Emergency Service of Ukraine (CES of Ukraine). The

number of negative consequences of the emergency should include: the number of victims g,
and the number of victims q,, as a consequence of the priority group; the number of people
with impaired living conditions ¢, and the amount of damage caused g, — are consequences

of the second priority group; emergency zone ¢, and the costs of emergency response g, —

are consequences of the third priority group.

Given the above, the implementation of emergency response methods related to fire and
explosion hazards of solid waste disposal facilities should ensure the absence of damage to
both civilians and specialists of the CES of Ukraine. This can be achieved through the
development and compliance with effective organizational, operational, informational
measures based on the mathematical apparatus — are general equation (3):
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Q) = f(w, p,T,0,,C,h,t). 3)

In case Q(t)=HE — the prevention of hazardous event (negative consequences did not

occur), analytical equation (3), describes the relationship between the dependence of
explosive methane concentration on humidity w, density p, temperature T , and the presence

of sufficient oxygen O,, organic component C in the massif of landfill soils (SMW), height
h and time t waste decomposition. In case Q(t) =ES - the warning of emergency situation

(territory of hazard distribution, expenses for liquidation of consequences, the size of the
caused damage, number of dead, victims, persons with disturbance of living conditions did
not reach local level), analytical equation (3), describes the connection of dependence of the
number of dead and injured persons as a consequence of the first level of priority.

The basic communication equations of the mathematical apparatus of the emergency
response method are a system (4), the condition of existence is a set of initial conditions (1) of
hazard and boundary conditions (2) to prevent and prevent the spread of hazard associated
with physicochemical properties landfill (SMW):

{Qprev(t) = foe (W, 2, T,0,,C,h,1), providing q, =0;

4
Qwar (t) = fwar (W! p’T ' O2 ! C' h1t)’ prOViding q](.)bf) < ql...6 < q:ll.oc(?l ' ql...6 # 0 ( )

Thus, a system of communication equations is defined taking into account the initial and
boundary conditions of the mathematical apparatus, which allows to further develop a control
algorithm for emergency response methods related to fire and explosion hazards of landfills
close to settlements.

5 DISCUSSION OF RESEARCH RESULTS

According to the results of analysis and synthesis of factors of occurrence and spread of
fire and explosion hazards at landfill, set out in the regulatory literature in the field of civil
safety, scientific sources, statistical reports, it is established that today there is no effective
mathematical apparatus that adequately describes the process of hazardous events and
prevention of emergencies related to fire and explosion hazard of these objects, close to
settlements. A warning is to prevent an emergency from escalating from an objective to the
highest level of distribution (local), primarily as a result of the priority group, such as the
number of victims and injured.

SMW storage facilities are so-called biochemical reactors, in which landfill gas (biogas)
is formed due to anaerobic decomposition of the organic component. The bulk of biogas is
made up of gases - methane and carbon dioxide. Methane is a more hazardous component in
terms of solving civil security problems. Fire and explosive gas collection and utilization
systems are widely used in landfills or dumps. However, it should be additionally taken into
account that the process of decomposition of the organic component of SMW takes place
unevenly with different intensities: aerobic decomposition with the release of carbon dioxide
may predominate on one part of the object, and intensive methane on the other. Oxygen binds
carbon and prevents the formation of methane.

Management of waste decomposition processes based on the regulation of physical and
chemical properties of landfills (SMW) helps to reduce man-made hazards. It is not always
advisable to implement technologies for the collection and utilization of biogas at landfills,
while the issue of fire and explosion safety remains relevant. When choosing the appropriate
technology to reduce the risk of landfills, it is necessary to take into account: morphological
composition - the percentage of the organic component; time and height of burial; guarantees
of waste delivery (their composition and quantity); distance to the electrical network;
availability near the final consumer for direct use of biogas; oPortunity for capital and
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operating costs for technology implementation; availability of suppliers of equipment and
services; availability and qualification of operators for operation and maintenance of
equipment.

In the course of the research, a mathematical basis for the development of emergency
response methods related to fire and explosion hazards of landfills close to settlements, the
implementation of which will prevent hazardous event or warning emergencies - to limit the
spread of hazard from the object level to more high (local), to protect civilians and specialists
of the CES of Ukraine from damage.

6 CONCLUSIONS

1. The initial and limiting conditions of existence of the mathematical apparatus of the
method of counteraction the emergency related to fire and explosion hazard of of landfill are
defined. The initial conditions for the existence of the mathematical apparatus of the
emergency response method associated with fire and explosion hazards of solid waste are the
conditions of man-made hazards that change over time, namely humidity, the temperature of
landfill (solid waste), the presence of sufficient oxygen at a certain point in time initiate the
emergence of hazard — the formation of explosive concentrations of methane in the array and
the spread of hazard as a result of exposure. The limiting conditions for the existence of the
mathematical apparatus of the emergency response method are the conditions for preventing
and preventing the spread of man-made hazards, namely the specific weight of the organic
component, the density of the array, the height of waste disposal affect the hazard response
process. The above list is sufficient to address issues of civil safety — combating fire and
explosion hazards of landfill, to protecting civilians and specialists of the Civil Service of
Ukraine for Emergencies.

Scientific work is further aimed at establishing the area of effective solutions for the
selection of variations of solutions of individual problems to assess these indicators of the
initial and boundary conditions of the mathematical apparatus in the development of
aPropriate methods.

2. The system of communication equations is defined taking into account initial and
boundary conditions of existence of the mathematical device that allows developing further
the control algorithm and the technique of counteraction the emergency related to fire and
explosion hazard of landfills close to settlements. The process of counteracting the emergency
includes a set of measures aimed at preventing the occurrence of fire-explosive concentrations
of methane, and with the already existing hazard to limit the number of injured and dead.
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