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Abstract

Introduction. Studies of fire risks associated with overhead power lines (OHPLs) consider combustible materials, terrain,
and meteorological conditions. The mechanisms of fire occurrence and spread have been studied, and quantitative risk
modeling is being developed based on incident statistics. However, these scenarios rely on arbitrary or poorly defined sets
of initial factors, making it difficult to create unified risk management systems. This scientific work aims to fill this gap by
creating a unified classification of fire hazard factors for overhead power lines that takes into account the causes,
environment, and development of fires. A scenario-based risk matrix for OHPLs is built on this foundation.

Materials and Methods. The basis of the study was a method for assessing fire risk, which considers fire from overhead
power lines as a result of the interaction between three key components: the ignition source, combustible medium and
fire propagation conditions. Through an analysis of the relevant literature, these components were broken down,
classified, and the principles for systematizing them were identified.

Results. Ignition sources, combustible medium, and fire propagation conditions were presented as axes in the scenario
matrix of fire risk associated with overhead power lines. These factors were classified and structured using author-
created diagrams. The first one included the types of short circuits, heating, and ignition mechanisms. In the second,
four classes of materials were differentiated by their sensitivity to fire. The third one described three categories of fire
propagation conditions. The risk level and critical ignition energy were mathematically represented. The final matrix
aggregated four classes of material: high-sensitive, medium-sensitive, low-sensitive, and specific. Fire spread
conditions were divided into favorable, moderate, and unfavorable. Taking into account the ignition sources (interphase
and single-phase), the risk levels were determined: low, medium, high, and critical.

Discussion. The matrix combined 24 typical scenarios of the studied hazard (two groups of sources x four classes of
materials x three categories of propagation conditions). Five scenarios (approximately 21%) were critical. As a rule,
they occurred with a combination of high-energy emergency conditions, high- and medium-sensitive materials and
adverse weather conditions. The matrix can be used in the transition from a qualitative description of OHPLs to a
quantitative assessment of the probability of a fire and its consequences. This innovation will be beneficial for modeling
OHPL incidents, refining safety measures, and improving risk assessment. Scenarios can be ranked based on
importance, allowing for a more efficient allocation of resources for protective measures.

Conclusion. The new approach, in contrast to the traditional one, makes it possible to overcome the limitations of the
fragmented hazard assessment and systematically analyze fire scenarios related to overhead power lines. This allows us
to justify decisions on modernizing and strengthening the protection of individual network sections, i.c., to focus
investments on infrastructure elements and typical situations that fire risks depend on to a greater extent. Future
research in this area is expected to:

— supplement accident statistics and the amount of experimental data on the energy characteristics of ignition sources;

— provide a quantitative parameterization of the function that represents the risk level for each scenario;

— set numerical thresholds for four risk levels.

Keywords: overhead power line, OHPL, ignition source, flammable environment, fire propagation conditions, OHPL
fire risk matrix
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AJISl MOJIeJIMPOBAHMSA PUCKA
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IOxHO-Ypanbckuil rocyjapcTBeHHbIH yHuBepcuteT (HannoHanbHbIN HCclie10BaTENbCKUI YHUBEPCUTET),
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AHHOTaNUs

Beeoenue. VccnenoBanus Mo>KapHBIX PUCKOB, CBA3aHHBIX C BO3IYIIHBIMH JMHUSAMH 3nekTpornepenaun (BJISII), yun-
TBHIBAIOT TOPIOYHE MATEPHAIbI, PEIbed M METEOPOJIOTHUECKHE YCIOBHS. V3yueHbI MEXaHW3Mbl BOSHUKHOBEHUS U pac-
IpocTpaHeHus NoxapoB. Ha 0asze CTaTMCTUKM WHLIUAEHTOB Pa3BUBAETCS KOJIMYECTBEHHOE MOJAEIMPOBAHUE PHCKOB.
OnHAKO CLICHAPUH OMHUPAIOTCS Ha MPOU3BOJIBHBIC WK ¢l1ab0 (hopMaTn30BaHHBIC HAOOPHI UCXOMHBIX (DAKTOPOB, YTO 3a-
TpyaHsieT (JOPMUPOBAHUE €AMHBIX CHCTEM YyIpaBJIeHHs puckamH. IIpencraBneHHas Hay4yHas paboTa BOCHOJHSET ATOT
mpoben. Ee nenms — co3nanne ennHOW Kinaccupukanmm (GpakTopoB mokapHoi omacHoct BJIDII ¢ yueToM mpHUYnHEL,
cpeabl v pa3BuThsA ropeHus. Ha 3Toit 6a3e cTpoutcs ciieHapHas MaTpuiia prucka st BJIOII.

Mamepuanst u memoost. OCHOBA HCCIICIOBAHUS — METOJ OLICHKH IO)KapHOH OITAaCHOCTH, IPH KOTOPOM HOXKap OT
BJIDII paccmaTpuBaeTcs Kak pe3yinbTaT B3auMOICHCTBUS TPEX KIIFOYEBBIX KOMIOHEHTOB: MCTOYHHKA 3a)KUTAHUS, TOPIO-
4yel cpenbl U YCIIOBHM pacpoCTpaHEHUs TOpeHHsl. AHAINU3 JINTepaTyphl MO3BOJIII IPOBECTH IEKOMIIO3UITHIO ATHUX 3JIe-
MEHTOB CHCTEMBI, KJIaCCU(HUINPOBATH UX M ONPEAEITUTH MIPUHINIBI CHCTEMATH3alUH.

Pezynomamut uccneooganus. VICTOUHUKY 3aKUTaHUS, TOPIOYas CPEa U YCIIOBHS PAaCTIPOCTPAaHEHUs TOPEHHUS TTOKa3aHbl
KaK OCH CIICHAPHOW MaTPHIIBI PHUCKA TOKApOB, CBA3aHHBIX ¢ BJIDII. dakTophl KiIacCUBUIMPYIOTCS, CTPYKTYPUPYIOTCS
U TPUBOJATCS B BHJE aBTOPCKMX cxeM. IlepBas BKIIIOYaeT THITBI 3aMBIKAaHWH, HarpeBa M MEXaHU3MBbI 3aKUranus. Bo
BTOPOM YeThIpe KJlacca MaTepraioB MU (HepeHnnpyOTCs M0 9yBCTBUTEIFHOCTH K BO3TOPaHHIO. B TpeTheil xapakTepu-
3yIOTCSI TPH KaTerOpHH YCJIOBUIN paclpOoCTpaHEHHs OTHs. MaTeMaTHUeCKH MpPEACTaBICHbl YPOBEHb PUCKA U KPUTHUE-
CKas dHeprusa 3axuraHus. VToromas MaTpuua arperupyeT dYeThlpe Kilacca MaTepUalioB: BBICOKOUYBCTBUTENBHEIE,
CpeIHEIYBCTBUTEIBHBIC, CIA00IYBCTBUTENbHBIE W CHENM(UYHBIE. YCIOBUS PACHPOCTPAHEHUS TOPEHUS IEIATCS Ha
OnaronpusTHbIE, YMepeHHble U HeOnaronpusTHbie. C y4eTOM HMCTOYHMKOB 3aKUranusi (Mex¢asHble U onHO(a3HbIe)
OTIPEACIISIOTCS YPOBHU PUCKA: HU3KHUH, CPENHUMN, BBICOKUNA U KPUTHUYECKHMA.

Oécyrcoenue. Marpunia o0betHIIIA 24 THITOBBIX CIIEHAPHS UCCIEAYEMON OIACHOCTH (ABE I'PYIIIBI HICTOYHUKOB X de-
THIpE KJIacca MaTepuasioB X TPH KaTeTOPUH YCJIOBHHN pacnpocTpaHeHus). [1ate cuenapues (mpumepHo 21%) — KpuTH-
yeckre. Kak mpaBWio, OHM BO3HMKAIOT NPH COYETAHHH BBICOKOIHEPTETHYECKUX aBapUHHBIX PEXHMMOB, BBICOKO- U
CpeIHEYyBCTBUTEIBHBIX MaTepHaliOB M HEOMAroNpHsTHBIX METEOyCIIOBUI. MaTpHily MOKHO 3a/1eficTBOBAaTh NpH Iepe-
XOJIe OT Ka4eCTBEHHOTo omnmcaHusi ooctaHoBKH Ha BJIDII Kk KOIMUECTBEHHOW OIIEHKE BEPOATHOCTH TOXKApa U €ro Mo-
cneactBuii. HoBarus Oymer mojie3Ha mpu MOICIMpOBaHMK HHIMACHTOB Ha BJIDII, mopaGorke Mep 0e30macHOCTH,
YIIy4IIEHHH OIIEHKH pUCKOB. CieHapHy MOXKHO PAaH)KHPOBATh MO 3HAYMMOCTH, YTO ITO3BOJIUT Oo0JIee palMoHalIbHO pac-
MIPEAEIIATH PECYPCHI HA 3alIUTHBIE MEPOIIPUATHSI.

3aknwuenue. HoBelli IOAX0, B OTIMYUE OT TPAIUIMOHHOTO, MO3BOJISIET MPEOONIETh OrpaHUYEHHs (QparMeHTapHOM
OLICHKHM ONAaCHOCTH M CHCTEMHO aHaJM3MPOBaTh CICHApUH II0XKapoB, cBs3aHHbIX ¢ BJIDII. Bnaromaps stoMy MoXKHO
000CHOBATh PEIICHHS 110 MOJACPHU3AINN U YCHIICHUIO 3aIIUTHI OTIEIBHBIX yJaCTKOB CETH, TO €CTh OPHEHTHPOBATH MH-
BECTHUIIMH HA J3JIECMCHTbBI I/IH(bpaCprKTypI)I " THUIIOBBIC CUTYyaIllMH, OT KOTOPBIX B 60HBLH€ﬁ CTCIICHU 3aBUCAT IMOXKapHbIC
pucku. B Oynymux uccieioBaHusAX MO 3TOH TeMe NpeIoaraeTcs:

— JIOTIOJIHUTH CTaTHUCTUKY aBaphi M OOBEM SKCIIEPUMEHTAIBHBIX JAHHBIX MO YHEPIETUYECKUM XapaKTEPUCTHKAM HC-
TOYHHKOB 3a’KUT'aHU,

— MPEJICTABUTH KOMMYECTBEHHYIO MapaMeTpU3aliio (DyHKIMH, KOTOpast MPEACTaBIsIeT YPOBEHb PHCKa TSl KaXKIOTO CLIEHAPHST;

— YCTaHOBHTH YUCIICHHBIC ITOPOTH JUIS YETHIPEX YPOBHEH pHCKa.

KuroueBble cjioBa: BO3AyIIHAs JHHUS 3nekrponepenadn, BJIDII, ucToduHmK 3akuraHusi, Toprodas cpena, ycJIOBHS
pacmpocTpaHeHHUs TOPeHHUsI, MaTpuIia pucka Boropanust BJIOII

BaarogapHocTn. ABTOp BhIpakaeT OlarofapHOCTh peIaKIUK U PELCH3EHTaM 32 BHUMATeIbHOS OTHOIICHUE K CTaThe U
3aMevaHus, KOTOPbIE II03BOJIHIIN ITOBBICHTE €€ KauyeCTBO.

Jas uutupoBanus. Orypuos [I.A. Marprma (akTopoB MoXKapHOW OMACHOCTH BO3AYIIHBIX JIMHUH 3JICKTpPOIIEpEIadn
KaK OCHOBa I MOJICIHPOBAaHHSA DPHCKA. bezonachocmv mexuozenHvlx u npupoonvix cucmem. 2026;10(1):7-18.
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Introduction. For a long time, the issues of assessing and reducing fire risk for long linear electric grid
infrastructure facilities, in particular overhead power lines (OHPLs), have been in the focus of researchers' attention.
The urgency of the problem is due to the frequency and scale of wildfires. In addition, violation of the integrity of
power lines is one of the basic vulnerabilities of power systems [1]. In this case, combustible materials, terrain, and
meteorological conditions form a complex of dangerous factors that should be considered in detail, separately from the
general models of landscape fires.

Abroad, in fire-prone regions, energy companies are forced to use preventive shutdowns [2] and other restrictions
(including PSPS'), as well as promptly modernize infrastructure to reduce the probabilities of fires [3].

According to the Federal Forestry Agency, 132 fires? broke out in Russia in 2019 due to linear-type facilities
(including power lines). In the first half of 2023, in the Far Eastern Federal District, the transition from linear-type
facilities was identified as an independent cause of 6.2% of the number of fires (3.4% by area)’.

During the fire-hazardous period (April — October) in 2018, 648 forest fires were registered in the Chelyabinsk
region. Of these, 19 (2.9%) were connected to power lines [4].

Landscape fires often occur due to short circuits on power lines and spread rapidly due to heat and strong winds.
Such a case was recorded by the Aerial Forest Protection in the Ust-Donetsk region of the Rostov region (a fire on
agricultural land on August 15, 2022%).

The issues of fire safety of overhead power lines are addressed from several angles. Firstly, the mechanisms of fire
initiation and propagation near power lines are actively studied. This includes considering the influence of tower design,
wire and insulator characteristics [5], as well as operating conditions [6]. Secondly, weather and climatic factors that
contribute to fire occurrence and intensity (high air temperatures, low humidity, strong winds, prolonged periods
without precipitation) are assessed [7], along with their interaction with topography and vegetation cover [8]. Thirdly,
quantitative risk assessment is developed, based on accident statistics [9]. This involves using probabilistic methods,
scenario analysis, and various approaches for ranking overhead line sections by risk level [10].

In the domestic and international literature, various groups of risk factors have been identified. Ignition sources near
overhead power lines have been classified and detailed, including:

— equipment defects,

— external mechanical influences,

— atmospheric phenomena,

— human factor.

Various approaches to fire hazard assessment of vegetation cover have been developed and applied. These include
the index of burnability, phytomass, and degree of desiccation, among others [11]. In addition, models have been
proposed that take into account the influence of terrain, woodlands, fire barrier lines, and distance to infrastructure
facilities and settlements [12]. However, these and other factors are usually considered separately within the framework
of specific tasks (for example, building fire hazard maps, predicting the spread of fire, or planning clearing measures),
without integration them into a single system “ignition source (or initiating action) — combustible environment —fire
spread conditions” (IS — CE — FSC).

A separate area of research relates to predicting the development of fire-hazardous situations along overhead power
lines [13]. In such studies, a limited number of typical scenarios are usually identified, for which the probabilities of
occurrence and possible consequences are analyzed. Examples include fires under wires when trees fall, fires from
sparking on towers in conditions of high vegetation dryness, the spread of crown fires through clearings, etc. Scenario
matrices, risk maps, and other visualization tools are used to aid management decisions in these cases. However, these
scenario descriptions are often based on arbitrary or poorly formalized initial factors, making it difficult to compare and

integrate them into unified risk management systems at the energy system or regional level.

! Public safety power shutoff.

2An Up-to-Date Summary of the Fire-Prone Period: 98 Percent of Forest Fires are Caused by Humans. (In Russ.) URL:
https://rosleshoz.gov.ru/news/federal/aktualnaya-svodka-pozharoopasnogo-perioda-98-protsentov-lesnykh-vozgoraniy-voznikayut-po-vine-
cheloveka-n4696 (accessed: 18.12.2025).

3 Analysis of the Causes of Forest Fires in the Far Eastern Federal District. (In Russ.) URL: https:/rosleshoz.gov.ru/news/dfo/analiz-prichin-
vozniknoveniya-lesnykh-pozharov-na-territorii-dalnevostochnogo-federalnogo-okruga-dfo-22041 (accessed: 18.12.2025).

*A Forest Fire in the Ust-Donetsk Region of the Rostov Region Arose from a Landscape Fire on Agricultural Land. (In Russ.)) URL:
https://aviales.ru/popup.aspx?news=7474 (accessed: 18.12.2025).
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Thus, with a significant amount of empirical data, private classifications and models in the public domain, there is
no single systematic classification of the factors determining the fire hazard of overhead power lines. The relevance of
such a system, built in accordance with a three-component structure (IS — CE — FSC) and initially oriented towards the
use in scenario analysis, is evident. Additionally, a standardized approach to creating a risk matrix for scenarios has not
yet been established, in which IS, CE, and FSC would be presented as a set of typical factors reflecting the most likely
and hazardous situations. Meanwhile, elements of classification, scenario description, and quantitative modeling remain
fragmented and dispersed in the literature. The authors focus on, for example:

— ignition sources [14],

— characteristics of the combustible medium [15],

— fire spread conditions [16],

— methods of probabilistic assessment and ranking of OHPL sections [17].

At the same time, there is no holistic methodological framework that includes the classification of factors, the logic
behind their combination in a given scenario, and the relationship between scenarios and a quantitative risk assessment.
This scientific work aims to fill this gap by creating a unified classification of factors that affect the fire hazard of
overhead power lines. The classification is described in terms of the initiating effects, the combustible environment, and
the conditions for fire development. Another innovation of the proposed solution is the construction of a formalized
scenario risk matrix for power line sections. To achieve this goal, several tasks were completed:

— analysis of approaches to the description and classification of fire risk factors (mainly near overhead lines);

— classification of factors into three groups (IS, CE, FSC) with an indication of their interactions;

— identification of parameters and classification of the combustible environment in the area of potential exposure to
the ignition source;

— definition and classification of ignition and fire spread conditions (FSC);

— generalization of classification results into a limited number of representative states;

— creation of a scenario risk matrix.

Materials and Methods. The basis of this research is the method of fire hazard assessment. In this approach, the
occurrence of a fire caused by OHPLs is considered as a result of the interaction between three key components: IS, CE,
and FSC. This is a generally accepted approach to assessing complex threats. Thus, multi-criteria solutions are used to
determine the reliability of power lines under conditions of multiple natural disasters. For example, methods of
hierarchy analysis and entropy weighting coefficients (AHP> — EWMY®) [18]. Another example of a complex
methodology is TOPSIS’. This approach is applied primarily to the ranking of risks that various types of natural
disasters pose to power transmission lines. Let us mention that the method is useful for resource management based on
statistics of consequences, rather than causes [9].

The methodology of the work consisted in the sequential decomposition and classification of the components
mentioned above. The key principles of systematization have been identified for groups of factors.

For ignition sources, the classification was based on the analysis of their physical nature, causes of occurrence, and
aggregated by key physical mechanisms of thermal effects on the combustible environment.

The classification for the combustible medium was based on its pyrological properties and location relative to the
structural elements of the overhead line.

The concept of the “fire behavior triangle”, recognized in world pyrology, was used to determine the conditions of
fire spread. This article focuses on weather, topography, and characteristics of combustible materials.

Results. To achieve the goal of the study, a literature review was conducted, which allowed us to organize and
present the findings in the form of author-created classification schemes for ignition sources, combustible
environments, and fire spread conditions. Each of these factors became the axis of the final scenario risk matrix.

Ignition sources classification. Let us mention the variety of causes of fires associated with overhead power lines.
These include violations of the rules of operation of electrical networks (wear and tear, human factors) and probabilistic
phenomena (climatic conditions). However, for quantitative risk modeling, the root causes of events (for example, a
falling tree or a breakdown of an insulator) are less important than the physical characteristics of the ignition process
itself. Therefore, from a scientific point of view, a system based on the dominance of physical heat transfer mechanisms
and the nature of energy effects is considered to be of better quality.

In the proposed classification, ignition sources belong to one of two classes corresponding to emergency modes of
operation. It concerns short circuits between phases (SCPs) and single-phase line-to-ground short circuits (LGSCs).
Other types of emergency modes of operation (overloads or unbalanced modes) usually lead to distributed heating of
conductors along their entire length, rather than concentrated and high-temperature energy release at one point, which is
sufficient to ignite combustible materials.

5 analytical hierarchy process.
¢ entropy weighting coefficient method.
7 technique for order preference by similarity to ideal solution.
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This classification makes it possible to clearly distinguish ignition sources by type and heating mechanism (Fig. 1).

Classification of ignition sources
from OHPLs 6-35 kV (by physical

mechanism)
1. Short circuits between phases II. Single-phase line-to-ground short
(SCPs) circuits (LGSCs)
Heating type: arc discharge Heating type: resistive (Joule)
Ignition mechanism: short-term Ignition mechanism: prolonged
high-energy thermal effect heating in the contact area

Fig. 1. Classification of fire hazard sources of overhead power lines

I. Short circuits between phases occur under the following circumstances:

— wires colliding due to wind,

— wires icing,

— trees and other objects falling on wires.

In such cases, intense heating is recorded up to 4,000-10,000°C and above. The current strength increases
dramatically by 10-100 times compared to the rated mode [7]. In this case, an electric arc is formed — a plasma
channel with high temperature and intense heat generation. A short-term but extremely powerful release of energy
generates secondary ignition sources — incandescent metal droplets. This circumstance causes a high probability of
ignition of dry forest floor or grass.

The risk of wire snapping in high winds can be quantified using models based on nonlinear equations of conductor
oscillations. Such systems make it possible to determine the probability of a dangerous phase convergence in real
time [8].

At the same time, the level of fire hazard directly depends on current strength and short circuit duration: low, medium
or high [5]. Experimental studies confirm that there are specific ranges of fire-hazardous short-circuit currents for
non-insulated aluminum wires. Thus, a wire with a cross-section of 25 mm? corresponds to a range of 120—-180 A [13]. The
same class includes double line to ground faults (DLGFs) that occur when wires of two or three different phases fall to the
ground. Despite the fact that the current goes through the ground, this mode is electrotechnically equivalent to a short
circuit between phases, as it is characterized by high short-circuit currents. The physics of ignition in this mode is identical
to SCP: powerful electric arcs occur at the points of contact of the wires with the ground. As a result, the metal melts, and
the red-hot droplets ignite combustible materials.

II. Line-to-ground short circuits cause a stable thermochemical effect on combustible materials. This is the most
common and main cause of fires. The emergency mode is characterized by prolonged and, as a rule, uncontrolled
release of thermal energy.

Technosphere Safety
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In 6-35 kV networks operating with an isulated neutral, the LGSC currents are insignificant (usually up to 10 A) [6].
They do not cause instant destruction of elements and equipment, which makes it possible to operate the network in
emergency mode for a long time (several hours) without power cuts. During this time, damage is detected and repaired.

This class combines all scenarios in which the conductor of an overhead power line (OHPL) comes into prolonged
contact with a grounded combustible object.

There are two types of ground faults in the literature [14]. The first one is metal. We are talking about cases of direct
connection of conductors to the ground with negligible resistance at the point of contact. For example:

— wire breakage and fall on the crossarm,

— fall on the transformer substation housing and other metal objects in the protected area of the power line.

Short circuits due to high transient resistance (second type) occur when wires fall on dry grass, as well as if a broken
wire touches a tree or wooden support. The same type includes contact through a damaged or contaminated insulator.

The mechanism of thermal action at the phase contact point is the same for both types of LGSCs. At the point of
contact with the ground, resistive (Joule) heating occurs due to the passage of a capacitive short-circuit current through
a transient resistance at the point of contact. This process is slower than in resistively compensated networks because
there is no high-energy arc discharge. Nevertheless, the resulting conductive heat transfer from the heated conductor to
the surrounding combustible materials ensures their gradual heating to the ignition temperature, i.e. causes the risk of
fire. The earth fault current near the damage site creates local heating zones, which also contributes to the occurrence of
a fire. In this case, heat dissipation is determined by the product of the square of the current and the resistance according
to the Joule-Lenz law.

For metal circuits, typical transient resistance values range from 0.1 to 10 ohms, whereas for high-resistance circuits,
such as when a wire falls on dry grass or contacts wood, the resistance can reach hundreds or even thousands of ohms.
With relatively small LGSC currents, the level of transient resistance becomes the main factor determining heat
dissipation. When the resistance increases by hundreds of times, the heating power also increases proportionally,
creating local zones of intense heat that can ignite combustible materials, even at moderate short-circuit currents.

Thus, the entire variety of root causes has been grouped into two typical physical mechanisms, which will become
the first dimension (axis) in the final scenario risk matrix.

Combustible environment (CE) classification. As it has been established earlier, one of the three mandatory fire
conditions during the operation of overhead power lines is a combustible environment (CE). This is a combination of:

— combustible materials of natural and anthropogenic nature within the protected overhead line zone;

— overhead line structural elements that can ignite from thermoelectric ignition sources.

When quantifying the probability of ignition, we take into account the key pyrological parameters that determine the
sensitivity to ignition. Thus, the minimum critical ignition energy Qis, which is determined by the heat balance
equation, directly depends on the type and moisture content of the combustible material:

Ogn =My (Tign =To )+ Mynois Ly M
where m — mass of the heated material, kg; ¢, — heat capacity of combustible materials, kJ/(kg-K); Tig — ignition
temperature; 7o — initial temperature; muoi; — moisture mass in the material, kg; Le.,., — heat of water evaporation.

As the moisture content increases, the ignition energy conditions increase significantly. Experimental studies show
that with an increase in the humidity of natural combustible materials (NCMs) from 10% to 30%, the required minimum
thermal load increases from 20 kW/m? to 35-40 kW/m?, which corresponds to an increase in the critical ignition energy
by about 1.75-2 times [15].

An additional factor contributing to the increase in the energy barrier is the energy expenditure on moisture
evaporation. The specific heat of evaporation for water is 2.26 MJ/kg. For living vegetation with moisture content of
100-300% relative to dry mass, ignition does not occur at heat fluxes below 35 kW/m?.

Thus, when compared to dry finely dispersed materials (moisture content 10-15%), the ignition energy barrier for
moistened and living NCMs increases approximately 3—10 times, which is consistent with experimental data on the
effect of moisture content on the flammability of plant materials [16].

Based on this information, a classification of the combustible medium can be proposed (Fig. 2).
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Fig. 2. Classification of combustible materials in OHPL area

Class A. Highly sensitive NCMs. This class is characterized by minimum moisture content (less than 15%) and, as a
result, low critical ignition energy (less than 1 kJ). This group includes the most fire-hazardous materials: dry grass and
needles (fallen this year), mosses during prolonged drought, as well as organic accumulations on insulators (droppings,
down) and materials from bird nests.

Class B. Medium sensitive NCMs. This class combines materials with a moderate moisture content (15-30%),
which increases the required ignition energy to 1-10 kJ. Examples: forest floor with moderate humidity, long-fallen
needles from previous years, dry branches up to 5 cm in diameter, and support wood with a humidity of 20-30%.

Class B. Low sensitive NCMs. They contain 30-60% moisture. According to equation (1), in this case, high energy
(10-50 kJ) is needed for ignition. Low sensitive NCMs are moist forest litter, live needles and foliage in tree crowns,
coniferous undergrowth and support wood with a humidity of 30—50%.

Class G. Specific combustible materials. The fire hazard of peat bogs, structural wood, and combustible debris is
determined not only by the moisture content (as in classes A, B, and C), but also by specific properties: structural
features, chemical composition, and the ability to self-sustaining combustion.

The elements of this class are qualitatively heterogeneous and demonstrate high susceptibility to thermal effects —
prolonged during LGSC and short-term from drops of red-hot metal. This is due either to the low ignition energy (flame
retardant-soaked wood, dry debris), or the ability to self-sustaining combustion after ignition (peat bogs). As a result,
despite the heterogeneity, such materials are taken together for the purposes of scenario risk modeling.

This classification, based on pyrological properties and sensitivity to thermoelectric influences, allows us to move
from the generalized concept of “combustible environment” to four classes. This is necessary to build a scenario risk
matrix and allows you to quantify the probability of ignition (Pi,) in various emergency modes, depending on the
current state of CE

Fire spread condition (FSC) classification. Let us consider the situation with such an initial event as the occurrence
of a fire from an overhead power line. The damage and the scale of the consequences are determined by the fire spread
from the source. The conditions that regulate this process form the third key component of the fire hazard system.
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In the framework of this study, the FSC is understood as a set of environmental factors that determine the speed,
intensity, trajectory of the fire front and the possibility of its transition between different tiers of the combustible
environment. It is important to note that the probability of ignition and spread of fire depends on a number of factors (for
example, wind, and humidity). However, in this section they are considered from the point of view of the impact on an
existing, developing fire. The FSC classification is necessary for modeling fire scenarios and assessing potential damage.

A model called the triangle of fire behavior is widely used in pyrology. Within the framework of the presented study,
the concept is adopted according to which the nature and dynamics of fire spread are determined by the interaction of
three groups of factors: weather conditions, topography and characteristics of combustible materials [11]. This takes
into account:

— wind speed and air humidity,

— ground form,

— volume of combustible material, its horizontal and vertical location (Fig. 3).

Material

Fig. 3. Fire behavior triangle

For a specific section of overhead line, the topography is taken into account during the design and does not require
inclusion in the scenario matrix as a variable. For critical areas (steep slopes), increasing risk factors are used. The
characteristics of the materials are also reflected in the classification of the combustible medium:

— Class A materials ensure a high rate of grass-roots fires,

— Class B materials form a “ladder” for crown fires.

Only the weather is changing dynamically, and it requires an operational assessment. Wind and humidity have the
maximum predictive potential and are easy to measure.

The fire hazard class (FHC) according to weather conditions is an integral indicator. In Russia, the Nesterov
complex indicator is used with a gradation from I (absence of danger) to V (extreme danger). FHC is directly related to
the moisture content of small combustible materials. Thus, with FHC V, humidity decreases to 10-15% (class A of the
combustible environment), with FHC 111, it is 20-30% (class B).

Wind speed of about 10 m:

— increases the probability of emergency modes (whipping of wires at SCP, contact with vegetation at LGSC);

— increases heat generation during ignition;

— determines the velocity of the front during propagation.

Wind speed is a consistently measured and predicted parameter. A threshold value of 5 m/s has been set for scenario
analysis. Below this indicator, the fire spreads due to radiation heating at a moderate rate. The higher velocity causes
convective heat transfer with flame tilt, spark transfer, and secondary foci [12].

Thus, the system of factors of the fire behavior triangle is reduced to two key dynamic parameters — FHC and wind
speed. This reduction is justified physically, statistically and practically.

The fire hazard class (FHC) according to weather conditions determines the pyrological readiness of natural
combustible materials. This integral characteristic reflects their ability to ignite and maintain fire. It depends on the type
of material, its moisture content and thermal properties.

The wind speed, in turn, determines the dynamics of flame propagation and the formation of secondary foci.

From a statistical point of view, both parameters are reliable indicators of fire danger, and from a practical point of

view, their use is justified by the high availability and predictive reliability of meteorological observations.
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The FHC and wind speed determine the nature of fie spread conditions (FSCs) for the scenario matrix (Fig. 4).

Conditions: FHC IV-V
and wind >5 m/s

— Category 1: unfavorable

NCM characteristics: moisture content
<15%

Conditions: FHC II-III
and wind >5 m/s or FHC
IV-V and wind <5 m/s

Category 2: moderate

NCM characteristics: moisture content
20-30%

Fire spread conditions (FSC)

Conditions: FHC 1

— Category 3: favorable

NCM characteristics moisture content
>40%

Fig. 4. Fire spread conditions

Fire spread conditions can be described as favorable, unfavorable, or moderate, and the level of threat can be low,
medium, or high.

Fire risk scenario matrix. A scale of risk levels is needed to quantify each fire hazard scenario for OHPLs. The
analysis of risk assessment methods became the basis for the proposed four-level classification.

Low risk (R1). The probability of ignition is minimal or there are no conditions for the development of a fire. It is typical
for combinations of: weak ignition sources + CE with high moisture content + unfavorable FSCs (FHC I-II, lack of wind).

Average risk (R2). Moderate risk of ignition and limited potential for fire spread. It is typical for combustible
materials with moderate pyrological readiness (class B), transitional weather conditions corresponding to FHC III, with
wind speeds up to 5 m/s.

High risk (R3). High probability of ignition and significant potential for fire spread. It is formed at FHC IV-V and
(or) wind speeds of more than 5 m/s in combination with combustible materials of high or moderate pyrological
readiness (classes A, B) and ignition sources of increased energy capacity.

Critical risk (R4). Maximum risk of ignition and rapid fire development. The risk is generated by powerful ignition sources
(SCP, LGSC arcs) in combination with dry fine materials under extreme weather conditions (FHC V, wind >5 m/s).

Risk level R for each scenario can be represented as function f. It determines qualitative correspondence of input
parameters and risk categories R1-R4 based on an expert assessment of two parameters:

R:f(PBSJTH)' 2)

Here P, — probability of catching fire, determined by a combination of IS type and CE class. Ty — severity of
consequences. It is determined by the CE class and the FSC category. The speed and scale of distribution are taken into
account.

In this paper, the risk levels are qualitatively determined by the characteristics established in the previous sections.
The quantitative parameterization of function (2) and the establishment of numerical thresholds for risk levels R1-R4
are the subject of further research.

The above analysis of the three key components (IS, CE and FSC) allows us to form a final scenario
matrix (Table 1).
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Table 1
Fire risk matrix
) Fire spread conditions
IS Material class
Favorable Moderate Unfavorable
A. Highly sensitive R2 — average R3 — high R4 — critical
9 B. Medium sensitive R1 — low R2 — average R3 — high
8 C. Low sensitive R1 —low R1 —low R2 — average
D. Specific R2 — average R2 — average R3 — high
A. Highly sensitive R3 — high R4 — critical R4 — critical
8 B. Medium sensitive R2 — average R3 — high R4 — critical
v C. Low sensitive R1 — low R2 — average R3 — high
D. Specific R2 — average R3 — high R4 — critical

Discussion. The matrix combined all 24 typical scenarios of fire hazard (two groups of ignition sources x four
classes of combustible materials x three categories of fire conditions). The principles of assigning risk levels in the
scenario matrix are provided below.

Class D of combustible materials in all scenarios is characterized by the minimum allowable risk level R2, even
under favorable conditions of fire spreading. Assigning the R1 level in this case is impractical for the following reasons:

— the specific properties of such materials, including the ability to smolder and low humidity of structural and flame
retardant-impregnated wood,

— the presence of combustible debris prone to sustained combustion.

SCPs with higher thermal impact energy tend to increase the risk level by one category compared to LGSCs with the
same class of combustible materials.

Unfavorable fire spread conditions (FHC IV-V at wind speeds of more than 5 m/s) in combination with Class A
combustible materials in all cases form critical R4 risk level regardless of the type of ignition source.

Approximately 21% of the total number of scenarios are critical (R4). They are formed mainly by the following
combinations:

— high-energy emergency modes (interphase faults and individual single—phase scenarios),

— highly sensitive and medium-sensitive combustible materials,

— adverse weather conditions.

As you can see, the matrix is a solution that provides a transition from a qualitative description of the situation on
the overhead line to a subsequent quantitative assessment of the probability of a fire and its consequences.

Let us list practical application options for this matrix:

— modeling the occurrence and spread of fires on OHPLs,

— refinement of safety measures for specific sections of the network,

— improvement of fire risk assessment in electrical networks.

The matrix allows you not only to identify the presence of increased danger, but also to rank scenarios by
importance, which opens up the possibility of a more rational allocation of resources for protective measures.

Conclusion. The main physical and spatial factors determining the fire hazard of overhead power lines are
highlighted. Based on them, classifications of ignition sources, combustible environment and fire spread conditions
have been developed, reflecting the features of the linear infrastructure and the surrounding area.

The key result of this study is the creation of a risk matrix of 24 scenarios for the occurrence and development of
fire on overhead power lines. Unlike the traditional approach focused on the analysis of individual factors, the proposed
solution takes into account the interaction of ignition sources, combustible environment and fire spread conditions. The
research results allow us to move from a fragmentary assessment of fire hazard to a systematic analysis of specific
scenarios. Thanks to this approach, it is possible to justify decisions to modernize and strengthen the protection of
individual sections of the network. This makes it possible to focus investments on infrastructure elements and typical
situations, on which fire risks depend to a greater extent [10].

Let us note that the results require further development. There are certain limitations associated with an expert
assessment of the relative importance of scenarios, which affect the objectivity of assigning risk levels. The lack of
accident statistics and experimental data on the energy characteristics of ignition sources prevent a full-fledged
quantitative parameterization of scenarios. Overcoming these limitations is a priority area for future research, including
the collection and analysis of incident statistics.


https://bps-journal.ru/

Safety of Technogenic and Natural Systems. 2026;10(1):7-18. eISSN 2541-9129

In addition, in the future, we will need to develop function f that represents risk level R for each scenario.
Specifically, we plan to quantify the parameters of the function and set numerical thresholds for the four risk levels
discussed in this article

A separate area of development for overhead line fire safety systems is the rapid detection of fires. In this context, it
is promising to combine a scenario-based approach to risk assessment with neural network computer vision
technologies designed to detect smoke and flames in real time [19].
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