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Abstract

Introduction. Ensuring fire safety at oil and gas enterprises is a crucial aspect of occupational health and safety
management system. These facilities are known to have a high concentration of flammable and explosive materials.
According to statistics from the Federal Service for Environmental, Technological and Nuclear Supervision
(Rostechnadzor), approximately 38% of accidents at oil and gas facilities are related to fires and explosions. The
introduction of a new method for calculating fire risk values and requirements for the occupational safety and health
management system necessitates an integrated approach to fire risk management. The scientific problem is the lack of a
comprehensive methodology linking fire risk assessment procedures with occupational risk management processes
within a single system. The purpose of this research is to create an integrated fire risk management system that aims to
enhance the effectiveness of occupational safety in oil and gas industry.

Materials and Methods. The research methodology was based on a systematic approach to integrating fire risk
assessment procedures in accordance with Order No. 533 of the Ministry of Emergency Situations of Russia and
Occupational Health and Safety Management System (OHSMS) processes. The research base consisted of data from 12
oil and gas industry facilities: four gas treatment units, three compressor stations, three oil pumping stations, and two
gas distribution stations. The main facility was a gas treatment unit located in the Yamalo-Nenets Autonomous Okrug
(YNAO). Initial data were collected over a period of at least three years, and a group of experts, including fire safety
specialists, occupational safety engineers, and process specialists, was involved in determining the OHSMS correction
factors. Expert evaluation was conducted using the Delphi method, with consistency analysis using the Kendall's
coefficient of concordance (W =0.82). As part of the research, a mathematical model with correction factors and an
integrated hazard matrix was developed. At the first stage, identification and classification of hazards were carried out
in accordance with Article 9 of Federal Law No. 123-FZ “Technical Regulations on Fire Safety Requirements”, dated
July 22, 2008. At the second stage, logical event trees were built and integrated metrics were calculated using
JupyterNotebook (Python, Pandas, Scipy, NumPy libraries), and compared with traditional methods.

Results. An integrated fire risk management system was developed, which included five interrelated processes: hazard
identification, risk assessment, development of management measures, monitoring and continuous improvement. A
mathematical model for calculating potential fire risk was proposed, introducing the OHSMS integration coefficient,
which allows for the consideration of the impact of organizational and technical occupational safety measures on fire
likelihood and consequences. Within the integrated approach, 47 types of hazards were identified compared to 35 using
the traditional methods, indicating more detailed risk source identification. The fire risk was reduced by 22-26% when

using the integrated system compared to the baseline level.
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Discussion. The use of an integrated approach to occupational risk management can increase its efficiency by 25-30%,
due to a synergistic effect that has been confirmed by a comparative analysis of traditional and proposed risk
assessment methods at oil and gas facilities. This effect is achieved through the integrated consideration of OHSMS
measures, which affect the frequency and severity of fire-related incidents, while taking into account the limitations of
the methodology, such as dependence on the completeness and representativeness of accident data (at least three years
of observations) and focusing mainly on objects with continuous technological processes. The results obtained are
consistent with international research on safety system integration, which has shown that similar approaches can
improve hazard identification accuracy by 20-35% and enhance the quality of risk assessments.

Conclusion. The results of this study can be used to improve safety management systems at oil and gas enterprises. This
includes the introduction of a mathematical model with OHSMS coefficients to reduce fire risks by 22-26%. The
proposed integrated system contributes to the development of scientific foundations for risk management in industry. It
opens up prospects for further research on adapting this approach to marine facilities, as well as permafrost and other
extreme climates. It is recommended to use the model to optimize resource allocation in OHSMS. This should take into
account the results of expert evaluations and regular revisions of parameters as more statistical data becomes available.

Keywords: fire safety, oil and gas industry, occupational health and safety management system, occupational risks, fire
risk, hazard identification, mathematical modeling, integrated management system, industrial safety, OHSMS
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Opueuﬁaﬂbﬂoe amnupudeckoe uccnedosatue

KommuiekcHoe ynpapiieHue M0KAPHBIMH H NPO(ecCHOHATBHBIMH PHCKAMH HA MPeNPUATHSX
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AHHOTaNUs

Beedenue. Obecnieuenue MoxapHoi 0€30MacHOCTH Ha NPEANPUSATHAX He(TerazoBoil oTpaciu sBISETCS OMHOU U3 ca-
MBIX BO)XHBIX 3a[a4d B CUCTEME YIPaBJICHHS OXPAHOU TPyHAa, MOCKOIBKY TaKHe OOBEKTBHI XapaKTEPU3YIOTCS BBICOKOH
KOHIIEHTpaLMel I0)KapOONacHBIX M B3PBIBOOMACHBIX BemiecTB. COMIACHO CTaTUCTUUECKMM JAaHHBIM DenepaibHON
CITy>KOBI TI0 AKOJIOTHYECKOMY, TEXHOJIOTHYECKOMY B aTOMHOMY Han3opy (Poctexnamzop), okono 38 % aBapuii Ha 00b-
eKTax He()TerazoBoro KOMIIEKCa CBA3aHO € MOYKapaMy W B3pbIBaMH. BeTymuieHne B crury HOBOH METOIMKH OIIpeaeste-
HUSI PaCUETHBIX BEJIMUUH IOKapPHOTO PHUCKA, a TaKKe TPeOOBAaHUN K CHCTEME YIIPaBJIECHHs OXPaHOU Tpynaa 00yCIIOBIH-
BaeT HEOOXOAMMOCTh (POPMHUPOBAHMS MHTETPUPOBAHHOTO IOAXOAA K YIPABJICHHUIO MOXKapHBIMM puckamu. Hayunas
npoOJieMa COCTOUT B OTCYTCTBUU KOMIUIEKCHOM METOJIOJIOTMH, KOTOpas Obl yBsI3bIBaJIa MPOLEYPhI OILIEHKH MTOKapHOTO
pHCKa ¢ IpoLeccaMyl YIPaBICHHS ITPOPECCHOHATIBHBIMI PUCKaMHU B paMKaXx €AMHON cucTeMsbl. Llenbio qaHHOTO HCCcie-
JIOBaHHMs SIBIISIETCS] pa3paboTKa MHTETPUPOBAHHOM CHUCTEMBI YIIPABICHUS MOXKAPHBIMUA PHUCKaMH, OPHEHTUPOBAHHON Ha
TMOBBIIEHUE P PEKTUBHOCTH 00ecTIedeH s 0e30I1aCHOCTH TPyAa Ha IPEIIPHUITHSIX He(hTera30BOH OTPaCIIH.
Mamepuanst u memoost. MeTOnONOTHS UCCIIENOBAHUS OCHOBAaHA Ha CUCTEMHOM IIOJIXO/Ie K MHTErpally MPOLEIyp
OLIEHKM TOXapHOro pucka coriaacHo mnpukasy MUC Poccunm Ne 533 ¢ mpoueccamu ynpaBiIe€HHS OXpaHOM Tpy-
na (CYOT). ba3y uccienoBanusi COCTaBUIIM JIaHHBIE ¢ 12 00bEKTOB HE(TEra3oBoil OTpaciy: YeThIpe YCTAHOBKH MOJIIO-
TOBKHM T'a3a, TPH KOMITPECCOPHBIE CTAHINH, TPY He(TeTepeKaunBaroOIie CTAaHIIMN 1 1B Ta30pacpeIeIUTEIbHbIC CTaH-
. OCHOBHOW 00BEKT — yCTaHOBKA MOJTrOTOBKH ra3a B SImano-Henenkom aBronomMHoM okpyre (IHAO). McxonHsl-
MU JaHHBIMHU CITY>KHJIM MaTEpHaIbI 110 aBapysM 3a IEPHOJ He MeHee Tpex JeT. [ onpeneneHns: HonpaBOYHBIX KO-
¢unuento CYOT npuBnedeHa rpynmna 3KCIepTOB: CHEHUATUCTHI MO MOKapHOI 0€30MacHOCTH, HHKEHEPHI 110 OXpaHe
TPyZla ¥ TEXHOJIOTH. DKCIEPTHAs! OIIEHKA MPOBOJMIACE METOJI0OM Jlenb(u ¢ aHAIN30M COTIIACOBAHHOCTH 110 KO3 HITH-
enty konkopaauuu Kennamia (W = 0,82). B pamkax nccnenoBaHus pa3padaThlBINCh MaTeMaTHueckas MOJAENIb C TMO-
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NIPaBOYHBIMU KOO (UIIMEHTaMH 1 HHTETPUPOBAaHHAs MaTpHLla onmacHocTell. Ha mepBoM sTane ObUTH NpOBEIEHB! HIECH-
TUQUKAIMS 1 KiIaccuuKaiys ornacHocTel corsacHo ct. 9 denepansHoro 3akoHa Ne 123-D3 ot 22.07.2008 «TexHuue-
CKHI periaMeHT o TpeOOBaHMAX MOXKapHOH O6e3omacHocTH». Ha BTOpoM 3Tare mocTpOeHs! JJOTHUECKHe JePEBbs COOBI-
THI, pacueT HHTETPUPOBAHHBIX ITOKa3aTelne ¢ ucnoip3oBanneM JupyterNotebook (Python, 6ubnmorexu Pandas, Scipy,
NumPy) u conocraBieHue ¢ TpaAUIMOHHBIMI METOJUKAMU.

Pesynemamut uccnedosanusn. Pazpaborana MHTETpUpOBaHHAS CHCTEMA YIIPABICHUS ITOKapHBIMH PHCKaMH, BKIIIOYAIO-
mas B ce0s MATh B3aMMOCBA3aHHBIX ITPOIIECCOB: MACHTH(HUKANNS OIMACHOCTEH, OIlEHKa pHCKa, pa3paboTka Mep ympas-
JICHWsI, MOHUTOPHHT U TMOCTOSHHOE yiyuiieHue. [IpemioxkeHa MaTemMaTnieckas MOJENb pacueTa MOTEHIMAIbHOTO I10-
JKapHOTo pHucKa ¢ BBeaeHHeM koddpduuuenta narerpauni CYOT, KOTOpBIH NO3BOJSET YYECTh BIMSHUE OpTraHH3aLH-
OHHBIX M TEXHWYECKHX MEP OXpaHbl TPyJa Ha BEPOSTHOCTb M IOCIEIACTBHUS I0OXXKapoB. B pamMkax MHTETpHpOBaHHOTO
MOJX0/1a BBIABICHO 47 BUAOB OMACHOCTEH MPOTUB 35 MpH MCIONB30BaHUM TPATULIMOHHON METOAMKH, YTO CBUAETEINb-
CTBYeT 0 0oJiee JeTaau3UpOBaHHON MIEHTU(HUKALNKN NCTOYHHKOB PUCKA. YCTAHOBJIEHO CHI)KEHHE MOXXApPHOTO PHCKA
Ha 22-26 % npu NIpUMEHEHNH MHTETPUPOBAHHON CHCTEMBI, IO CPABHEHHIO C 0a30BBIM YPOBHEM.

Oébcyscoenue. 1lpumeHeHne WHTETPUPOBAHHOTO TOAXO0Ja OOECIednBacT IMOBBIMICHHE S((EKTUBHOCTH YIPaBICHUSI
npodeccronanbHbMu pruckamu Ha 25-30 % 3a cyeT BBIpaKEHHOIO cHHepreTHdeckoro 3ddekra, MoATBEPKICHHOTO
CPaBHHTENILHBIM aHAJIM30M TPAJWIMOHHBIX M IpEJlaracMblX METOJOB OLIEHKH PHUCKOB Ha He(dTera3oBhIX OOBEKTax.
VYxazauusiii 3¢ ekt popmupyercs Onaromaps komiuiekcHoMy ydery Meporpustuii CYOT, BIusiomux Ha 94acToTy
BO3HHKHOBEHUS U TSDKECTh MOCIEICTBHH MOXAapOOMAacHBIX CLIEHApUEB, C OJHOBPEMEHHBIM Y4eTOM OTpaHHYEHUH Mpu-
MEHEHHsI METOANKH, TAaKUX KaK 3aBUCHMOCTh OT ITOJIHOTHI M PENPE3CHTATUBHOCTH JAaHHBIX 10 aBapysiM (He MEHee Tpex
JeT HaOIIOEeHNI) U OPUEHTALNS IPEUMYIIIECTBCHHO Ha OOBEKTHI C HENPEPHIBHBIMH TEXHOJIOTHYECKUMH MPOLIECCAMH.
[Mony4eHHbIe pe3ysIbTaThl COrIACYIOTCS ¢ MEXKIYHAPOIHBIMUA HCCIIEIOBAHUSAMH M0 MHTETPAIMU CHCTeM 0€30MacHOCTH,
I7Ie aHAIOTHYHBIC MOJXOMbl JIEMOHCTPUPYIOT IOBBINIEHHE TOYHOCTH HAEHTH(MKanuu omacHocreil Ha 20-35% u
yJIy4IICHHE KadeCTBa MOCIEAYIOMEH OLEHKH PUCKOB.

3aknrouenue. Pe3ynbTaThl UCCIIEAOBAHUS MOTYT OBITh HCIIOJNB30BaHbI U COBEPIICHCTBOBAHUS CHCTEM YTIPABIICHUS
0€301acHOCTBIO Ha MPEATIPUATHIX He(Tera3oBoi oTpaciy, BKIOYas BHEAPEHNE pa3paboTaHHONH MaTeMaTH4ecKond Mo-
nemu ¢ kodpduipentamu CYOT anst cCHMKEHHS TOKapHBIX pUCKOB Ha 22-26 %. [IpennoxeHHas WHTErpUpOBaHHAS
CHCTE€Ma BHOCUT BKJIaJ B Pa3BUTHE HAyUHBIX OCHOB YIIPABJICHUS PUCKAMH B IIPOMBIIUICHHOCTH, OTKpPbIBasi IEPCIEKTU-
BbI JJbHEHINNX MCCIEJOBAHHUHN 10 a/IalTallMy JTAHHOTO I0JIX0JIa K MOPCKUM OOBEKTaM, a TaKXKe K YCJIOBUSIM BEUHOH
MEp3JI0THI ¥ APYTHX 3KCTPEMAIBHBIX IPUPOJHO-KIMMATHIECKUX 30H. PeKkoMeHtyeTcst pIMEHEHHEe MOJENH ISl OTITH-
Mu3alnuu pacnpeneneHus pecypcos B CYOT ¢ yueToMm pe3yiabTaToB 3KCIEPTHON BaluAAMK U PETYJSIPHOTO MIEPECMOT-
pa mapaMeTpoB 110 Mepe HAKOIJICHHUS CTATUCTUUYECKUX JTaHHBIX.

KiroueBble cioBa: mokapHas 0e30HacHOCTb, HedTerazoBas OTpacib, CHCTEMa YIIPaBICHHS OXpaHOH Tpyaa,
npoeCCHOHATIBHBIC PUCKH, MOXKAPHBIA PHCK, HACHTH(UKAIMSA OMACHOCTEH, MaTeMaTHYeCKOE MOICIUPOBAHHE,
HMHTErpHpOBaHHAs CUCTEMa YIPaBJICHUs, IPON3BOJICTBEHHAs Oe3omacHocTh, CYOT

BaaronapHocTi. ABTOpHI BBIpaXaroT OarofapHOCTh 3aBexyromiel kadeapod NMPOMBIIUICHHOW O€301acHOCTH W
OXpaHbl OKpy’Karomed cpenpl POCCHICKOro TOCyIapCTBEHHOTO YHHMBEpCHTETa He(pTH M Taza (HaIMOHAIBHOTO
UCCIIeZI0BaTeIbCKOr0 yHuBepcuTeTa) uM. .M. ['yOkuHa, TOKTOpy TeXHHYeCKuX Hayk, npodeccopy Enene BuranbeBHe
I'me6oBoii 32 MOMOITH B IOyYSHNH JaHHBIX, IIO3BOJIMBIINX MPOBECTH HCCIICAOBAHNE.

Jas ourupoBanus. Pommues JLIO., Munaesa MLA., Cyxapckuit C.I1., Bbarmanos C.B., Kyzueros S1M. KomriexcHoe
yIpaBJIeHUEe TOXXapHBIMUA U TPO(ECCUOHATBHBIMA PUCKaMH Ha TPEANPUSITUSIX. be30nacnocmb mMexnoeeHHbIX U NPUPOOHbIX
cucmem. 2026;10(1):19-31. https://doi.org/10.23947/2541-9129-2026-10-1-19-31

Introduction. Ensuring fire safety at oil and gas industry enterprises is an important task, especially in light of
current global trends towards occupational safety and health. Many countries are adopting increasingly strict norms and
standards for environmental protection and worker safety, which presents additional challenges for the oil and gas
sector. The absence of adequate fire safety measures can lead not only to catastrophic consequences for the health of
employees, but also to significant financial losses, including compensation for victims, costs of facility restoration, and
fines for legal infringements. Ignoring fire safety issues can cause devastating environmental consequences with
massive leaks of hazardous substances. This, in turn, can lead to a negative perception of the industry as a whole. Thus,
the urgency of developing and implementing effective fire risk management systems in the oil and gas industry is
becoming indisputable, and the urgent need for an integrated approach to solving this problem in the context of global
change requires immediate action. An analysis of statistical data on oil and gas industry facilities for the period 2019—
2023 reveals that, despite the ongoing safety measures, significant losses from fires and explosions continue to be
reported. The implementation of a new methodology for calculating fire risk values and requirements for occupational
safety and health management necessitates an integrated approach to fire risk management. However, so far, no
comprehensive methodology has been developed to link fire risk assessment procedures with occupational risk
management processes within a single system.
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According to statistics from Rostechnadzor, between 2019 and 2023, approximately 38% of accidents at oil and gas
facilities involved fires and explosions. This emphasizes the urgency of developing effective fire risk management
systems. Figure 1 shows data on emergencies in the oil and gas industry for 2019-2023. Figure 2 shows the number of
accidents at oil and gas production facilities over the same period.
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Fig. 1. Number of emergencies at oil and gas production facilities in 2019-2023
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Fig. 2. Number of accidents at oil and gas production facilities in 2019-2023

The graphs show the dynamics of accidents and related consequences at oil and gas industry facilities in 2019-2023.
During this period, the share of emergencies among all incidents varied in the range from 25 to 60%, with an average of
38%. The minimum number of emergencies was recorded in 2023, which indicated the effectiveness of the measures
taken to manage industrial and fire safety. Similarly, the accident rate decreased from 25% in 2019 to 10% in 2023, and
the five-year average was 23%. The average proportion of accidents related to fires and explosions remained at about
24%, demonstrating a steady downward trend.
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Fatal accidents related to fires at the facilities under consideration remained at a relatively low level, which
confirmed the effectiveness of integrated industrial and fire safety management systems, as well as ongoing preventive
measures [1]. The identified trends emphasized the need for further improvement of approaches to ensuring integrated
safety at oil and gas industry enterprises and the urgency of continuing work to reduce risk levels, frequency of severe
and group incidents and scale of their consequences [2].

The new methodology for determining calculated fire risk values at production facilities, which entered into force on
January 1, 2025 (EMERCOM of Russia Order No. 533 dated June 26, 2024)' and the current Approximate Regulation
on the Occupational Health and Safety Management System (Ministry of Labor of Russia Order No. 776n dated
October 29, 2021)? require the development of an integrated approach to fire risk management within the framework of
the general occupational health and safety management system. The new methodology of the Russian Ministry of
Emergency Situations maintains a comprehensive list of fire hazards as defined in Article 9 of Federal Law No. 123-FZ,
while also clarifying criteria for human injuries and approaches to simulating fire scenarios and assessing associated
risks. Main changes relate to details of calculation procedures and requirements for analyzing initial events and
justifying initial data, rather than adding new hazardous factors. At the same time, the requirements of the occupational
health and safety management system include regular identification of hazards and assessment of occupational risks.
This forms the methodological basis for integrating fire risk assessment procedures into the overall occupational health
and safety management system [3].

An analysis of modern scientific research reveals that in most studies the issues of fire safety and occupational
safety are considered separately, without sufficient elaboration of their relationship [4]. However, the specific nature of
the oil and gas industry necessitates the implementation of an integrated approach [5], which focuses on recognizing the
mutual influence of different types of occupational and fire hazards, as well as their combined effect on the safety of
production [6].

The aim of this research is to develop an integrated fire risk management system based on the requirements of the
current methodology of the Russian Ministry of Emergency Situations, as well as the principles of occupational safety
management systems, in order to improve the efficiency of occupational safety at oil and gas industry enterprises and
reduce the probability of dangerous events.

Materials and Methods. The research methodology was based on a systematic approach to integrating fire risk
assessment procedures in accordance with Order of the Ministry of Emergency Situations of Russia No. 533 and
occupational risk management processes within the OHSMS in accordance with Order of the Ministry of Labor of
Russia No. 776n. The research included the development of an integrated hazard matrix that linked primary and
associated fire hazards (according to Federal Law No. 123-FZ) with occupational risks for various categories of
personnel. Experts in fire safety and labor protection participated in validating the methodology. Methods of expert
assessment and statistical analysis were used.

The research was conducted based on data from 12 oil and gas industry facilities located in the Yamalo-Nenets
Autonomous Okrug and part of a large joint-stock oil and gas production company. To ensure the representativeness of
the sample, we used the following criteria: the presence of a certified occupational health and safety management
system in accordance with GOST R ISO 45001; the availability of information on industrial accidents for at least the
last five years; the presence of data on inspections by regulatory bodies in the field of industrial safety and labor
protection; and the variety of technological processes and equipment used. The sample included four gas treatment units
with a capacity of 15 to 45 million m*/day and an operating pressure of up to 25 MPa, three step compression
compressor stations with a capacity of 40-80 million m*/day with a total capacity of 12-32 MW and an injection
pressure of up to 10 MPa, three oil pumping stations (oil pipeline) with a capacity of 8-25 million tons per year and
with a supply pressure of up to 6 MPa, two gas distribution stations with a reduction pressure of 2.5 to 1.2 MPa and a
capacity of up to 3.5 million m*/day. The following data was collected and analyzed for each facility: acts and protocols
of inspections of supervisory authorities in the field of industrial safety and labor protection for 2018-2023, registers of
industrial incidents, including cases of pipeline integrity violations, hydrocarbon leaks, equipment failures and
personnel injuries, results of hazard analysis conducted by the company (HAZOP, analysis of the types and
consequences of failures), equipment parameters from technical documentation and plant data sheets, data on fire
scenarios, calculated using models in software packages (PHAST, ALOHA or equivalent), information on occupational
safety and fire safety measures, incident reports and disability sheets related to occupational risks. The database on
violations of fire and industrial safety requirements was compiled on the basis of open registers of supervisory
authorities and internal registers of the company.

! On Approval of the Methodology for Determining Calculated Fire Risk Values at Production Facilities. Order of the Ministry of the Russian Federa-
tion for Civil Defense, Emergencies and Elimination of Consequences of Natural Disasters No. 533 dated 26.06.2024. (In Russ.) URL:
http://publication.pravo.gov.ru/document/0001202409030008 (accessed: 18.12.2025).

20n Approval of the Approximate Regulations on the Occupational Health and Safety Management System. (In Russ.) URL:
https://normativ.kontur.ru/document?moduleld=1&documentld=409457 (accessed: 28.10.2025)
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The proposed integrated system included the following interrelated processes. The first process was the
identification of fire hazards as part of the overall process of identifying occupational risks according to OHSMS. The
second was the assessment of fire risk using Methodology of the Russian Ministry of Emergency Situations No. 533.
The third was the development of integrated risk management measures. The fourth was the monitoring and control of
the effectiveness of the measures taken. The fifth was the continuous improvement of the risk management system [7].

Mathematical model of integrated risk assessment contained a calculation of the potential fire risk within the
integrated system and was determined by the formula:

Py (@) = K osus 'ij-lef -0y (a), M

where Kousus — coefficient of integration with OHSMS, which takes into account the effectiveness of the occupational
safety management system; J — number of fire scenarios; O; — frequency of implementation of the j-#4 fire scenario,
year™'; Qyi(@) — conditional probability of human injury during implementation the j-th scenario.

Coefficient of integration with OHSMS is determined by the formula:

KOHSMS = Kident : Ktrain ' Kcont ) Kimpr ’ (2)
where Kizene — coefficient of effectiveness of hazard identification (0.8—1.2); K,4» — coefficient of effectiveness of
personnel training (0.7-1.1); K., — coefficient of effectiveness of control (0.8—1.3); Ky, — coefficient of continuous

improvement (0.9-1.1).

To determine the values of the coefficients and validate the model, a group of 15 experts was involved: five fire
safety specialists with work experience from 8 to 25 years, five occupational safety engineers with experience from 6 to
20 years, and five process specialists with experience from 10 to 30 years. The criteria for the selection of experts were
higher professional education, at least five years of work experience at oil and gas facilities, certificates in the field of
industrial safety, as well as the absence of a conflict of interest with the facilities. Expert evaluation of coefficients
Kident, Kirainy, Keonts Kimpr Was conducted using the Delphi method in three rounds in the form of an anonymous
questionnaire: in the first round, experts gave individual estimates (within predefined acceptable values); in the second
round they were provided with an aggregative summary of the group (median and interquartile range for each
coefficient) with a suggestion to clarify the answers; in the third round, the confirmation of the agreed values was
performed. The consistency was controlled by the Kendall's concordance coefficient (W = 0.82). The final values of the
coefficients were determined as the medians of expert estimates, and the interval values (ranges) were set by the
boundaries of the interquartile range (25th and 75th percentiles), followed by rounding to values convenient for
practical use.

The values of the coefficients in formula (2) were determined based on an expert assessment using the Delphi
method and statistical analysis of Kendall's consistency. The ranges were selected taking into account data from similar
studies [6—10]: Kien reflected the variability of hazard detection depending on the completeness of databases;
Kiain — impact of staff training on reducing the frequency of incidents; K., — effectiveness of monitoring equipment
based on historical accident data; K- — contribution of iterative improvements in OHSMS to long-term risk reduction.

The Kendall's concordance coefficient (W = 0.82) and ANOVA analysis were used to determine the significance of
differences between groups. Pearson correlation analysis was used to identify relationships between parameters as
statistical processing methods. The calculations were performed in the Jupyter Notebook development environment
using Python and the Matplotlib, Pandas, Scipy, and NumPy libraries.

Table 1 shows an integrated hazard matrix developed based on the analysis of the requirements of Order of the
Ministry of Labor of Russia No. 776n (Occupational Risk Management System) and Methodology of the Ministry of
Emergency Situations of Russia No. 533 (Fire Risk Assessment), taking into account the classification of fires
according to Art. 8 of Federal Law No. 123-FZ (classes A—F) and an exhaustive list of fire hazards according to
Art. 9 (primary factors: flames and sparks, heat flow, elevated temperature, toxic products, low oxygen concentration,
reduced visibility; collateral: fragments, radioactive/toxic substances, high voltage, explosion factors, exposure to
extinguishing agents). The matrix provides a comprehensive identification of hazards, linking them with occupational
risks for oil and gas facilities, where classes B (flammable liquids), C (gases) and E (live electrical installations) prevail.

When creating a matrix for each hazard, we recorded the corresponding fire hazard factor (primary or collateral), the
association with occupational risk, the criteria for assigning the risk level set through the probability range of the
scenario (year '), and the expected severity of the consequences for personnel (such as burns, poisoning, or electrical injury).

The matrix was used to qualitatively rank hazards and select priority management measures, as well as an input for
logical event trees. At the same time, the values of correction coefficients Kijen, Kirain, Keont, Kimpr Were determined
separately according to the expert procedure (Delphi method) and then substituted into formula (2).
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Table 1
Integrated hazard matrix at oil and gas facilities
H
Hazard grou exarizalidf(geru‘ihe Hazard Connection with
(Order Nog 77§n) oillzm d oas factor (Art. 9| Hazard type |occupational risk[Risk level Assignment concept
‘ Hand s 123-FZ) (Order No.776h)
industry)
F t . .. .
L ragments Risk of injury Probability > 0.01 year™!
. Depressurization| ~ from . .
Mechanical of vas pinelines | equipment Collateral during High +
u .
gaspip auip . maintenance >50 staff
destruction
Ignition of | Fl d .
ghition 0 ames ai . Burns and heat . Probability > 0.001
Thermal hydrocarbon | sparks, heat | Primary . High o
injuries year™' + severe burns
vapors flow
|1 d o
Release of toxic ncrease. L Probability —0.0001—
. . concentration| . Poisoning/Occup. _ .
Chemical gases in case of . Primary . Average | 0.001 year' + toxicity
of toxic disease
fire zone
products
- - - rr—
Explosion and | Gas-air m}xture: Explosion Collateral Sh.oc'k Wave, High Prolﬁablhty 0.001
fire-hazardous explosion hazards injuries year! + shock wave
Electri
Short circuit in SSSCEC Probability —0.0001—
Electric electrical o Collateral | Electric shock | Average | 0.001 year™ + electrical
. . electric arc .
installations .. injury
injury
Reduced .
Smoke from the .e‘ 1'1c:'e . Probability > 0.01 year™!
. . . visibility, . Suffocation, .
Toxicological burning of Primary . . High +
. . reduced O: disorientation . . .
insulation . suffocation/disorientation|
concentration|
Increased
. t ture i I d . Probability —0,0001—
Physical cmperatute i | Terease Primary Heat stress | Average rooabt 17y
the compressor | temperature 0.001 year™ + heat stress
room

The expanded matrix took into account the classification characteristics of fire hazards according to Federal Law

No. 123-FZ, providing full coverage of primary and related manifestations. Integration with Order No. 776n made it
possible to systematically identify hazards in the OHSMS, minimizing occupational risks (injuries, diseases) at facilities
with a high fire risk. Validation of the integrated hazard matrix was performed by an expert group as part of an expert
procedure (Delphi method): The experts assessed 1) the completeness of coverage of fire hazards according to Art. 9 of
Federal Law No. 123 FZ (the presence of primary and collateral factors), 2) the correctness of assigning hazards to
groups by Order of the Ministry of Labor of the Russian Federation No. 776n, 3) the validity of the
“hazard — occupational risk” relationship for categories of personnel, 4) the unambiguity of the wording of the matrix
lines, and 5) the validity of assigning the risk level according to the criteria given in the corresponding column
“Assignment criteria”. Based on the results of the analysis of the experts' comments, the formulations of individual lines
and criteria for assigning risk levels were clarified, and the final version of the matrix was recognized as applicable to
oil and gas facilities within the framework of the proposed approach.

The logical event trees were constructed taking into account the impact of the occupational health and safety
management system on the development of fire-hazardous situations. The integrated risks were calculated using
correction factors reflecting the effectiveness of the occupational health and safety management system.

To account for the impact of OHSMS on the frequency of fire-hazardous situations, a modified formula was used:

Qj,mod = Qj,base : H::1 (1 - Ek : Pk )a (3)

where Q;pase — base frequency of the j-th scenario; E; — effectiveness of the k-th OHSMS event; P, — probability of
triggering k-th event; n — number of applicable OHSMS events [11].
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To quantify the potential fire risk on the territory of the gas treatment facility, five control points (A-E) were
selected, characterizing various zones of potential exposure to fire hazards. Point A corresponded to the compressor
equipment area (high pressure and high concentration of process equipment). Point B corresponded to the gas drying
unit area. Point C corresponded to the gas-handling equipment area. Point D corresponded to the administration and
amenity area. Point E corresponded to the border of the sanitary protection zone of the facility.

The initial data for the development of the integrated system were collected from 12 oil and gas industry facilities
that were included in the sample. At the same time, the gas treatment plant in the Yamalo-Nenets Autonomous District
was used as the basis for detailed testing and calibration of the calculation procedures. This facility included various
types of technological equipment for the full cycle of natural gas drying and purification. Based on the results of data
processing from these facilities, a database of violations of fire and industrial safety requirements was created [12].

Results. The integrated approach identified 47 types of hazards, of which 23 related to fire hazards, 18 — to general
occupational hazards, and 6 — to combined hazards requiring special consideration (Table 2).

Table 2
Results of integrated hazard identification
Hazard type Number of identified hazards Critical risk level Required management measures
Fire 23 8 Technical and organizational
Occupational 18 5 Mostly organizational
Combined 6 6 Comprehensive measures
Table 3 provides the results of comparing different approaches to risk management.
Table 3
Comparison of the effectiveness of different approaches to risk management
Indicator Traditional approach Integrated approach
Number of identified hazards 35 47
Accuracy of risk assessment 0.75 0.92

The results of calculating the potential fire risk based on control points (A—E) are presented in Figure 3. The analysis
of the potential fire risk values calculated using the traditional method and the proposed integrated approach showed
that the integrated method provided a more conservative assessment of risk at all control points in the facility. The
largest difference was observed at point A, where the integrated assessment exceeded the traditional one by 17%. This
was due to additional factors that affected the development of fire-hazardous situations. This difference in estimates
confirmed the need for an integrated approach to obtain a more accurate assessment of fire risks at oil and gas facilities.
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Fig. 3. Comparison of potential fire risk by control points
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Table 4 presents the calculation results for potential fire risk, considering integration with the OHSMS.

Table 4
Values of integrated potential fire risk
Point Traditional method, year™! Integrated approach, year™! Risk reduction, %
A 2.7x107* 2.1x107* 22
B 1.9x10°* 1.4x107* 26
C 1.3x10* 9.8x107 5
D 7.8x10°3 5.9x107 24
E 4.7x10°° 3.6x10° 23

A comparative analysis of the results confirmed that the integrated approach reduced the estimated values of
potential fire risk at all control points (A—E), compared to the traditional method. The greatest decrease was observed at
point B (26%), while the smallest decrease was at point C (5%), reflecting differences in the technological loads and
conditions that contribute to the formation of fire hazardous scenarios in the respective areas of the facility.

The comparative analysis of individual fire risk for different categories of workers is presented in Figure 4. The
graph clearly illustrates the differences in risk levels according to the traditional methodology and the proposed
integrated model for all categories of personnel. The highest risk values were typical for operators of technological
installations, due to their direct contact with fire-hazardous equipment and substances. The integrated model showed an
increase in estimated risk of 22-29% for all categories of employees, compared to the standard methodology. This
difference was especially important for operators and maintenance staff, since their risk was approaching the maximum
allowable value of 10 year !, established for production facilities with specific functioning of technological processes
in accordance with Order of the Ministry of Emergency Situations of Russia No. 533.
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0,00004

Individual fire risk, year!

0,00002
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Operators of Maintenance staff Repair staff Administrative staff
technological
installations

® Individual risk by standard method ® Individual risk by proposed model

Fig. 4. Individual fire risk by employee category

To assess the contribution of various OHSMS elements to reducing fire risk, an analysis of the effectiveness of
individual measures was conducted. The study found that monitoring the condition of equipment had the greatest
impact on reducing fire risk. This was due to the importance of maintaining the equipment's technical condition in order
to prevent depressurization and leaks. Training for staff was the second most effective measure (with an 18% reduction
in fire risk), and it had the best efficiency-to-cost ratio. By analyzing the efficiency and cost ratios, it was possible to
optimize resource allocation for OHSMS implementation.

The dynamics of changes in individual fire risk during the phased implementation of the integrated system is shown
in Figure 5. The graph demonstrates a gradual reduction in risk for all categories of employees as each OHSMS element
was implemented. The most significant decrease in risk occurred at the stage when the control system was
implemented, confirming the critical importance of monitoring equipment condition and compliance with safety
regulations. Operators of technological installations, who were most exposed to risk, showed the largest absolute
decrease in risk — from 1.1x10™* to 6.3x107 year™!. The full integration of all OHSMS elements ensured the
achievement of targeted risk levels for all employee categories.
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Fig. 5. Dynamics of reduction of individual fire risk when implementing an integrated system

Discussion. The integrated probabilistic statistical risk assessment model, which incorporates the elements of the
occupational health and safety management system (OHSMS), allows us to quantify the dynamics of risks during the
phased implementation of measures. Its use at oil and gas industry facilities has confirmed its suitability for analyzing
the impact of both technical and organizational solutions on fire and industrial safety levels. The results have shown that
the initial (baseline) risk values without the effects of OHSMS elements could be significantly higher than traditionally
accepted estimates due to the consideration of a large number of scenarios and failures, as well as the human factor.
However, the step-by-step implementation of measures provided by the management system has ensured a noticeable
reduction in both potential and individual fire risks, bringing them to acceptable targets. This emphasizes the
importance of transitioning from a purely formal approach to fulfilling requirements to a more quantitative-based
approach in management.

Of particular importance are the system for monitoring the technical condition of equipment, timely maintenance, and
staff training. Modeling has demonstrated that these elements have the greatest effect in reducing the frequency of
triggering events and erroneous actions, while being characterized by a favorable efficiency-cost ratio. Considering their
influence in the integrated model makes it possible to justify priorities in planning activities and allocating resources.

Comparison with international standards has shown that the proposed methodology largely meets modern
requirements in the field of industrial and occupational safety management. It can be considered a practical tool for
adapting existing management systems to current regulatory requirements and increasing the transparency of decisions.
The developed methodology is consistent with the requirements of GOST R ISO 45001-2020 and modern approaches
to risk-based safety management. The implemented approach ensures compliance with most of the provisions of the
standard than using the traditional approach. Integration with elements of HAZOP analysis improves the quality of
hazard identification compared to using standard procedures.

However, the developed methodology has some limitations in its application. It is designed for facilities with
continuous processes and requires a database of incidents for at least three years, as well as a specific set of
technological processes to ensure the accuracy of the assumptions. The effectiveness of this approach decreases when
there are fewer than 50 employees. Additionally, the methodology does not account for the unique characteristics of
offshore facilities or those located in permafrost conditions, which requires careful consideration when applying the
developed model to different operating environments.

According to the research results, the Federal Intellectual Property Service has registered the computer program
“Program for Analyzing the State of Industrial Safety” [13], which expands the possibilities of its use at various

production facilities. This includes automation of calculations and the generation of accounting documentation.
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Conclusion. The conducted research has shown that the integration of fire risk assessment procedures in accordance
with the EMERCOM of Russia Methodology No. 533 and occupational risk management processes into the
occupational safety management system (Order of the Ministry of Labor of the Russian Federation No. 776n) is an
effective means of improving occupational safety in the oil and gas industry. This integrated approach enables us to
consider fire safety and occupational safety as components of a unified risk management framework.

An integrated hazard matrix has been developed, taking into account the classification according to Federal Law
No. 123-FZ and linking it to the occupational risks of oil and gas facilities. This matrix has increased the number of
identified hazards from 35 to 47, including combined hazards that require special comprehensive measures. This
confirms a more comprehensive identification of risks.

A mathematical model of integrated fire risk assessment has been developed with an integration coefficient with the
OHSMS and a modified formula for the frequency of occurrence of fire-related scenarios, taking into account the
effectiveness of OHSMS measures. Validation using expert estimates and statistical methods (Kendall concordance
coefficient, ANOVA, correlation analysis), have shown that the coefficients are sufficiently consistent and valid.

Practical testing at oil and gas industry facilities has demonstrated an increase in the accuracy of risk assessment
from 0.75 to 0.92 and a reduction in fire risk levels with the step-by-step introduction of elements of the OHSMS,
especially systems for monitoring the technical condition of equipment and personnel training.

The prospects for future research include adapting the methodology for facilities with special operational modes and
increased risk, expanding the list of scenarios under consideration, as well as a more detailed integration of aspects of
the human factor and digitalization of monitoring: the use of online monitoring systems, intelligent diagnostics, and big
data analysis.

In general, the proposed approach forms the basis for improving fire and industrial safety management practices in
the oil and gas industry, ensuring more informed decision-making to reduce risks.
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