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Abstract

Keywords

Background and aims: Given the asphyxiant and odorless nature of carbon
dioxide gas, which, while non-toxic, can pose a serious threat to human life at high Carbon Dioxide
concentrations, this study aims to conduct a more precise risk assessment. Since the
conventional Bowtie method, by itself, is incapable of dynamic analysis and does not
adequately account for uncertainties, this research integrates the causal framework Accidents
of the Bowtie method with Bayesian Networks, together with consequence modeling
and risk assessment using SAFETT 8.4 software. This integrated approach provides
a practical framework for enhanced hazard identification, more accurate evaluation
of CO, leak consequences, and improved preparedness against potential accidents.

Methods: In this study, after hazard identification using the HAZOP method,
leakage scenarios were defined and analyzed through an integrated Bowtie—
Bayesian Network approach implemented in GeNIe 5.0. Event probabilities were
estimated using a fuzzy logic-based method, and the consequences of leakages were
modeled with PHAST 8.4. Finally, risk assessment was conducted using the probit
equation in SAFETI 8.4.

Bayes Theorem

Risk Assessment

Results: In the Bowtie approach, a total of 17 basic events and 13 intermediate Received: 2025/03/6
events were identified. The probability of the final consequence resulting from CO,

leakage, calculated using the Bowtie method and the integrated Bowtie-Bayesian Sreagpitedls ABHUT
Network approach, was 7.832726 x 10 using the Bowtie approach and 7.305449
x 10"° when combined with the Bayesian Network. The most critical basic events
were identified as: (1) failure in equipment maintenance, (2) failure in connections
and clamp No. 1, and (3) poor quality of purchased equipment. The highest
concentration in the event of catastrophic rupture was determined to be 10° ppm
at a distance of 5 meters from the tank. The risk level was less than 10, which is
within the acceptable range.

Conclusion: The social risk curve showed that the risk associated with the carbon
dioxide tank is at an acceptable level, indicating a low level of risk. Complex models,
such as Fuzzy Bayesian Networks (FBN), can significantly contribute to optimal
decision-making in safety and crisis management, particularly when modeling
high-risk accidents and assessing associated risks.
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EXTENDED ABSTRACT

INTRODUCTION

Carbon dioxide (CO), though commonly
regarded as a colorless, odorless, and non-toxic
gas, poses significant health threats at elevated
concentrations. Numerous documented industrial
accidents involving CO, release—some of which
have been fatal underscore the necessity for accurate
risk assessment of pressurized CO, storage tanks.
Due to its physical properties, particularly its density
approximately 50% greater than that of air CO, tends
to accumulate in low-lying areas, thereby amplifying
exposure risks in the event of leakage.

Various risk assessment methodologies are
employed across industries; however, each presents
distinct limitations. Among them, the Bowtie
approach—a hybrid of Fault Tree Analysis (FTA) and
Event Tree Analysis (ETA) stands out as a powerful
graphical tool for assessing complex accident scenarios
[17]. Despite the advantages of this approach such
as capturing causes, consequences, and preventive
barriers in an integrated manner one of its limitations
is the static nature of the model, making it unable to
analyze system dynamics and potential uncertainties.

To overcome these limitations, the present study
integrates Bayesian Network modeling using GeNle
5.0 software to update probabilities dynamically and
represent causal relationships under uncertainty.
Moreover, to quantitatively assess the consequences
of potential CO, release scenarios, the SAFETI
8.4 software was utilized. The software enables the
modeling of complex scenarios, estimating the severity
of consequences and accurately delineating high-risk
zones. This integrated framework which combines
Bowtie-based risk analysis, Bayesian networks, and
consequence modeling provides a comprehensive and
reality-based model for risk assessment.

The outcomes of this study provide valuable
insights for decision-makers in high-risk industries,
facilitating a deeper understanding of accident
causality and the severity of consequences. Ultimately,
the innovative contribution of this research lies in the
synergistic use of classical and contemporary tools
to enhance the accuracy, adaptability, and practical
relevance of risk analyses in complex industrial
environments.

METHODOLOGY

This study, conducted in 2024, aimed to conduct a
Quantitative Risk Assessment (QRA) of CO, leakage
from a cryogenic vertical storage tank. Initially,
hazards were identified using the HAZOP technique
by a multidisciplinary expert panel comprising process
engineers, operations specialists, instrumentation
experts, and process safety specialists. Through
structured sessions, critical nodes within the process
were identified, and three likely scenarios a 2-inch

leak, a 4-inch leak, and a catastrophic rupture were
selected as the basis for further assessment.

The Bowtie approach was utilized to construct
a cause-and-effect diagram. For the qualitative and
quantitative analysis of basic events, Fault Tree Analysis
(FTA) was employed, while Event Tree Analysis
(ETA) was utilized for consequence assessment. Due
to the lack of sufficient statistical data, the basic event
probabilities were estimated using expert judgment
and fuzzy theory. Expert selection was based on criteria
such as educational level, professional experience,
and peer validation. A seven-point scale was used to
estimate the probabilities of these basic events. The
fuzzy numbers were then defuzzified. Equation 1 was
used for consensus among experts:

Z =Y wfi=12,m =12, n 1)
Jj=1

Z: Aggregated fuzzy number for Basic Event
i, w;: represents the weight of expert j, and f: the
corresponding fuzzy number of BE, given by expert j.
n and m: the number of experts and BE .

Therefore, the fuzzy possibility scores of fuzzy
number Zi can be obtained by Equation 2:

FPS(Z,)=[FPS 4y, (Z)+1-FPS ., (Z )]/ 2 (2)

Right
Zi: Aggregated fuzzy number for Basic Event i,
FPS(Zi): Fuzzy Possibility Score of Zi, FPS Right (Zi)
Right-side possibility score of Z, FPS | . (Z): left-
side possibility score of Z..
FPS are converted to failure probability by using
the following Equation 3:

L, FPS #0
FP =410"
0 FPS =0
1/3
= ﬂ %2.301
FPS (3)

To compute the probability of both the critical
event (CO; release) and its final consequence (toxic gas
dispersion), Bayesian Networks (BN) were employed.
Sensitivity analysis using GeNle 5.0 helped identify the
most critical basic events. For consequence modeling,
PHAST 8.4 was used to model toxic gas dispersion
across different seasons, incorporating weather
parameters obtained from the local meteorological
office—such as wind speed, temperature, humidity,
and atmospheric stability.

Risk estimation was performed using SAFETI 8.4,
which modeled the release scenarios and employed
the probit equation to determine individual and Social
risk contours. The probit constants for CO, were set at
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Equation 4 [53]:
pr=-90.80+1.01In(C* xt) (4)

Pr: The probit variable, C: concentration of toxic
gas (ppm), t: time of exposure (min).

This comprehensive modeling approach provided
a realistic assessment of potential consequences on
surrounding populations and infrastructure.

RESULTS

This study presents a comprehensive risk
assessment of pressurized carbon dioxide (CO,) tank
leakage using an integrated approach combining
Bowtie diagrams, Fuzzy Theory, and Bayesian
Networks (BN). Initially, the Bowtie diagram was
developed based on Fault Tree Analysis (FTA) and
Event Tree Analysis (ETA), illustrating potential causes
of leakage on the left side and preventive barriers and
consequences on the right. The calculated probability
of the top event (CO, leakage) was 2.105571x1072.

To estimate the probabilities of basic events, a
panel of seven experts with diverse backgrounds was
formed. Using Fuzzy Theory, each expert was assigned
a weight based on education, work experience, and
profession. These weights were then used to adjust the
base probabilities.

Subsequently, BN modeling was conducted using
GeNle 5.0 software to estimate the final probability of
consequences. According to the Bowtie approach, the
probability of “no consequence” was 2.104788x1072,
while the probability of “toxic dispersion” was
6.832726x107°. In contrast, the BN approach
yielded slightly different estimates: 2.963100x107
for “no consequence” and 6.305449x107° for “toxic
dispersion,” highlighting methodological differences
in consequence estimation.

Sensitivity analysis identified three key basic
events with the highest impact on the top event: BE11
(failure in equipment maintenance), BE7 (failure in
connections and clamp No. 1), and BE15 (poor quality
of purchased equipment).

For consequence modeling, seasonal variations
in maximum CO, gas concentration (ppm) were
analyzed as a function of distance from the leak point,
based on local meteorological data. Additionally, gas
cloud dispersion was modeled along longitudinal and
lateral axes.

Finally, risk estimation was performed by
combining consequences with event frequencies
for various scenarios, including 2-inch and 4-inch
leaks, as well as catastrophic rupture. All calculations
were automated within the software environment.
The resulting individual and Social risk contours
were generated, illustrating, respectively, the fatality
probability at specific locations and the relationship
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between event frequency and number of fatalities.
The highest concentration in the event of catastrophic
rupture was determined to be 10° ppm at a distance
of 5 meters from the tank. The risk level was less than
107%, which is within the acceptable level, as shown in
Fig. 1.

DISCUSSION

In this study, the Quantitative Risk Assessment
process for a cryogenic CO, storage tank was
conducted using a hybrid approach combining the
Bowtie approach, fuzzy theory, and Bayesian networks
(BN). The primary objective of this study is to develop
a comprehensive risk assessment method and evaluate
the consequences associated with CO, leakage,
utilizing advanced techniques to establish a robust
framework for managing such risks under diverse
environmental conditions.

The Bowtie approach identified 17 basic events and
13 intermediate events. The highest probability among
the basic events was related to BEIl (equipment
maintenance failure), while the lowest belonged to
BES5 (inlet/outlet valve failure No. 1). The probability
of the top event (CO, leakage) was estimated at
2.105571x107% using FTA, and 1.963830x107* using
BN. Similarly, the toxic dispersion consequence
was estimated at 7.832726x107° using ETA and
7.305449%x107° using GeNle 5.0, highlighting the
advantage of BN in addressing uncertainty and
interdependencies.

Sensitivity analysis revealed that BE11 (failure in
equipment maintenance), BE7 (failure in connections
and clamp No. 1), and BE15 (poor quality of purchased
equipment) were the most critical basic events.
These findings align with previous studies, including
Eskandari et al. and Munahar et al. A catastrophic
rupture scenario of the tank under seasonal
varijations indicated that within a 5-meter radius, CO,
concentrations remained above 10° ppm, designated
as the “immediate death zone” Beyond this radius, a
rapid exponential decrease was observed especially
during summer due to enhanced turbulent mixing.

Meteorological parameters such as atmospheric
stability, wind speed, and temperature significantly
affected dispersion behavior. In winter, due to
increased stability, gas clouds extended further from
the source. These findings are consistent with Hsieh
et al. and Akedala Station, emphasizing the impact of
environmental factors.

In the risk estimation, individual and Social
risk curves were generated using the SAFETI 8.4
software and compared with the ALARP criteria of
the Netherlands and the United Kingdom. The results
indicated that the risk level falls within the acceptable
level. For instance, at a frequency of 1x107°, the
estimated number of fatalities was one, and at 6x107°,
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Fig. 1. (A) Individual Risk Contour; (B) Social Risk Contour Resulting from The Effects of Carbon Dioxide Leakage.

the estimated fatalities increased to two.

This study demonstrated that integrating Fuzzy
Theory and Bayesian Networks (BN) with the
Bowtie approach can serve as a powerful tool for
more precise analysis of complex risks. However,
certain limitations were identified, including the
omission of some environmental parameters such as
diurnal temperature variations and specific physical
characteristics of the storage tank. For future research,
it is recommended to incorporate more field data,
apply multidimensional modeling, and further explore
the integration of fuzzy-Bayesian approaches.

CONCLUSION

The research results demonstrate that modeling
software such as SAFETI 8.4 and GeNle 5.0 possesses
high accuracy and reliability in assessing CO, leakage
hazards. The alignment of results obtained from the
Bowtie diagram and GeNle 5.0 software with ALARP
criteria validates this assessment as a reliable tool for
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estimating risk levels. The findings revealed that the
hazard zone, and the individual and social risk curves,
fall within acceptable levels. Complex models such
as the Fuzzy Bayesian Network (FBN) play a crucial
role in modeling high-risk accidents and assessing
associated risks, thereby facilitating optimal decision-
making in safety and crisis management.
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