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Abstract

Keywords

Background and aims: Storage tanks play a crucial role in safety within
industrial complexes. Accidents involving these tanks can lead to harm to Bayesian network
individuals and financial losses. The development of a more precise method to

. . . S . . Improved SAM
identify key causes of accidents can significantly enhance prevention strategies.

Methods: Initially, a preliminary hazard identification was conducted on LPG

the storage tank, and a tank leakage event was selected as the top event. Full containment
Subsequently, a bowtie and then a Bayesian network were constructed, and
relationships between nodes were input into the software. The probabilities
of nodes were estimated using expert opinions and an improved similarity
aggregation method. Finally, with the top event considered as the evidence
node, RoV values were computed to prioritize the most important events.

Criticality analysis

Fuzzy logic

Results: This study identified 53 basic events. The probability of a leakage
event from the LPG storage system was 1.5E-02, with the most likely hazardous
outcome being a pool fire. Using RoV calculation, some basic events such as
inadequate connection leaks, natural disasters, and structural defects in valves
and concrete walls were identified as the most critical nodes. Finally, preventive
and mitigative recommendations were suggested for these events.

Conclusion: The Bayesian network is recognized as an effective tool for Received: 2023/08/16
modeling cause-effect relationships. Integrating this approach with fuzzy Accepted : 2023/12/24
logic and an improved similarity aggregation method can reduce uncertainty
in studies. Additionally, the ability of these methods to update probabilities
enables the prioritization of important events. The results of such prioritization
can serve as a valuable guide for optimizing preventive maintenance activities.
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EXTENDED ABSTRACT

INTRODUCTION

Storage tanks, as one of the most critical
components in process plants, have consistently
been associated with high sensitivities in safety
considerations. According to various reports and
studies, it has been evident that numerous incidents
related to LPG storage tanks, primarily containing
butane, propane, or a combination of both, have
resulted in fatalities, legal issues, reputational damage,
and various bankruptcies on a global scale.

Bayesian network risk modeling has become
popular for its ability to reduce uncertainty, update
event probabilities, and incorporate safety barriers
impact. However, limitations like inadequate failure
data exist. Fuzzy logic provides a solution, which
researchers have welcomed in risk assessment methods
like fault tree analysis. This study utilizes fuzzy logic to
address these limitations effectively.

In 2021, Guo et al. introduced the Improved
Similarity Aggregation Method (Improved SAM) to
obtain fuzzy probabilities in Bayesian networks. This
approach considers experts’ relative importance and
their consensus degree. They applied the method
to categorize causal factors of 242 atmospheric
storage tank accidents, identifying key causes such as
overfilling, SOP non-compliance, static electricity, and
rim seal leakage.

In 2021, Borghei Pour et al. focused on assessing
potential hazards from hydrogen gas leakage in power
plant chlorination units. The study employed Bowtie
analysis and Bayesian network techniques to identify
causes and their relationships leading to catastrophic
accident. The Bayesian network highlighted reduced
ventilation flow of tank as the primary initiating event,
with flash ignition and subsequent fires as the likely
consequences.

In 2020, Yin and Lin evaluated the risk of a 10,000
cubic meter natural gas storage facility in western
China. They used SAM and fuzzy theory to analyze
a fault tree quantitatively. The main event studied was
“storage facility explosion,” with underlying events
like external fires, lightning, electrostatic charges, and
impact sparks identified as significant contributors
to the main events likelihood. The study showed that
SAM remains effective even with limited expert input
or divergent opinions among experts.

After reviewing various articles related to the
safety assessment of LPG (liquefied petroleum
gas) storage tanks, it can be observed that safety
assessment studies for LPG tanks are generally related
to pressurized spherical tanks and are mostly focused
on consequence modeling or risk assessment using
historical data. However, in the current study, due
to the lack of failure data, a fuzzy logic approach has
been used for quantifying the Bayesian network and
determining the most significant causes of incidents
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in full containment atmospheric LPG tanks, which
have not been previously investigated. Additionally, in
this research, the authors have applied the improved
similarity aggregation method to enhance efficiency
and accuracy in estimating fuzzy probabilities.

METHODOLOGY

The first step in understanding an incident
is identifying its potential hazards. This involves
recognizing all possible sources of hazards, the parts
that could be affected, likely events, and why they
might happen. This process is crucial because those
hazards not identified at this stage can’t be properly
studied later on. In this study, HAZID worksheets
were used to find these hazards. Some of these hazards
directly cause the main event (in this case, the “Loss
of containment from the storage system”), while
others contribute indirectly through other events. The
information gathered from this hazard identification
is used in later stages to create diagrams that help
analyze the risks involved.

The first goal of quantitative Bowtie analysis is
to calculate the likelihood of the top event and its
consequences. Determining the probabilities of basic
events and calculating the top event and consequences
can often be challenging, requiring information
about failure probabilities or the reliability of each
component in the system.

After drawing the Bowtie diagram, the conversion
process involves transforming basic events into parent
nodes, intermediate events into intermediate nodes,
and consequences into child nodes within the Bayesian
network. Bayesian networks utilize Bayes’ formula
(Formula 1) to calculate conditional probabilities.

P(BlA)P(4)

P(4lB)= 0

(1)

In this formula, the term P(A|B) is known as the
Posterior probability, which can be calculated by
knowing the prior probabilities of events A and B, as
well as P(B|A), referred to as the “new observations.”

Determination of basic events probabilities using
Improved SAM

The initial step for estimating fuzzy probabilities
doesinvolve selecting relevant experts for consultation.
The opinions of these experts, which are influenced
by factors such as experience and education, can
introduce uncertainties. These uncertainties are
collected through questionnaires, especially when
multiple experts provide differing or conflicting
responses. These variations can impact the quality
of the answers and the outcomes of the research.
Therefore, parameters such as age, education,
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professional position, and service time are considered
in surveys to ensure a comprehensive evaluation. In
this research, there are 4 collaborating experts.

After obtaining the experts’ opinions on basic
events, formulas 2 to 8 can indeed be employed to
transform them into fuzzy probabilities.
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In order to prioritize basic nodes in the Bayesian
network, the top event node is established as
the evidence, under the assumption of a 1007.
leakage probability. The posterior probabilities are
determined by recursively calculating probabilities for
intermediate events and, subsequently, basic events
based on this assumption. The authors then compute
the RoV values using formula 9, with a higher RoV
indicating greater importance of the node.

_ FBNpo —FBNpr 9)
FBNpr

RoV

RESULTS

Figure 1 depicts the Bayesian network resulting
from modeling the causes of consequences arising
from LPG leakage from the studied tank. This figure
has been constructed based on the gate logic of the
fault tree related to tank leakage and the event tree. The
authors used the GeNle software to draw this network
and perform complex probability calculations after
inputting the probabilities of the basic event (parent)
nodes. As can be seen in Figure 1, the blue nodes
represent basic events, the green nodes represent
intermediate events, and the red nodes represent the
corresponding consequences.

After inputting the probability values for the
base nodes into the software, it becomes possible
to compute the probabilities associated with the
top event, intermediate events, and corresponding
consequences. These values are reported in Table 1

Criticality analysis

Identification of the most critical root nodes
contributing to the occurrence of the top event
is of utmost importance. This enables decision-
makers to initiate suitable measures for preventing

Fig. 1. Bayesian network
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Table 1. Symbols, Descriptions, and Possibilities for important events

Event name Tag FBNprior
Loss of containment TOP EVENT 1.5E-02
Pool fire C1 7.58E-06
Explosion C2 1.09E-06
Flash fire C3 4.95E-06
No consequence C4 1.5E-02
Immediate ignition source 1S 4.9E-04
Delayed ignition source DIS 3.9E-04
Congested area CA 1.81E-01
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Fig. 2. RoV for 15 top nodes

accidents and mitigating consequences. As the RoV
parameter is computed individually for each node,
the corresponding values for the 15 most significant
nodes are depicted in Figure 2

As depicted in Figure 2, events such as inadequate
pipeline and valve connection leaks (E30), sabotage
(E20), natural disasters (E16 and E17), structural defects
in valves (E29), fatigue of pipelines and failure of line
supports (E24 and E25), and potential vehicle collisions
with pipelines (E28) hold the highest significance, thus
making them the most critical events. These events
exert the most substantial influence on the probability
of the top event occurrence. In the subsequent priorities,
structural defects in the outer layer of the tank (E50)
and operator error in response to pump shutdown
during loading (E33) are given precedence

CONCLUSION
In this research, the safety of double-walled LPG

tanks was assessed using Bayesian networks. The
approach involved hazard identification through
HAZID, followed by Bayesian network modeling using
event and fault trees. Fuzzy logic and Improved SAM
were subsequently utilized to estimate probabilities,
and Bayesian networks were employed to prioritize
critical events. Notably, events such as improper
inadequate pipeline and valve connection leaks,
sabotage, natural disasters, and structural defects were
emphasized. This methodology provides valuable
insights for the design of effective management
strategies and preventive measures. Bayesian networks
offer a robust framework for identifying critical causes
and enhancing system reliability, guiding practical
interventions to prevent incidents with confidence..
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