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Abstract
Keywords

Background and aims: Process industries are categorized as complex systems
due to the hazardous materials, large number of employees and the complexity Risk Analysis
of the processes. For this reason, it is necessary to design an appropriate
risk assessment system to control and manage the risks associated with such
places. Therefore, the purpose of this study is to provide a comprehensive and
quantitative risk analysis of the explosion, using the integration of modern Fuzzy-Bayesian Network
approaches of Bayesian networks and fuzzy theory in a process industry.

Explosion

Bow-Tie Analysis

Methods: In this study, compressor gas leakage was selected as the scenario
to evaluate the probabilistic risks of explosion. For the cause-consequence
analysis of the selected scenario and reducing the uncertainty of the occurrence
of basic events probability, Bow-Tie method and fuzzy logic approach was used,
respectively.

Results: By using the Bow-Tie method, the compressor gas leak analysis have
detected 24 basic events and 11 intermediate events. With regard to performance

of the s.afet.y barriers, i.e. success and fai.lure of these safety baFriers, led to the Received: 15/08/2018
determination of 9 consequences that included a flash fire, jet fire, and the
vapor cloud explosion that results in the release of materials. Accepted : 30/05/2019

Conclusion: The results of this study showed that, based on the fuzzy Bayesian
network analysis, the filtering failure was identified as the most important
event in the occurrence of gas compressor leakage. Therefore, in designing the
preventive and control strategies for the accident risk management, attentions
should be paid to these root events.
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EXTENDED ABSTRACT

INTRODUCTION

Process industries, due to the high density of
equipment, hazardous materials, large number
of employees, complexity of the processes, and
eventually high potential for accident occurrence and
catastrophic consequences, are classified as complex
systems. A large amount of flammable hydrocarbon
that is usually stored in these industries, increases the
potential of catastrophic, financial, life-threatening,
and environmental consequences. Meanwhile, fire
and explosions, pose many damages(1).

The occurrence of these accidents, persuaded
the safety experts to emphasize the necessity for
upgrading the safety systems and conducting risk-
based studies to find appropriate control measures.
Based on the large number of fire and explosion
accidents in process industries and their significant
losses, determining a standard for decision-making
and prioritizing the hazards, seems to be necessary.
For this reason, nowadays, decision-making and
managements are based on the risk assessment(2).

Risk analysis is an important tool for defining and
developing the accident prevention strategies and
risk mitigation measures that are very important and
practical in complex systems. On the other hand, the
main goal of the risk analysis, is to achieve the results
that can be used as a basis for preventing accidents
or reducing the severity of the consequences of the
accidents(3). Different techniques are used to identify
and assess risks. The selection of an appropriate
method, depends on the available data, the nature
of the industry, the needed output, the financial and
time constraints, etc.The Fault Tree Analysis (FTA),
Event Tree Analysis (4), and Bow-tie (BT) diagram,
are among the conventional risk assessment methods
used in process industries. These methods rely on
generic defective data that may cause uncertainty in
the results, due to the lack of specificity of the data
for the plan being studied, and not being up-to-date.
Thus, finding a method to reduce the uncertainty
of the prior failure rate of the Basic Events (BEs)
is of high significance. The fuzzy logic approach
is recommended to reduce the uncertainty of the
probability of the basic events occurrence. Different
studies showed that, the fuzzy approach can help to
reduce uncertainty or solve the problem in the events
that lack the data for occurrence probability in their
databases. Staticity is another important problem that
most of the conventional risk assessment methods
are faced. Therefore, these methods are not able to
analyze the risk of the dynamic systems. The Bayesian
network is a perfect tool for quantitative analysis in
process industries. The BN is a probabilistic inference
approach of reasoning about the uncertainty, and can
reduce the limitations of the conventional methods.
It considers the conditional dependencies, common

defects, and different modes of basic events in a risk
assessment process. The main advantage of BN, is the
ability to perform a probability update, which makes it
an excellent method to analyze the risk factors of the
dynamic systems(5).

The main purpose of the present study is to render
a comprehensive and quantitative approach for the
explosion risk analysis, using the integration of new
approaches to the Bayesian network and fuzzy theory
in the process industry. The Bow-tie diagram for the
cause-consequence analysis of the selected scenario,
the fuzzy approach for quantification of basic events’
probability, and the BN approach to determine the
type and model of the relationship between the
effective causes of catastrophic events, were used for
this study.

METHODOLOGY

The present cross-sectional study was conducted
to the process industry. The studied system was a gas
compressor, and it was selected as a unit of study based
on the records of previous events and the critical role of
its function in the proccesse’s normal continuation. In
this study, the compressor gas leakage was considered
in the explosive probabilistic risk assessment, using
the Bow-tie model and fuzzy-Bayesian network. The
BT is a graphical method of illustrating a complete
accident scenario. It starts with the causes of the
accident, and ends with its consequences. This model
actually employs two methods for the Fault Tree
Analysis (FTA) and Event Tree Analysis (ETA) (4,
6). The methods used in this study, were executed
through direct observations, interviews with experts,
and review of the documents and operational maps.

In this study, the fuzzy logic approach is used
to reduce the uncertainty of the probability of basic
events occurrence in the developed FTA model.

After creating the scenario by the BT model and
calculating the probability of the basic events and
safety barriers using the fuzzy logic, the developed
model was transferred to the Bayesian network to
overcome the deficiencies and limitations. Algorithm
of transfer (mapping) from the BT model to the BN,
was done based on the study conducted by Khakzad,
Khan(7). In this study, Bayesian Bow-tie model was
developed and analyzed in GeNle software. Algorithm
of the BT transfer to BN, is shown in Fig. 1. As can
be seen, the basic events, intermediate events, central
events, safety barriers and consequences in the BT
model, are considered to be root nodes, intermediate
nodes, central nodes, safety barriers nodes, and
consequences nodes in the BN model, respectively(7).

To quantify the model, the probability values
of the basic events that were obtained based on the
fuzzy approach, were considered as the probability
of the root nodes occurrence. The BN model uses the
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Fig. 1. Algorithm of the transfer from the Bow-tie (BT) model to the Bayesian Network (BN) .

Conditional Probability Distribution Tables (CPTs) to
calculate the probability of the intermediate events.
In this case, the probability of the intermediate node
is based on the conditional dependencies associated
with the root nodes, and is determined based on the
probabilistic conditional relations for all conditions
of the node variables. Finally, the probability of
the central node was determined in the same way.
Equation 1 was applied to the BN, to compute the
common probability distribution of a set of variables
U=(Xp 0 X,).

P (U)= P (Ai| Pa (A) (1)

Where, Pa (A) is the parent set of A in BN, and P
(U) represents the properties of the BN(7).

The most effective basic events were identified
after developing the BN qualitative and quantitative
model of the selected scenario, using the probability
update features (nodes and consequences) and the BN
sensitivity analysis. In the diagnostic analysis, the BN
uses the Bayes theorem for updating the prior events
with new observations of a different set of variables,
called the E’s evidence. The probability distribution
can be calculated using various types of inference
algorithms, such as connection tree or variable
elimination, based on the Bayes theorem (Equation 2).

P(U|E) _ P(U|E)
P (E) 2uP(U|E)

P(UIE) = (2)
RESULT

Based on Cooke etal. (2008), four qualified experts,
including a senior manager, a process engineer, and
two operational technicians, were selected to evaluate
the probability of the basic events occurrence.
Experts’ opinions about the failure’s probability of the
basic events and safety barriers against the scenario
occurrence, were collected using the linguistic terms.
Then, subjected to the de-fuzzy operation of the

y

experts’ opinions, the number obtained by de-fuzzing
of each basic event, was considered as the Fuzzy
Probability Score (FPS). In the end, the probabilistic
numbers (de-fuzzing) were converted into Probability
Values (PV). This calculation was applied to each basic
event (24 events), and led to the compressor gas leakage
scenario and safety barriers against the occurrence of
the scenario. Finally, the failure probability related to
each basic event, was calculated using the fuzzy logic.

Fig. 2 shows the modeling of the compressor
gas leakage scenario by the BN. The probability
values for the failure of the basic events and the
safety barriers derived from the fuzzy logic, were
introduced into the model, and continuation of the
developed fuzzy Bayesian network was considered
as a basis for the extraction of the probability values
for the Intermediate Events (IE), the top event and
its consequences. To update the presented model, the
central node (compressor gas leakage) was considered
as an evidence, and the prior probabilities of all basic
events, intermediate events, and consequences were
updated. The results of updating the BN model are
shown in the fourth column of Table 1.

Table 1, shows the prior and posterior probability
values of the intermediate event failure, the top event,
and its consequences with the FBN approach. As
can be seen, the probability of the high gas pressure
(IE03) has the highest increase in update time of the
top events occurring probability from 5.25x10 to
7.8x10°Y, so this event is studied as the most effective
intermediate event in the top event occurrence. The
results also showed that the PRV failure (BE0O1) was
identified as the most effective basic event in the top
event occurrence. Among the identified consequences
of the top event, a fire with moderate damage (C8) had
the highest increase in the probability’s update time, so
it was identified as the most probability consequence of
explosion and fire, due to the compressor’s gas leakage.
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Fig. 2. Dynamic modeling of the compressor gas leakage scenario by the BN model.

Table 1. Symbols, Descriptions, and Possibilities of the compressor gas leakage consequences

Symbol Description Prior probability posterior probability
(FBN) (FBN)
Cl Near miss 6/68x10 9/91x10™!
C2 Moderate material release 5/4x10™* 8/01x107
C3 flash fire with minor damage 1/79x10°¢ 2/65x10
C4 Vapor cloud explosion with minor damage 8/11x107° 1/2x107
C5 high material release 5/83x10* 8/65x10°?
C6 flash fire with major damage 1/93x10°¢ 2/68x107
c7 Vapor cloud explosion with catastrophic 8/76x10° 1/3x107
damage
C8 jet fire with moderate damage 4/74x10°¢ 7/03x107
C9 jet fire with catastrophic damage 4/58x10°® 6/77x107
DISCUSSION which include the consequences of explosion and fire.

According to the results of this models
implementation in the studied scenario, 24 basic
events and 11 intermediate events that resulted in
the compressor gas leakage was identified. In this
study, the immediate and delayed ignition systems,
audio siren, emergency shutdown, and the presence
of congestion and condensation factors of the release
of flammable and explosive materials, were identified
as safety barriers against the compressor’s gas leakage,

According to studies conducted to determining
the probability of the basic event’s failure, with the
aid of fuzzy, numbers will vary by different experts
in the heterogeneous conditions. In this situation,
the correctness of the selection of the fuzzy number
to represent the basic event, is very basic. Ultimately,
this method reduces the uncertainty, and improves the
systems reliability. The fuzzy logic, instead of limiting
the parameters of a problem (the occurrence rate of
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the basic events and the top event of the accident
scenario, etc.) to a number, represents them as fuzzy
numbers in a range. So, the fuzzy logic provides a
rigorous statement of reality.

The BN model, has the potential for deductive
reasoning. The deductive reasoning, predicts the
probability of the occurrence of a scenario and its
outcomes. The results of the deductive reasoning
of the BN method, showed that the probability
of the top events occurrence was 6.74x10-2, also
the first consequence (near-miss) and the fifth
consequence (high material release), respectively,
with an occurrence probability of 6.68x10-2 and
5.83x10-4, are the most probable consequences of the
compressor’s gas leakage. Also, the consequence of C8
(jet fire with moderate damage) with the probability of
occurrence of 4.74 x 10-6, would be the most probable
consequence of the fire and explosion that is caused
by the compressor’s gas leakage. The BN, considers the
conditional dependence between the events™ type of
defect with common causes, that the conventional risk
analysis methods such as BT, do not have the ability of.
This is represented in Fig. 6, as a dependency between
IE02 and IE03, due to the subscription to BEO1 and
BEO02.

The ability of BN’s abductive reasoning is very
important in the dynamic risk analysis. The abductive
reasoning, provides the possibility of updating the
probability of the basic events, and decreases the
uncertainty in the model and the results obtained. By
updating the probability of occurrence of the basic
events and the final consequences, it will be possible
to select the most critical (most effective) basic events
that have the most contribution in the occurrence of
the top event [6]. The updated probability of any basic
event (BEi) is calculated by assuming the probability
of occurrence of the basic event (BEi) under the
condition of occurrence of the top event (compressor’s
gas leakage) P(BEi | compressor’s gas leakage). In this
study, based on the Tornado diagram, the BEO1 (PRV
failure) was identified as the most effective variable in
the occurrence of the studied scenario. Also, the most
probable consequence for updating the top event
occurrence probability is C1. The main reason, is the
correct performance of the audio siren when the gas is

Fire and Explosion Risk Analysis...

leaking from the compressor. C5, is the second most
likely consequence, with a probability of 8.65x10-3,
due to the failure of the audio siren and the emergency
shutdown valve. Also, C8 is the most probable
consequence of fire and explosion, with a probability of
7.03 x10-5, due to the audio siren performance failure,
the proper operation of the emergency shutdown
valve and the presence of immediate ignition in the
environment. Therefore, in the compressor system,
the presence of barriers can significantly reduce the
consequences of the gas leakage.

The combination of the fuzzy theory and Bayesian
Network, which is known as Fuzzy-Bayesian Network
(FBN), in addition to using fuzzy numbers in the
probability of the basic events and safety barriers
to reduce their uncertainty, will also benefit from
deductive and abductive reasoning. Therefore, the
Fuzzy-Bayesian Network provides a powerful and
effective tool for reasoning of uncertainty in the risk
analysis studies.

CONCLUSIONS

The present study was done to render a
comprehensive and quantitative approach to the
explosion risk analysis, using the integration of new
approaches to the Bayesian network and fuzzy theory
in a process industry. Based on the fuzzy Bayesian
network analysis, the filtering failure was identified
as the most effective basic event, and the jet fire with
moderate damage was recognized as the most probable
consequence of fire and explosion in the occurrence of
the compressor’s gas leakage.
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