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ABSTRACT

Introduction: Chemical industries often have risks for the environment and communities, due to the use
of complex facilities and processes. Also, in the ammonia tanks, the probability of risk of explosion is high,
owing to their specific characteristics. The aim of this study is to evaluate the risks of explosion scenario
at the ammonia tank in the Kermanshah petrochemical complex

Material and Methods: To achieve the purpose of this study, the Fuzzy Fault Tree Analysis (FTA) method
was used to estimate the probability of reliability in the basic events. In this study, after drawing Fault Tree
for identifying basic events, the probability of basic events was estimated by means of expert’s elicitation,
and the probability of minimal cut sets was computed through Boolean logic gates.

Results: According to the results, the probability of occurrence of the top event was obtained equal to
0/054997. In the minimal cut set prioritizing, the failing of pressure safety valves identified as the most
effective factor in the top event occurrence, and afterward failing the control valves and human errors
were identified.

Conclusion: This study indicates that, based on expert elicitation, a fuzzy error tree method can be used to
assess the risk of various scenarios in the industry. Overall, in assessing the risk of the explosion scenario in
the ammonia reservoir, it was found that some minor defects, and even human error, could be considered
as a major contributor to the explosion.
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1. INTRODUCTION

Rapid growth and constantly increasing
capacity of chemical industries are associated with
potential risks to the environment and surrounding
communities. In addition to industrial facilities,
chemicals also have inherently hazardous
properties. They can be flammable, explosive, toxic,
or corrosive. Ammonia is used widely in processing
industries as feed, coolant, or sustainable source of
energy. Consequences of releasing toxic materials
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can be measured by criteria such as IDLH', and
TLV-TWAZ Fault Tree Analysis is a safety and
reliability assessment method used widely to
evaluate complex systems. Fault tree is a graphic
model of showing base even failure in an assumed
scenario in a system. This graphic model shows
consecutive or parallel faults that can lead to
the main event or intended scenario. The fault
tree can be used to assess the existing systems or
evaluate the designed systems. Fuzzy probability is
a membership function of fuzzy numbers, and is

1 Immediately Dangerous to Life or Health
2 Threshold Limit Value — Time Weighted Average
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used to show uncertainties in reliability assessment
of base events in a fault tree. In this approach,
quantification of the fault tree, ie. reliability of
base events, intermediate events, and final event is
based totally on fuzzy concepts. “AND” and “OR”
gates in Boolean logic are also replaced by fuzzy
combination rules.

2. MATERIAL AND METHODS

Kermanshah Petrochemical Complex, with a
total area of 300 hectares, is located in Harsin. The
complex daily produces 1200 tons ofliquid ammonia
and 2000 tons of urea fertilizer. The present study
aims to assess the risk of ammonia reserve-tank
explosion in Kermanshah Petrochemical Complex.
The research method is defined as an eight-stage
process based on fuzzy fault tree method.

1. The fault tree shows a systematic and
logical record of base events leading to a top event
positioned on the top of the fault tree, and provides
a framework of qualitative and quantitative study
of the top event. Top event is usually assumed an
accident or an unwanted event. Real or initial base
events are positioned in lower parts of a fault tree.

Each one of the gates is explained by a logical
equation of the input events. As the fault tree is
developed, needs and selected topics are recognized,
the top event is defined, and objective and accuracy
of the fault tree is determined. A series of “AND”
and “OR” gates can form logical relationships
between the base events.

2. The experts opinions on base events of
the ammonia reserve-tank (TK-5101) explosion
scenario are collected in this stage. In the
present study, twenty base events are extracted
from brainstorm and analysis of managers and
experts’ opinions, especially those of Kermanshah
Petrochemical Complex staff.

The questionnaires were distributed to different
departments in order to reflect the experts’ opinion
using Delphi method, as well as the department
manager’s opinion. The questionnaires were
designed to collect the experts’ viewpoints about

probability of 20 base events based on linguistic
terms of probability of occurrence (very low, low,
medium, high, very high). Indeed, six experts
from different departments of Kermanshah
Petrochemical Complex were asked to score the
probability of 20 base events related to ammonia
reserve-tank explosion scenario in accordance with
Table 1.

3.  Fuzzification of Opinions: In this stage,
three numbers (fuzzy numbers) are attributed to
each one of the linguistic terms using triangular
fuzzy numbers.

4. Quantification and Expert Consensus:
Weight of each expert is measured by age,
experience, level of education, and corporate title.

5.  Defuzzification: Defuzzification is a
method of converting the fuzzy opinions and scores
into single numbers using specific algorithms.

6. After defuzzification of the numbers, a
single number is produced for each one of the base
events; but, considering the fact that these numbers
are extracted from direct defuzzification of experts’
opinions, they are referred to as failure possibility
of the base events. The failure possibility values
shall be converted to failure probability of the base
events using the respective equations. The failure
probability is indeed the same single number
extracted from defuzzification of the numbers.

7.  After calculating the failure probability of
all base events of the scenario, failure probability of
the minimal cuts can be calculated based on gates
allocated to the base events to work out failure
probability of the top event.

8. In this stage, base events and minimal
cut sets extracted from analysis of the base events
can be ranked in order to show which one of the
minimal cuts are most likely to occur in the top
event, and prioritize the events.

In summary, in this method, the fault tree was
developed for ammonia reserve-tank explosion
scenario and base events were identified.
Afterward, a questionnaire was used to collect the
experts’ opinions and failure probability of the base

Table 1. Definition of linguistic terms of probability of occurrence
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Probability Fuzzy Numbers Linguistic term | No.
(al, az, as)
0.0001> (0.0,0.1,0.2) very low 1
0.0001 - 0.001 (0.1, 0.25,0.4) low 2
0.001 - 0.01 (0.3,0.5,0.7) medium 3
0.01-0.1 (0.6, 0.75, 0.9) high 4
0.1< (0.8,0.9,1) very high 5

Journal of Health and Safety at Work 2021; 11(4): 577-593


https://jhsw.tums.ac.ir/article-1-6575-fa.html

S. Bahrami et al. / Application of Fuzzy Fault Tree Analysis in Risk

Table 2. Probability and Priority of Minimal Cut Sets Leading to the Top Event in Explosion Scenario
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Minimal Cut Description Failure Priority  Probability of Top
Sets Probability Event (TE)

MCS1 BE1 Failure of Compressor 5051 0.00213 11

MCS2 BE2 Malfunction of PSV 0.013 1

MCS3 BE3 Control Valves Failure 0.0071 2

MCS4 BE4 Return of Gasses from Feed Tank 0.0031 7

e o Mechanical Seal Damages in Compressor T 0

2105
MCS6 BE6 False Transmitter Information 0.0035 5
MCS7 BE7 Compulsory Shut-Down of Compressor 0.0013 14
2015

MCS8 BES Oil Pump Failure 0.0015 12

MCS9 BE9 Blockage of Oil Filters 0.00225 10 N
MCS10 BE10 Power Outage and Failure of GTGs 0.00049 17 ’
MCS11 BE11 Increased Flow of HPS Vapor 0.00154 13
MCS12 BE12 Failure of Super Heater 0.0031 8
MCS13 BE13 Failure of Boiler 0.00338 6
MCS14 BE14 Primer Failure 0.00124 15
MCS15 BE15 Lack of Cathode Protection 0.00059 16
MCS16 BE16 Lack of Routine Thickness Inspection 0.0028 9
MCS17 BE17 Failure of Earthing During Lightning 0.00017 18
MCS18 BE18 Natural Circumstances 0.00015 19
MCS19 BE19 Terrorist Attacks 4.3%10° 20
MCS20 BE20 Human Mistake 0.005 3

events was extracted from linguistic terms. After
tuzzification of experts’ opinions and converting
the fuzzy numbers to non-fuzzy numbers, failure
probability of each base event was calculated using a
series of mathematical equations. After calculating
failure probability of the base events, probability of
the top event, i.e. explosion of ammonia reserve-
tank, was calculated using “AND” and “OR” gates
equations and minimal cuts were ranked and
prioritized.

3. RESULTS AND DISCUSSION

In the present study, a fault tree was developed
for ammonia reserve-tank explosion scenario.
Graphic diagram of this tree consists of 24 base
events. All gates in this tree are of “OR” type. After
a close study of the fault tree and similar base
events in different branches, 20 base events were
confirmed and the respective scenario was prepared
and distributed among the experts in order to
survey the failure probability of the base events.
The experts’ opinion about failure probability of the
base events of the explosion scenario was collected
and the basic results were extracted from opinions
of six experts.

Afterward, the experts opinions were
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quantified based on four factors including age,
experience, education, and expertise. Final
weight of the experts’ opinion was calculated by
normalizing the scores they acquired from the total
scores. Accordingly, the six experts’ opinions about
each one of the 17 base events were fuzzified using
triangular fuzzy numbers.

After applying weight of experts to their
opinions, the triangular fuzzy numbers had to
be defuzzified using center of gravity algorithm.
Considering the fact that the fuzzy numbers in this
study were triangular, the defuzzification results
had to be converted to failure probability.

After defuzzification of the fuzzy numbers and
working out failure possibility of the base events,
the failure possibilities were converted to failure
probability of the base events as shown in Table 2.
Finally, failure probability of ammonia reserve-tank
explosion scenario was calculated. After working
out failure probability of the base events, probability
of the top event in tank explosion scenario can be
calculated using mathematical equation. It must be
noted that in this scenario, considering the fact that
“OR” logical relations are used to combine the base
events, the minimal cuts are assumed the same base
events.

579
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In order to show importance and significance of
minimal cut sets in occurrence of the top event, the
minimal cuts can be ranked in this scenario.

In risk assessment of scenarios, considering
the fact that FTA method is capable of calculating
probability of the top event, and that failure
probability of the base events must be available in the
classical fault tree method, the fuzzy FTA method
was used in the present study, because the required
information was not available in Kermanshah
Petrochemical Complex. Failure probability of
the top event in ammonia reserve-tank explosion
scenario is estimated 0.054997. FTA method makes
it possible to identify the links between a base event
and the top event and calculate their probability.
Results of the present study and prioritization of
the minimal cut Sets show that the first priority in
ammonia reserve-tank explosion scenario is the
second minimal cut, i.e. malfunction of pressure
safety valves (PSV), followed by third minimal
cut set (fracture of control valves) and twentieth
minimal cut Set (human mistakes). It must be
noted that where fault tree of ammonia reserve-
tank explosion scenario is developed based on
brainstorm, all gates are based on “OR” logic, which
means that each one of the base events can lead to
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ammonia reserve-tank explosion. Generally, due to
remarkable uncertainties in complex industries like
petrochemical industries, it is not possible to make
certain decisions about priority of explosion risk or
any other risks. Therefore, it is critically important
to take all priorities into consideration in HSE?
management.

4. CONCLUSIONS

Assessment of ammonia reserve-tank
explosion risk showed that small defects and even
unintended human mistakes can be important
factors (base events) leading to an explosion (top
event). Although risk assessment of different
scenarios and their effects on environment and
surrounding communities requires collecting
detailed information on failure probability of
equipment or shortcomings of procedures and
activities, results of the present study and similar
studies show that it is possible to assess different
risk scenarios using experts’ opinions in form of a
fuzzy fault tree. Therefore, using experts’ opinions
plays an important role in estimating probability
of the top event, even where failure probability
of equipment, facilities, or procedures of the
industry is recorded.

3 Health, Safety, and Environment
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