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Abstract

Keywords

Background and aims: Storage tanks consistently pose serious risks to
industries and adjacent units due to complex process conditions. The release of Bow Tie Diagram
substances from these tanks can result in consequences such as fiery explosions
and the dispersion of toxic substances. Therefore, identifying the causes and
modeling their consequences is considered essential. Diesel Tanks

Methods: In this study, the authors used the bow tie diagram to identify the Consequence Modeling
cause-and-effect diagram of gasoline tanks, and fuzzy theory to determine the

failure rate of basic events. To determine the probability of basic events, the

authors considered fuzzy theory and expert opinions. Finally, the authors used

phast8.2 software for modeling possible scenarios.

Quantitative Risk Assessment

Results: The results of the bow tie analysis revealed a total of 45 basic events and
4 consequences, including pool fire, eruption fire, sudden fire, and explosion.
The consequence modeling showed that the maximum intensity of the thermal
radiation caused by the pool fire for the diesel tank was equal to 23 kW/m2,
and the maximum increase in the blast wave was estimated to be 19.7 bar.
The risk evaluation for the consequences of pool fire, eruptive fire, and steam
explosion showed that the estimated risk number is more than 104 and falls in Accepted : 2024/01/14
the unacceptable range.
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Conclusion: Using the bow tie method in combination with consequence
modeling can provide experts with a more comprehensive view of the accidents,
along with their causes and consequences, which occur for storage tanks.
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EXTENDED ABSTRACT

INTRODUCTION

Tanks are consistently one of the pieces of
equipment that can pose serious risks to industries
and nearby units due to complex process conditions.
Incidents can inflict substantial financial, human,
and environmental damage on societies. The
successful prevention of such incidents necessitates
quantitative risk assessment and modeling studies so
that preventive and control strategies can be designed
and implemented based on risk. It appears that the
application of several risk assessment methods in a
complementary manner is necessary in industrial
processes because it provides a clear picture of the
work process and also the accident scenarios. Two
parameters play a pivotal role in risk analysis. The first
parameter is the probability of occurrence and the
second parameter is the severity of the consequence.
The occurrence probability is the likelihood of an
incident or failure leading to an accident over a period
of time. The severity of the consequences of an incident
refers to the harmful effects caused by that incident.
Each scenario can have multiple consequences, which
are determined and simulated through the models
presented for “release and spread of substances in
the environment” and “fire” and “explosion” In the
fault tree analysis, databases such as OREDA, CCPS,
and Lee can be utilized to determine the probability
of basic events. To overcome the limitations of the
conventional fault tree method, uncertainties should
be minimized. One of the significant approaches
in minimizing uncertainties is the use of expert
opinions in conjunction with the fuzzy logic theory to
estimate the occurrence probability of basic events. To
determine the damage radius in accidents related to
the release of toxic gases and the consequences of the
accident, there are several modeling methods such as
PHAST, DEGADIS, SLAB, HGSYSTEM, and ALOHA.
This study aims to provide a method to assess the risk
of gasoline tanks. To determine the probability of the
main events caused by a gasoline spill, the authors
selected the bow tie diagram and fuzzy theory, and
PHAST?7.2 software was used as a tool to determine
the severity of the consequences caused by a gasoline
spill.

METHODOLOGY

This study was conducted in the Tank Farm gasoline
Unit. In this study, the authors utilized the bow tie
method and fuzzy theory for designing the cause-and-
effect diagram and also determining the failure rate
of basic events for gasoline tanks. To determine the
probability of basic events, fuzzy theory and experts’
opinions were taken into account, and finally, phast8.2
software was employed as a tool for modeling possible

scenarios. Gasoil in French (or oil gas or diesel
fuel) is used as a fuel for diesel engines and thermal
facilities. The results of the FMEA technique were
used to identify the main event. The spill of chemicals
is the primary cause of accidents in the power plant
industry, especially in the gasoline tank unit, which
leads to dangerous consequences such as poisoning,
fire, and explosion(8). Also, the fault tree and the
event tree method were considered as a technique to
identify the basic events in the occurrence of chemical
spills and the order of potential scenarios involved
in the accident. In this study, the information for the
identified basic events was not available. Therefore,
the probability of the primary event was estimated
by using the expert’s opinions and fuzzy theory. To
quantify the opinion of experts and determine the
weight of their opinion in the failure rate of basic
events, based on the study of Saaty and Ozdemir, seven
items including “very low, low, relatively low, medium,
relatively high, high and very high” were used. It is
necessary to convert experts’ judgments, which are in
the form of linguistic terms, into fuzzy numbers. Then
they become a final number called FPS. In this study,
the sum product algorithm and equation 1 were used
for consensus among experts.

Z,=3wf, i=12..m j=12.n @O
=1

In this equation, Z is the failure probability of basic
events

W, : Expert weight

j, f_ij: the occurrence possibility of the phase
failure for the basic event i expressed by the experts

j and n: the total number of experts and m the
number of base events

In order to de-fuzzily in this study, the max-min
method presented by Chen and Hwang was used. This
method is presented in equation 2 and 3.

X. 0<x<l1

f = 2
s (%) {O. (otherwise) @
¢ ( ) {I—X. (OSXSI -
. X)=
o 0. otherwise)

CFP is the number obtained from the
defuzzification step for each event.

The number obtained from the previous step
should be converted from possibility to probability.
in order to calculate the failure probability (FP) of
events, equation 4 was used.
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Table 1. Risk profile results

c Affected P(:ipulal'ilon Probability of =~ Number of Repr;duabﬁty of Mortality Collective risk
onsequences area (m?) enstty ) death casualties . ‘e resu (person/incident)
(people/m?) (incident/year)
Pool fire 58934 0.0001 0.08 0.00768 0.47 0.0020952
sudden fire
264074 0.0001 1 0.008489 26 0.125190
Explosion 2827887 0.0001 0.1 0.012734 28 0.202216
1 RESULTS
— CFP+#0 Design a Bowtie diagram
10 A Bowtie diagram was designed based on the
FP =<0 CFP=0 data related to the fault tree and event tree, and
(4) then this information was analyzed. To determine
the probability of the main event, it is necessary to
calculate the probability of basic events. For this
1— CFP 13 reason, a seven-scale approach was utilized.
K= ‘:—:| x2.301 Initially, to determine the occurrence probability
CFP of basic events, three qualified experts, including

FP: the probability rate of each basic event, CFP
:a possible number resulting from the de-fuzzification
step, K, an intermediate variable that is based on CFP.

Consequence evaluation using PHAST software

After considering all factors influencing the
occurrence of the scenario, the scenario was simulated
and the sequence of events was predicted using
mathematical models and the effective factors. In
this study, PHAST7.2 software will be employed as a
tool for modeling the consequences of a gasoline tank
spill. To estimate the consequences of fire on humans,
the dose-response curve is typically used. However,
the method that is widely used today is the probit
equation, which is in the form of equation 5. Finally,
according to the probit value, the mortality rate was
calculated using equation 6.

Y =-14.9+2.561In(t.g*") )

N=D, AP (6)

Y: The probit variable

q: The amount of radiation caused by the fire
(measured in kilowatts per square meter)

t: Time in seconds (24 seconds was considered
based on the studies)

N: The number of deaths (calculated as the number
of deaths per incident)

Dp: Population distribution (measured in persons
per square meter)

A: The area of the region affected by the accident
(measured in square meters)

P: Probability of death

process experts and academic staff members, were
selected. In the subsequent step, the fuzzy numbers
equivalent to the experts’ opinions were estimated
separately. Then these fuzzy numbers were de-fuzzied
and finally, the probability of each basic event was
calculated. The results of the fault tree showed that the
probability of a gasoline spill is 0.044579435 in one
year. The probability of each of the final consequences,
according to the failure or success probability of each
protection layer based on the database, was estimated
as follows: pool fire 0.004458, vapor cloud explosion
0.007222, sudden fire 0.004815, and no damage
0.040121.

Consequence modeling using PHAST software

Based on the results of the bow-tie diagram, the
authors carried out modeling of the consequences
for the gasoline tank in the majority of 4 scenarios.
These scenarios considered a spill size of 100 and
200 mm and the weather conditions of the first six
months of the year and the second six months of the
year (based on the information from the regional
meteorological department). The air temperature
and relative humidity in the first six months were
considered to be 40 degrees Celsius and 3/, and in
the second six months, 25 degrees Celsius and 257,
respectively. According to the results, at a distance of
30 meters from the center of the pool fire, with a spill
size of 100 mm, the amount of heat flux is 23 kilowatts
per square meter, and it reaches its lowest value at a
distance of 150 meters. At a spill size of 200 mm, the
heat flux is 20 kW/m? at a distance of 50 meters from
the center of the pool fire, and it reaches its lowest
value at a distance of 240 meters. The risk number
was determined due to the modeling and estimating
the mortality of the studied scenarios. According to
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studies, the threshold of radiation is 4 kW/m? (pain
threshold limit in 20 seconds) and 37.5 kW/m? (1007,
death in 1 minute or 1/ death in 10 seconds). The
average population density in the studied industry is
100 people. The highest death probability is related
to the explosion with the number of 28 deaths. The
highest risk number is 0.20216 which is related to
the explosion. The information presented in Table 1
shows the outcomes of evaluating the scenarios under
study and their respective risk profiles. According to
the table, the scenario that has the highest probability
of causing casualties is the explosion scenario with 28
fatalities, which also has the highest risk number of
0.202216.

DISCUSSION AND CONCLUSION

The present study was conducted to evaluate
human vulnerability caused by a diesel spill accident.
The results of the Bowtie diagram showed that a total
of 45 basic events are involved in a gasoline spill.

These results were then compared with the
following studies. In the study by S. Rajakarunakaran
et al., regarding the release of LPG gas from a truck
tank, a fault tree was designed with a total of 16 basic
events and 4 intermediate events. In the study by Refaul
Ferdous et al., the fault tree was designed with 6 basic
events, and in the study by Rachid Ouache et al., 6 basic
events and 2 intermediate events were identified (13).
The main reasons for the difference in the number
of identified basic and intermediate events can be
attributed to the different types of equipment in the
tanks, the tank volume, the expansion of basic events,
the consideration of different boundaries, the number
of unauthorized events, and the level of concentration.
According to the results, the nature of the chemical
substance (occurrence probability 0.001871 per year),
depreciation of equipment (probability 0.01954), and
lightning (probability 0.0202302 per year) respectively
play the most important roles in a gasoline spill. The
probability of the main event (gasoline spill) was

calculated as 0.044579435 (in one year). The results of
the tank pool fire modeling showed that the maximum
intensity of thermal radiation caused by this fire will
be 23 kW/m?.

Considering that the duration of people’s exposure
is considered to be 20 seconds, the results also showed
that the affected area has a direct relation with the size
of the spill. The largest area affected by a gasoline spill
was due to the complete rupture of the tanks in the
weather conditions of the second six months of the
year, and the radius of the affected area was calculated
as 2349 meters. In this radius, 17. of the people will lose
their lives.

The results of the study showed that the affected
area in three human damage levels of 17, 10/, and
99/. has no significant difference in both weather
conditions. The assessment of human vulnerability
showed that the explosion of the tank has the
largest range in terms of human vulnerability with a
probability of 997. In this area, almost the entire area
of the facility, including the control rooms and the
fire station, and a part of the road passing near the
facility will be affected. Also, the bursting fire affects
the largest area with damage levels of 17 and 107. In
this study, the British risk standard was used for risk
assessment. According to this standard, acceptable
risk is equal to 10%, tolerable is equal to 10, and
unacceptable risk is equal to 10*4%. The results of risk
evaluation for the consequences of pool fire, eruption
fire and steam explosion showed that they are in the
unacceptable range.

As a result, the study shows that using the bow tie
method in combination with consequence modeling
can provide experts a more open view of the accidents
along with causes and consequences which happen for
storage tanks.
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