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Abstract

Keywords

Background and aims: The identification of accident costs and their modeling
can motivate industries to establish safety systems. Storage tanks for oil Domino phenomenon
derivatives are among the significant industrial facilities that consistently
contribute to domino effects in the oil industry. Thus, this study explores
the economic consequences of fire and explosion domino phenomena in oil index

refinery storage tanks. Graph theory

Dow’s fire and explosion

Methods: The current study employs Phast software to determine the heat
flux, while R-statistical software and the igraph R package are used for graph
modeling. The centrality measures (i.e., betweenness, in-closeness, out-
closeness, and all-closeness) for the tank graph based on the thermal threshold
of 10 kW/m?and 15 kW/m? are evaluated using R software.

Fire protection of oil tank

Results: According to Dow’s fire and explosion index, the hazard level of these
tanks is high and intense. The results indicate that the lowest and highest values
of Dow’s fire and explosion index relate to kerosene and pentane and naphtha
gas, respectively. The evaluation of the contact area in a domino effect scenario
reveals that this effect can increase accident costs up to 2 times. Moreover,
implementing essential safety plans such as a fire alarm system reduces accident Received: 2022/07/4

costs by 50%. Accepted : 2024/03/15
Conclusion: The application of graph theory enables graphical modeling of

domino scenarios and identification of the most vulnerable tanks concerning

trigger potential and expansion of domino effects. The most vulnerable tanks

are prioritized for protective measures, such as active and inactive safety

barriers. Overall, the impact of implementing safety plans in reducing fire and

explosion to protect the tanks is similar to that of a fire alarm system.
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EXTENDED ABSTRACT

INTRODUCTION

Flammable and explosive liquid storage tanks are
prevalent in refineries, petrochemicals, petroleum
warehouses, marine terminals, airports, local fuel
companies, power plants, and large manufacturing
facilities. One of the most significant threats to these
storage tanks is the risk of fire and explosion. Typically,
fires in storage tanks can lead to the dispersion and
overflow of fluids, creating explosive hazards. Upon
receiving sufficient energy, a fire or explosion may occur
in these tanks. If this event transpires as an explosion,
the blast wave may have a destructive effect on nearby
tanks, potentially leading to catastrophic consequences
concerning safety, health, and the environment.

Oil tanks in the refinery carry substantial safety,
health, and environmental risks. Therefore, it is
imperative to conduct further research to investigate
the economic effects of the fire and explosion
domino phenomenon in these tanks. Domino effects
encompass an initial event that impacts the installation
and commissioning of the device, followed by one or
more subsequent events that also affect other facilities.
The spread of damage can be spatial (areas not damaged
in the initial event are destroyed), temporal (the same
areas are affected, but secondary events occur with a
delay), or both.

In light of these considerations, this study aims to
evaluate the economic consequences of the fire and
explosion domino phenomenon in oil refinery storage
tanks.

METHODOLOGY

This research was conducted in an oil refinery
storage tank. The refinery had 111 types of tanks,
including fixed roofs (cone and dome types), floating
roofs (internal and external), and spherical. Given the
wide range of tanks according to the refinery’s aerial
plan and plot plan, 10 spherical and floating roof types
of tanks with different dimensions and capacities
containing final products (e.g., gasoline, light naphtha,
kerosene, and pentane gas) were evaluated. The steps for
modeling domino scenarios and analyzing vulnerability
using graph theory are as follows:

1. Identifying the different scenarios causing
domino effects: Possible initial scenarios were
identified based on the tanks’ contents and operational
parameters. Intense pouring of oil products, jet fire,
fireball, pool fire, vapor cloud explosion, and BLEVE are
the events that may create a domino effect. Regarding
the leakage type, the scenario of the complete gap in the
connections of the studied tanks will be considered as
the selected scenario.

2. Modeling the fire and explosion consequences:
The aim was to model the consequences of this
accident. In this way, it is possible to determine the
amount of damage caused by thermal radiation at
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different distances from the scenario location and
evaluate human damage (maximum number of losses
caused by fire) using Phast 7.2 software. Steps to
model consequences include discharge modeling step,
propagation, and scenario effects.

3. Consequence assessment: After modeling,
the consequences of the events are evaluated. For this
purpose, the amount of losses and damages caused
by the final consequence of the scenario (radiation)
is calculated. Consequence assessment in this study
was performed to determine the mortality rate. Probit
equations were used to calculate the percentage of
people affected by the radiation scenario caused by fire
and tank explosion.

4. R-statistical software: R-statistical software and
an igraph package were used for graphical modeling
of domino scenarios in graph format. At this stage, a
graph with specified characteristics was modeled and
plotted. The centrality measures (betweenness, in-
closeness, out-closeness, and all-closeness) for each
node and consequently, the vulnerability indices of their
respective reservoirs were calculated using functions in
R software and igraph package.

Graph modeling was utilized to model the domino
effect, following these steps:

1. Step 1: Identifying and gathering information
on possible threats and hazards. At this stage, the
significant hazardous pieces of equipment (10 tanks)
were considered as graph nodes.

2. Step 2: Determining an accident scenario for
each tank.

3. Step 3: Determining and calculating the tanks’
escalation vectors (heat flux) according to the accident
scenario.

4. Step 4: Identifying probable target tanks by
comparing threshold values and escalation vectors
(heat flux) obtained in the previous step.

5. Step 5: Determining the weight of the graph
edges. These weights are used to identify probable
target tanks in graph modeling.

6. Step 6: Obtaining the graph model by entering
the weights of each node (which shows the domino
effect of each tank on other tanks) into the R software
and igraph package.

In this software, firstly, the weights of the edges and
nodes of the graph model must be specified. Next, edges
and tanks weights were analyzed as nodes considering
the weights as inputs. This model calculates the
centrality and betweenness indices using the software.
Finally, the model was interpreted, and its vulnerability
assessment was performed using the obtained indices.

Accident costs assessment

Accident costs were determined based on the radius
of exposure and area of exposure of each tank, using
the fire and explosion index. Due to the unavailability
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of actual prices for a tank accident, the last tank
construction contract at the refinery was used as a
reference to determine the price. The cost of materials in
the tank was estimated based on global product prices.

The effect of implementing safety plans on Dow’s
fire and explosion index was determined by assigning
the lowest score to the C3 fire protection factor. This
factor includes fire detectors, steel frames, fire water
units, special systems, sprinkler systems, water curtain
systems, foam, manual fire extinguisher monitors, and
cable protection.

RESULTS
Equipment as a graph

Equipment can indeed be modeled as a graph by
representing important and hazardous equipment
as nodes of a graph, with escalation vectors such as
heat radiation and overpressure serving as edges. This
research utilized R software and the igraph package
to model the graphs for the study. The tank area
was evaluated for 10 tanks, and two thresholds were
considered to determine the heat flux threshold (heat
dissipation) that could cause damage to adjacent units.

According to Table 1, Tanks 6, 4, 5, and 7, in
that order, have the highest betweenness index,
indicating they have the greatest potential for accident
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propagation among the 10 tanks. Based on the all-
closeness index, the most probable sequence of tank
involvement begins with Tank 6. The in-closeness
index reveals that Tank 3, a spherical reservoir, is most
susceptible to impact compared to the other tanks.
Lastly, Tank 6, with the highest out-closeness index, is
most likely to trigger domino effects.

Comparison of 10 tanks with heat flux threshold = 15

Considering the heat flux threshold of 15 kW/m?2 for
the heat dissipation rate among the 10 tanks, the graph
of these tanks and their relationship is shown in Fig. 1.

According to Table 1, Tanks 3 and 7, with the highest
in-closeness index, have the greatest susceptibility to
be impacted compared to the other tanks, in the order
of their appearance. Tanks 7 and 9, with the highest
out-closeness index, have the greatest susceptibility to
triggering domino effects. Based on the all-closeness
index, the most probable sequence of tank involvement
starts from tanks 6, 9, 8, and 10, respectively. Tanks 7,
9, and 4, with the highest betweenness index, have the
greatest potential for accident propagation among the
ten tanks, in the order of their appearance.

Determining the fire and explosion index
General process hazards are the major factors in

@ @

Fig. 1. Graph of the relationship between10 tanks based on heat flux threshold=15

Table 1. Centrality measures for each node

Ten tanks with a threshold of 10 kW/m?

Ten tanks with a threshold of 15 kW/m?

Tank All- In- All- In- Out-
Betweenness closeness closeness closeness Betweenness closeness  closeness  closeness
index index index index index index
1 0 0.052994 0.034002 0.012366 0 0.011111 0.011111 0.011111
2 0 0.056465 0.028531 0.057637 0 0.013841 0.012384 0.013841
3 0 0.072674 0.072307 0.011111 0 0.013841 0.013841 0.011111
4 0.291667 0.072939 0.031201 0.074906 0.013889 0.013986 0.012384 0.013986
5 0.25 0.084317 0.034294 0.081367 0 0.012384 0.012384 0.012384
6 0.347222 0.084674 0.034807 0.084674 0 0.012384 0.012384 0.012384
7 0.25 0.072622 0.033356 0.069541 0.055556 0.015873 0.015831 0.015873
8 0.097222 0.072939 0.034507 0.072939 0 0.015504 0.015464 0.015504
9 0.069444 0.05848 0.03202 0.057045 0.055556 0.015831 0.015873 0.015831
10 0 0.053163 0.031456 0.053163 0 0.015464 0.015504 0.015464
¥
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Table 2. Fire and explosion index calculations

Light
Blendi Plat Plat
Name of the tank S.R.Kerosene ending C5 Gasoline & & Gasoline Iso Gasoline  Gasoline
Naphtha Formate Formate
Naphtha
(F1) 2.1 2.55 2.55 2.55 2.55 2.55 2.55 2.55 2.55 2.55
(F2) 3.4 35 4 35 35 35 35 35 35 35
Process unit hazard
factor 7.14 8.925 10.2 8.925 8.925 8.925 8.925 8.925 8.925 8.925
FyXF, =Fy
Facto MF 10 21 21 16 16 16 16 21 16 16
Fire and explosion
index 714 187425 187.425  142.8 1428 1428 1428 187425 1428 142.8
DowF; X MF =
F&EI
Limited . . . . . .
Degree of hazard hazard Intense  Intense High High High High Intense High High
Radius at risk
R (m) 18 48 48 36 36 36 36 48 36 36
= F&EI * 0.256 (m)
Area at risk m? 1049 7234 7234 4069 4069 4069 4069 7234 4069 4069
Table 3. The loss control factor
L trol credit S.R. Blendi Plat Plat Light I
0ss controtcredt ending o5 Gasoline & & Gasoline 1t iso Gasoline  Gasoline
factor Kerosene  Naphtha Formate  Formate Naphtha
Cy 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73
C, 091 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91
Cs 0.46 0.46 0.72 0.46 0.46 0.46 0.46 0.46 0.46 0.46
C=C; XCy; XC3 0.30 0.30 0.49 0.30 0.30 0.30 0.30 0.30 0.30 0.30

determining the damage caused by accidents. Exothermic
chemical reactions, endothermic processes, transportation,
handling and storage of materials, enclosed or internal
process units, access to the area, drainage, and spill control
are the six factors that determine the general process
hazards. Special process hazards, which are the major
factors affecting the probability of an accident, contain the
factors for toxic substances, pressure, low temperature, the
quantity of flammable/unstable materials, corrosion and
erosion, leakage, and using flammable equipment. The
process unit hazards were estimated by multiplying the
general hazard factor and process hazard. The product
of the unit hazard factor multiplied by the material factor
determines the Dow fire and explosion index number
(Table 2).

Determining the loss control factor

Various methods are available to control hazards
and operating conditions in the workplace. These
factors were analyzed in the form of the C1 process
control factor with items of emergency power,
explosion control cooling systems, emergency stop
system, computer controls, neutral gas, operational
instructions, review of material reactivity, and other
process hazard analyses. The C2 material separation
factor included the remote control valve, drainage and
leakage control, and automatic locking. Fire protection

factor C3 included items such as fire detectors, steel
frames, fire water, special system, spray systems, water
curtain, foam, manual fire extinguisher monitors, and
cable protection. Table 3 shows the loss control factor.

The costs of the domino effect

The costs caused by the domino effect were
investigated and compared with normal fires.
According to graph theory, Tanks 4 and 7 have the
potential to create a domino effect in heat fluxes of 10
kW/m? and 15 kW/m? Next, the contact area of the
costs caused by the fire and tank explosion during the
domino phenomenon was determined accordingly.
Table 4 shows the results.

The effect of implementing safety plans in reducing fire
and explosion

In the present study, the effect of safety plans was
evaluated. Safety plans in the Dow’s fire and explosion
index were considered in the fire protection factor
of C3. The results showed that a lack of safety plans
leads to more than double the costs in the event of an
accident.

DISCUSSION
At the flux threshold of 0, =10 kW | m?*, Tank 6,
with the highest betweenness index, has the highest

f
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Table 4. Tanks with the possibility of creating a fire-induced domino effect

The val

The value ; \;}al ue
of the
of the .
I m
L Contactarea  Contact area in terms The total contact area
Tank Type of the  Fluid in . . . terms of
Row ) in terms of of the domino value of the area in

number tank service . the

Dow’s index phenomenon tank terms of .
, domino
Dow's henome

index pheno

non

Floati 2033-2021-2022-
1 TK-2027 OMMIE Gasoline 2026 6.950 14.45 272
roof 2028-2026
Floating .
2 TK-2033 roof Gasoline 2028 2032-2031-2028 6.950 13.73 21.6
potential for accident propagation among 10 tanks. CONCLUSION

Also, at a flux threshold of 15 kW/m2, Tanks 7, 9, and
4 show the highest potential for accident propagation
among the ten tanks, in the order of their appearance.
The costs caused by a domino effect were evaluated
and compared with normal fires. Afterward, the cost
caused by a domino phenomenon was compared
with the cost of accidents based on theDow’sfire and
explosion index. Finally, the costs caused by a domino
effect were investigated and compared with normal
fires. According to the graph theory, Tanks 6 and 7
have the susceptibility to domino effect propagation at
threshold heat radiation of 10 kW/m2 and 15 kW/m2,
respectively. The costs caused by the fire and explosion
in tanks during the domino effect were determined.
Domino accidents can double the cost of an accident.
Khakzad et al. (2017) studied the application of graph
theory to cost-effective fire protection of chemical
plants during domino effects. They reported that
active fire protection of installations with the highest
accuracy and passive fire protection of installations
with the highest betweenness score are the most
effective strategies for reducing the vulnerability of
chemical plants to fire-induced domino effects. They
found that the lack of fire prevention equipment
increases the potential costs of damage to the plant,
which is consistent with the results of the present
study. Ahmadi et al. (2020) reviewed atmospheric
storage tank fire scenarios: costs and causes. The cost
caused by domino effects was eight times higher than
that of events without domino effects. In the present
study, the cost caused by domino effects was twice that
of events without domino effects.

Identifying the costs of accidents and modeling
them can encourage industries to build safety systems.
Oil storage tanks are among the most important
industrial installations effective in causing domino
accidents in the oil industry. In the present study,
Phast software was used to determine the heat flux,
and R-statistical software and the igraph package were
used to model the graph. The centrality measures (i.e.,
betweenness, in-closeness, out-closeness, and all-
closeness) for the tank graph were evaluated using R
software based on the thermal thresholds of 10 kW/
m2 and 15 kW/m2. According to the Dow’s fire and
explosion index, the hazard degree of these tanks
was high and intense. Results showed that the lowest
and the highest value of Dow’s fire and explosion
index is related to kerosene and pentane and naphtha
gas, respectively. Assessing the contact area in case
of a domino effect showed that a domino effect can
increase the cost of the accident up to 2 times. Also,
implementing necessary safety plans such as a fire
alarm system reduces the cost of accidents by 50%.
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