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A B S T R A C T   

Industrial production intensification greatly enhances resource utilization efficiency and production efficiency 
within the modern petrochemical industry (MPI). However, densely located hazardous installations pose sig
nificant threats to workers, society and environment. Under this impetus, an advanced pareto-based optimization 
methodology is proposed for chemical tank farm (CTF) design. The objectives of domino risk minimization and 
land resource utilization efficiency maximization can be achieved through optimizing the locations and di
mensions of storage tanks. A simplified quantitative domino risk assessment procedure is developed within a 
grid-based Cartesian coordinate system, which links the design parameters and risk values. A bi-objective 
optimization model is developed for problem formulation and a well-designed simulated annealing-based 
multi-objective particle swarm optimization is proposed for model solving. A CTF with six floating roof diesel 
tanks is adopted for case study. The simulated annealing-based jumping mechanism can effectively avoid the 
local optimum, which makes the algorithm easier to obtain the trade-off with great convergence and diversity. 
The proposed methodology can provide safer and more cost-effective design solutions. Results indicate that the 
design parameters can significantly affect the regional domino risk distribution. The conflicting nature between 
safety and economy is discussed. This work is of great significance for the safety and reliability of MPI.   

1. Introduction 

The petrochemical industry holds a significant position in the global 
economy, which is one of the indispensable parts of modern society [1]. 
In line with the trend of industrial production intensification, a large 
number of chemical industrial parks (CIPs) have been established in 
China in recent years [2]. To enhance resource utilization efficiency, 
production efficiency and other benefits of scale, CIPs exist to concen
trate different chemical-related activities [3,4]. However, due to the 
flammable, explosive, and toxic characteristics of hazardous chemicals, 
densely located hazardous installations also cause a series of safety and 
security issues [5-9]. 

On April 17, 2013, an ammonium nitrate explosion occurred at the 
West Fertilizer Company in Texas, resulting in 15 deaths [10]. On March 
21, 2019, a major explosion occurred at a chemical plant in Xiangshui, 
Jiangsu, resulting in 78 deaths and direct economic losses amounting to 

1.986 billion RMB [11]. On August 4, 2020, two major explosions 
occurred at the port of Beirut, Lebanon, resulting in at least 220 deaths 
and economic losses of approximately 15 billion dollars [12]. Since the 
petrochemical industry involves manifold high-risk chemical processes, 
safety is one of the key pillars of sustainable development [13-15]. 

As reported by numerous studies [3,16,17], catastrophic chemical 
accidents occur frequently around the world, which have imposed 
tremendous challenges on society, environment, and economy. More 
alarmingly, once fires or explosions occur, subsequent accidents (so 
called domino events) may be easily triggered due to the congestion of 
hazardous installations [18,19]. Over the past few decades, continuous 
efforts have been made in the research on domino accidents prevention 
& mitigation [4]. An external domino accident prevention framework 
(denoted as Hazwim) was proposed by Reniers et al. [20], which in
tegrates HAZOP, What-If Analysis and Risk Matrix into an effective 
standardized risk analysis framework. Jia et al. [21] developed a 
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five-level domino accident prevention framework, of which a systematic 
macro-integration is provided to efficiently utilize multiple safety 
measures. Zeng et al. [22] developed a systematic safety barrier man
agement framework to cope with domino effects, of which the preven
tion and mitigation strategies using safety barriers are explored in the 
form of a bow-tie diagram. Following the idea of chain-cutting disaster 
mitigation, Yang et al. [23] proposed a full-life cycle domino accidents 
mitigation system, which mainly consists of five stages: site selection 
and layout, design, production and operation, emergency response, and 
post-disaster recovery. 

In addition to the systematic frameworks mentioned above, a wide 
variety of specific methodologies have also been developed to cope with 
chemical accidents, see Table 1. As shown, most of accident prevention 
& mitigation strategies were proposed for the stages of Production and 

Operation and Emergency Response. From the perspective of process 
risk management, accident prevention & mitigation strategies can be 
divided into three categories: inherent safety design, domino effects 
avoidance, and add-on safety & procedural safety [30,37]. The evolu
tion of domino accidents exhibits an increasing trend [19,38]. According 
to the chain-cutting disaster mitigation theory [23], the most effective 
accident prevention & mitigation should involve stopping accidents 
from occurring or escalating at an early stage or before they occur. 
Therefore, strategies for the site selection and design stages are partic
ularly important. Inherent safety design (ISD) can be regarded as one of 
the most effective accident prevention & mitigation strategies, which 
seeks to eliminate or at least reduce the hazard involved in the chemical 
process at its source [13,30,39]. 

Parameterized ISD methods are often limited by deviations in 
inherent safety indicators and the inability to quantify potential accident 
scenarios and consequences. To recognize the logical relationship be
tween design parameters and potential accident scenarios, Zhu et al. 
[30] incorporated the quantitative risk assessment (QRA) into the 
inherent safety design. At present, QRA has been wildly regarded as the 
benchmark to develop safety decision making methods [15,40,41]. As 
one of the core tasks in process safety, risk analysis plays a crucial role in 
preventing and migrating fatalities, asset and reputation loss caused by 
accidents [42,43]. Since the publication of the Guidelines for Chemical 
Process Quantitative Risk Analysis [44], the QRA framework has garnered 
significant attention. The first systematic QRA procedure for domino 
accidents was proposed by Cozzani et al. [45], of which risk is quantified 
by the product of accident probability and accident consequences. 
However, it is still challenging to establish a parameterized optimization 
function through the existing QRA procedure, which hinders optimiza
tion algorithms from exploring a wide range of the feasible solution 
domain. 

Moreover, practical safety decision making faces complexity due to 
multi-dimensional dependence and conflicting factors [40]. Decision 
making in safety and economy is confronted with different conflicting 
objectives, which can be referred to a multi-objective problem (MOP) 
[28,46,47]. As mentioned by Khan et al., [40], there are only a few 
studies that consider the conflicting nature between different objectives. 
Even as safety-critical systems, the fundamental purpose of high-risk 
industrial activities remains to generate significant profits. Thus, a 
safety-critical system should be designed by presenting an optimal de
cision in terms of efficiency, economics, and safety among various al
ternatives [48,49]. 

Under this impetus, this work developed a Pareto-based optimization 
methodology for a parameterized chemical tank farm design problem. 
The contributions and novelties of this work are mainly reflected in four 
aspects. 

(1) An advanced pareto-based chemical tank farm design method
ology is proposed for domino risk minimization and land resource 
utilization efficiency maximization. A parameterized ISD tool is 
available to achieve a trade-off between safety and economy, 
thereby enhancing the safety and reliability of the system in a 
more sustainable and realistic manner.  

(2) On the basis of the QRA framework, a simplified quantitative 
domino risk assessment procedure (S-QRA) is developed within a 
grid-based Cartesian coordinate system, which links the design 
parameters and risk values. Compared with traditional inherent 
safety indicators, S-QRA provides a more comprehensive safety 
decision optimization preference benchmark, as it can systemat
ically quantify multiple uncertainties caused by probabilities and 
consequences of potential industrial accidents and corresponding 
domino effects. 

(3) A well-designed simulated annealing-based multi-objective par
ticle swarm optimization is proposed for model solving. To cope 
with the fragmentation of feasible solution space caused by 
complex model constraints, the simulated annealing process 

Table 1 
Overview of representative studies for accident prevention & mitigation.  

Ref. Methodology Stages Main work 

[24] Risk Matrix Design A risk-based methodology was 
proposed to guide the application 
of fireproofing. 

[25] Deep Learning Production and 
Operation 

A fuzzy deep neural network was 
proposed for early warning of 
industrial accidents. 

[26] Cost Benefit 
Analysis 

Production and 
Operation 

Focusing on potential 
environmental and eco-terroristic 
attacks in chemical facilities, an 
economic model was proposed to 
allocate preventive security 
measures. 

[27] Dynamic Graph Production and 
Operation 

A dynamic graph approach was 
developed to integrate safety and 
security resources for reducing the 
risk of man-made domino effects. 

[28] Multi-objective 
Optimization 

Emergency 
Response 

A multi-objective emergency 
facilities location methodology 
was proposed for domino accidents 
in CIP. 

[29] Multi-objective 
optimization 

Design A multi-objective optimization 
method was proposed for 
industrial park layout design. 

[30] Inherent Safety 
Design 

Design Inherent safety design tools were 
developed based on the 
quantitative risk assessment (QRA) 
as a benchmark. 

[31] Petri-net Emergency 
Response 

A Petri-net based cooperation 
modeling approach was proposed 
for emergency response time 
analysis. 

[32] Cost-effectiveness 
Optimization 

Production and 
Operation 

A cost-effectiveness safety 
investment optimization approach 
was proposed for domino effect 
risk reduction. 

[33] Petri-net Emergency 
Response 

A Petri-net approach was proposed 
to optimize firefighting force 
allocation, which can prevent the 
escalation of fire included domino 
accidents. 

[34] Multi-objective 
Optimization 

Emergency 
Response 

A goal programming-based multi- 
objective optimization approach 
was proposed to identify the 
optimal firefighting strategies in 
domino accidents. 

[35] Cost-effectiveness 
Optimization 

Production and 
Operation 

A cost-effectiveness optimization 
approach was proposed to support 
the decision-making on safety 
barrier establishments and 
improvements. 

[15] Path Optimization Emergency 
Response 

A risk-based evacuation planning 
method was proposed for domino 
accidents in CIPs. 

[36] Path Optimization Emergency 
Response 

An evacuation path planning 
method was proposed for multi- 
hazard accidents in CIPs.  
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gives the algorithm controllable probabilities of accepting infe
rior solutions, which can effectively avoid falling into the local 
optimum. Analysis results indicate that the proposed algorithm is 
competitive in terms of diversity and convergence.  

(4) The conflicting nature between domino risk and land resource 
utilization efficiency is discussed. Even though chemical tank 
farm design is the main motivation of this work, the proposed 
methodology is not limited to this, as many safety-critical system 
design problems face similar challenges. 

The rest of this work is stated as follows. In Section 2, preliminaries 
are stated to clarify S-QRA. Model formulation and solving strategy are 
stated in Section 3. Section 4 gives a case study to demonstrate the 
proposed pareto-based optimization methodology. The conflicting na
ture of safety and economy is discussed in Section 5. At last, the work is 
concluded in Section 6. Other basic information is stated in the 
Appendix. 

2. Preliminaries 

2.1. General procedure 

A simplified quantitative domino risk assessment procedure is 

developed in this section. The general procedure of S-QRA is shown in 
the pseudocode Algorithm 1, which consists of three modules, i.e., 
initialization module, risk superposition module, and the high-risk area 
identification module. The inputs of S-QRA procedure mainly include the 
basic information set Φset (geographical and meteorological informa
tion, material characteristics, tank characteristics, etc.), scale factor Δ, 
risk threshold μ, basic failure frequency of chemical tank Pbf . The risk 
threshold μ and the basic failure frequency of the chemical tank “Pbf ” 
can be extracted from the Appendix, Tables A.1 and B.1. 

The initialization module primarily focuses on the processing of 
basic information set Φset, including (1) cartesian coordinate system 
construction, (2) distance matrix calculation, (3) accident consequence 
modeling, (4) death probability calculation. Following the Chinese 
Standard GB 36,894–2018 [50] and QRA framework [45], the risk su
perposition module superimposes the individual risk caused by all tank 
units in the chemical tank farm, and can obtain the risk value of any 
geographical location in the area. Individual risk is defined as [45,50]: 
the frequency of death due to hazardous chemical accidents assuming 
that a person is in a certain place for a long time without any protective 
measures. On the basis of the cartesian coordinate system, risk values of 
all integer coordinate points are regarded as the corresponding elements 
of the risk distribution matrix. As a result, the high-risk area identifi
cation module can identify the high-risk regions where the 

Algorithm 1 
Simplified quantitative domino risk assessment procedure.  

Input: Basic Information Set Φset; Scale Factor Δ; Risk Threshold μ; Basic Failure Frequency Pbf ; Tank Set T 

Output: Risk Distribution Matrix R N×M; High-risk Area A 

Initialization Module: 
Cartesian Coordinate System Construction: Θ(x,y)←Meshing(Φset,Δ),x ∈ [0,M],y ∈ [0,N]

Distance Matrix Calculation: D 1
|T |×|T |←pdist

( {(
xt ,yt

)⃒
⃒t ∈ T

})
; D 2

N×M×|T |←pdist(Θ(x, y)),x,y ∈ Z+

Accident Consequence Modeling: I 1 =
(
Ii,j
)

|T |×|T |
←FER

(
D 1,Φset

)
; I 2 =

(
It,(x,y)

)

N×M×|T |
←FER

(
D 2,Φset

)
,x,y ∈ Z+

Domino Probability Calculation: P do =
(

Pdo
i,j

)

|T |×|T |
←ProbitDo

(
I 1,Φset

)

Death Probability Calculation: P de =
(

Pde
t,(x,y)

)

N×M×|T |
←ProbitDe

(
I 2,Φset

)
,x,y ∈ Z+

Risk Superposition Module: 
For all integer coordinate points (x, y) ∈ Θ, x, y ∈ Z+ Do 

Risk(x,y) = 0 
For all tank t ∈ T Do 

Risk(x,y) = Risk(x,y)+ Pbf ×

[

Pde
t,(x,y) +

∑

j∈T ,j∕=t
(Pdo

t,j × Pde
j,(x,y)

)

]

End For 
End For 

High-risk Area Identification Module: 
Risk Distribution Matrix Construction: R = (Risk(x, y))N×M,x ∈ Z+(0,M],y ∈ Z+(0,N]

Risk Contour Calculation: l ,A ←contour(R ,Θ,μ)

Fig. 1. Illustration of the constructed cartesian coordinate system.  
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corresponding risk value is greater than the risk threshold. The total area 
of high-risk regions is adopted as the safety decision optimization 
preference benchmark. 

In this work, various risk-related information is integrated into the 
cartesian coordinate system, such as tank farm layout, accident conse
quences, personnel death probability, domino escalation probability, 
etc. The core of the S-QRA procedure is to convert the regional risk 
distribution to a matrix through discrete coordinate points, which pro
vides great convenience for optimization calculations. Through the S- 
QRA procedure, the risk distribution matrix R N×M and high-risk area A 

can be obtained. Compared with the traditional QRA framework, the S- 
QRA procedure can provide a mapping relationship between decision 
variables and optimization objective function by linking design pa
rameters and domino risk values. 

2.2. Initialization module 

2.2.1. Cartesian coordinate system 
To integrate various risk-related information, a cartesian coordinate 

system is constructed to model the chemical tank farm. 
A chemical tank farm measuring 100 m in length and 60 m in width 

is shown in Fig. 1(a). Suppose that the scale factor Δ is 10 m, the car
tesian coordinate system Θ(x, y), x ∈ [0, 10], y ∈ [0, 6] is shown in Fig. 1 
(b). The x-axis and y-axis constitute the Cartesian coordinate system. 
The locations of Tank 1 and Tank 2 are represented by the coordinates of 
their center points (xT1, yT1) and (xT2, yT2). The distance between any 
two points in the cartesian coordinate system can be calculated by their 
coordinates. 

dij = Δ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
xi − xj

)2
+
(

yi − yj

)2
√

(1) 

As shown in Fig. 1(b), 60 (M× N) red dots represent risk reference 
points, which are positive integer coordinates in the cartesian coordi
nate system Θ(x,y). Through Eq. (1), the distance matrix between tanks 
D

1
|T |×|T |, T = {Tank 1,Tank 2}, and the distance matrix between tanks 

and risk reference points D 2
N×M×|T | can be obtained. 

2.2.2. Accident consequence modeling 
Common accident types within chemical tank farms include fires, 

explosions, and toxic gas releases [44,45]. Accident consequence models 
[44] such as the pool fire model, the jet fire model, the BLEVE explosion 
model, the VCE model, the Gaussian plume model, etc., can be used to 
calculate the radiation intensity, peak static overpressure, or gas con
centration resulting from the corresponding accidents. As a result, the 
accident consequence matrices I 1 =

(
Ii,j
)

|T |×|T |
and I 2 =

(
It,(x,y)

)

N×M×|T |
can be obtained, where Ii,j is the radiation intensity or 

peak static overpressure received by Tank i from Tank j, It,(x,y) is the 
radiation intensity, peak static overpressure or gas concentration 
received by location (x, y) from Tank t. 

2.2.3. Domino escalation probability calculation 
On the basis of accident consequence modeling results, the Probit 

model [45] is used for calculating domino escalation probability matrix 

P do =
(

Pdo
i,j

)

|T |×|T |
, where Pdo

i,j is the domino escalation probability of 

tank i caused by tank j accident. 

Pdo
i,j =

1̅̅
̅̅̅̅

2π
√

∫Y− 5

− ∞

e−
x2

2 dx (2)  

where the probit function Y of domino escalation probability is stated in 
the Appendix, Table C.1, which can be determined according to the 
equipment type & characteristics, accident type, and consequence 
intensity. 

2.2.4. Personnel death probability calculation 

Similarly, personnel death probability matrix P de =

(
Pde

t,(x,y)

)

N×M×|T |
can be obtained by the Probit model [45], Pde

t,(x,y) is the 

personnel death probability of location (x, y) caused by tank t accident. 

Pde
t,(x,y) =

1̅̅
̅̅̅̅

2π
√

∫Y− 5

− ∞

e−
x2

2 dx (3)  

where the probit function Y of personnel death probability is stated in 
the Appendix, Table D.1, which can be determined according to the 
accident type, consequence intensity, and personnel exposure time. 

2.3. Risk superposition module 

Following the Chinese Standard GB 36,894–2018 [50] and QRA 
framework [44,45], the risk value of any geographical location in the 
tank farm is determined by the individual risk, which can be defined as 
the product of accident probability and consequence. The accident 
probability is determined by the basic failure frequency and domino 
escalation probability of tanks. The accident consequence is measured 
by the personnel death probability. Thus, the risk value of (x, y) ∈ Θ can 
be calculated and superimposed as follows: 

Risk(x, y) =
∑

t∈T

Pbf ×

[

Pde
t,(x,y) +

∑

j∈T ,j∕=t
(Pdo

t,j × Pde
j,(x,y)

)

] (4)  

where Pde
t,(x,y) represents the personnel death probability at point (x, y)

caused by Tank t accident; Pdo
t,j is the domino escalation probability of 

Tank j caused by Tank t accident. In this work, the risk value at any point 
is determined by the cumulative risk from all tanks. The risk matrix 
R N×M can be obtained by calculating the risk values for all risk reference 
points. 

2.4. High-risk area identification module 

In practical applications, the risk matrix is relatively sparse, and 
interpolation methods can be used to obtain the overall regional risk 
distribution. In this project, the proposed risk program is implemented 
using MATLAB R2023a software. The built-in function interp21 is 
adopted for interpolation, imagesc2 is adopted to draw the risk distri
bution map based on the risk matrix, and contour3 is adopted to identify 
high-risk areas where the risk value is greater than the risk threshold μ. 

3. Pareto-based optimization methodology 

In this section, a pareto-based optimization methodology is proposed 
for chemical tank farm design, including a bi-objective optimization 
model and the corresponding model solving strategy. 

3.1. Bi-objective optimization model 

A bi-objective optimization model is defined for domino risk mini
mization and land resource utilization efficiency maximization. To be 
specific, the model decision variables are defined by the real-coded 
design parameter tuple S =

〈
X1×|T |, Y1×|T |, D1×|T |, H1×|T |

〉
, where 

X1×|T | is the abscissa vector of tanks, Y1×|T | is the ordinate vector of 
tanks, D1×|T | is the tank diameter vector, H1×|T | is the tank height 
vector. The two model optimization objectives are defined as follows: 

1 https://www.mathworks.com/help/matlab/ref/interp2.html  
2 https://www.mathworks.com/help/matlab/ref/imagesc.html  
3 https://www.mathworks.com/help/matlab/ref/contour.html 
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Maximize Z1 =

∑
t∈T Vtρl

SF
(5)  

where the optimization objective function Z1 focuses on maximizing the 
land resource utilization efficiency, SF is the site area of the chemical 
tank farm, 

[
m2], ρl is the density of the storage liquid, kg /m3, Vt =

πD2
t

4 Ht 

is the volume of the tank t ∈ T , 
[
m3]. In this work, the land resource 

utilization efficiency is measured by the storage per unit area, 
[

kg
m2

]

. 

Minimize Z2 = contour(R N×M,Θ, μ) (6)  

where the optimization objective function Z2 focuses on minimizing the 
domino risk. In this work, the domino risk is measured by the area of 
high-risk zone, 

[
m2]. 

In practical applications, local chemical tank farm design regulations 
and standards can be satisfied by adding appropriate model constraints. 

Model constraint 1 : Xt +
Dt

2
≤ Max.X, ∀t ∈ T (7)  

Model constraint 2 : Yt +
Dt

2
≤ Max.Y,∀t ∈ T (8)  

Model constraint 3 : Xt −
Dt

2
≥ Min.X, ∀t ∈ T (9)  

Model constraint 4 : Yt −
Dt

2
≥ Min.Y, ∀t ∈ T (10)  

Model constraint 5 :
Ht

Dt
≤ Max.Ar, ∀t ∈ T (11)  

Model constraint 6 : dij −
Di

2
−

Dj

2
≥ Min.Fp, ∀i, j ∈ T (12)  

Model constraint 7 : Max.D ≥ Dt ≥ Min.D,∀t ∈ T (13)  

Model constraint 8 : Max.H ≥ Ht ≥ Min.H,∀t ∈ T (14)  

where Max.X, Min.X, Max.Y, Min.Y form the tank design area boundary, 
model constraints 1 to 4 are used to ensure that tanks are not placed 
outside the tank design area boundary; Max.Ar represents the maximum 

allowable aspect ratio, for large-capacity tanks, the aspect ratio is 
generally not allowed to exceed 1.6 [51]; Min.Fp is the minimum 
allowable fire prevention distance between two tanks, model constraint 
6 is used to ensure that the distance between any two tanks cannot be 
less than Min.Fp. As shown in the Appendix, Table E.1, the minimum 
allowable fire prevention distance, for instance in China, can be deter
mined by the Chinese Standard GB50160–2008 [52]; model constraints 
8 and 9 are tank dimension constraints. 

3.2. Model solving strategy 

The construction of the bi-objective optimization model is not suf
ficient for a realistic chemical tank farm design problem. Considering 
the real-coded model characteristics, the synergetic action mechanism 
of particle swarm optimization (PSO) has shown great performance in 
handling real-coded optimization problems [53]. However, due to the 
requirements of various policies, regulations and standards, the pro
posed bi-objective optimization model is associated with complex con
straints, leading to the fragmentation of feasible solution space. Due to 
the vague boundary between the exploration and exploitation phases, 
PSO may easily fall into a local optimum. In addition, unlike single 
objective optimization problems, an MOP requires the optimization of 
multiple objectives at the same time. 

Under this impetus, a well-designed simulated annealing-based 
multi-objective particle swarm optimization (SA-MOPSO) is therefore 
proposed for model solving. The general procedure of SA-MOPSO is 
shown in the pseudocode Algorithm 2. The proposed SA-MOPSO starts 
with a randomly generated particle swarm {S 1, S 2, …, S N}. Each 
particle S i, i = 1, 2,3,…,NP is represented by its position posg

i , velocity 
velgi and optimization objective values Z1

(
posg

i
)
,Z2

(
posg

i
)
. 

Given the multi-objective nature of chemical tank farm design 
problem, safety and economy related optimization preferences are 
required to be considered with the same importance [28,48,54]. Thus, 
the Pareto-dominance relationship [28,48,54] is adopted to discrimi
nate particles in the swarm, and a set of Pareto optimal solutions should 
be obtained. 

Definition. 1. (Pareto-dominance relationship) [28,48,54]: Suppose 
that S i and S j are two particles in the feasible solution space, S i is not 
worse on all optimization objectives and better on at least one 

Algorithm 2 
Simulated annealing-based multi-objective particle swarm optimization.  

Input: Instance Data; Swarm size NP ; Initial temperature T0; Temperature damping rate γ 
Output: Pareto-optimal Front NDset 

Initialization: g = 1 
Initial Swarm Construction: S i

(
posg

i ,velgi ,Z1
(
posg

i
)
,Z2

(
posg

i
))
, i = 1,2,3,…,NP 

Initial Global Non-dominated Set Construction: NDset←ParetoRanking({S 1,S 2,…,S N})

Initial Non-dominated Particle: Ψi = posg
i 

Iteration: 
While stopping criterion not met Do 

For i = 1 to NP Do 
Particle Position Update: posg+1

i ←posg
i + velgi 

Particle Position Evaluation: Z1
(
posg

i
)
,Z2

(
posg

i
)

If posg+1
i ≻ posg

i Do 
Non-dominated Particle Update: Ψi = posg+1

i 
End If 

If α < e−
1

T0γg Do 
posgb←RandomSelect({S 1,S 2,…,S N})

Else If 
posgb←RandomSelect(NDset)

End If 
Particle Velocity Update: velg+1

i ←ωvelgi + c1 r1
(
Ψi − posg

i
)
+ c2 r2

(
posgb − posg

i
)

End For 
Non-dominated Set Updtae: NDset←ParetoRanking({S 1,S 2,…,S N},NDset)

g = g+ 1 
End While  
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optimization objective than S j, we have S i dominates S j, i.e. 
S i ≻ S j. S i is called a non-dominated particle or a pareto optimal 
solution if there are no other particles in the feasible solution space that 
can dominate S i. The set of non-dominated particles is called the 
Pareto-optimal set (POS) or Pareto-optimal front (POF). 

A synergetic action among the particles is adopted to approach the 
true POF [53]. During the process of iteration, the particle positions and 
velocities are constantly updated. 

posg+1
i ←posg

i + velgi (15)  

velg+1
i ←ωvelgi + c1 r1

(
Ψi − posg

i
)
+ c2 r2

(
posgb − posg

i
)

(16)  

where posg
i is the position of particle i at iteration g; velgi is the velocity of 

particle i at iteration g; c1 and c2 are two learning coefficients; r1 and r2 

are two random numbers; ω = ωmax −
(ωmax − ωmin)g

Gmax 
is an adaptive inertia 

weight decreasing with the iteration process [53]. Ψi is the 
non-dominated position of particle i. posgb is a non-dominated or 
dominated particle randomly selected from the swarm {S 1,S 2,…,

S N} or the non-dominated set NDset. Simulated annealing [41] in
troduces a jumping mechanism in the iteration process, allowing for the 

probabilistic acceptance (α < e−
1

T0γg ) of dominated particles as reference 
positions. Through the simulated annealing process, SA-MOPSO can 
explore a wider feasible solution space and avoid falling into local op
timum caused by complex constraints. 

4. Case study 

A case study is given to demonstrate the proposed methodology. As 
shown in Fig. 2(a), a chemical tank farm is offered as a case-study. The 
scale factor Δ is set to be 10 m. As shown in Fig. 2(b), a cartesian co
ordinate system Θ(x, y), x ∈ [0, 35], y ∈ [0, 25] is constructed. 

Six floating roof diesel tanks are located in this chemical tank farm. 
The diameter of T1 and T2 is 70 m and the tank height is 35 m. The 
diameter of T1, T2, T3, T4 is 80 m and the tank height is 40 m. The 
rectangular region enclosed by the red line in Fig. 2(b) is considered as 
the design area. Correspondingly, the tank design area boundary is Max.
X = 34.0, Min.X = 2.8, Max.Y = 23.6, Min.Y = 2.1. The site area of the 
chemical tank farm SF = 6.708e+ 04m2. Furthermore, diesel is a 
flammable, low volatility liquid. The potential accident considered is a 
pool fire. To facilitate comparative analysis, a fixed aspect ratio of 0.5 is 
adopted. The minimum allowable tank diameter Min.D is set to be 40 m. 
The basic failure frequency of tanks is set to be 1e − 04. According to the 
Appendix, Table A.1, the risk threshold μ is set to be 3e − 05. 

4.1. Quantitative risk assessment 

As shown in Fig. 3(a), the proposed S-QRA procedure is adopted to 
obtain the individual risk distribution for the case-study considered. The 
assessment results indicate a strong correlation between the distribution 
of individual risk and the storage tank locations. The individual risk 
values for risk reference points near the tanks are significantly higher 
than those for reference points located at the perimeter. Furthermore, 

Fig. 2. Application scenario. (a). Chemical tank farm; (b) Cartesian coordinate system.  

Fig. 3. Quantitative risk assessment results with the consideration of domino effects. (a). Individual risk profile; (b) High-risk zone.  
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the individual risk values in the central region of the chemical tank farm 
are significantly higher. Additionally, as shown in Fig. 3(b), due to the 
superposition of individual risk, the risk reference points between T3 
and T4, as well as between T5 and T6, are also located within the high- 
risk zone. The risk reference points between T1 and T2 are not located in 
high-risk zone. This is because the diameter of T1 and T2 is smaller and 
the fire prevention distance between T1 and T2 is larger. However, this 
also means that the volume of T1 and T2 is smaller. According to the bi- 
objective optimization model, the two model optimization objectives 
are: Z1 = 1.361e + 04 kg/m2 and Z2 = 5.862e+ 04m2. 

Further, to analyze the impact of the domino effects on the risk 
distribution, the QRA results without the consideration of domino ef
fects are shown in Fig. 4. As shown in Fig. 4(a), the individual risk values 
in the chemical tank farm are relatively low, while domino effects are 
ignored. Furthermore, as shown in Fig. 4(b), the risk reference points 
between tanks are not located within the high-risk zone. Correspond
ingly, the two model optimization objectives are: Z1 = 1.361e +04 kg 
/m2 and Z2 = 4.114e+ 04m2. Comparative analysis indicates that 
domino effects significantly increase the individual risk values, leading 
to a larger high-risk zone. 

4.2. Algorithm performance analysis 

The algorithm performance is measured by the diversity and the 

convergence of the obtained POF. To demonstrate the advantages of the 
proposed algorithm, SA-MOPSO is compared with two classical multi- 
objective evolutionary algorithms, i.e., multi-objective particle swarm 
optimization (MOPSO) and non-dominated sorting genetic algorithm III 
(NSGA-III) [55]. MOPSO adopts the same position and velocity update 
strategy as SA-MOPSO but without the simulated annealing-based 
jumping mechanism. The comparison between SA-MOPSO and 
MOPSO can be regarded as the ablation analysis. NSGA-III adopts the 
real-coded genetic evolution mechanism for model solving, which is 
different from the synergetic action mechanism of PSO. 

After some preliminary pre-simulations, the swarm size NP is set to 
be 100 and the maximum iteration number is set to 500. The stochas
ticity of evolutionary algorithms may lead the instability of algorithm 
performance [41,55]. To avoid any loss of generality, each of the three 
algorithms is independently executed ten times [54,56]. 

For each algorithm, the non-dominated solutions obtained from ten 
independent runs are integrated to form the final POF. As shown in Fig. 5 
(a), the final POFs obtained by three algorithms exhibit distinct 
convergence and diversity. Among the three algorithms, MOPSO ex
hibits the poorest convergence. The complex model constraints partition 
the feasible solution space, making MOPSO highly susceptible to falling 
into the local optimum, thus deteriorating its convergence. The simu
lated annealing-based jumping mechanism provides SA-MOPSO with a 
dynamic probability of accepting dominated solutions, effectively 

Fig. 4. Quantitative Risk Assessment Results without the Consideration of Domino Effects. (a). Individual Risk Profile; (b) High-risk Zone.  

Fig. 5. Algorithm Performance Analysis. (a). Pareto-optimal Front; (b) Number of Non-dominated Solutions.  
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preventing the local optimum and improving the algorithm conver
gence. The temperature gradually decreases with the iteration process, 
thereby adjusting the acceptance probability and effectively regulating 
the exploration and exploitation phases of SA-MOPSO [53]. The purple 
pentagon in Fig. 5(a) represents the objective function values of the 
original chemical tank farm. It can be observed that the design of the 
original chemical tank farm is not Pareto optimal. The proposed meth
odology can obtain a set of pareto-optimal design solutions that 

outperform the original design in both optimization objectives. 
Due to the segmentation of the feasible solution space, all the POFs 

are non-continuous. However, compared to SA-MOPSO and MOPSO, the 
POF obtained by NSGA-III appears to miss more non-dominated solu
tions. As shown in Fig. 5(b), the number of non-dominated solutions 
obtained by NSGA-III is significantly lower than that of SA-MOPSO and 
MOPSO. For a real-number encoding problem, the PSO particle update 
strategy is more efficient and can explore a wider feasible solution space. 

Fig. 6. Detailed Solution Analysis. (a) Design Solution S 1; (b) Individual Risk Profile S 1.  

Fig. 7. Comparative Analysis of Domino Escalation Probability. (a) I = 25 kW⋅m− 2; (b) I = 30 kW⋅m− 2; (c) I = 35 kW⋅m− 2; (d) I = 40 kW⋅m− 2.  
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This indicates that the diversity of the POFs obtained by SA-MOPSO and 
MOPSO are superior to that of NSGA-III. 

4.3. Detailed solution analysis 

After ten independent executions, SA-MOPSO obtained 100 pareto- 

optimal solutions. In this section, an edge solution S 1 is extracted 
from the 100 pareto-optimal solutions, which is preferred by optimiza
tion objective Z1. S 0 is denoted as the original chemical tank farm 
(shown in Fig. 2). For original solution S 0, the two optimization ob
jectives Z1(S 0) = 1.361e + 04 kg/m2 and Z2(S 0) = 5.862e+ 04m2. 
As shown in Fig. 6(a) and (b), for edge solution S 1, the two optimization 

Fig. 8. Comparative Analysis of High-risk Zone. (a) FPD = 16 m; (b) FPD = 20 m; (c) FPD = 25 m.  
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objectives Z1(S 1) = 1.647e + 04 kg/m2 and Z2(S 1) = 4.794e +

04m2. Since Z1(S 1) > Z1(S 0) and Z2(S 1) < Z2(S 0), S 1 is better on 
all optimization objectives than S 0. According to the Definition. 1, we 
have S 1 dominates S 0, i.e., S 1 ≻ S 0. 

Compared to the original chemical tank farm, edge solution S 1 
employs a diversified chemical tank farm design strategy, which in
volves constructing tanks of different sizes within the design area. This 
simultaneously enhances land resource utilization efficiency and re
duces the domino effect risk. 

5. Discussion 

From the perspective of economy, design preference focuses on how 
to use limited resources to achieve higher level industrial functions. 
From the perspective of safety, design preference focuses on how to 
eliminate, prevent and mitigate potential hazards. In this section, con
flicting nature between domino risk minimization and land resource 
utilization efficiency maximization is discussed. 

As shown in Fig. 7, the domino escalation probability and the cor
responding time to failure (ttf) of different volume tanks exposed to 
thermal radiation intensities of 25 kW⋅m− 2, 30 kW⋅m− 2, 35 kW⋅m− 2, 
40 kW⋅m− 2 are analyzed. Comparative analysis results indicate that 
under the same thermal radiation intensity, large-scale tanks have a 
shorter ttf , resulting in a higher domino escalation probability. How
ever, large-scale tanks can often store a greater quantity of hazardous 
chemicals, thereby improving land resource utilization efficiency. 

Furthermore, the impact of the fire prevention distance FPD on 
domino risk distribution is analyzed. Suppose that a chemical tank farm 
is equipped with two diesel floating roof tanks with a diameter of 40 m 
and a height of 20 m, FPD between tanks is set to be 16 m, 20 m, and 25 
m, respectively. 

The corresponding high-risk zones are shown in Fig. 8. To be specific, 
for the scenario with FPD = 16 m, the two optimization objectives are 
Z1(FPD= 16 m) = 6.370e + 02 kg/m2 and Z2(FPD = 16 m) = 4.458e +
03 m2. For the scenario with FPD = 20 m, the two optimization ob
jectives are Z1(FPD= 20 m) = 6.370e + 02 kg/m2 and Z2(FPD = 20 m)

= 4.369e+ 03 m2. For the scenario with FPD = 25 m, the two opti
mization objectives are Z1(FPD= 25 m) = 6.370e + 02 kg/m2 and 
Z2(FPD = 25 m) = 4.409e+ 03 m2. 

Comparative analysis results indicate that the increase of FPD can 
effectively reduce the domino risk values. However, increasing FPD 
implies the need for more land resources to meet storage requirements, 
reducing land resource utilization efficiency. The conflicting nature of 
safety and economy is the key to form a pareto-optimal front. 

6. Conclusion 

In this work, a pareto-based chemical tank farm design methodology 
is proposed for domino risk minimization and land resource utilization 
efficiency maximization. The objective of this work is to provide an 
advanced inherent safety design tool that can achieve trade-off between 
safety and economy. To be specific, a simplified quantitative domino 
risk assessment procedure is developed within a grid-based Cartesian 

coordinate system, which links the design parameters and domino risk 
values. A bi-objective optimization model is developed for problem 
formulation and a well-designed simulated annealing-based multi- 
objective particle swarm optimization is proposed for model solving. 
The methodology advantages are verified on a chemical tank farm with 
six floating roof diesel tanks. 

Risk analysis results indicate that domino effects significantly in
crease the individual risk values, leading to a larger high-risk zone. The 
regional risk distribution is closely related to the chemical tank farm 
design parameters. 

The performance of simulated annealing-based multi-objective par
ticle swarm optimization (SA-MOPSO) is compared with multi-objective 
particle swarm optimization (MOPSO) and non-dominated sorting ge
netic algorithm III (NSGA-III). Comparative analysis results indicate that 
the proposed SA-MOPSO outperforms MOPSO and NSGA-III. The 
simulated annealing-based jumping mechanism can effectively avoid 
the local optimum, which makes SA-MOPSO easier to obtain the Pareto- 
optimal front with great convergence and diversity. Compared to the 
original chemical tank farm, the proposed methodology can provide 
safer and more cost-effective design solutions through diversified 
chemical tank farm design strategy. 

Conflicting nature between domino risk minimization and land 
resource utilization efficiency maximization was discussed. The pareto- 
based optimization methodology can obtain a set of pareto-optimal so
lutions to meet different design preferences, which provides a new and 
comprehensive perspective for the design of chemical tank farms. 
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Appendix 

A. Individual risk benchmark 

According to the Chinese Standard [50], the individual risk borne by the protected targets around production installations and storage facilities for 
hazardous chemicals must not exceed the individual risk benchmark specified in Table A. 1.  
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Table A.1 
Individual risk benchmark for different protected targets [50].  

Protected Targets Individual Risk Benchmark (per year) 

Newly constructed, retrofitted, or expanded production installations and storage 
facilities. 

Operational production installations and storage 
facilities. 

Highly sensitive protected 
targets* 
Important protected targets** 
First class protected targets*** 

≤ 3e − 07 ≤ 3e − 06 

Second class protected targets3 ≤ 3e − 06 ≤ 1e − 05 
Third class protected targets3 ≤ 1e − 05 ≤ 3e − 05  
* Cultural facilities, educational facilities, healthcare establishments, social welfare facilities, etc. 
** Public library exhibition facilities, cultural heritage conservation sites, religious venues, urban rail transit system, military installations, diplomatic offices, etc. 
*** Other general protected targets. 

B. Basic failure frequency  

Table B.1 
Basic failure frequency of chemical storage tanks [57].  

Tank Type Failure Frequency (per year) 

Minor Leakage Medium Leakage Major Leakage Collapse 

Atmospheric Tanks 4e − 05 1e − 04 1e − 05 2e − 05 
Pressurized Tanks 4e − 05 1e − 04 1e − 05 6e − 06  

C. C. Domino escalation probability calculation 

Thermal radiation, blast waves, and fragments generated by fires and explosions may impose severe damage on adjacent units, leading to the so- 
called domino effects [18,19,45]. As mentioned by [45], the term “domino effect” is regarded as “an accident in which a primary event propagates to 
nearby equipment, triggering one or more secondary events resulting in overall sequences more severe than those of the primary event.” As shown in 
Table C.1, the Probit model is widely used for calculating domino escalation probability. 

P =
1̅̅
̅̅̅̅

2π
√

∫Y− 5

− ∞

e−
x2

2 dx (C.1)   

Table C.1 
Probit models for domino escalation probability* [45].  

Escalation Vector Type Probit Model 

Fire Radiation Atmospheric vertical cylindrical vessels Y = 12.54 − 1.847ln1(ttf)
ln1(ttf) = − 1.128ln(I) − 2.667 × 10− 5V+ 9.877 

Pressurized horizontal cylindrical vessels Y = 12.54 − 1.847ln2(ttf)
ln2(ttf) = − 0.947ln(I) + 8.835V0.032 

Explosion Overpressure Atmospheric Y = − 18.96 − 2.44ln(Ps)

Pressurized Y = − 42.44+ 4.33ln(Ps)

Elongated Y = − 28.07+ 3.16ln(Ps)

Auxiliary Y = − 17.79+ 2.18ln(Ps)

* ttf : time to failure (s); I: radiation intensity (kW⋅m− 2); V: Vessel volume (m2); Ps: peak static overpressure on the target equipment (kPa). 

D. Personnel death probability calculation  

Table D.1 
Probit models for personnel death probability* [45].  

Injure Factors Probit Model 

Fire Radiation Y = − 14.9 − 1.847ln
(
6 × 10− 3I1.33te

)

Explosion Overpressure Y = 5.13 − 1.37ln(Ps)

Chlorine release Y = − 10.1 − 1.11ln
(
C1.65te

)

Ammonia Release Y = − 9.82 − 0.71ln
(
C2te

)
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* C: toxic concentration (ppm); te: exposure time (min). 
E. E. Fire prevention distance 

According to the Chinese Standard [52], in a chemical tank farm, the minimum allowable fire prevention distance between two tanks is shown in 
Table E.1.  

Table E.1 
The minimum allowable fire prevention distance* [52].  

Content Type Tank Type 

Fixed Roof Tank Floating Tank Horizontal Tank 

≤ 1000m3 > 1000m3 

A2,B1 ,B2 0.75D 0.6D 0.4D 0.8m 
C1 0.4D 
C2 2m 5m  
* D is the diameter of the larger of the two adjacent tanks; A2 : flammable liquid with a flash point less than 28 ◦C and a vapor pressure 

(15 ◦C) less than 0.1 MPa; B1 : flammable liquid with a flash point 28 to 45 ◦C; B2 : flammable liquid with a flash point 45 to 60 ◦C; C1 :

flammable liquid with a flash point 60 to 120 ◦C; C2 : flammable liquid with a flash point more than 120 ◦C. 
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