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Preface

This book focuses on the optimization of public emergency behavior guidance strate-
gies and methods for major chemical accidents. If the emergency guidance can help
the public under the threat of accidents to understand the risks correctly and take
reasonable emergency response actions in time, the whole emergency process will
achieve good results. Taking toxic gas leaks and diffusion accidents as an example, it
describes the characteristics of such accidents and the selection of public emergency
guidance strategies such as sheltering in-place and evacuation, risk assessment, and
characteristics of subregional evacuation. It has five chapters. Chapter 1 discusses the
research background, basic concepts, and research development. Chapter 2 obtains
the characteristics, development trend, and emergency evacuation level of hazardous
chemical leaks through the statistical analysis of chemical leakage accidents in China
from 2009 to 2018. In Chap. 3, the risk assessment method of sheltering-in-place for
the blowout accident of high-pressure natural gas well containing hydrogen sulfide
has been proposed. Apart from health consequences and accident probability under
different protective measures, the method also considers the emergency response
probability. In Chap. 4, a dynamic evacuation path planning model for major chem-
ical accidents is proposed, which takes one or more factors in health consequences
or transfer time as optimization objectives. Based on the above optimization objec-
tives, it proposes a regional risk assessment method for emergency response, which
also considers the regional population composition. In Chap. 5, based on simulation
analysis, the subregional evacuation characteristics are studied.

The book summarizes the recent research outcomes achieved by the team of the
first authors. The support and help from the first author’s leaders and colleagues in
China University of Geosciences (Beijing), as well as the students who participated
in the research, are deeply appreciated. When composing the project research, Prof.
Said Salhi, the tutor of the first author during her visit to the University of Kent,
Prof. Cheng Wuyi, the colleague of the first author, Xi Xuejun, a professor-level
senior engineer of China Academy of Safety Science and Technology, Jia Haijiang,
the senior engineer of Beijing Municipal Institute of Labor Protection, and Li Jing,
the senior engineer, have provided valuable opinions and suggestions. Moreover, Li
Xin, the foreign-language scholar, and Hou Jie, Xu Ke, Shi Xiuli, Yue Yue, Jiang



vi Preface

Yanli, and Dong Hao, students of the first author, have all done a lot of work in
format editing and manuscript proofreading. We feel grateful for all these efforts.
Moreover, we have referred to research outcomes of scholars and researchers at home
and abroad. Thus, heartfelt thanks to all who have helped.

This study was supported by the National Natural Science Foundation of China
(Nos. 72074196 and 71603017) and the Fundamental Research Funds for the Central
Universities (Nos. 265QZ2021009 and 2652019066). Some of the work was also
carried out during Dr. Gai’s research visit to Professor Said Salhi at the Centre for
Logistics and Heuristic Optimization (CLHO) in Kent, UK. Moreover, part of the
research has been funded by the National Key Scientific R&D Program of China
(No. 2018YFC0810600). Their support greatly inspired the publication of the book.

Due to our limitations, there may be mistakes and weak spots. We welcome your
corrections and suggestions.

Beijing, China Wenmei Gai
Yunfeng Deng
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Chapter 1 M)
Why Do We Conduct the Study ek

1.1 Research Significance

Chemical industry is an important pillar of China’s economy. With the rapid develop-
ment of economy, the industrial cluster development in chemical industry is gradually
increasing in China, and the number of construction projects and construction chem-
ical industrial parks either planned or under construction is also rocketing year by year
(Douetal. 2019). By the end of 2017, chemical enterprises accounted for about 7% of
the total number of industrial enterprises in China, and the output value of the chem-
ical industry increased at an average annual rate of 18%. There were 502 national key
chemical parks or industrial parks dominated by petroleum and chemical industry
(Dong 2006). Although the chemical industry cluster promotes economic develop-
ment, it brings serious safety problems. In the chemical industry cluster, various
major hazard sources gather, involving dangerous materials and processes. Once
a large number of accidental leakage or discharge of various types of flammables,
explosive, and toxic gaseous and liquid substances produced, transported, stored, and
used in the park due to human factors, equipment factors, production management,
and environmental factors, a large amount of toxic gas may be released into the air
and diffuse and form a toxic gas cloud, causing poisoning or casualties of personnel
who have not been evacuated in time or have not taken effective protective measures
near the leakage area (He et al. 2011). In recent years, there have been many serious
toxic gas leaks and diffusion caused by the explosion, fire, and chemical leaks in
China, most of which occurred in the chemical industry cluster area (as shown in
Fig. 1.1). According to the summary and reflection on the emergency response of
such accidents, the public in the accident scenes is the most direct harming object,
meaning that the core disaster bearing body is exposed to the accident impact. When
major toxic gas leaks and diffusion occur in the chemical industry cluster, guiding the
public in the affected area to quickly and efficiently take protective actions (such as
evacuation or sheltering in place) is crucial to reduce casualties and property losses
(Georgiadou et al. 2010). The analysis of the regular pattern of public emergency
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Fig. 1.1 Major toxic gas leaks and diffusion in China in recent years

behavior under such circumstances is a vital basis and premise for the optimiza-
tion of public emergency behavior guidance strategy. Therefore, the purpose of this
research topic is to meet challenges faced by chemical industry cluster in terms of
safety production, improve the capacity of the authorities in mitigating, responding
to, and making preparations for natural disasters, and ensure people’s life and safety.

There are three characteristics of major toxic gas leaks and diffusion in the chem-
ical industry clusters, which are significantly different from natural disasters (such
as hurricane, earthquake) and building fire: @ All kinds of hazard sources gather in
the chemical industry clusters, and there are many flammable, explosive, toxic, and
harmful substances. Once a major toxic gas leak and diffusion occurs, there will be a
large number of nonlinear dynamic relationships (such as secondary, derivative, and
coupling) in the development and evolution of accidents, and the “chain reaction” is
more serious; @ The scope of public emergency response may be expanded due to
the evolution of accidents, which may result in the changes of the content and scope
of warning information released by decision-makers accordingly (Take the explosion
of liquid chlorine storage tank in Chongqing Tianyuan chemical factory on April 16,
2004, as an example. The field headquarters expanded the early warning range of
500—1000 m after 3 h in consideration of the possible explosion of 13 tliquid chlorine
storage tank nearby); @ There are obvious differences in the expansion model and
the scope of geographical space of natural disasters (such as hurricanes, earthquakes,
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etc.) or building fires and those caused by toxic gas leaks or explosion which causes
the delivery of emergency information and the public’s risk perception special when
such accidents occur, and thus affecting the decision-making of individuals in terms
of responses. From the above analysis, compared with natural disasters (such as
hurricanes, earthquakes) and building fires, there are many differences in the evolu-
tion of disasters, the characteristics of responsible person’s decision-making and
the characteristics of individual risk perception. Thus, these differences also make
public emergency actions for major toxic gas leaks and diffusion in the chemical
industry clusters special, and they further affect the formulation of public guidance
strategy in the accidents. However, according to the literature, the existing domestic
and foreign researchers of public emergency behavioral regularity and optimization
strategies discuss more of natural disasters (such as hurricanes, earthquakes) and
building fires, which are not fully applicable to major toxic gas leaks and diffusions
in chemical industry clusters.

Besides, there are some new characteristics and problems in emergency disposal
and public protection of major toxic gas leaks and diffusion in chemical industry
clusters over the years:

First, there are obvious diversification of emergency notification means and strate-
gies. With the rapid development of science and technology, radio, television media,
WeChat, and other network media have become possible emergency notification
methods. Due to the organization of public evacuation and other public protection
strategy implementation processes, the emergency scope may be expanded (Deng
and Jiang 2009). Therefore, at different emergency response stages, the public may
obtain emergency information through various channels and methods, such as face-
to-face notification, telephone, radio, network, television, etc. The content of emer-
gency information may vary from source to source and may also change with time,
affecting the public risk perception and emergency response efficiency.

Second, the spread of rumors about the disaster through means of new media may
bring about other negative social impacts. Once a major accident occurs, rumors of
disasters usually spread quickly on social networks (Sahafizadeh and Tork 2018),
which may cause adverse social effects. For example, after the accident occurs, a
large number of public might take “shadow evacuation” behavior—meaning that the
public in the area not affected by the accident may also carry out spontaneous evacu-
ation, significantly pressuring on the traffic and affecting the efficiency of emergency
evacuation and rescue.

Thirdly, taking emergency refuge does not limit to evacuation, while shelter-
in-place can be used as an alternative. These two measures are the most important
emergency protection for public protection in toxic gas leaks, and they help to reduce
the loss and impact caused by the accident. At present, some enterprises have set up
emergency shelters, and some residential buildings with good airtightness can also
be used as temporary local shelters (Xi 2016). Therefore, after the major toxic gas
leaks and diffusion occur in the chemical industry clusters, once the local refuge is
ignored and the disordered evacuation is blindly selected, more avoidable casualties
may be produced, which will affect public protection.
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Fourth, the technical route in the relevant requirements and standards is not clear,
so it is difficult to find applicable provisions. There are a lot of technical problems in
the design of the emergency plan and the organization of emergency drills in chemical
industry clusters. For example, the decision-making problems such as which way to
take refuge, when the public shall start to evacuate, and what path evacuees shall
follow to reach the destination (Dou et al. 2019).

To sum up, it has important theoretical and practical significances to conduct this
research at present. This book shall deal with the major challenges faced by chemical
industry clusters in terms of production safety and solve a large number of technical
problems in handling and public protection of major toxic gas leaks and diffusions
in such areas. It will help avoid the refuge risk caused by the mismatch between the
emergency plan formulated by the designer and the actual public emergency behavior
characteristics while trying to improve the disaster reduction and relief ability and
ensure the people’s life safety. The research results can improve the theoretical system
of public protection and lay a scientific theoretical and methodological foundation
for building a public emergency shelter guidance system.

1.2 Research Status and Development Dynamic Analysis

1.2.1 Research on the Law of Public Emergency Response
Behavior

As early as in the 1950s, the characteristics of public emergency behavior have
attracted people’s attention. Early studies focused on the external behaviors (such as
clustering, phototaxis, etc.) in the evacuation process (Killian 1952; Bryan 1957).
Later, with the rise of the school of cognitive psychology, the characteristics of
risk perception and its impact on individual behavior decision-making characteris-
tics under information dissemination have also received extensive attention. In their
research, Rogers and Sorensen (1993), Lindell et al. (2005), Klafft (2013), and other
scholars pointed out that the dissemination of information in the emergency scenario
is crucial to the public’s risk perception. The source of information, communica-
tion channels, and content forms will greatly affect or even determine the public’s
risk perception of the event, thus affecting the decision-making of individual coping
behavior. The above-mentioned research shows that there is a logical relationship
among emergency information dissemination, risk perception and response behavior.

In terms of information dissemination, the traditional research methods mainly
include information theory and communication science. The information field theory
in information theory is an effective means to quantitatively study the evaluation of
information influence. For example, Liu (2014) proposed to use the information field
model to evaluate the information influence and apply it to citation analysis. The
early information field theory was constructed based on the field theory to study the
influence of information in the physical environment (Shannon 1948). In recent years,
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many scholars have focused on the information field research based on social behavior
(Fisher 2004). There is currently no public report on modeling and analyzing the
information environment characteristics under an emergency based on information
field theory. Most of the existing research on emergency information environment
are based on communication studies to study the dissemination characteristics and
influencing factors of early warning information or to analyze the communication
strategies of early warning information (Wang et al. 2020, 2012), and do not involve
quantitative research on the influence of emergency information.

Some scholars have studied the modeling of public emergency behavior decision-
making from the perspective of sociology and psychology to explain how individuals
understand the information and take corresponding actions after obtaining the rele-
vant information of emergency. For example, Mileti and Sorensen (1990) studied
the public response behavior under the effect of early warning information from the
perspective of social psychology. They believed that the kind of behavior the public
took after receiving the warning was the result of self-perception of danger. They
also assumed the decision-making of individual emergency behavior as an orderly
choice model. In addition to early warning information and their understanding of the
situation, the public perception of the risk of emergency scenarios also depends on
the behavior of people around (Wang et al. 2012). Lindell and Perry (2004) took the
individual risk perception of environmental cues, social cues, early warning infor-
mation as among the main influencing factors on public behavior decision-making,
and put forward a decision-making model for the public to take protective actions
under disaster conditions.

Mccaffrey et al. (2018) surveyed and analyzed the influencing factors of the public
emergency behavior in wildfire disasters and pointed out that the public effectiveness
in a particular response or action (evacuating, staying, or waiting), differences in risk
attitudes, and the different emphasis on different emergency information (such as
official warnings and environmental clues) are the key factors leading to different
emergency behavior responses, and an emergency behavior decision model based on
multiple logistic regression has been proposed. Sun (2018) built a public emergency
behavior decision-making model with “information factors-public risk perception-
response behavior” as the chain for typhoon disasters.

Based on sociological and psychological research, many scholars have studied
the simulation model of public emergency behavior from the perspective of system
dynamics. At present, the simulation model of emergency evacuation behavior or
escape behavior characteristics is relatively in-depth, mainly based on microscopic
evacuation models and multi-agent modeling techniques, tracking the details of the
movement of each individual entity in the road network. These entities can be evac-
uated individuals or evacuated groups. For example, Wagner and Agrawal (2014)
used multi-agent technology to establish a simulation model for evacuation of people
in a fire scene in a concert venue. Targeting the evacuation problem of a school in
Iquique, Chile during the tsunami. Zhao (2016) proposed a multi-agent-based cellular
automata evacuation model for the evacuation of urban rail transit stations. Li (2016)
combined the cellular automata model with the social force model, and proposed
a simulation model for evacuation of high-rise buildings. Zhou (2013) proposed a
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simulation method for emergency behavior decision- making based on a decision-
making network, which considered the influence of various uncertain factors in the
decision-making. Dou et al. (2019) conducted a retrospective analysis of the emer-
gency evacuation research in chemical industry clusters from the perspective of
general research framework, and they proposed the idea of establishing an emer-
gency evacuation simulation model based on the combination of cellular automata
and artificial neural network.

From the existing research, the research on emergency behaviors in natural disas-
ters (such as earthquakes and hurricanes), building fires, and crowded stampede
events in large-scale events is relatively extensive (Wagner and Agrawal 2014; Poulos
et al. 2018; Zhao 2016; Li 2016; Collins et al. 2017; Fahy 2013). At present, the
research on emergency behaviors specific to the major toxic gas leakage and diffu-
sion scenarios in chemical industry clusters is relatively weak. The existing research
results are not enough to accurately describe the public emergency behaviors in such
accident scenarios. The following aspects are urgently needed for in-depth study.

First, the effect of emergency information dissemination on public risk perception
needs to be further improved. The dissemination of risk information for emergencies
will increase the public’s risk perception, which in turn will promote the dissemina-
tion of risk information. Existing research shows that public risk perception plays
a vital role in emergency information dissemination. However, the current research
outcomes on the impact of emergency information dissemination on public risk
perception are few, and most remain at the level of qualitative research. In the all-
media era, once a major toxic gas leak and diffusion occurs in a chemical industry
cluster, the public will often face a large amount of risk information through diversi-
fied media. Moreover, the public has personalized information needs and behavioral
characteristics, so the relationship between the spread of multi-source heterogeneous
emergency information and the public risk perception needs to be further studied from
the quantitative perspective.

Secondly, the difference in the emergence mechanism of public emergency
behavior at different stages of the life cycle of such accidents has not been considered.
The current empirical research on risk perception of emergencies mostly collects data
by conducting static questionnaires on the situation after the incident occurs, while
less consideration has been given to the description of the changing process of the
public perception of risk when the incident occurs. The public risk perception often
varies at different levels due to its cognitive changes in the evolution of emergen-
cies, thereby affecting the public response behavior characteristics (Lindell 2008).
Therefore, it is necessary to introduce the time factor into the study of public risk
perception of major toxic gas leaks and diffusion in chemical industry clusters, as
well as to analyze the emergence mechanism of public emergency behavior when
the disaster evolutes.
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1.2.2 Research on Public Emergency Behavior Guidance
Strategy

What kind of refuge the public is guided to take is the first problem to be solved
(Smith and Swacina 2017). After the toxic gas leak occurs, the first evacuation
method currently adopted by many European countries is to take shelter-in-place,
while in China, people are usually evacuated (The Administrative Center for China’s
Agenda 21 2006). However, when evacuating many people threatened by the poten-
tial risks from dangerous areas to safe areas within a short period of time after the
accident occurs, a lot of manpower, financial resources, and material resources are
required. This is a very severe test for the government’s emergency rescue capabil-
ities. Therefore, Zhao (2011) suggested to learn from foreign experience and guide
the public to adopt a combination of both measures. Shimada et al. (2018) pointed out
that that it is necessary to analyze a series of factors before making a comprehensive
judgment to choose shelter-in-place or evacuation, or to combine the two approaches.
Judging from the current domestic and foreign research on the decision-making of
emergency evacuation methods, the existing studies are mainly based on some prin-
cipled frameworks, and the decision-making optimization research on emergency
response methods is rare. The national standard of China, Measures for the Division
of Emergency Planning Areas for Major Toxic Gas Leaks (GB/T35622—2017), lists
the factors to be considered in the selection of emergency response methods, but does
not specify the specific technical methods. The American Industrial Hygiene Associ-
ation proposed the principle of determining the emergency response method for the
public based on whether the concentration of on-site chemicals exceeds its critical
concentration. In addition, some scholars have given optimization methods for the
selection of emergency response methods for the public. For example, Georgiadou
etal. (2010) proposed a multi-objective optimizations method for the implementation
of public protection measures concerning health consequences, social instability, and
economic costs for major accidents such as hazardous chemical fires, explosions, and
spills; Yin et al. (2010) proposed a decision-making method to determine whether to
choose shelter-in-place or evacuation during toxic gas leaks by using the tabulation
method and decision tree according to the evacuation time, toxic load, and other
parameters. These existing research results provide a reference for the weighing of
public emergency response methods in major toxic gas leaks and diffusions.

However, the emergency decision for accidents is relatively strong time-
constrained and the method proposed in the relevant literature (Georgiadou et al.
2010; Yin et al. 2010) needs to calculate the cumulative “toxic load” concerning
health consequences at first. It would not only take a lot of time but also acquire
the initial leakage parameters explicitly, which is difficult to implement in toxic gas
leaks and diffusions caused by chemical fires or explosions (Xi et al. 2016).

After determining the emergency response, leading the public to choose the route
to reach the target area needs to be considered. The research on the assignment of
emergency routes made by the domestic and international scholars is more in-depth,
especially in the public emergency behaviors and guidance strategies for building fires
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as well as natural disasters such as earthquakes, hurricanes, and tsunamis, achieving
fruitful results. These studies focused more on macroscopic evacuation models, not
paying enough attention to detailed individual behavior. Instead, they transformed
some constraints of road networks into constraint formulas on the network flow for
optimization (Comfort 1994; Borrmann et al. 2012). On one hand, emergency route
assignment faces a classic traffic problem—the performance of evacuation network
depends on the traffic load situation, and the evacuation velocity of individuals in
a specific road will get slower with the increase of the number of evacuees. Thus,
it belongs to a dynamic decision-making problem (Vermuyten et al. 2016). On the
other hand, since considering many practical factors in emergency route assignment
is necessary, which include time efficiency, road complexity, or the probability of
traffic congestions, it is also a multi-objective optimization problem (Ikeda and Inoue
2016). Based on the above, the emergency route assignment model and the corre-
sponding algorithm have been addressed by some scholars. For example, Ikeda and
Inoue (Ikeda and Inoue 2016) studied the evacuation route selection in natural disas-
ters while considering the objectives of evacuation distance, evacuation time, and
the safety of evacuation routes, and they presented a multi-objective planning model
for evacuation routes. Yuan and Wang (2009) proposed an emergency path selection
model under time-varying conditions, and on such basis, they further put forward a
multi-objective optimization model and algorithm aiming at minimizing the total path
travel time and path complexity. Based on the existing studies, the traditional traffic
load curve is widely employed for describing the generation and loading process of
evacuation population flow, which need to meet some certain assumptions. And this
modeling method already has a good application effect responding to natural disas-
ters like earthquakes. However, the dissemination rules of emergency information
and the risk perception characteristics of the public under major toxic gas leaks and
diffusions that occurred in the chemical industry clusters are different from those of
general disasters, which further affects the time for the public to enter the emergency
transportation network, and makes the pedestrian flow loading curve show particu-
larity. Therefore, it is not accurate to use the typical traffic load curve to describe the
loading law of pedestrian flow in such accident scenarios. In addition, only a few
scholars have considered the practical factor of health consequences in the existing
research on emergency route assignment. For example, Xiao et al. (2001) addressed
the concepts of traffic difficulty coefficient and hazard coefficient, and established
the equivalent length model for evacuation route selection of toxic gas leaks. Liu and
Shen (2018) set up an evacuation path planning model with the goal of minimizing
the damage to people’s health during the evacuation of toxic gas leaks. Different
from natural disasters such as earthquakes and hurricanes, extreme phenomena (e.g.
sediments, toxic clouds, thermal radiation, overpressure and debris) caused by major
toxic gas leaks and diffusions may adversely impact the public health in the affected
areas, which changes with time as well (Georgiadou et al. 2007). As a result, if
the individual doesn’t wear protective equipment and chooses an emergency route
without considering health consequences, he/she may face relatively higher health
risks in the process of emergency transfer.
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The assignment and planning of emergency routes can aid the selection of guiding
points for public emergency behaviors, such as path decision points and path conver-
gence points (Zhao 2016). However, for each selected guidance point, the guidance
mode to be selected is a problem to be considered in the formulation of emergency
behavior guidance strategy, including the form, quantity, and location of guidance
media (Hou et al. 2014; Boukas et al. 2015; Yang et al. 2016; Zhao 2016). Some
scholars have made a preliminary study on the emergency guidance mode. For
example, Boukas et al. (2015) proposed a cellular automata simulation model that
uses mobile robot agent to guide crowd evacuation, which served to analyze the influ-
ence of robot guidance on evacuation efficiency. Hou et al. (2014) studied the impact
of the number and position of guide-posts on evacuation dynamic in a room with
limited visibility. Yang et al. (2016) expounded the necessity of evacuation guidance,
considered individualistic behavior, herding behavior, and environmental influence,
successfully established a guided evacuation dynamics model. The research shows
that the guidance with appropriate initial position and number is more conducive to
the evacuation of pedestrians in moderate initial density. Zhao (2016) presented a
multi-agent evacuation guidance model and studied the optimization of evacuation
guides and intelligent guidance signs in evacuation guidance in urban rail transit
stations. Gao et al. (2016) studied the influence on evacuation process of guiding
personnel to provide evacuation direction guidance in a fixed position for evacu-
ated pedestrians through sound, action, warning lights, etc. By introducing wireless
communication theory to calculate the reliability of guidance signal to quantify the
guiding force, a new pedestrian evacuation cellular automata model was proposed.
In terms of the emergency evacuation of railway passenger station buildings, Wu
(2016) worked on the role of broadcast guidance information and other factors on
the evacuation process, constructed an evacuation mode based on auditory percep-
tion to simulate the evacuation process to explore the factors affecting evacuation
efficiency. From the existing research, current public emergency behavior guidance
model has not been built into a complete system. There has been few studies targeting
the topic, and most of them proposed to independently analyze the influence of
emergency behavior guidance mode on evacuation efficiency by setting a single
guidance medium in a local position (such as a guide, a guide robot, a guide broad-
cast, a guide sign and a guide post, etc.), and seldom focus on the optimization of
emergency behavior guidance mode from a global perspective, considering various
factors comprehensively such as the selection of guidance points, the form of guid-
ance media, the number of guidance media, and the location of guidance media.
Furthermore, the regional evacuation process of major toxic gas leaks involves not
only the process people evacuate from the inside of the building to the exit but also
the movement process from the exit to the resettlement site. The existing minority
studies mainly focus on the analysis of the internal building environment, and less
on the optimization of emergency behavior guidance mode in the process of people
moving to emergency shelters or emergency evacuation network exits after escaping
from buildings.
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1.2.3 Research on Development Trends

According to the current research outcomes, the research on public emergency
behavior and guidance in building fires as well as earthquakes, hurricanes and other
natural disasters at home and abroad is relatively strong, but is still weak in the major
toxic gas leaks and diffusions occurred in the chemical industry clusters. Although
many scholars at home and abroad have done a series of research on disaster preven-
tion and mitigation, risk assessment, emergency plan formulation, and other aspects
of major accidents in chemical industry clusters and achieved certain results, due to
the lack of understanding of the complexity of emergency response decision-making
in major toxic gas leaks and diffusions in chemical industry clusters, the research
work on public emergency behavior and guidance strategy optimization seriously lag
behind engineering application, which also leads to the absence of sufficient theo-
retical basis for the design and evaluation of emergency plans and emergency drills
for such scenarios.

The organization scope of public emergency response to major toxic gas leaks and
diffusions in chemical industry clusters may include thousands of residents living
in a large range of buildings and communities, such as the evacuation of more than
65,000 people in the blowout accident in Kaixian County, Chongqing in 2003 (Li
et al. 2009), and another one evacuating over 150,000 crowds in the surrounding
area in the explosion accident of liquid chlorine storage tank in Chongqing Tianyuan
Chemical General Factory in 2004 (Deng and Jiang 2009). It is usually not feasible
to study the emergence mechanism of emergency behavior in the process of massive
public emergency response by the empirical method (Sun 2018). With the develop-
ment of a new generation of high-tech like data mining, information management,
artificial intelligence, and other technologies, smart city construction is identified as a
hot research direction of urban construction. In the view of literature retrieval, taking
advantage of the opportunity of smart city construction, building a dynamic model
of public emergency behavior by applying a new generation of high-tech research
such as data mining and artificial intelligence, and then studying the law of public
emergency behavior and guiding strategies through simulation analysis, has been
one of the frontier directions of theoretical research on public protection of major
toxic gas leakage and diffusion scenarios in chemical industry clusters (Chen et al.
2016; Zhao 2016; Li 2017; Dou et al. 2019; Osman 2019). Moreover, the boundaries
between modern disciplines tend to be more blurred, and the disciplines penetrate
each other. Thus, one of the current development trends in the theoretical research
of public protection is to study the decision-making mode of public protection suit-
able for emergency situations by utilizing the interdisciplinary integration method
comprehensively.

Considering the above discussions and existing research results, the book will
target major toxic gas leaks and diffusions in chemical industry clusters and study the
emergency behavior law and guidance strategy. Through utilizing the technologies
and methods of statistical analysis, modeling and simulation, multi-objective opti-
mization and heuristic solution, and the multi-disciplinary theories of engineering
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science, social science, psychology, behavior science, and management science, it
aims to improve the implementation effect of public emergency protection measures,
such as shelter-in-place and evacuation, as well as to perfect the theoretical system
of public protection. In the following chapters, this book will be oriented to reduce
accident casualties, with emergency decision-making as the core, and emergency
management process development as the clue to gradually explain its research
content. The first is the research on the current situation of hazardous chemical
leakage accidents and emergency response. The second is the accident site risk assess-
ment and the research on the model and method of evacuation route planning when
the accident occurs. The last is an empirical case study of evacuation.
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Chapter 2 )
Hazardous Chemical Leakage Accidents ek

and Emergency Evacuation Response
from 2009 to 2018 in China

2.1 Introduction

In this chapter, we will make a statistical analysis on the leakage accidents of
hazardous chemicals in recent years and study the emergency evacuation response,
which can help clarify the characteristics of such accidents and understand the
development tendency as well as challenges of emergency protection actions.
Since the second half of the twentieth century, hazardous chemical accidents
(HCA ) have occurred all over the world that has increasingly become a major issue
(Filiz and Pinar 2006). In China, the annual growth rate of the gross industrial product
of the chemical industry has been far higher than that of the growth domestic product
(GDP) since 2009 (China Statistical Yearbook 2019). Meanwhile, the speedy advance
in China’s chemical industry has not only increased the pressure of environmental
governance, but also promoted the hazardous chemical accidents to gradually become
an important threat to the safety of Chinese public life and property (Liu et al. 2005).
Therefore, the safety of chemical industry has attracted more and more scholars’
attention in recent years (Zhang and Zheng 2012; Shen et al. 2015; Dou et al. 2019).
So far, the space and time characteristics of HCAs, the types and causes of acci-
dents, the types of chemicals involved, and the emergency response methods (Zhong
et al. 2010; Tong et al. 2015; Heo et al. 2018; Wang et al. 2020) have been studied
through statistical analysis. By analyzing 169 accidents in the French chemical
industry, Dakkoune et al. (2018) drew a conclusion that human error was the leading
cause of HCAs. Furthermore, the statistics of Zhang and Zheng (2012) showed that
in China, about a fifth of HCAs will need the evacuations of nearby residents. For
the control of HCAs occurrence and the consequences minimization, a variety of
models have been proposed as risk assessment tools of hazardous chemical leakage

This chapter is a reprint with permission from Elsevier. Hou, J., W.M. Gai, W.Y. Cheng, and Y.F.
Deng. 2021. Hazardous chemical leakage accidents and emergency evacuation response from 2009
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and the decision support system for emergency response decisions (Zografos and
Androutsopoulos 2008; Qin et al. 2020; Zhou and Reniers 2021).

It is noteworthy that the most common situations in HCAs are found to be
hazardous chemical leakage accidents (HCLAs), while transportation is the link most
likely to cause such accidents (Yang et al. 2010). Due to some chemicals transport
routes inevitably crossing heavily populated areas, the leakage of hazardous chem-
icals during transportation will pose a serious threat to public safety (Jardine et al.
2003). Furthermore, if emergency measures are not taken timely and effectively, the
leakage of hazardous chemicals may induce secondary accidents (such as poisoning,
explosion, and fire) and further worsen the situation. To address hazardous chemical
leaks, Korean scholars worked to provide the safest evacuation route in the emer-
gency evacuation plan using the deep neural network (Seo et al. 2021). In China,
however, there still need more systematic studies in terms of the public evacuation
induced by HCLAs.

Therefore, HCLAs between 2009 and 2018 occurred in China are collected and
analyzed in this study to explore the features of HCLAs as well as the status of the
emergency evacuation. Based on the statistical data, we first discuss HCLAs from
time, space, and type and analyze five typical HCLAS in detail. Then, HCLAS are
divided into four categories, including civilian residence, factory (industrial park),
pipeline, and road transportation, and their respective characteristics are further
analyzed. The evacuation induced by HCLAs has also been analyzed by classifi-
cation to study the influencing factors of emergency evacuation using correlation
analysis. Based on the statistical results, a comprehensive management framework
including the safety management system of hazardous chemicals and the emergency
protection actions in HCLAs is proposed. Finally, a conclusion has been drawn.

2.2 Methodology

2.2.1 Data Collection

Two data sources of China’s HCLAs utilized in this study were the petrochem-
ical accident statistics and data analytics platform (Accident. NRCC, http://accident.
nrcc.com.cn:9090) and the Chinese chemical safety network (NRCC, http://service.
nrcc.com.cn). Accident. NRCC was revised from the chemical accident information
network in 2012, aiming at actively tracking the dynamics of chemical accidents at
home and abroad and collecting accident resources systematically, comprehensively,
and immediately. The present study has analyzed data from the HCLAs occurring in
China during the period between January 1, 2009, and December 31, 2018, which
refers to accidents caused or would have led to grave consequences for the leakage of
hazardous chemicals. Among all of these accidents, we mainly got the information
of the 2009-2012 cases from NRCC and used Accident.NRCC for the 2013-2018
cases. Besides, some news reports, as well as the local government sites, were used
to supplement the case information.


http://accident.nrcc.com.cn:9090
http://accident.nrcc.com.cn:9090
http://service.nrcc.com.cn
http://service.nrcc.com.cn

2.2 Methodology 17

The main information of HCLAs used in this chapter comprises time, location,
types of chemicals involved, causes of accidents, casualties, and emergency actions.
The research counted a total of 5207 hazardous chemical leakage accidents that
occurred in China from 2009 to 2018, involving all provinces of the country (as
the accident statistics system is still improving continuously, it might cause the loss
of data in a small number of hazardous chemicals leakage cases). Therefore, the
statistical results can help reveal the development trend and emergency response
characteristics of hazardous chemical leakage accidents in China in recent years.

2.2.2 Methods

2.2.2.1 Statistical Methods of Hazardous Chemical Leakage Accidents

First of all, the valid information in the collected accident reports was extracted and
then transformed into the data to build an Excel-format database. On this basis, the
statistical results were analyzed in detail from time, space, occurrence site, acci-
dent causation, and consequences induced by HCLAs. The assessment indicators of
HCLAs consist of accident frequency, accident rate, and mortality. The accidents
frequency (F) refers to the number of HCLAs per unit time (e.g., per month or per
year). The accident rate (AR) is calculated as the ratio of the amount of a certain type
HCLAs to the total amount of hazardous chemical leaks that occurred in the current
month (or year), which can be represented as follows:

AR; = Fi/N; (2.1)

where i refers to the month (or year) in which the statistics occur; AR; represents the
accident rate of HCLAs in that month (or year); F; is the frequency of HCLAs per
month (or per year); and, N; refers to the total number of HCLAs.

Mortality (M) refers to a parameter reflecting the death toll in HCLAs and can be
calculated as follows:

M =ng/F (2.2)

where nq is the death toll caused by HCLAs.

2.2.2.2 Classification of Evacuation Levels

Evacuation shall be implemented timely after the leakage of hazardous chemicals in
areas that may be affected in the case that shelter-in-place cannot ensure personnel
safety. So far, China has not yet set up a special statistical database in the field of
evacuations. Therefore, the evacuation information discussed in this chapter was
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obtained by searching the accident disposal part in the HCLAs database and supple-
mented with the relevant resources of official government websites and other news
websites. The evacuation events selected in the retrieval process are in accord with
the two following conditions.

(1) Evacuations that caused by the leakage of hazardous chemicals or its secondary
disasters (such as poisoning, explosion, fire) from January 1, 2009, to December
31, 2018.

(2) Evacuations that involved at least 100 people or 50 households or the occupants
over one independent building.

The difference of resources consumed by evacuation can be reflected in the evac-
uees’ amount, the duration of the evacuation process, and the size of the evacuation
area. In this sense, evacuation level (L) can be divided into five categories based on
evacuation scope (), evacuation duration (7°), and evacuation number (P): I extra-
small-scale evacuation; II small-scale evacuation; III medium-scale evacuation; IV
large-scale evacuation; V extra-large-scale evacuation. The evacuation level can be
defined as follows:

L=S+T+P (2.3)

here, variable S represents the grade coefficient of the evacuation range, taking 1, 2,
or 3 based on the size; variable T represents the grade coefficient of the evacuation
duration, which can be taken as 1, 2, or 3 based on the length of time; similarly,
variable P is the grade coefficient of the evacuated population, which can be taken
as 1, 2, or 3 according to the number of evacuees. Table 2.1 shows the evaluation
criteria of S, 7, and P. To sum up, the evacuation level L can be graded according
to the following criteria: when L > 8, the evacuation level is set to Level V (named
extra-large-scale evacuation); when L = 7, the evacuation level is Level IV (named
large-scale evacuation); when L = 6, the evacuation level is Level Il (named medium-
scale evacuation); when L = 5, the evacuation level is Level II (named small-scale
evacuation); and when L < 4, the evacuation level is set to Level I (named extra-
small-scale evacuation). Figure 2.1 is constructed as a three-dimensional coordinate
to show the classification results of evacuation levels more clearly and intuitively.

2.3 Characteristics of Hazardous Chemical Leakage
Accidents

2.3.1 Time Volatility of HCLAs

The time distribution of hazardous chemical leakage accidents in China from 2009
to 2018 is shown in Fig. 2.2. It can be seen from the statistical results that the change
in the number of HCLAs mainly experienced three phases.
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Table 2.1 Evacuation classification criteria
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Grade | Number of evacuees (N) | Evacuation duration (#) | Range of evacuation (R)

1 N < 1000 t < 60 min R <500 m or just a few
buildings

2 1000 < N < 5000 60 min < ¢ < 300 min 500 m < R <2000 m or a
village (community, industrial
park, school, etc.)

3 N > 5000 t > 300 min R > 2000 m or more than one

village (community, industrial
park, etc.)
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(1) From 2009 to 2010 is the first phase. The number of HCLAs witnessed a slight
drop during that time, from 106 to 77. The reduction in the accident number
was related to the increase of funds invested in emergency management to a
certain extent. In 2010, China hosted the Guangdong Asian Games and the
Shanghai World Expo. For the support of major activities, plenty of resources
were invested by the Chinese government in the improvement of chemical
industry level through a series of regulatory policies. However, two major acci-
dents that killed more than 20 people in 2010 caused an increase in mortality
of HCLAs at this phase.

(2) From 2010 to 2015 is the second phase, when the number of HCLAs increased
more than ten times (from 77 to 914). Coinciding with China’s implementation
period of the “Twelfth Five-Year Plan” (2011-2015), the chemical industry has
developed rapidly with the support of national policies. However, the regulatory
capacity at that time could not match its development.

(3) After 2015, the number of accidents decreased year by year, which is the third
stage. The effective reduction of HCLAs benefited from the revision of the work
safety law of the People’s Republic of China in 2014, making it more suitable
for the current development of China’s petrochemical industry.

In terms of the mortality rate of HCLAs, except 2015, the number of casualties
has decreased year by year since 2012, rather than increasing with the increase of the
number of accidents. The promulgation and implementation of the regulations on
the safety management of hazardous chemicals in China in 2011 may be the turning
point leading to the decline of mortality. After the promulgation of the regulations,
the mortality first increased and then decreased year by year, which is in line with
the safe Kuznets curve (Dumrongpokaphan and Kreinovich 2018); however, the
mortality and the death toll of HCLAs in 2015 were much higher than those in other
years. This can be mainly attributed to the occurrence of ““8-12” explosion accident in
Tianjin Binhai New Area, which killed 165 people. Consequently, the prevention of
such extraordinarily serious HCLA will be a significant aspect of the risk reduction
of hazardous chemicals.

Figure 2.3 displays the monthly frequency of HCLAs from 2009 to 2018. As
Fig. 2.3 shows, clearly, April to October is the month with high frequency of HCLAs.
In addition, the highest frequency of accidents occurred in July and August, with
over 500 accidents per month. This could be explained by two reasons. On the
one hand, from April to October is the peak season of trade in China. During this
period, with higher chemical production and circulation intensity, the frequency of
HCLAs increased correspondingly. On the other hand, hot and humid weather can
have a serious impact on chemical reaction activities, and the hot season in China
usually comes in July and lasts at least until August. Moreover, it is difficult for
people to maintain their attention in such a season (Kang and Ryu 2019), so the
possibility of HCLAs caused by human errors increases. Due to the Chinese Lunar
New Year generally in January and February, these two months have the lowest
accident frequency. Especially in February, the total number of HCLAs was less
than 300. When employees return to their hometowns for the holiday, the majority of
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Fig. 2.3 Distribution of HCLAs by month

chemical enterprises will suspend production as well. Besides, the government will
augment the supervision of all links of chemicals during the Spring Festival, which
significantly reduces the occurrence of HCLAs.

The mortality of HCLAs reached the highest in November, followed by January,
which is associated with China’s climate. The secondary disasters caused by the
hazardous chemical leakage are the main reason of death, such as poisoning, explo-
sion, and fire. From November to January of the next year, most residents in Northern
China use gas for heating their houses to survive the cold winter. Once people’s
improper operation causes gas leakage, they will be in danger of poisoning and
death. November is when residents begin to use gas for heating every year, and
problems such as pipeline aging and equipment failure are prone to be ignored at
this time, which may induce more gas poisoning cases. In addition, the third-highest
mortality of HCLAs is in August, when the humid and hot climate strengthens the
chemical reactions to cause secondary disasters and heavy casualties easily.

2.3.2 Provincial Location Distribution of HCLAs

Combined with economic development and chemical industry level, we analyzed
the occurrence and mortality of HCLAs in 34 provincial-level administrative regions
during 2009-2018. Figure 2.4a compares the number of HCLA in each province
with its annual GDP (at 2019 prices) and shows that the provinces with higher GDP
happened more HCLAs. Similar to hazardous chemical accidents (Duan et al. 2011),
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HCLAs disperse unequally in different regions. The top two provinces with the
highest frequency of HCLAs are Jiangsu and Shandong Provinces (419 cases and
408 cases), followed by Zhejiang, Hubei, and Guangdong Provinces, with more than
300 cases. The petrochemical industry in these provinces is relatively developed, and
its massive scale of employees increases the possibility of human error leading to
HCLAs (Zhang and Zheng 2012). Consequently, China’s emergency management
should focus on chemical safety management in provinces where HCLAs frequently
occurred, such as Jiangsu, Shandong, Zhejiang, and strive to minimize the occurrence
of hazardous chemical leaks.

However, the mortality of HCLAs is not positively correlated with accidents
amount in different provinces. Figure 2.4b demonstrates that the top seven provinces
in terms of mortality are Taiwan, Tianjin, Shanghai, Hebei, Shaanxi, Qinghai, and
Heilongjiang, while their annual GDPs are not in the forefront of the national level.
For example, contrary to the high mortality, the annual GDP and the death toll of
HCLAs in Qinghai and Heilongjiang are low. It could be reflected that the provinces
with underdeveloped chemical industries rarely have HCLAs, but at the same time,
they lack the ability to effectively mitigate the accident. Generally, it is difficult for
provinces to take measures to control damage right after the hazardous chemical
leakage. We can find that the case number, death tolls, and mortality of HCLAs are
all high in Shaanxi. Therefore, the supervision of hazardous chemicals should be
strengthened in provincial departments to improve their prevention and emergency
response ability under the scenario of HCLA.

In combination with Figs. 2.4a, b, Taiwan, Tianjin, Shanghai, and Hebei rank
among the top four in terms of mortality, while the number of HCLAs is not as
high as that in other provinces. The survey results show that these provinces have all
experienced the HCLAs causing mass deaths. In 2010, a coal gas leak at the Hebei
Iron and Steel Company killed 21 people. In 2013, the leakage of liquid ammonia in
the cold storage of the Shanghai Industrial Park resulted in 15 deaths. In 2014, there
were 30 victims dead in the leakage accident of an underground propylene pipeline in
Taiwan. And a year later, a huge explosion involving a variety of hazardous chemicals
occurred in Tianjin Binhai New Area, killing 165 people.

Shandong has the second-highest death toll of HCLA in China except Tianjin.
In 2013, an oil pipeline leakage accident occurred in Qingdao, which significantly
increased the death toll in Shandong Province. In this accident, the leaked crude oil
was accidentally detonated, killing 62 people.

During the statistical period, there have been many major accidents and extraor-
dinarily serious accidents in China, which reflect that the emergency response capa-
bility of most regions still needs to be improved. Therefore, to prevent or eliminate
accidents, the dual-prevention working mechanism for risk grading management,
hidden trouble investigation is adopted in the chemical industry in China. The adop-
tion of technologies such as dynamic monitoring of hazardous chemicals and early
warning of abnormal situations can help the government intervene before emergen-
cies occur. Personal protection and emergency rescue are the final measures to cut
down the risk of HCLAs. Improving the government’s emergency rescue capability
and the public’s self-rescue and mutual rescue capability play roles in avoiding the
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expansion of the impact of such accidents and protecting the safety of people’s lives
and property.

Figure 2.5 shows further statistics on provinces with high incidence or high
mortality of HCLAs by year. China’s chemical industry entered a period of rapid
development in 2010, so we can observe the increasing number of HCLAs in most
province in the same period. At the initial stage of development, the regulatory
mechanism and policies for chemicals in China were far from perfect, leading to
an increase in the number of accidents year by year. Therefore, after 2015, China



24 2 Hazardous Chemical Leakage Accidents and Emergency Evacuation ...

20 —4&— Shandong
80 —&— Hubei
70 A Zhejiang
—>¢— liangsu
% 60
& Guangdong
o
5 30 ~ -8~ - Hebei
:g 40 Shanxi
E sk 0000 S W F & o T Qinghai
Z 3
Heilongjiang
20 — =X~ - Shanghai
10 Taiwan
Tianjin

Year

Fig. 2.5 Provincial HCLA occurrences by year

began to tighten up the supervision of hazardous chemicals and achieved the result
of a decline in the number of HCLA in most provinces. However, the incidences of
HCLAs in Shanghai and Hebei were still rising, indicating that the local government
needs more measures to improve the management of hazardous chemicals and reduce
the frequency of HCLAs.

2.3.3 Categories of HCLAs

Drawing on the type of places where hazardous chemicals leak, we divided hazardous
chemical leakage accidents into the following six categories: HCLAs in road trans-
portation, HCLAS in pipeline transportation, HCLAs in factories (industrial parks),
HCLAs in gas stations, HCLASs in civilian residences, and HCLAs in other sites (such
as hotels, hospitals). Six types of HCLAs from 2009 to 2018 have been counted and
shown in Fig. 2.6. The majority of HCLAs occur in road transportation and pipeline
transportation, accounting for 72.9% of the total accidents, indicating that trans-
portation route is the most likely location for chemical leakage. Therefore, chemical
transportation safety should be the focus of chemical safety managers. With the
adoption of high-tech supervision technology and mechanized technology, the inci-
dence of HCLASs in the usage, storage, production, and other links of chemicals
(Kockmann et al. 2017) has decreased significantly. However, as of 2018, more than
60% of hazardous chemicals are still transported by road (Lu 2018), during which
poor environmental conditions or the driver’s driving error may lead to the leakage
of hazardous chemicals. As the second-largest mode of transportation, the pipelines
used to transport chemicals are often suspended in the air or buried underground,
which are vulnerable to the influence of the external environment, causing hazardous
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chemical leaks. The difference between leaks causes reveals that for different types
of HCLA, managers need to take targeted regulatory measures to prevent the leakage
of hazardous chemicals in effect.

The number of deaths and the mortality rate of six categories of HCLAs were
counted and shown in Fig. 2.7. HCLAs in factories (industrial parks) have the highest
mortality, mainly because factories (industrial parks) usually have a large number of
various hazardous chemicals. As the disposal of chemical leakage in factories (indus-
trial parks) is very complex, improper handling will cause serious consequences. As
we analyzed in the monthly mortality distribution, the hazardous chemicals leaked
from civilian residences are often gas or natural gas, resulting in high mortality.
There are limited responses from the public to hazardous chemicals in an emer-
gency. Secondary disasters, the principal source of casualties, are easily caused by
improper operation of personnel. It is worth noting that the death toll of HCLAs in
road transportation is high, yet the mortality is not high. Because in this category of
HCLA, traffic accidents are often the direct cause of death rather than leakage.

As shown in Fig. 2.8, we conducted a statistical analysis on the quantity distribu-
tion of six types of HCLAs from 2009 to 2018. There was a decrease in all categories
of HCLAs in 2014 or 2015, which confirms the positive role of the revised work safety
law of the People’s Republic of China implemented in 2014 in reducing accidents.

In China, the HCLAs in road transportation are much more than those in pipeline
transportation, which seems different from the research results in Europe or the
United States (Boot 2013). The research of Boot (2013) points out that pipeline
transportation has a higher “individual risk” than road transportation in Europe or
America. The difference between the above two conclusions can be explained from
two aspects. @ In China, road transportation is the main way to transport hazardous
chemicals, which is influenced by vehicles, drivers, and environment. Problems in
any of the three aspects may lead to the occurrence of HCLAs (Lu 2018). @ As
shown in Fig. 2.7, there is higher mortality of HCLAS in pipeline transport than in
road transport in China. The occurrence of HCLAs alone is insufficient to estimate
the “individual risk” in road transportation. That is to say, the two conclusions do
not conflict.
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2.3.4 Typical HCLA Analysis

To draw up measures to mitigate the risks of HCLAs, we picked up five typical
cases (Table 2.2) that caused heavy casualties and grievous social impact for further
analysis. From the types of typical accidents listed in Table 2.2, HCLAs with multiple
deaths often occurred in pipeline transportation and factories (industrial parks). For
pipeline transportation, pipelines carrying hazardous chemicals may pass through
densely populated areas, where an accident that occurs will pose a threat to a large
number of people. For factories or industrial parks that store a large number of
hazardous chemicals, the domino effect may greatly increase the scope of disaster
impact. As mentioned many times before, the deaths in HCLAs mainly occur in
secondary accidents. Therefore, to eliminate further accidents risk after the leakage
of hazardous chemicals, emergency responders should take control measures as soon
as possible before disaster escalation. The safety managers of hazardous chemicals
can conduct warning and mitigation measures to prevent secondary disasters, such
as gas detection devices, automatic shutdown systems, and evacuation alarms.

Table 2.2 shows the main causes of multiple deaths in typical accidents, which can
be summarized into the following three factors; @ Unreasonable construction plan
or site selection of chemical facilities; @ Failure accident mitigation strategy after
leakage of hazardous chemicals; @ Insufficient emergency preparedness, unscientific
emergency rescue, and irrational emergency protective actions of the public. From
2009 to 2018, the HCLA that brought the largest casualties in China was the “8-12”
explosion accident in the Tianjin Binhai New Area—it is also one of the world’s
worst chemical accidents in recent decade.

The “8-12” extraordinarily major fire and explosion accident is a production safety
responsibility accident, and the final approved direct economic loss of it was as high
as 6.866 billion yuan. Significantly, the victims in this accident include not only
55 surrounding workers and residents but also 110 police officers and firefighters
involved in the disposal process. We arranged the accident timeline (see Fig. 2.9)
and the accident evolution process (see Fig. 2.10). The initial cause of the accident
is that the nitrocotton decomposed on its own to cause spontaneous combustion and
leaked from a container. Then, the spreading fire triggered two strong explosions due
to the domino effect.

Combined with the accident investigation report, the main causes of the “8-12”
explosion accident in the Tianjin Binhai New Area are as follows: @ Ruihai Company
illegally constructed and operated a dangerous goods yard; @ Ruihai Company stored
excessive dangerous chemicals such as ammonium nitrate in violation of regulations;
® Ruihai Company has brutal loading and unloading operations, resulting in broken
packaging and leakage of dangerous chemicals; @ Government departments lacked
an effective emergency response to determine the quantities and kinds of hazardous
chemicals on-site and to evacuate staff and nearby residents in time.

Based on the above analysis, we conclude that the mortality of HCLA mainly
depends on the scale of hazardous chemicals stored, personnel density in the affected
area, and the emergency response efficiency of enterprises and governments. There-
fore, chemical places, which store a lot of hazardous chemicals or surrounding dense
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Table 2.2 Five typical HCLAs

Year | Description | Type of Category of Secondary Main cause of Death toll
of HCLA hazardous HCLA accident type | multiple deaths
chemical
2010 | “1-4” coal Coal gas Factories Poisoning Lack of gas 21
gas leakage (industrial detection
accident in parks) equipment to
Hebei detect the
Industrial leakage on time
Park
2013 | “8-31” liquid | Liquid ammonia | Factories Poisoning Unreasonable 15
ammonia (industrial layout of
leakage parks) workshop and
accident in liquid ammonia
Shanghai pipeline, which
resulted in the
failure of
employees to
evacuate after the
accident
2013 | “11-22” Crude oil Pipeline Explosion Residents in the | 62
Qingdao oil transportation surrounding area
pipeline were not
explosion immediately
accident in evacuated after
Shandong the oil spill;
during the
emergency
disposal, the
repair equipment
produced an
open fire,
resulting in the
explosion of
crude oil
2014 | “7-31” Propylene Pipeline Explosion Lack of leakage | 30
propylene transportation alarm device and
explosion failure to
accident in accurately
Taiwan determine the

leakage position
of propylene,
resulting in
wrong judgment
of accident;
residents in the
nearby area were
not evacuated
immediately

(continued)
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Table 2.2 (continued)

Year | Description | Type of Category of Secondary Main cause of Death toll
of HCLA hazardous HCLA accident type | multiple deaths
chemical
2015 | “8-12” More than 100 Factory Explosion, fire | Storage of a 165
explosion types of (industrial large number of
accident in hazardous parks) dangerous
Tianjin chemicals, such chemicals in
Binhai New | as ammonium violation of
Area nitrate, regulations, the
potassium types and
nitrate, and quantities of
sodium cyanide hazardous

chemicals were
not recorded in
advance,
insufficient
measures for
emergency
preparedness,
staff and
residents in the
surrounding area
were not
evacuated
immediately

Fire in hazardous
chemical
warehouse

Open flame on site
was put out.

Fire explosion Second explosion

8/12/2015 8/12/2015
23:34:06 23:34:37

A crescent shaped A large round
explosion pit with a explosion pit with a

8/14/2015
16:40

8/12/2015
22:51:46

More than 30000
affected people

Evacuated more
than 100 people

around. diameter of 15 meters diameter of 97 meters were urgently
and a depth of 1.1 and a depth of 2.7 resettled.
meters was formed. meters was formed.

Fig. 2.9 Timeline of the “8-12” explosion accident in the Tianjin Binhai New Area

populations, should adopt inherent safety designs to avoid accidents fundamen-
tally. For accident risks control, chemical enterprises can improve their emergency
response capability by establishing a dynamic risk assessment system, and industrial
parks can develop a cluster safety management system. For disaster escalation avoid-
ance, it is necessary to make mitigation strategies (e.g., gas detections—automatic
shutdown—alarms) in the initial stage of the accident. In addition, the government
should improve the construction of the emergency information management system
and public emergency shelter guidance system, serving as guiding the public to take
correct protective actions in time (such as respiratory protection, local refuge, and
evacuation).
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Fig. 2.10 Evolution process of the “8-12” explosion accident in the Tianjin Binhai New Area

2.4 Analysis of Various Categories of HCLAs

2.4.1 HCLAs in Road Transportation

The HCLAs in road transportation are the most frequent. We analyzed the change
trends in the frequency and accident rate of HCLAs in road transportation and showed
the results in Fig. 2.11. The occurrence number of HCLAs in road transportation
grew exponentially from 2010 to 2014 and declined slowly after that. Meanwhile, the
accidentrate fluctuated around 50% all along. There is still a discussible issue in terms
of available measures to reduce the occurrence of HCLAS in road transportation.
To deeply explore the causes of HCLAs in road transportation, we counted and
analyzed the frequency and mortality of accidents during each period of the day and
compared them with the human arousal level in Fig. 2.12. The frequency of HCLAs
has two peaks at 8:00-9:00 a.m. and 2:00-3:00 p.m., respectively. Throughout the
day, human arousal levels continued to decline from 8 p.m. until 5 a.m. the next day
(Duetal. 2020). Since there is no restriction on the driving time for drivers to transport
chemicals, they have to keep their mental tension on a high level when driving at
night. As the human arousal level rises between 6:00 a.m. and 10:00 a.m., the drivers
get relaxed and are prone to make mistakes. From 2:00 p.m. to 3:00 p.m., people
are more likely to produce fatigue and drowsiness under the influence of hormones,
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Fig. 2.11 Change trends of HCLASs in road transportation

implying that driving during this period is prone to cause traffic accidents. The higher
mortality of HCLAS in road transportation was from 0:00 a.m. to 5:00 a.m., during
which the decline of human arousal level leads to the weaker drivers’ capability to
address emergencies. If the driver is unable to adopt effective emergency measures
immediately after the accident, the accident situation may get out of control and
cause heavy casualties. Therefore, the transportation of hazardous chemicals should
be carried out outside 0:00 to 5:00 a.m. as far as possible to reduce the mortality of
HCLAs in road transportation. Some provinces have implemented compulsory rest
time for dangerous chemical vehicles driving at night.

2.4.2 HCLAs in Pipeline Transportation

Figure 2.13 represents the frequency and accident rate of HCLAs in pipeline trans-
portation, both of them have shown an upward trend since 2009 and decreased after
2015. The accident rate fluctuated slightly and remained between 20 and 30% from
2014 to 2018, requiring more effective supervision measures to reduce HCLAs in
pipeline transportation based on their characteristics.

Figure 2.14 shows the classification and statistics of the causes of pipeline leakage
accidents during 2015-2018. The principal reason of pipeline leakage is improper
construction (78.6%). If the ground construction neglects the pipeline layout and
detailed inspection in advance, there will be a risk of damaging buried pipeline and
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Fig. 2.14 Reasons for HCLAs in pipeline transportation

causing HCLAs during the construction process. Another significant cause of under-
ground pipeline leakage is geological damage (e.g., the ground collapses). Falling
objects and vehicle impact mainly impact the ground pipeline, which requires that
protective facilities must be set on the exposed pipelines to enhance the ability of the
pipelines to withstand the impact of external energy. Solving the problems of pipeline
corrosion, aging, and connection defects is also the focus of pipeline leakage preven-
tion and control. Enterprises and government management departments should attach
importance to daily maintenance and management of pipelines, timely detection and
replacement of faulty pipelines, and pipeline laying technology.

2.4.3 HCLAs in Factories (Industrial Parks)

The chemical safety of factories (industrial parks) is one of the significant components
of public safety. In Fig. 2.15a, we counted the frequency and accident rate of HCLAs
in factories (industrial parks), displaying that the number of accidents decreased by
more than half from 2015 to 2018. Besides, the accident rate of HCLAs in factories
(industrial parks) continued to decline since 2009 and stabilized at about 10% after
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2015. However, according to the statistics of death tolls and mortality of HCLAS in
factories (industrial parks) in Fig. 2.15b, the mortality did not decrease significantly
like the frequency of accidents. Thus, in addition to accident prevention, early disaster
control also plays a vital role in accident risk reduction. Once the mitigation measures
fail, the enormous number of hazardous chemicals stored in the factories (industrial
parks) will cause accident escalation and mass mortality. Before the situation gets
out of control, the government must apply emergency rescue and organize protective

2 Hazardous Chemical Leakage Accidents and Emergency Evacuation ...

actions to guarantee public safety to the greatest extent.
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2.4.4 HCLAs in Civilian Residence

Comparing the first three categories, the frequency of HCLAs in civilian residences
is lower. Figure 2.16a presents the changing trend in occurrence number and accident
rate of HCLAs in civilian residences during 2009-2018. As shown in Fig. 2.16a, a
surge of HCLAS in civilian residences appeared since 2013. From 2015 to 2018,
the number of accidents remained at a high level, with an annual average of nearly
100 accidents per years. During the same period, the accident rate of HCLAs in
civilian residences fluctuated around 10%. Furthermore, we investigated the type of
hazardous chemicals involved in the leak, including coal gas, liquefied petroleum gas,
natural gas, and others. As shown in Fig. 2.16b, leaks of the first three fuel gas take up
almost all HCLAs in civil residences, and only about 1% of accidents are the leakage
of other hazardous chemicals. Among different fuel gas, the mortality of coal gas
leakage accidents is the highest, reaching 20.9%, which even exceeds the mortality of
HCLAs in pipeline transportation (12.1%) and road transportation (9.4%), becoming
the accident with the highest death rate after HCLAs in factories (industrial parks).
As a colorless and odorless gas, coal gas is difficult to be perceived by humans in
the early stage of leakage. If the public does not have the relevant knowledge of gas
characteristics, their rash disposal will lead to poisoning or explosion. That is a great
source of the high mortality in coal gas leakage accidents, which can be eliminated
by installing a gas detection system in the room to give an alarm. At the same time,
the government should strictly regulate the use of gas, accelerate the standardization
construction, and popularize the emergency measures for gas leakage to the public.

2.5 Evacuation Caused by HCLAs

To protect the public from secondary disasters of HCLAs, the emergency command
needs to evacuate the people in the affected areas to safety in time in case of the failure
of local shelters. In this section, we investigated the evacuation actions caused by
HCLAs in China from 2009 to 2018 to analyze their central features and influence
factors.

2.5.1 Evacuation Situations Triggered by HCLAs

In this study, a total of 157 evacuation events with statistical information is available
and shown in Fig. 2.17 by provincial distribution and the types of HCLAs involved.
Most evacuation events occurred in Sichuan, Guangdong, Zhejiang, Guizhou, Hubei,
and Henan, with more than 10 incidences in each province. Contrary to the categories
proportion of HCLAsS, the evacuation caused by HCLAs in pipeline transportation
(34.4%) is more than that in road transportation (27.4%). As the accident type with
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the highest mortality, HCLAs in factories (industrial parks) caused 24.8% of all
evacuation events, far exceeding the cases HCLAs in civilian residences and gas
stations triggered.

In evacuations, the objects to be evacuated include a variety of groups with
different identities. According to the characteristics of evacuation target groups, we
divide the evacuation events in this study into urban residential area evacuation, rural
evacuation, corporate evacuation, campus evacuation, and special evacuation (such
as the evacuation in prisons, kindergartens, hospitals), showing their proportions in
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Fig.2.18. The frequency of rural evacuation (61.8%) is much higher than that of other
types of evacuation, and most of the evacuees in rural areas are local villagers. In the
remaining 40% of incidents, the evacuation of urban residential areas accounts for
half, and campus evacuation, enterprise evacuation, and special evacuation all fewer
than 10%.

The statistics also describe the characteristics of 157 evacuation events in terms of
the starting time of the evacuation. By dividing a day into four time periods, Fig. 2.19
shows the distribution of evacuation events starting in the forenoon (6:00-12:00),
afternoon (12:00-18:00), evening (18:00-24:00), and before dawn (0:00-6:00). In
the statistical results, there are more evacuation events during the day (in the forenoon
and afternoon) than at night (in the evening and before dawn), which can be attributed
to the weak evacuation capability of people and the delayed diffusion of evacuation
alarms during the night (Sun and Sun 2020). Therefore, formulating evacuation plans
should consider whether the evacuation occurs during the day or at night.
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Among the hazardous chemicals involved in the leakage accident in this study,
there are eight categories causing evacuation: acids (nitric acid, salt acid, and sulfuric
acid), fuel oil (diesel, gasoline), benzene, chlorine, ammonia, petroleum gas, fuel
gas, and else. In Fig. 2.20, the evacuation events are distinguished and counted based
on the types of hazardous chemicals causing the evacuation. Nearly a third of the
evacuation cases occurred in fuel gas leakage accidents, followed by the leakage of
ammonia (18.5%) and else (14.6%). Meanwhile, the leakage of the remaining five
hazardous chemicals caused less evacuation events.

2.5.2 Evacuation Process and Level Analysis

As a crucial part of chemical accident damage assessment, evacuation analysis
includes three indicators in this study: evacuees’ number, evacuation duration, and
evacuation scope. The number of evacuees in 157 evacuations caused by HCLAs is
graded by two thresholds of 1000 and 5000: 61 evacuation cases with less than 1000
people; 4 evacuation cases with more than 5000 people. The evacuation events with
evacuees between 1000 and 5000 occurred most frequently, accounting for 58.6%
of the total evacuation events. In 2012, more than 27000 people were evacuated due
to phosphine leakage in Hedong grain depot, Liaoning, which is the HCLA with the
most evacuees involved in this study.

The size of the evacuation range depends on the specific situation of the accident,
which can be quantified through the local administrative division and the estimated
impact radius of the leakage accident. A total of 147 evacuation incidents caused
by HCLAs collected in this study contains information related to evacuation scope.
According to the classification criteria in Table 2.1, the distribution of the three
evacuation ranges is as follows: 65 evacuation events occurred in a single building or
within a radius of 500 m; 20 evacuation incidents involved multiple villages (commu-
nity, industrial park, etc.) or the crowd within a radius of more than 2000 m; and
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Fig. 2.21 Statistic of Above 300 min
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62 evacuations occurred between the first two scales, which takes up the equivalent
proportion of evacuations on a small scale.

In this study, the evacuation duration starts from the occurrence of the HCLA
until all relevant evacuees leave the dangerous zone. In various evacuation events,
the large gap in the evacuation scope and evacuees causes the evacuation duration can
differ by more than several hours. Therefore, this study selects 60 min and 300 min
as the grade threshold to divide the duration process of 147 evacuation cases with
relevant time information. In Fig. 2.21, the statistical results show that nearly 70%
of evacuations can be finished within 60 min.

To comprehensively study the characteristics of regional evacuation in China’s
HCLA, we substitute the number of evacuees, evacuation duration, and evacuation
range of evacuation events into Table 2.1 to obtain the corresponding grade coefficient
and calculate the evacuation level through Eq. (2.3). Among the counted HCLAs in
this chapter, only 147 cases have the evacuation information required by all eval-
uation indicators, and their evacuation levels are counted in Fig. 2.22. Combined
with Figs. 2.1 and 2.22, extra-small-scale evacuation accounts for over half of the
total 147 evacuation events, and the higher the level of evacuation events, the lower
the frequency. Generally, the actual situation is consistent with the statistical results,
demonstrating the rationality of the evacuation classification method applied in this
study.

2.5.3 Analysis of Factors Affecting Evacuation Levels

To identify the influencing factors of evacuation level, we conducted a Spearman rank
correlation analysis on the evacuation level and specific situation listed in Table 2.3
(accident location, category of leaked hazardous chemicals, category of evacuation
object, evacuation start time). As a method to determine the correlation between
variables, Spearman rank correlation analysis calculates the correlation coefficient
of rank and then looks up the table to verify whether the bilateral significance P is
less than 0.05 (Astivia and Zumbo 2017). If the p-value is less than 0.05, there is a
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Fig. 2.22 Statistics of
evacuation levels of

evacuation events caused by
HCLAs

Table 2.3 Test results of correlation between evacuation situation and evacuation level

Evacuation situation Correlation coefficient (rs) P-value Relevance
Location of the accident - 0.331 0.000 Relevant
Category of leakage hazardous 0.286 0.000 Relevant
chemicals

Category of evacuation object - 0.101 0.222 Uncorrelated
Start time of evacuation - 0.102 0.218 Uncorrelated

correlation between variables. The results show that the type of hazardous chemicals
leaked in HCLAs and accident locations has an effect on the level of evacuation
events.

Figure 2.23 shows the distribution of evacuation levels in HCLAs at different
locations. Only HCLAs in pipeline transportations and road transportations have
caused evacuation events of all levels, among which nearly one-fifth of evacuations
are extra-large-scale and large-scale evacuations. However, there was no extra-large-
scale evacuation in HCLAs in factories (industrial parks) with the highest mortality
(see Fig. 2.7). In addition, the evacuation events triggered by HCLAs in gas stations
and civilian residences are no more than Level 11, and extra-small-scale evacuation
accounts for more than 80%.

The level distribution of evacuations caused by the leakage of specific hazardous
chemicals is in Fig. 2.24. In the evacuation caused by fuel gas, chlorine, and ammonia
leaks, extra-small-scale evacuation accounts for the vast majority. More than 90% of
the evacuation events caused by fuel oil leakage are small-scale evacuations and extra-
small-scale evacuations, which indicate the low possibility of large-scale evacuation
caused by such hazardous chemicals. At the same time, extra-large-scale evacuations,
most occurring in the acid leakage, account for a certain proportion of the evacuations
of chlorine, gas, petroleum gas, and other hazardous chemical leakage accidents. Itis
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worth noting that chlorine leaks induced either extra-small-scale evacuations or large-
scale and extra-large-scale evacuations, reflecting the extreme risk of this hazardous
chemical.
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2.6 Framework of Integrated Management of Hazardous
Chemicals

2.6.1 Management of HCLA

2.6.1.1 Management Status of HCLA

In the United States, the information disclosure system requires enterprises to provide
accurate reports on the management of hazardous chemicals to the regulatory author-
ities. Governments at all levels cooperate with regulatory agencies, such as medical
and fire services, to timely assess the risk of HCLA and improve the emergency
level and linkage law enforcement ability. Furthermore, to comprehensively and
systematically analyze the cause of chemical accidents, the US Congress has set up
an independent chemical safety and hazard investigation committee that can timely
disclose the progress of accident investigation to the whole society to eliminate public
misunderstanding (Fyffe et al. 2016; Tinney et al. 2016). In Japan, where the access
system for hazardous chemicals is also strict, the government has set up a professional
team responsible for chemicals supervision (Hashimoto et al. 2017). Japanese enter-
prises pay attention to cultivating safety awareness and encouraging employees to
participate in safety management (Hsu et al. 2008). To identify and handle hazardous
chemicals, the European Union created the Classification and Labelling Inventory
(C&LI) database that contains substances information received from the notification
and registration of manufacturers and importers (Oltmanns et al. 2014). In 2007, a
policy on the “Registration, Evaluation, Authorization, and Restriction of Chemi-
cals” (REACH) was implemented to create a unified chemical management system
within the European Union. As a regulation for the preventive management of chemi-
cals, REACH limits the market access, use, and manufacture of hazardous chemicals.
To manage the safe transportation of hazardous chemicals under a globally unified
framework, the United Nations Committee of Experts on the Transport of Dangerous
Goods issued the “Recommendations on the Transport of Dangerous Goods Model
Regulations” and constantly revised it during implementation.

The safety management of hazardous chemicals in China is still in the develop-
ment stage compared to developed countries. More than ten departments, such as
safety supervision, transportation, and environmental protection, are in charge of
the supervision and management of hazardous chemicals safety. The Regulations
of Safety Management on Hazard Chemicals newly revised in 2011 further clari-
fied the responsibilities of relevant departments. In 2016, China proposed that the
chemical sector implements the dual-preventive mechanism for risk grading control
and hidden danger investigation and management, focused on curbing major acci-
dents and moving forward risk control. In 2019, to improve the safety manage-
ment level of chemical parks and hazardous chemical enterprises, the Ministry of
Emergency Management formulated “Guidelines for Hazardous Chemical Enter-
prise Safety Risk Investigation and Governance” and “Guidelines for Chemical Park
Safety Risk Investigation and Governance (Trial)”.
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Even though the international safety management system for hazardous chemicals
has steadily improved, the risk of chemical accidents persists as long as particular
industries employ large quantities of hazardous substances. The development of the
dangerous waste exemption system lacks more research and practice, and chemical
enterprises need more mature hazardous waste disposal technologies. In addition,
the potential hazards of release accidents such as equipment aging and maintenance
failure still threaten the safety of hazardous chemicals. As a result of these reasons,
while industrialized countries have succeeded in reducing the casualties caused by
the vast majority of chemical accidents, they keep facing the catastrophic risk caused
by chemical hazards.

2.6.1.2 Challenges in Management

In the statistics of this chapter, there were over 5200 hazardous chemical leakage
accidents in China during 2009-2018. Even though the number of such accidents
shows a downward trend in recent years, the occasional occurrence of extraordinarily
serious HCLAs has inflicted massive loss of life and property. In China, the safety
management of hazardous chemicals is still in the face of several challenges as
follows:

(1) Imperfect legal system governing hazardous chemical management. For now,
the “Law on Work Safety” served as the basic law to supervise and manage
hazardous chemicals in China, which is too general to possess sufficient enforce-
ment standards and operability. Specific laws, regulations, and rules for produc-
tion safety in the chemical industry, including the “Hazardous Chemical Safety
Law”, have been gradually formed around the “Law on Work Safety”. However,
to solve special safety problems in other fields, specific legislation such as the
“Fire Control Law” and “Road Traffic Safety Law” also puts forward require-
ments for the safety management of hazardous chemicals. Therefore, it is
inevitable to have overlapping and cross-cutting problems in the division of
responsibilities for hazardous chemicals management, and the standards are
difficult to unify (Tang et al. 2015).

(2) Weak government regulation (Zhang and Zheng 2012). The government insti-
tutional reform in 2018 integrated the relevant responsibilities of 13 disaster-
related departments and established the national emergency management
department. In addition to the comprehensive supervision and management
of safe production such as hazardous chemicals, the responsibility scope of
the emergency management department also includes the prevention and emer-
gency rescue of fire, natural disasters, and others. As a result of this situation,
there is a lack of emergency management personnel at the grass-roots level who
are familiar with hazardous chemical supervision and have professional skills,
causing the safety management functions to weaken. Furthermore, emergency
management, transportation, public security, railway, civil aviation, ecological
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environment, and other departments respectively undertake the safety super-
vision responsibilities related to the production, storage, use, operation, trans-
portation, disposal, and other links of hazardous chemicals. This condition leads
to the unclear implementation of responsibilities in all links and the imperfect
law enforcement system.

Improper selection of pipeline laying locations and factory (industrial park)
sites. The regional population structure of developing countries, such as China,
has changed considerably as national urbanization has progressed. Some plant
site selection and pipeline laying in terms of hazardous chemicals without long-
term planning may be close to or pass through densely populated areas in the
process of local development, resulting in a high evacuation rate of HCLA in
China.

Insufficient management level of hazardous chemical enterprises. By 2019, there
were nearly 300,000 production and operation units of hazardous chemical and
over 850 chemical industrial parks in China. However, the current enterprise
safety management system cannot adapt to the rapid development of the chem-
ical industry, which makes it awkward to implement the main responsibility
of safety production. As the majority of China’s chemical enterprises, small-
and medium-sized chemical enterprises have frequent safety problems due to
insufficient safety investment and weak safety awareness of employees. In addi-
tion, the chemical process is very complex and involves a variety of hazardous
materials, requiring employees to have professional skills. Therefore, the lack
of professionals is also one of the reasons for the insufficient level of hazardous
chemical management.

Immature emergency management of HCLA. As the chief basis for guiding the
implementation of emergency protection measures, the emergency plan covers
limited accident scenarios. After an unconventional HCLA, the emergency plan
is ineffective for the complex and changeable situation. Moreover, roads and
civilian residences are also at risk of HCLA. Due to the lack of public awareness
and attention to hazardous chemicals, it is impossible to carry out an effective
emergency response to the leakage of hazardous chemicals.

The aging of equipment and facilities. The failure rate of the equipment at
different stages of its life is shown as the bathtub curve. Due to the fatigue, aging,
and wear, the failure rate of equipment increases rapidly with the extension of
time, which is easy to cause HCLA.

2.6.1.3 Future Tasks

According to the statistical characteristics analysis of HCLAs in China from 2009 to
2018, drawing on superior management experience in terms of hazardous chemicals,
this chapter puts forward LGCETE guidelines to strengthen hazardous chemicals
safety management. As shown in Fig. 2.25, LGCETE guidelines cut down the risk
of hazardous chemicals from legal regulation, government supervision, corporate
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responsibility, emergency management, technical improvement, and environmental
protection.

(1) Legal regulation

Hazardous chemical management is predicated on perfect legal regulation. Refer-
ring to the successful management cases of developed countries and the lessons
learned from major historical accidents, the management of hazardous chemicals in
developing countries requires a comprehensive framework of legislation and unified
management standards on hazardous chemicals (Russell et al. 1998; Zhao et al.
2013). In China, for example, the improvement of the safety laws and regulations
system of hazardous chemical safety shall take the “Law on Work Safety” and “Law
on Hazardous Chemical Safety” as the main body of the legislative framework and
supplement by local and departmental regulations.

(2) Government supervision

Government supervision is a powerful guarantee for the implementation of hazardous
chemicals management. To begin with, the government should perform a complete
inquiry into hazardous chemicals within its jurisdiction and strengthen the infor-
mation monitoring system for the entire life cycle of hazardous chemicals. With
the help of information collecting, the regulatory authorities should establish a risk-
based regulatory model to implement policies accurately and realize the dynamic
risk management of hazardous chemicals (Aneziris et al. 2017). While expanding
the scope of supervision and inspection, the key areas such as dangerous waste should
become the supervision focus. Secondly, aiming at improving the overall level, the
construction of a safety supervision team of hazardous chemicals should strengthen
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Fig. 2.25 LGCETE guidelines for safety management of hazardous chemicals
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the capability of grass-roots teams and develop professional teams. Furthermore,
actively organizing various forms of publicity and education activities is also one of
the tasks of the regulatory authorities to enhance people’s attention and awareness
of the safety of hazardous chemicals. For example, some local governments have
produced videos and posters to promote the prevention and treatment of domestic
gas leakage. It is available in the future to create a cloud publicity platform based
on internet technology, which teaches the public online about characteristics and
safe disposal methods of hazardous chemicals to boost their accident prevention and
response capacities (Smolders et al. 2014; Nakai et al. 2017).

(3) Corporate responsibility

The corporation is fully responsible for the safety management of hazardous chem-
icals in its unit, and strengthening the main responsibility of the corporation plays a
vital role in reducing accident risk (Aneziris et al. 2017). First of all, for enterprises,
a perfect safety management system of hazardous chemicals can promote the strict
implementation and continuous improvement of various management measures.
Cluster management should be implemented among chemical enterprises in the
same industrial chain or adjacent location to build a unified safety management
system and strengthen communication and cooperation on risks. Within the enter-
prise, the responsibilities of relevant departments and employees should be clarified
in safety management and an accident accountability system should be established
to strengthen execution (Zhang et al. 2020). Another crucial duty of the enterprise is
to enhance the professional quality and access conditions of employees with the help
of the training and evaluation system (Li et al. 2020). Furthermore, the dynamic risk
assessment system in the enterprise can function as a self-inspection tool to elimi-
nate the potential hazards in time. In the production process, enterprises should attach
importance to equipment maintenance and install a real-time monitoring system to
timely replace the aging equipment (Kockmann et al. 2017). At last, the construction
of an enterprise safety culture should be promoted along with a correct safety concept
and the high safety awareness of all employees.

(4) Emergency management

Emergency management systems in some developing countries such as China are
still in the early stage of construction. Hence, numerous difficulties still exist in
preventing and mitigating the risk of hazardous chemical accidents. Firstly, under
the concept of being people-oriented, the emergency management department should
form a scientific emergency plan system. The emergency rescue base and team need
a reasonable planning layout based on the hazardous chemical distribution map and
regional development (Dou et al. 2019). Disaster mitigation is a priority to avoid
secondary catastrophes throughout the emergency response phase (Smolders et al.
2014). Secondly, to improve emergency management ability should promote cooper-
ation with the third-party professional rescue team based on a professional emergency
team, sufficient capital investment, and high-quality talents. At last, an intelligent
emergency management system is the development prospect of emergency manage-
ment to realize resource sharing based on internet technology, helping emergency
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decision-makers quickly select emergency plans suitable for the dynamic scenario.
High and new technology like UAV's and fire robots can perform emergency rescue
tasks that human beings cannot complete; social software, news media, and other
tools can disseminate early warning information (Dou et al. 2019).

(5) Technical improvement

With the application of new technologies in the chemical industry, the safety level of
hazardous chemicals has been significantly improved (Chikhalikar and Jog 2018).
The implementation of automation transformation in the factory contributes to
reducing the accident risk caused by human error. Vehicles transporting hazardous
chemicals need to keep stable during transportation to prevent road accidents (Liu
et al. 2005). The system information management of hazardous chemicals pipeline
transportation relies on the information platform provided by the urban pipe network
database to provide a blueprint for urban planning and construction (Dou et al. 2019).
Gas detection and alarm devices can be widely used in residential buildings for fewer
gas leakage accidents.

(6) Environmental protection

Environmental pollution is one of the principal threats facing the globe today. Both
accidental leakage of hazardous chemicals and intentional discharge of hazardous
wastes are significant sources of pollution (Cao et al. 2018). The notion of sustainable
development points out that the precondition for the safety management of hazardous
chemicals is environmental protection. The capability of a country to control envi-
ronmental risks depends on the management level of hazardous chemicals and the
response efficiency in dealing with environmental pollution events (Chan et al. 2015).
As aresult, legislation needs to clarify the critical role of environmental protection in
the safety management of hazardous chemicals (Vogel and Roberts 2011). To meet
national standards, enterprises should increase their investment in environmental
protection resources, strengthen environmental monitoring (Chiang and Roy 2012),
and improve the response mechanism for environmental emergencies. In particular,
hazardous waste discharge should be closely regulated. Green chemical processes and
transforming the dangerous waste into resources are possible measures to mitigate
the environmental threat posed by hazardous waste.

2.6.2 Emergency Protection Action in HCLA

2.6.2.1 Status and Challenges

Guiding the public to carry out emergency protection immediately after the occur-
rence of HCLA is the crux to minimize casualties and property losses (Georgiadou
et al. 2010). In many European countries, the recommended emergency protec-
tion approach is to direct people to take shelter on the spot; however, in China,
the most common decision is to evacuate the surrounding population. The United
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States, Canada, and other countries joined to formulate the Emergency Response
Manual to determine the selection criteria for emergency protection actions in specific
hazardous chemical accidents. In China, the “Method on Determination of Emer-
gency Planning Zone for Major Accident of Toxic Gas Leakage (GB/T 35622-2017)”
provides a reference for the specific implementation of public emergency protection.
Researches choose emergency protection actions based on massive calculations and
explicit initial parameters of leakage, which are hard to operate in reality. Further-
more, some scholars have studied the public risk perception and decision-making
behavior in emergencies from the perspective of sociology and psychology (Mccaf-
frey et al. 2018). However, the accidents studied in existing research are mainly
natural disasters like building fires, hurricanes, or earthquakes instead of hazardous
chemical leakage, leading to research results that are not entirely appropriate for
public emergency response in HCLAs.

In HCLA, the issue of public emergency protection actions exists many challenges
as follows:

(1) Due to its toxicity, explosion, or flammability, the leakage of hazardous chem-
icals is prone to induce secondary disasters as the accident evolves. Once the
leakage spreads in factories (industrial parks) storing massive hazardous chem-
icals, a domino effect could result in more significant disasters. This situa-
tion highlights the importance of the optimal decision on emergency protection
action and guidance strategy for the public in the accidental leakage of hazardous
chemicals.

(2) With the evolution of the accident, the scope of public emergency response may
enlarge, which requires decision-makers to adjust the notification scope and
content of warnings dynamically (Gai et al. 2017). Today, the rapid develop-
ment of communication technology provides diversified channels for emergency
notification and enriches guidance strategies (Bao et al. 2020). However, the
ubiquity of modern media technologies, including network communication and
mobile phones, also creates a platform for the propagation of disaster rumors,
which may hamper rescue operations.

(3) The current relevant requirements and standards lack clear terms and technical
routes for emergency protection actions. The types of hazardous chemicals, the
location of the accident, and the objects to be evacuated all have an impact on
the effectiveness of emergency response actions (Hou et al. 2020). If the evacu-
ation is blindly selected after the leakage of hazardous chemicals, a collapse of
evacuation traffic may occur and cause additional casualties (Wang et al. 2013).

(4) Many researchers have achieved significant advances in assessing accident risk,
formulating emergency plans, and preventing disasters in terms of hazardous
chemicals (Pittinger et al. 2003; Dakkoune et al. 2018), but poor focus on emer-
gency response decision-making problems in HCLA. As a result, the formu-
lation and evaluation of emergency plans and drills in hazardous chemical
management still lack a sufficient theoretical basis.
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2.6.2.2 Development Trend of Emergency Protection Action in HCLA

In an emergency, warning information improves the risk perception in public as the
impetus for emergency protection actions. Due to the dynamic nature of warning
dissemination, it is more suitable to predict the risk perception level of the public
in a time-based emergency information dissemination model. On this foundation,
the model simulation can analyze the public behavioral tendency in the scenarios of
HCLA.

Based on the development of information technology, smart city has become a
new frontier of urban construction research. The dynamic model of public emergency
response can be developed utilizing data mining, complex networks, and other tech-
nologies, thanks to the opportunities in smart city building. In addition, artificial
intelligence can be applied to verify decision-making models of emergency protec-
tion behavior, which uphold the theory of public emergency protection behavior in
HCLA (Dou et al. 2019).

When determining evacuation procedures, guiding the public to the destination
in the shortest time is the crux of ensuring safety. First, based on the features of
hazardous chemical leaks, the risk assessment of public evacuation actions should be
undertaken from the perspectives of health implications and social impact. Integrated
with the regional features of the accident location, the minimization of the evacuation
time can be implemented by optimizing many aspects such as vehicles, evacuation
routes, media guidance, and others. Establishing an intelligent guidance system for
public emergency shelters can enhance evacuation efficiency and lessen the risk to
rescue workers. For example, intelligent guidance robots can serve as evacuation
guides and crowd monitoring.

The public emergency protection theory involves management, behavioral
science, psychology, social science, engineering, and other multi-disciplinary
concepts. As a result, optimizing the public emergency behavior guidance strategy
should adopt multi-objective optimization and heuristic solutions. Meanwhile, it is
necessary to improve the implementation of the public emergency protection actions
in HCLA and attach importance to the theoretical system construction of public
protection.

2.7 Conclusions

This chapter introduces the characteristics of hazardous chemical leakage accidents
(HCLASs) in China and the emergency evacuation response caused by them. Drawing
on accident data acquired from the China Chemical Information Net, we extract
relevant information from the 5207 HCLAs and 157 evacuation events caused by
some HCLAs in China from 2009 to 2018. Since 2015, the frequency of HCLAS in
China has been declining. However, massive casualties have happened on occasion,
and the frequency of HCLA is inconsistent across China’s east and west. From 2016
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to 2018, the HCLAs mortality remained within 10%. From April to October, the
frequency of HCLAs is higher, especially in July and August.

HCLASs are most common in road and pipeline transportations, while the highest
mortality occurs in factories (industrial parks) and civil residences. In road trans-
portation, HCLAs are more likely to occur between 6:00-10:00 a.m. and 3:00 p.m.,
and the period with high mortality is 0:00-5:00 a.m. Improper pipeline construction
is the leading cause of pipeline transportation accidents. Our future research direction
is to unify the risk assessment criteria and make a comparative analysis of “individual
risk” and “social risk” under different transportation channels. The rate of HCLAs in
factories (industrial parks) is reducing continuously, and the mortality is decreasing
from the overall trend. The HCLASs in civilian residences are most caused by fuel
gas, among which the mortality of coal gas leakage is the highest, reaching 20.9%.

Most of the evacuations caused by HCLAs occur in rural areas, which mainly
involve extra-small-scale evacuation. Nearly 70% of evacuations can be finished
within 60 min. The locations of the HCLA and categories of hazardous chemicals
leaked have a substantial impact on the evacuation level.

Saving lives is the first priority. Many governments now place a premium on the
proper management of hazardous chemicals. However, certain developing countries,
such as China, continue to face challenges in this area, such as inadequate rules,
gaps in government oversight, a high number of firms, and a low degree of safety
management. In addition, in the case of hazardous chemical leaks, the study on public
emergency protection actions and guidance strategy is insufficient to satisfy the needs
of public safety. To this end, the six dimensions of LGCETE guidelines proposed
in this chapter point to the future tasks of hazardous chemical safety management
that give prominence to the development trend of emergency protection actions. The
research results can function as a guide to improving hazardous chemical safety
management in China and a reference for the growth of hazardous chemical industry
in other nations. In addition to evacuation, shelter-in-place is also an important public
protection action in major chemical accidents. In the following chapter, we will study
how to balance these two protection actions.
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Chapter 3 )
Shelter-In-Place Risk Assessment ek
for High-Pressure Natural Gas Wells

with Hydrogen Sulfide

3.1 Introduction

In the previous chapter, we conducted a systematic statistical analysis of historical
accident data. When a hazardous chemical accident occurs, should the public in the
threatened area choose to evacuate or take refuge in place to minimize the risks
that the accident brings to themselves? In this chapter, we will study the application
of risk assessment methods in public protection decision-making and emergency
management.

Because the nature gas is the most important source of clean energy, in recent years,
with the government’s increasing attention to environmental protection, China’s
demand for natural gas is increasingly growing. At present, many high-sulfur gas
fields in China have entered the large-scale development stage, but due to the lack of
targeted risk control and measures for safety, many accidents have occurred one after
another in the stage of drilling and completion, such as hydrogen sulfide poisoning
and out-of-control blowout. These accidental could cause huge economic losses,
personal injuries, and environmental pollution (Xu and Fan 2014).

In general, most sulfur-containing high-pressure gas wells are built in moun-
tainous and hilly areas, especially in China, where the altitude of gas wells is usually
300-600 m (Xu and Fan 2014). High pressure, high sulfur content, and complex
geological conditions are easily to cause accidents. For example, on December 23,
2003, in Kaixian County, Chongqing, a well blowout accident occurred in Luojia
16 H well. The accident affected more than 93,000 people, caused 65,000 people
evacuated, and killed 243 people; on March 25, 2006, a blowout accident occurred in
Luojia 2 well in Kaixian County, Chongqing, more than 10,000 people were evacu-
ated; in Deyang Xinchang Gas Field, Sichuan Province, an accident occurred in well

This chapter is a reprint with permission from Elsevier. Gai, W.M., H.J. Jia, X.J. Xi, and Y.F. Deng.
2020. Shelter-in-place risk assessment for high-pressure natural gas wells with hydrogen sulphide
and its application in emergency management. Journal of Loss Prevention in the Process Industries
63: 103993. https://doi.org/10.1016/j.j1p.2019.103993.

© Science Press 2022 55
W. Gai and Y. Deng, Emergency Guidance Methods and Strategies for Major Chemical
Accidents, https://doi.org/10.1007/978-981-19-4128-3_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4128-3_3&domain=pdf
https://doi.org/10.1016/j.jlp.2019.103993
https://doi.org/10.1007/978-981-19-4128-3_3

56 3 Shelter-In-Place Risk Assessment for High-Pressure Natural Gas ...

926-2 on May 19, 2009, in which blowout led to an evacuation of more than 1000
households.

For the blowout accident of hydrogen sulfide high-pressure natural gas well, the
common public protection measures include evacuation, shelter-in-place, and respi-
ratory protection (Georgiadou et al. 2010; Gai et al. 2018; Gai and Deng 2019).
However, it is difficult to provide personal protection for each individual when the
accident affects the large numbers of the public. Therefore, once accidents occur,
evacuate the affected public in time is the fundamental way to protect the public
(Yin et al. 2010; Yang et al. 2013; Zhang et al. 2017; Gai et al. 2017). In many
cases, due to the long-term preparation and implementation process, the public may
also be exposed to toxic clouds during evacuation (Rogers et al. 1990). Therefore,
sheltering-in-place in their homes or specific places of refuge may be more reliable
and effective. If the emergency shelters cannot let all the public shelter-in-place,
local residences can also be considered, but it is necessary to determine whether the
shelter meets the requirements of safety (James and Calvin 2005).

Shelter-in-place is a strategy to reduce human exposure to toxic gas in a leakage
accident. If people shelter in buildings instead of outdoors, their exposure to radiation
may be reduced (James and Calvin 2005). Wilson (1988) assessed the variability
of the effectiveness of indoor shelter and found that the variability of buildings
led to the difference in house air leakage rates between Canada and the United
States, which was about twice the average. Rogers et al. (1990) published Evaluating
Protective Actions for Chemical Agent Emergencies, which is an extensive report
that involved an evaluation of the shelter-in-place strategy. James and Calvin (2005)
provided a method assessing the effectiveness of expedients in place to prevent
airborne hazards, as outlined in America. However, the evaluation of the effectiveness
of sheltering-in-place cannot provide a direct reference for emergency preparedness
or decision-making of emergency responses.

At present, the quantitative risk assessment (QRA) for major hazards has attracted
considerable attention, and the aim of QRA is limiting potential risks to a given range.
Although QRA-related research started late in China, great progress of accident prob-
ability and consequence analysis has been obtained. (Xu and Fan 2014). For example,
based on the accident probability analysis of fault tree simulation and the accident
consequence analysis of high-pressure sour gas wells in drilling and completion
stages, the evaluation framework of individual risk calculation was proposed (Xu
and Fan 2014). The simulation of H,S gas diffusion process in blowout accidents is
also analyzed (Wu et al. 2009). However, when analyzing the consequences of the
accident, most of them focus on the individual exposure risk in a certain place and do
not consider the impact of individual emergency protection behavior on individual
risk, so they are unable to provide an effective recommendations from the point of
the public’s emergency protection, in order to analyze how the public prepare for
refuge in advance under normal circumstances, or whether to choose shelter-in-place
as protection action in case of emergency. Combined with accident probability anal-
ysis, accident consequence analysis, and the impact of different individual emergency
response actions on individual risks, it is a scientific and effective solution to evaluate
the safety level of alternative emergency protection measures.
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Through the accident probability analysis, the accident consequence analysis
based on the calculation of gas concentration inside and outside the buildings
for sheltering-in-place, and probability analysis of the corresponding emergency
response action during refuge, this paper focuses on an assessment method of indi-
vidual risk calculation after emergency protection measures, sheltering-in-place, for
blowout accident. And a case study in China is performed and analyzed.

3.2 Risk Assessment of Sheltering-In-Place

Individual risk is often defined as the probability that an average unprotected person,
permanently present at a certain location, is killed due to an accident resulting
from a hazardous activity (Jonkman et al. 2003). Obviously, the above definition
of individual risk is not applicable to the individual risk calculation after adopting
emergency protective measures. In order to evaluate the effectiveness of sheltering-
in-place as an emergency response to a hydrogen sulfide high-pressure natural gas
well blowout accident, this chapter proposes the concept of in situ hedging, which
is defined as the probability of death of a person ordered to shelter-in-place in a
building due to accidents caused by hazardous activities.

Studies have shown that after the emergency protection order is issued, a certain
proportion of people are in a wait-and-see state and do not take designated emergency
protective actions (Mccaffrey et al. 2018). Therefore, the shelter-in-place risk can be
estimated by integrating the following two indicators: The first is the health conse-
quences of an individual taking an emergency action on a shelter-in-place emergency
order issued by the emergency decision-maker P;, and the second is the probability
fi of the corresponding emergency response action.

The shelter-in-place risk can be estimated as follows:

SR=)fipi 3.1

where i represents the ith emergency response action of the individuals, i =1, 2, ...,
m.

3.2.1 Probability Calculation of Individual’s Emergency
Response Action

The probability i associated with an individual emergency response action can be
calculated as follows:

fi=F-r (3.2)
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where F is the accident probability. When F = 1 means the accident has occurred,
and F can be estimated by fault tree analysis and statistical analysis if the accident
has not occurred (Xu and Fan 2014). r; is the probability that people will take certain
response actions after issuing emergency orders of sheltering-in-place, such as nega-
tive (in situ) and positive (sheltering-in-place in a building). Such probability can be
obtained by investigating the public’s emergency response in accidents.

3.2.2 Health Consequences Analysis

3.2.2.1 Accident Scenario Simulation

Once a blowout accident occurs in high-pressure natural gas wells containing
hydrogen sulfide, a large amount of toxic gas (mainly is hydrogen sulfide) is diffused
in the atmosphere along the horizontal and vertical directions, and its diffusivity
is mainly affected by factors such as release rate, wind (speed and direction),
atmospheric stability, and topography (Papazoglou et al. 1992).

The prediction of toxic gas diffusion based on different gas diffusion models can
provide a basis for health consequence estimation and emergency response zone
determination. CFD model can be used to simulate the diffusion of heavy gas, which
is the most accurate technique for simulating the airborne transport of pollutants
(Pontiggia et al. 2010; Epstein et al. 2011; Li et al. 2015). Therefore, in this chapter,
in order to achieve a compromise between the accuracy and performance, the CFD
model was used in toxic gas diffusion prediction.

3.2.2.2 Estimation of Toxic Gas Concentration

The outdoor toxic gas concentration in affected areas can be calculated according
to the gas diffusion model mentioned in Sect. 3.2.1. Based on this, the indoor gas
concentration can be calculated by the following equation (Chan 2006):

dein (1)

= (o) = cin(0) (3.3)

where ci,(¢) is the concentration of indoor toxic gas at time #; coy(?) is the concen-
tration of outdoor toxic gas at time ¢; and e is a constant, the air exchange rate of
the building, which can be measured by the air exchange rate test (James and Calvin
2005).
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3.2.2.3 Estimation of Death Probability

In the case of blowout of high-pressure gas well containing hydrogen sulfide, the
appropriate model corresponding to each point in the area can be used as a function
of time to calculate the spatial and temporal distributions of extreme conditions
(Georgiadou et al. 2007; Zhou and Liu 2012). Therefore, according to the profile,
the probability of individual death P; (x, y) at a specific leakage location (x, y) during
the time interval At can be obtained according to the probability function (Crowl
and Louvar 2001):

Pr = k1+k2 ll’l(DZ) (34)

where D; is the lethal dose. And for those who have taken sheltering-in-place, D;
can be calculated according to the following formula:

D, = / cin(0)dr (3.5)
At
For those who are staying in place outside, D;can be estimated as follows:
D = [ conteras (36)
At

More specifically, Eq. (3.7) used to convert a given “probit” value to the percentage
affected in the spreadsheet calculation (Zhou and Liu 2012) is:

_ V-5 |V — 5]
P = 50|:1 + = 5|erf< 7 )i| (3.7

3.2.3 Determination of Acceptable Risk Level

Toreduce the risk, a widely accepted standard is set for individual risk according to the
As Low As Reasonably Achievable (ALARA) guideline (also known as the As Low
As Reasonably Achievable (ALARP) Guidelines) (Aven and Vinnem 2005; Zhou
and Liu 2012; Xu and Fan 2014). Under the ALARA criterion, risks can be divided
into three areas: intolerable area, widely acceptable area, and the area in between,
which is called “acceptable” area or “ALARP” area. For emergency decision-makers,
based on the results of the shelter-in-place risk assessment, they can further determine
whether additional risk mitigation measures should be used in peacetime emergency
management, or which public protection actions should be selected in an emergency.
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Fig. 3.1 Flowchart of shelter-in-place risk analysis and assessment for high-pressure sour gas wells

Figure 3.1 shows the risk assessment process of shelter-in-place for high-pressure
sour gas wells.

3.3 Case Study

A well named XX is located in Xuanhan County, Sichuan Province, China. The
elevation of the well site is 559 m, and the three sides are mainly reclaimed. There
are few forests and primitive landforms. The southeast side is mainly shallow hills
and hills, with an elevation drop of 100 m. The maximum open flow rate of the XX
well is 438.5x 10* m3/d, containing 14.71% hydrogen sulfide (volume content).
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3.3.1 Preliminaries

3.3.1.1 Estimation of Accident Consequences

The wind speed is 1 m/s, according to local conditions. The CFD model was used for
simulation calculation. According to the maximum unobstructed flow in the cluster
well, the estimated leakage is 438.5 x 10* m3/d. At the same time, 8 wind directions
were calculated, to obtain the most remote diffusion distance (the farthest point of
the diffusion). According to the above leakage parameters, the diffusing amount of
H,S was calculated with 8 wind directions, corresponding to the longest distance of
each concentration.

Figure 3.2 shows the calculation results. It can be evidently seen that the diffusion
distance of hydrogen sulfide gas was closely related to the prevailing wind direction.
In the downwind direction, the dispersion distance was much shorter. For example,
it can be seen from Fig. 3.2a that 7.5 min after the leakage, 100 ppm concentration
of hydrogen sulfide diffuses to 535 m, 300 ppm to 470 m, and 1000 ppm to 385 m. In
addition, the east side of well XX had the farthest hydrogen sulfide diffusion distance.

Table 3.1 shows the longest dispersion distance of H,S release at 1000 ppm in
each direction at various times. The table shows that the longest dispersion distance
of the 1000 ppm H,S release was approximately 1000 m.

3.3.1.2 Air Exchange Rate Test of the Local Residences

Because there are only a limited number of shelters near the XX well, once a blowout
accident occurs, a large number of the public will be affected, and it becomes diffi-
cult to effectively shelter-in-place. The residences can provide shelter-in-place if
the residences provide adequate protection. However, to assess the effectiveness of
shelter-in-place use of residential buildings, it is necessary to test the air exchange
rate of the residences. The value of air exchange rate e is only related to the porosity
of the building structure under a certain external wind speed and temperature. For
buildings used for sheltering in the air exchange rate test, coyy = 0. According to
Eq. (3.3), the air exchange rate e can be calculated by integrating Eq. (3.7) (James
and Calvin 2005),

Incj! —Inc?
o= —r——* (3.8)
2— 1

where ¢{\ and c¢i> are the volume fractions inside the sheltering building at time #;
and time ?,, respectively, and both can be measured via the test.

In conclusion, a local house (used as a temporary shelter) was tested for gas
tightness against H, S leakage caused by a well spray accident. SF¢ gas with a purity
of 99.99% was selected as the infrared trace gas, and the quantitative infrared SFg
detector was used in the experiment. Here, the most representative houses in the area
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Fig. 3.2 Dispersion of H,S in different periods after the accident a 7.5 min; b 15 min; ¢ 30 min;
d 45 min

Table 3.1 Maximum

diffusion distance of Time/min Dispersion distance of H,S of 1000 ppm/m

1000 ppm hydrogen sulfide 7.5 385
release at different times after 15 747
the accident 30 070

45 116

were selected for the air exchange rate test. For each experimental building, involved
different kinds and ages, the main bedroom with doors and windows was selected as
the measurement object.

The tests found that the brick-tile buildings were not suitable for use as emergency
shelters, as they had the highest air exchange rate at 16.616%/min. In addition, the
air exchange rate is not only related to the opening or closing of doors and windows,
but also closely related to their status. The air exchange rate of them would be lower
if intact or sealed.
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Fig. 3.3 Relationship between air exchange rate and the age of the house

The test results of air exchange rate of local residences of different ages in the
study area are shown in Fig. 3.3. We can see that the 30—year—old house has the
largest air exchange rate. For houses in good condition, the air exchange rate under
20 years can be less than 4%/min, and the air exchange rate under 3—13 years should
be less than 2%/min. Therefore, the air exchange rate can be controlled below 2%/min
if protective measures are properly formulated.

3.3.1.3 Health Consequence Analysis of Staying Indoors and Outdoors

According to the test results of the 4.3.1 simulation calculation, it can be found out
that the hydrogen sulfide release of 1000 ppm diffuses farthest with the westerly
wind. Therefore, assuming the wind direction is west wind, the risk analysis will
be carried out on the sheltering of the local residential buildings in the downwind
direction about 300, 500, and 1000 m away from the XX well. If the air exchange
rate of these houses is 2%/min, the distributions of hydrogen sulfide concentration
outside and inside the residential house are shown in Fig. 3.4.

From Fig. 3.4, after the outdoor hydrogen sulfide dissipates, the hydrogen sulfide
concentration in the house is still very large. From Fig. 3.4c, we can see that the
concentration outside the residential area reaches 250 ppm at 1000 m, which may
be harmful to the humans, but the concentration inside the house does not exceed
50 ppm, which would not be harmful to humans.

The cumulative mortality probability was calculated from the concentration distri-
butions and Egs. (3.3) and (3.4), as shown in Fig. 3.5. In Fig. 3.5a, the probability of
mortality exceeds 80% within 40 min of the accident. This suggests that in the event
of such an accident, a house within 300 m of the gas leak is not suitable for shelter.
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In addition, for residents near 300 m, the probability of mortality will rise rapidly
from nearly 0-20% within 20 min after the accident.

According to Fig. 3.5b, when such an accident occurs, if the occupants located
within 500 m from the gas leak shelter in their residential houses, the maximum
probability of death would not exceed 6x 10~°. The death probability would become
0 if they take shelter in a house located 1000 away from the leakage, as shown in
Fig. 3.5c.

3.3.2 Results of Shelter-In-Place Risk Assessment

Assuming that residences with an air exchange rate of 2%/min are used for sheltering-
in-place, according to Egs. (3.4), (3.5), and (3.6), by analyzing the indoor and outdoor
toxic gas concentrations of 300, 500 and 1000 m, the health consequences of those
who shelter-in-place or not take emergency protection measures are calculated. The
results are shown in Table 3.2.

3.3.2.1 Results for Emergency Management Under Normal Conditions

Referring to the blowout accident probability in scanpower database, in the
emergency management of high-pressure natural gas wells containing hydrogen
sulfide under normal circumstances, the blowout accident probability is 8.71x 1074,
Assuming that the emergency response probability of the public is between 0 and
100%, combined with the data of health consequences and accident probability
mentioned above, the risk of sheltering in the local residences at 300, 500, and
1000 m in downwind direction of the XX well can be calculated (Fig. 3.6).

The distances corresponding to the individual evacuation risks are assumed here
to be 1075/a and 10~%/a, which are chosen as the boundaries between the risk areas
which are defined by ALARP. According to Fig. 3.6, under normal conditions, for
high-pressure natural gas wells, the shelter-in-place risk assessment of emergency
management is as follows:

(1) For the individuals who are about 300 m away from the XX well in the down-
wind direction, even if emergency response is 100% carried out, the risk of
shelter-in-place is still higher than 10~>/a, which is unacceptable. Therefore, if
people in this area do not have enough time for safe evacuation, it is suggested
to formulate risk mitigation measures in daily emergency management, such
as to establish more efficient emergency shelters and increase the reserve of
emergency resources, such as respiratory protective equipment, rescue vehicles.

(2) Fortheindividuals who are about 500 m away from the XX well in the downwind
direction, if the probability of the public’s emergency response is less than
99.3%, the risk of shelter-in-place would become unacceptable, which exceeds
1075/a. Therefore, if the population in this area does not have enough time for



66 3 Shelter-In-Place Risk Assessment for High-Pressure Natural Gas ...

Fig. 3.5 Cumulative
mortality probability of HpS
in the houses at 300, 500,
and 1000 m away from the
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Table 3.2 Individual risk: Health consequences of people performing different emergency protec-

tive actions
Distance to the wellhead/m 300 500 1000
Outside-the-house death probability 1 0.98 8.3x107°
Death probability inside the house 0.085 6x107° 0
Individual risk outside the house 8.71x107* | 8.54x10™* | 7.23x 1078
Individual risk inside the house 74x1075 523%x1072 |0
Time required for reaching the death rate of 5% outside | 2 6 00
of the house/min
Time required for reaching the death rate of 5% inside |40 00 00
the house/min
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Fig. 3.6 Results of the risk evaluation of shelter-in-place for emergency management under normal

situ
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safe evacuation, itis recommended to formulate risk mitigation measures in daily
emergency management, such as increasing emergency drills and training for
the population in the area to improve self-rescue and mutual rescue capabilities.
For the individuals who are more 1000 m away from the XX well in the down-
wind direction, the shelter-in-place risk is below 107%/a, which is negligible. In
this case, for buildings with air exchange rate not higher than 0.02, risk mitiga-
tion measures can be ignored temporarily. For the cases that air exchange rate
higher than 0.02, if emergency managers does not have enough time to safely
evacuate the people, it is necessary to formulate risk mitigation measures for
them, such as enhancing the air tightness of the houses in the area or providing
more respiratory protection equipment.

However, as can be seen from Table 3.2, if the traditional individual risk calculation

method is followed, the risk for sheltering-in-place can be neglected for the crowd
in the downwind direction at a distance of not less than 500 m from XX well, due
to the fact that the corresponding individual risk in the house is less than 107%/a.
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Clearly, because the calculation of individual risk does not consider the fact that
some individuals disobeyed the emergency order to shelter-in-place, this probably
underestimates the risk of individuals who sheltered in place approximately at a
distance of 500 m downwind from the XX well.

3.3.2.2 Results for Emergency Management in Emergencies

If the probability of an accident is 1, i.e., an accident has happened, the evaluation
result of the shelter-in-place risk can also be used as a guide for emergency decision-
making. The risk of shelter-in-place can also be derived using the above method for
the corresponding scenario, as shown in Fig. 3.7. Emergency decision-makers can
give an acceptable level of risk. It is assumed that the distances that correspond to
the risks of evacuation for individual 0.05 and 10~* are selected by the emergency
decision-makers as the borders between risk areas. According to Fig. 3.7, the risk of
sheltering-in-place is assessed as follows:

(1) For individuals located approximately 300 m downwind from the XX well, the
risk of sheltering-in-place continues to be unacceptable in spite of a 100% proba-
bility of public emergency response. Consequently, additional public protection
measures, such as evacuation or more rescue vehicles, should be considered to
assist the public in evacuation.

(2) For individuals located approximately 500 m downwind from the XX well, the
risk of sheltering-in-place is unacceptable if the public’s emergency response
probability is under 95%. Consequently, if the public cannot be guaranteed
to have excellent emergency response efficiency, additional public protection
measures, such as evacuation or more rescue vehicles, should be considered to
assist the public in evacuation.
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Fig. 3.7 Results of the risk evaluation of shelter-in-place for emergency management in emergen-
cies
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(3) For individuals less than 1000 m downwind from the XX well, the risk of
sheltering-in-place is less than 10~ and can be neglected. In other words, if the
air exchange rate of residences is lower than 0.02 in the area, the public can
shelter inside the residence.

However, as can be seen from Table 3.2, if the traditional approach based on
the human vulnerability model is followed, the risk of sheltering-in-place can be
negligible at a downwind distance of not less than 500 m from XX well, as the
corresponding probability of death in the house is less than 10~*. Clearly, because the
calculation of individual risk based on human vulnerability model does not consider
the fact that some individuals disobeyed the emergency order to shelter-in-place, this
probably underestimates the risk of individuals who sheltered in place approximately
at a distance of 500 m downwind from the XX well.

3.4 Conclusions

In the case of gas leakage, it is extremely important to scientifically and ratio-
nally choose public protection strategies. There are two common public protection
strategies: evacuation and shelter-in-place. Quantitative risk assessment can help
decision-makers choose public protection strategies.

This chapter puts forward a risk assessment method for emergency measures such
as shelter-in-place for a hydrogen sulfide high-pressure natural gas well blowout acci-
dent. In this method, the probability of public emergency response is considered in
addition to the health consequences and accident probability under different protec-
tive measures. The evaluation outcomes that are grounded in the above methods
can not only offer suggestions for risk mitigation measures for emergency manage-
ment under normal circumstances, but also assist decision-makers in making public
protection decisions in emergency conditions.

The results of the risk assessment in the case study indicate that the further away
from the XX well, the lower the risk of sheltering-in-place if the air exchange rate of
the residence is 2%/min. Sheltering in residential houses at a distance of not less than
1000 m from XX well is safe. Even if the air exchange rate is sufficiently low, the risk
of sheltering-in-place would still be too high for the residents, who are approximately
300 m from well XX, to bear. For residential houses about 500 m from XX wells, this
can result in a higher risk of sheltering-in-place if the residents’ emergency response
is inefficient, in spite of a sufficiently low air exchange rate.

This chapter highlights an application of risk evaluation approaches to public
protection planning and emergency management. The analysis of the case shows the
process of shelter-in-place risk assessment presented in this chapter, which hypothe-
sizes an acceptable level for the risk of sheltering-in-place. However, the formulation
of the acceptable level for shelter-in-place risk should take into account the cost of risk
mitigation, the results of risk evaluation, and the risk appetites of decision-makers.
However, many practical factors, such as the cost of risk mitigation, the results of
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risk evaluation, and the risk appetites of decision-makers, should be considered when
formulating acceptable standards for shelter-in-place risks. This will be discussed
further in our future study.

In the next chapter, we will introduce how to evaluate the dynamic risk of the public
in the process of evacuation and choose a scientific and correct route to minimize
the evacuation risk.
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Chapter 4 M)
Dynamic Emergency Route Planning Grack i
for Major Chemical Accidents: Models

and Application

4.1 Introduction

We covered the shelter-in-place risk assessment approach in the previous chapter,
but when deciding to evacuate, evacuation is a dynamic process: How to evaluate its
risk? Simultaneously, choosing an evacuation route is a crucial aspect of emergency
decision-making. It is critical to understand how to select a safe and feasible path
in order to reduce casualties. In this chapter, we will mainly study the solution and
evaluation methods of dynamic multi-objective evacuation route selection.

In recent years, the rapid growth of the world economy has led to a significant
increase in the range of manufacturing parks using flammable, explosive, poisonous,
and dangerous materials (Hosseinnia et al. 2018; Zhou and Liu 2012; Reniers and
Soudan 2010). Poor production organization, malfunctioning equipment, improper
environmental factors, or human mistakes are the primary causes of any possible
dangers. These main dangers inside an area might cause incidents like poisonous
proliferation, explosions, fires, or leaks. In such situations, the public is advised to
either execute emergency evacuees or shelter in position. However if existing shelters
could give appropriate protection to the afflicted people, the second choice is recom-
mended (Sorensen et al. 2004). Nevertheless, the quantity of shelters provided for
each impacted area is usually restricted, as well as the infrastructures are sometimes
unfit to provide enough protection. As a result, evacuation is frequently used to safe-
guard the people. In any circumstance, people will always have to migrate from the
impacted regions to selected safety regions, which should be carefully determined.
Researching evacuation route design is important and valuable from a practical stand-
point, especially whenever the people in regions impacted by significant chemical
catastrophes have to be safeguarded immediately. Furthermore, significant chemical

This chapter is a reprint with permission from Elsevier. Xu, K., WM. Gai, S. Salhi. 2021. Dynamic
emergency route planning for major chemical accidents: Models and application. Safety science
135: 105113. https://doi.org/10.1016/j.ss5¢i.2020.105113
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accidents, unlike traditional natural catastrophe, may have negative health conse-
quences for the people living in the impacted area as a result of being exposed to the
severe circumstances that followed (poisonous clouds, heat radiation, overpressure,
fallout, and fragmentation are only a few examples) (Georgiadou et al. 2007). The
essential to selecting the best emergency response strategy is accurate assessment of
these adverse effects. Some research in such subjects has already been conducted,
including several excellent simulation models. Several of these research explain
the spatially and temporally distribution of poisonous gas dispersion concentrations
following hazardous chemical leak (Jeong and Baik 2018; Kim et al. 2019) or assess
the incidence of hazardous elements such as fire shock wave and explosions when
dangerous chemical incidents occur (Khakzad 2018; Ding et al. 2020).

Emergency route planning seems to be a shortest path issue in which the goal
is to identify the shortest path between two nodes in the graph with the minimum
sum of weights of the constituent edges (a graph made up of nodes and pathways)
(Shimbel 1953; Yadav and Biswas 2010). In present studies on emergency evacuation
management, various methods and techniques depending on the network concept are
available to address the challenge of path selection in emergency response, notably
in disaster scenarios (Xiao et al. 2001; Georgiadou et al. 2007; Yi and OZdamar
2007; Stepanov and Smith 2009; Yuan and Wang 2009; Georgiadou et al. 2010;
Shi et al. 2012; Zhang et al. 2013; Gai et al. 2015). The accuracy of the solu-
tions is assessed using a variety of objective functions (Vermuyten et al. 2016).
The majority of them prioritize time, and just a handful assesses the health risks
posed by hazardous chemicals to evacuees (Gai et al. 2017). Yoo and Choi (2019)
proposed an evacuation strategy that was selective enough to take into account the
outdoor and indoor concentrations of surrounding buildings, as well as the period
when the maximum permitted concentration might occur. Zhang et al. (2017) devel-
oped a mixed-integer programming model with the goal of reducing the concentration
of dangerous substances in areas where people are exposed during the emergency
evacuation. When a person is not wearing respiratory protection and the emergency
evacuation route is selected solely to reduce transfer time, the individual’s health may
be jeopardized during the emergency evacuation. Another problem worth mentioning
would be that the ideal path travel time computed could be unsatisfactory if just health
implications are taken into account. Furthermore, depending on the time restriction
utilized, the performance of protective equipment, such as breathing equipment,
might vary dramatically.

These activities are often next to one another due to the integration and connec-
tivity seen between activities of enterprises within the zone (Hosseinnia et al. 2018).
A domino effect is produced if a catastrophic chemical accident happens in these
kind of chemical clusters (Khakzad 2018; Ding et al. 2020). In these situations, emer-
gency route design has been endowed new difficulties and demands. For instance,
in Tianyuan Chemical Plant, Chongqing, China, on April 16, 2004, a liquid chlorine
storage tank erupted. Two emergency evacuation choices were taken on the spot:
One would be to evacuate all people within a 150 m warning area around the acci-
dent site, and the other was taken out 4.5 h after that order was given. The goal
was to evacuate additional workers within a one-kilometer radius of the scene of the
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accident because the site leadership was worried about possible further accidents (In
this accident, about 13,000 kg of liquid chlorine might explode and spill) (Deng and
Jiang 2009). The second emergency evacuation in the preceding example demon-
strated that while picking the emergency path, decision-makers must consider not
just reducing the population’s health implications, but also ensuring that impacted
people depart safely before secondary catastrophes develop.

When choosing an emergency route, several practical issues should be considered.
A rising group of scholars had already recently begun looking into the impact of
increased accident frequency on evacuation times (Zhang et al. 2013). Yuan (2009)
developed a model that explains the impact of catastrophe expansion on evacuating
pace. Several scholars looked at the evacuation decision-making process. Smith et al.
(2017) employ a cognitively modeling technique to model decisions and use decision
trees to assess path selection method that is based upon education curriculum and
learning simulations. In the meantime, they assessed the role of human engagement
and creativity in the evacuation judgment process and the effect of external and
cognitive factors (Danial et al. 2019b). In addition, those evacuees with social ties
are more likely to create a group (Hu et al. 2014). Many academics have exploited
behavioral traits of individuals in groups to model collective phenomenon (such as
competing, waiting, and herd tendencies) (Sharma 2009). Hong et al. (2018) recreate
the people judgment process using the herd behavior concept.

Emergency facilities, individual features, and emergency alerts, and on the other
hand, were not taken into account in their selection procedures. Warning signs for
major accidents are typically insufficient and are mostly only delivered that after
precipitating circumstances have happened (Gai and Deng 2019). As Gai and Deng
(2019) point out, various communication warning methods might result in disparities
in the time individuals might receive the warning. Additionally, variances in some
parameters, such as the pace of different persons, protection conditions, and suit-
able safety destinations, cause emergency risk kinds (such as health and time risks)
as well as degrees to fluctuate dramatically throughout each emergency movement.
Therefore, they have different needs in emergency path planning solutions (Geor-
giadou et al. 2010;). As a result, if such practical aspects really are not incorporated
as made by the decision models, delivering appropriate targeted emergency advise
for the people in the impacted areas might be tough, if not unattainable.

Norazahar et al. (2015) studied the event tree assessment of the risks and reper-
cussions in relation to risk appraisal of evacuating activities. Numerous scholars
have undertaken quantitative study using environment, behavior of a person, orga-
nizational, and accidents data (Norafneeza et al. 2018). From the point of view
of the population, evacuees would invariably encounter risks from catastrophes or
secondary catastrophes on their way from the point of departure to the point of
arrival; such condition is also linked to the emergency evacuation route selected.
Evacuee risks should be assessed during evacuation processes, which will aid in
the development of a much more rational emergency management strategy for local
residents.

In summary, this model needs account for elements including the progression
of accidents, emergency facilities, personal traits, and alert notifications. According
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upon that crisis situation, decision-makers must determine the optimization goal(s),
which could include health repercussions and time cost. The suggested model is being
used to quantify the emergency response risk for significant chemical catastrophes.
This research is an effort to solve several of the above-mentioned issues.
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The research makes five contributions.

It is investigated how to design an emergency route in a multi-disaster scenarios
caused by significant chemical mishaps. We take into account not only the health
effects of the original catastrophe on the individuals in the impacted region, but
also the time constraints on the evacuation induced by potential subsequent
disasters.

A multi-indicator urgent evacuation risk evaluation technique pertaining to time
risk and health risk is being presented. It could really give a much more detailed
as well as accurate risk evaluation than the traditional single-dimensional
technique.

The dynamic multi-objective path optimization issue is solved using a revised
Dijkstra algorithm. It avoids the classic Dijkstra algorithm’s flaw of producing
a local optimum. By comparing the suggested technology’s conclusions with
those of the standard algorithm, the effectiveness of the novel approachis proved.
A detailed sensitivity analysis is also carried by using a case study. It primarily
investigates the effects of time of departure and evacuee velocity on the best
route, as well as contributing to the discovery of danger locations and essential
people.

There is a strategic plan of serious accidents which can be put into effect. The
presented approach offers recommendations for a community safety strategy
for significant chemical catastrophes and taking into account the time of
concerning alerts, disaster scenarios, demographic composition, the level of
velocity, individual protective conditions, as well as other practical details.

The remainder of this chapter is given. The description of the issue and its

modeling are introduced in Sect. 4.2. The solutions approach is described in Sect. 4.3.
Case studies from that of an emergency evacuation case are used in Sect. 4.4 to explain
the provided concepts as well as methodology. Section 4.5 summarizes the findings
and suggests some next study directions.

4.2 Modeling of Dynamic Emergency Route Planning

for Major Chemical Accidents

4.2.1 Formulation of Emergency Network

To
we

simplify the study of evacuation route optimization in large chemical catastrophes,
split every emergency response region into numerous sub. The emergency evac-

uation path destination node, like v,, can be chosen based on the specified protective
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actions from of the source node where such a specific impacted people is, like v;. The
node v, represents the emergency response area’s exit. If a shelter-in-place operation
is necessary, the closest shelter facilities would be designated as v,. The arc (v;, v;)
represents the capacity to connect nodes v; and v;.

We use a directed graph G(V, A) to define our emergency network, where V =
VaUVwithV;={vld=1,2,....,ns} and Vi, = {vil s = 1, 2,..., ng} are a group
of destination nodes (response region exits or shelter exits) and a group of source
nodes (population centers); the set of arcs is A = {(v;, vi)lv;, v; € V}}.

Let (x;, y;) be the locations of nodes v; in the urgent system, as well as c;;(x,
v, t) be the amount of the negative impact (dangerous substance concentrations,
overpressure, and thermal radiation are only a few examples) on arc (v;, v;) at point
(x, y) and at time ¢ with (x, y) € (vj, v;):

(1) (x, y): alocation on the arc (v;, v;)’s coordinates.
(2) dj: the estimated dosage while moving over arc (v;, v;), which would be
computed by the following formula (Zhou and Liu 2012):

dj = f Flete y. 0))dr @.1)

where t; and ¢, represent the time when people reach node v; as well as node v;
along the arc (v}, v;), accordingly.

(3) N,: the variety of separate populations’ kinds (three kinds, for instance: young,
old, as well as adults with kids.)

(4) sij,p(¢): during catastrophe circumstances at time #, the population’s movement
velocity of type p (p =1, 2,..., N),) on every arc (v}, v;) of the network.

(5) s/;: given usual circumstances, the movement velocity of uninjured normal
young adults on the arc (v;, v;).

(6) t,": after the emergency manager issued an alert message, the time when the
personnel in the danger area received the message.

Individuals’ travel speeds may be influenced by their own circumstances under
normal circumstances. For example, older people, young children, and people with
disabilities may have a much slower pace than healthy, normal young adults. The
pace of the older people, young children as well as people with disabilities may have
much slower than normal adults (Menz et al. 2004). When normal young individuals
assist members of the family, including by helping the elderly as well as carrying
young children, their movement pace could be reduced.

Accordingly, assume the event happens at time 0 as well as consider s, , as the
movement pace of population type p (p = 1, 2,..., N},) on arc (v;, v;) in normal
circumstances. The following formula could be used to estimate this:

sho=§& - s 4.2)
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where £ is the speed influencing coefficient, showing how much movement velocity
is influenced by constrained mobility as well as aiding others. In disastrous situations,
the movement velocity on every arc of the system s;; ,(¢) may decrease as space as
well as time pass, as shown in the formula below (Georgiadou et al. 2010; Zhang
et al. 2013).

Sijp(t) =5, -+ dij - e Pt 4.3)

where «; and B;; are the parameters that control the s;; ,(#) movement velocity
function’s decline s;; ,(?). a;; € (0, 1] and B;; € [0, +00).

4.2.2 Objective Functions Considering the Impact
of Secondary Disasters

We will focus on the three models in this section, which we will refer to as Models
I, 11, and III. The first two are single-objective optimization problems with a certain
degree of similarity as well as simply differs of the objective function utilized, while
the latter addresses the issue as just a bi-objective issue with the second model’s
objective inserted as a restriction.

Model I

If there is no threat of secondary disasters, the first consideration while choosing an
emergency evacuation route is safety; during emergency evacuation response, there
is also an objective of limiting health repercussions. Following a significant chemical
disaster, the less poisonous material evacuees are exposed to during the transfer, the
less severe the impact on their health (Georgiadou et al. 2007).

Let W = {(vs, VR,, -oos VR V) |vs € Vs vg € Vs v, € V — {us} — {vg); 1 <
Ry < n Vk = 2,.., K} represent the path of K intermediate nodes that could
comprise both destination and source nodes.

In addition to the above symbols, the following symbols are used:

(1) t;;: the amount of time it takes to move around an arc(v;, v;).

(2) lj;: the length of arc (v;, v;).

(3) d;: the dosage received at node v;.

(4) xj is the choice variable. When arc (v}, v;) is not included in the fixed path, it
is set to 0; otherwise, it is set to 1.

The dynamic emergency route selection (DERS) (model I) formula of severe
significant chemical incidents is depicted in Eqs. (4.4)—(4.14) as follows:

d d
min f; = Minimize Z Z Xijdij 4.4)

i=s j=s
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4.5)

(4.6)

4.7)

(4.8)

4.9)

(4.10)

@11

4.12)

(4.13)

(4.14)

where Eq. (4.4) denotes the model’s goal, which is to minimize the estimated dosage
along a path. Equations (4.5), (4.6) and (4.7), as well as (4.8) are the total movement
time across a path recursion equation which show that arc (v;, v;) is traveled through
with the speed s;; ,() during time period ¢;;. When catastrophes and people kinds rise,
the declining formula of arc (v;, v;) movement velocity is in Eq. (4.9). The predicted
dosage of arc (v;, v;) along a path is calculated using Egs. (4.10) as well as (4.11). By
limiting the value of y;, constraint (4.12) assures a viable path from the source node
v, to the destination node v,. A path with looping is not permitted due to the viability
of the emergency evacuation strategy as well as the urgency of urgent response time.
As a result, constraint (4.13) assures that paths are free of loops. The binary choice
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factors as well as continuum nonzero factors are referred to as constraints (4.14).
There are n continuum nonzero variables in this model, as well as ten constraints
as well as binary variables.

Model IT

When a person is wearing safety equipment with limited protection time, the person
has to arrive the safety locations as quickly as feasible before the safety equipment
fails. As a result, DERS (model II) for severe chemical major accidents with no
additional disaster risk is comparable with Model I, with the exception that the goal
function stated by Eq. (4.15) is utilized instead. The following formula is a description
of the model:

d d
min f, = Minimize{ » " xijt;j (4.15)

i=s j=s

subject to Egs. (4.5, 4.6,4.7,4.8,4.9,4.10,4.11, 4.12, 4.13 and 4.14).
Namely Model II differs from Model I by using the evacuation time ¢;; rather than
the dosage d;; between nodes v; and v; as the objective function.

Model I1I

Both goals are analyzed concurrently in this model, with Model I’s goal retaining
the main objective function as well as the second model’s goal added to the model
as a constraint. The latter would be used to specify the objective that must be met
depending on the urgent response’s capabilities. The parameters that were employed
in the two previous models have not altered. For instance, if there would be a risk
of additional catastrophes following the original catastrophe, inside the processes
of urgent evacuation path design, it is necessary to address not only health issues,
but also the influence of the incidence and progression of secondary catastrophes
on the urgent evacuation response time. This issue comes under the jurisdiction of
multi-objective optimization, and the formula of DERS (Model III) with severe major
incidents with additional catastrophe threats is illustrated as follows:

d d
min f; = Minimize Z Z Xijdij (4.16)
i=s j=s
d d
= Z Z Xijtij < Ly 4.17)
i=s j=s

subject to Eqs. (4.5)—-(4.14), where L, denotes the available urgent reaction time as
defined by the incidence and progression of secondary catastrophes.
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4.2.3 Application in Emergency Response Risk Assessment

A scenario in which persons or assets may experience negative effects is generally
referred to as a risk (Yoo and Choi 2019). Dangerous chemical catastrophes are made
worse by the fact that significant chemical catastrophes may have negative health
consequences for the people living in the affected region as a result of being exposed
to the severe phenomena that follow (overpressure, poisonous clouds, fragmentation,
fallout, as well as heat radiation are only a few examples). The risk involved with
the aforementioned health sequences is referred to as health risk in this section and
that might be computed using the probit function as given (OGP 2010):

Y =A+ Blnd (4.18)

A and B are constants. Y stands for the probit parameter. Y may be used to calculate
lethality.

People might potentially be exposed to risks as a result of time delays. As instance,
owing to the possibility of additional catastrophes, the people should move from the
afflicted region to a safe location inside a specified amount of time as well as the
urgent protective gears people are using have a limited effective protection period.
In this section, the term “time risk™ represents a set of various negative outcomes
brought due to time delays. On the basis of journey time as well as health effect, the
risk of urgent response to significant catastrophes might well be calculated, according
to the emergency route planning results

REj (v;, P. 1)) = > 05 p[A+ B -In fi(W")] (4.19)
peP
RE, (v;, P, 1)) = Y 0y, - fo(W?) (4.20)
peP

P={plp=1,2,..., Ny} denotes the populations kind set at the source node v;.

REj (vy, P, 1) and RE, (vy, P, 1) represent the average health implications as
well as temporal risk of obtaining an advance warning time ¢," inside the event of
a catastrophic disaster for all human populations P at source node v;, respectively.
W denotes the best urgent path discovered via Models I, I1, IIT and oy, p» denotes the
fraction of people of type p that is impacted in the population overall at node v;.

Let Lt and Lyc be the threshold values of the high-risk and low-risk area, respec-
tively. Let Lyc as well as Lt be the low-risk and high-risk area’s respective threshold
values. Health repercussions as well as time risks could be used to estimate these
values. According to Fig. 4.1, the urgent risk of the people at v; is classified into four
grades in this research.
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(1) If vy € Area I, the time risk as well as health risk during the urgent evacuation
of the people located at v; exceed the acceptable limit.

(2) If vy € Area Il the people at V face a time risk that is within allowable levels
during the urgent evacuation; however, the health risks are beyond acceptable
limits.

(3) If vy € Area III, populations located in V are out of bounds experienced
acceptable health risks in emergency transfers; however, temporal risk is out
of bounds.

(4) If vy € Area IV, the people at V face neither time risks nor health risks during
the urgent evacuation.

When deciding how to allocate transportation vehicles, urgent rescuer protective
devices, as well as other facilities, the above division of the areas can be used as a
guide.

4.3 Algorithm for Emergency Route Planning

Models I and II would both be dynamic single-objective models that constructed
using a modified Dijkstra method (Yuan and Wang 2009). This part presents a
dynamic dual-objective model on the basis of Model III first demonstrates its theoret-
ical correctness, and then presents algorithm. We also perform a plausible transfor-
mation on part of the proposed algorithm that prevents the algorithm from looping
due to the bidirectionality of the arc and then check the overall reliability of the
method.
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4.3.1 Model IV

We first normalize the two goal functions before converting the DERS Model III to
a single-objective model using the linear weighted sum approach. The following is
the specific formula (Mardle and Miettinen 2000):

min F = rlﬁ + rzﬁ 421

It ey

subject to Eqs. (4.5,4.6,4.7,4.8,4.9,4.10,4.11,4.12,4.13,4.14,4.15,4.16 and 4.17)

where ]7 = (ff, £)T is the ideal point that is the solution value of the objective
functions of Models I and II. The variables r; and r, are the coeffents related to the
weights of the functions f; as well as f,, withr; > 0;r, > 0;r) + 1, = 1.

The revised Dijkstra algorithm by Yuan (2009) could not be utilized to resolve
Model IV, and it can be seen from the lemma mentioned below. As a result of this
constraint, we created a revised algorithm.

Lemma 4.1 Whenever ¢ € [0, + 00), assume that s;; ,(¢) is an integrable as well as
uniformly declining function of t. Then, t; is a monotonic as well as growing function
in relation to t; (Yuan 2009).

Lemma 4.2 Obviously, F; is not a monotonous as well as growing function in
relation to F; in the formula F;; = F; — F; if F; = rl% + rz%
J1 Ja

Proof Let Fi*, d*, and t;* represent the values of the target function F provided in
Eq. (4.21), the estimated dosage, as well as the time at which people arrive at node
v; via the path k separately, k = 1,2... and dijkz dF — djk, t,-jkz tx— tjk.

Suppose that
1
Fil = I’1d—-l + 72%
T i =1,2,0n (4.22)
F?=r% +r*t
i lfl* 2f2*
Here,
F' = F? >0
dl —d? <0
th—12>0 (4.23)
fi=c
f=c

v; to Vi,
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ll

F-l—nf*+r2f*= Fd! +dy) + F@ +1)
L

i i j=12,..,n 4.24)

F} =rigs+rg = 4d} +d7) + Z@ +17)

Clearly, as shownin Lemma4.1, when t € [0, +00),s;;, , (t) is amonotonic as well

as continuously decaying function in relation to ¢, so tl-jz > t,-j'. Here it is assumed

that the function f{c(x, y, )} in this case is a value that does not vary with other
factors, in other words it is a constant, and thus d ,-jl >d ,-jz. Then,

Fl— P2 =Tl@ v dly+ 2 iy — T@ + a2y — 2@+ i)
SR it ey fl fz
=F' - F+ F(dl —d}) + F(t,j 1) (4.25)
Undoubtedly, Eq. (4.25) could produce a result that is less than zero. Correspond-
ingly, when the value of the function f {c(x, y, #)} may not be a fixed value, but varies
with a certain factor, the Eq. (4.25) may produce a result less than zero.

4.3.2 The Proposed Method

Yuan (2009) modified parts of Dijkstra’s technique, in other words, introduced a vari-
ation of the Dijkstra method to resolve the single-objective path finding models under-
neath the real-time influence of catastrophe expansion. This variation is governed
by the value of the target function of the current node, and it will be a monotonic
function that is steadily rising in relation to the value of the target function of the
upstream node (read Lemma 4.1 for details). Obviously, as shown in Lemma 4.2,
this algorithm could not be used to resolve the model IV So, to solve this problem,
we partially modified Dijkstra algorithm, creating a new variation of the algorithm
that has been validated to determine the shortest path. The following is how this
new variation is carried out. The collection of arc weights is denoted by Wg = {¢;;(x,
v, 1), tij, dij, lij: ojj, ,Bija Sinj, t,V}.

Label P(v;) is the minimum value F from node v, to node v; in Eq. (4.21), and
the designations 71, T, as well as T designate the collections of target function
values (f1, f» and F are some examples) for the distinct node paths separately. Let S
= {vyim =1, 2,..., n} stand for the collection of nodes for which the shortest path
has already been discovered. Figure 4.2 depicts the essential processes performed by
the suggested approach to resolve Model I'V.

Nmax denotes the number of iterations in Fig. 4.2a. The distribution of solution
inside the target area could be used to calculate this variable. The optimum point
value of each node in the Eq. (4.21) varies; however, the optimum point value just
concerns the known as well as determined nodes: where P(v,) is just the minimal
target value of the function F from node v, to node vy, the resulting W;, f1(v4), and
f2(vy) are the equivalent path as well as the values of | as well as f, from node v, to
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Fig. 4.3 Schematic of solutions for networks with bidirectional arcs

node v,4. The optimum solution underneath Eq. (4.21) with the optimal point values
of v, is allocated for these matching values, for the remaining nodes.

The DERS algorithm is divided into two components, as illustrated in Fig. 4.2.
Figure 4.2a depicts the basic algorithm, whereas Fig. 4.2b depicts the activating
algorithm. The dual weighting factors of the aforesaid double optimization issue are
first determined, and see Fig. 4.3 for details.

In case such issue has only one objective to be optimized, it can be simplified
to have r = (r;, 2) = (0, 1) or (1,0), and closely related fl* and fz* are both 1.
The approach presented in Fig. 4.2b could be used straight in this circumstance.
In case the issue has two objectives to be optimized, the optimal path would be found
at the conclusion of the procedure using a search space built from a set of weight
coefficients (as shown in Fig. 4.2a) in a vector.

The basic theory underlying of call algorithm (see Fig. 4.2b) is that whenever
the Dijkstra method is used, each succeeding node updates the network’s proportion
depending on the path that would have been discovered.

4.3.3 Disposal Method in the Presence of a Bidirectional Arc

Providing only safe exits in the initial emergency network if there are any more urgent
shelters, nodes in coverage would raise possible routes to emergency shelters. The
network could undoubtedly become a two-way system as a result of this condition.
Well, now there is a problem that if there are two-way sides, then the proposed
algorithm may cause loops, which may resultin an incorrect result. We can reasonably
split the urgent network into two independent one-way networks to resolve various
problems caused by the urgency of urgent response. As a small example, as shown
in Fig. 4.3, an emergency shelter is represented by node 3, the coverage area of
this emergency shelter is represented by the circle around it, and a safe exit of the
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emergency response network is represented by node 8. Now, then, we can solve this
problem from the location of the migrating population: We can use network model A
(shown in Fig. 4.3) to deduce all nodes inside each shelter’s service region; if it were
not for the situation we described above, we would be able to use network model B
(shown in Fig. 4.3).

4.3.4 Correctness of the Proposed Algorithm

Lemma 4.3 can be used to demonstrate the rationality as well as correctness of our
raised algorithm:

Lemma 4.3 If W* is the shortest path calculated by Model 1V, then f; (W*) and
f2 (W¥*) are the decreasing monotonic function and increasing monotonic function,
respectively, about the proportion coefficient ry.

Proof Assuming that the scale coefficient r; of the target value f; related to the
shortest path W " is a as well as the scale coefficient r; of the target value f related
to the shortest path W, isb. If a is greater than b as well as b > zero, then (1 — b)
is greater than (1 — a) as well as (1 — a) > zero, then.

W) ca+ LW - (1 —a) < ilW) -a+ (W) - (1 —a) (4.26)

and

WD) b+ LW - (1 =b) = fitW5) - b+ fo(W;) - (1 —b) (4.27)

which leads to
LAWY = AWD]-a+ [LW]) = L(W)]- (1 —a) =0 (4.28)
and
LAWD) = AAWD]-b+ [LW]) — HL(WH]-(1—b) =0 (4.29)
Thence, we can deduce that

JiW)) — fitW;) <0 (4.30)

and

L W) — (W) =0 4.31)
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Next, based on the previous lemma and proof, the method for obtaining model IV
is as follows: First, the range of the scale coefficient is set to [0,1] (in other words,
this range is the search space), and secondly, it is simple and easy to use to make the
obtained range more precise.

Based on the various definitions and Lemma 4.2 mentioned above, it is obvious
that the algorithm mentioned above (see Fig. 4.2b for details) can prove its correctness
and rationality through recursive thinking. The specific proof process is as follows:

(1) Clearly, when S is numerically equal to vy, the conclusions drawn by our model
are not wrong.

(2) We assume that, if S = S U v, the conclusion obtained by our proposed model
is without any error, for any node v; where v; € S, the minimum target value
between node v; and node v, can be represented by P(v;).

(3) The next thing to do is to show that our proposed algorithm is free of any errors
when § =S Uv, hold. As shown in Fig. 4.2b, through the algorithm mentioned
in it, there is F(v;)=min, ¢ Tr(v;) as well as P(vy)=min,¢s{F(v;)};
obviously, it is easy to get S =S U v,.

We can let H be any reasonable path between nodes v, and v,. If there is v; € S as
well as v, ¢ S, there must be a special arc along the route H, where the starting node
isin S and the destination node is not. There are many arcs along the route H, i.e., v,
€ S, we assume (v,, v;) is the first of the arcs that appear. As shown in Lemma 4.2,
when there is vl = v,, we can assume that the shortest path about v, can be found, then
there will be P(v,) = F,!. Although there is nothing wrong with the formula F s
P(v,), there is now a problem. Compared with F ! along the shortest route of v, F’ .
along this route obviously exists 7 < F !, then there is W, # W, U v,. The content
mentioned above, on the other hand, also demonstrates that the DERS model cannot
be solved by the Dijkstra algorithm modified by Yuan (2009). The specific reason
is that when the algorithm involves the selection of nodes, especially the selection
of the next node, the algorithm does not find the correct path to calculate the target
value, but only uses the shortest path related to the upstream node to calculate the
target value; obviously, there is a certain error. When the second loop in Fig. 4.2b
(located in the fourth row from the top of the figure) starts running, then according
to this algorithm, all the target values calculated along all the routes will be included
in the Tr(v,), in other words, the set S will contain all nodes in all routes. When v;
is not equal to vy, there is P (vy) = min,, ¢s{F (v;)} < min, ¢s Tr(v;) < FJ-H + Fg.
Since the target value F mentioned above is all greater than or equal to 0, it is obvious
that the above-mentioned content is not wrong. In simple terms, the minimum target
value between node v, and node v, is P(v,).

4.4 Computational Results

With regard to the following, we describe real-world cases used in our computational
experiments that follow, as well as several lemmas used to corroborate. The following
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is some calculation and analysis. The main control variables are the situation with
the risk of secondary disaster and the situation without secondary risk.

4.4.1 Introduction and Description

As shown in Fig. 4.4, the emergency network we use has a total of 20 nodes (see Table
4.1 for detailed coordinates); Table 4.2 gives the size of the speed decay parameter o5,
the speed decay parameter B;;, as well as the initial travel speed s;;". We assume that
the accident point of liquid ammonia leakage is located at node 1 in Fig. 4.4. Some
important parameters of spill scenarios are described in Table 4.3, including a range
of spill parameters as well as some meteorological conditions. When calculating the
time-varying concentration of ammonia, we use the Gaussian plume model because
of its simplicity and convenience when calculating the diffusion of toxic gases (Ding
et al. 2007). The dose of poison gas encountered by evacuees through a certain arc
during the evacuation process can be calculated by the human vulnerability model
(OGP 2010). The specific formula is as follows:

tj

a= [ (—C’;C" ) 432)

t

In the formula, C; is the ammonia concentration at point v; as well as C; is the
ammonia concentration at point v;, both in ppm. n is the value measured through
experiments, in the case of ammonia leakage, n = 2.

The probit function we used was published by a well-known research institution
in the Netherlands (the Netherlands Organization for Applied Scientific Research).

B Accident source
P ~ A FEmergency shelter
’ N Exit of emergency
response area
O Coverage area
@ Node

Fig. 4.4 Emergency network structure
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Table 4.1 Coordinates of nodes

Node | (x,y) Node | (x,y) Node | (x,y) Node | (x,y)

1 0, 0) 6 (130,0) 11 (135, —65) 16 (265, —76.123)
2 (50, 221.02) |7 (150,220) |12 (290, 94.893) 17 (380.46, 4.433)
3 (130, 320) 8 (260,220) |13 (500, 160) 18 (565, —50)

4 (340, 300) 9 (580,200) |14 (690, 191.575) |19 (650, 35)

5 (720, 250) 10 (850,160) |15 (805,92.861) |20 (875, —65)
Table 4.2 Evacuation network structure and speed parameters

i, vj) (5", aijs Bij) i, vj) (", aijs Bij) i, vj) (s, aijs Bif)
1,2) (100,0.85,0.07) (6, 16) (75,0.86,0.09) (14, 10) (115,1,0)

(1,6) (60,0.83,0.07) (7,8) (90,0.89,0.08) (14, 15) (105,1,0)

(1, 11) (115,0.84,0.09) 8,4) (85,0.92,0.03) (15, 20) (30,1,0)

2,3) (60,0.88,0.09) (8,13) (75,0.92,0.01) (16, 17) (115,0.85,0.06)
2,7 (70,0.82,0.06) 9,5) (65,1,0) (16, 18) (70,0.83,0.05)
(3,4 (100,0.98,0.01) 9, 14) (90,1,0) (17, 13) (80,0.91,0.02)
(3,8) (95,0.95,0.01) (10, 15) (35,1,0) (17, 18) (75,0.95,0.04)
4,5) (120,0.99,0.01) (11, 16) (70,0.89,0.07) (18, 13) (45,0.99,0.02)
4,9 (85,0.98,0.02) (12, 8) (65,0.99,0.02) (18, 19) (110,0.97,0.01)
5, 10) (50,1,0) 12, 17) (100,0.95,0.03) (18, 20) (120,0.93,0.04)
©6,7) (65,0.85,0.05) (13,9) (40,0.98,0.05) (19, 15) (75,1,0)

(6, 12) (105,0.82,0.06) (13,19) (120,0.98,0.04) (19, 20) (100,1,0)

Note The unit of s;" is m/min

Table 4.3 Parameter specification

Leakage parameters Meteorological parameters

Volume/m?> 50 Average temperature/°C 25

Cleft diameter/mm 100 Average wind speed/(m/s) 3.5

Cleft shape Circular Prevailing wind direction East wind
Cleft height (from the ground)/m 2.4 Solar radiation intensity Weak
Cleft height (from liquid level)/m 1.3 - —

Internal pressure/Pa 1,000,000 - -

Height measured/m 1.67 - -
Density/(kg/m?) 608 - -
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Then, in Eq. (4.18), the value of A is —16.33, and the value of B is 1. We can
synthesize health risk and time risk to define high- and low-risk areas, and after our
calculation, the high-risk area threshold is Lyc = 2.51 as well as the low-risk area
threshold is Ly = 8.0.

4.4.2 Illustration of Lemmas 4.2 and 4.3

We will now analyze the results discussed above with a case study. The model and
data of our computational experiments are consistent with the model and data in Yuan
(2009) in order to be able to compare with their improved Dijkstra algorithm. These
algorithms are compiled on the Java platform and run on a PC with 32 GB RAM
as well as 3.6 GHZ processor. The solution process of the shortest path between
node v1 and node v20 is shown in Table 4.4. As shown in Table 4.4, the conclusions
obtained by our proposed algorithm are significantly different from those obtained
by the algorithm modified by Yuan (2009). All in all, in terms of optimizing the
objective function (see Eq. (4.12) for details), W' is shorter when W? is compared
to W2,

Furthermore, the F value of the route 1 — 11 — 16 — 18 (W?) and the route
1 —>6— 12— 17 — 18 (W*) are —0.33042842 and —0.33042841, respectively;
obviously, the latter is larger. It is worth noting that the results show that when there
is a part of the shortest path is W*, the destination node is node 20.0Obviously, Lemma
4.2 supports this view to a certain extent, and the specific reason is that the objective
function mentioned above is not a strictly monotonically increasing function.

In our algorithm, it is worth noting that we collect the target value of path W4
while obtaining the shortest path (the specific location is node 18) and then update
the subsequent target values in turn. In contrast, the algorithm revised by Yuan (2009)
has certain problems. The specific problem is that their algorithm does not deal with
backtracking when searching, so they do not get the real shortest path.

Based on the data shown above, when all parameters except the scaling factor r|
are kept constant, only when r; changes between 0 and 1, Fig. 4.5 shows the changes
in the curves for f; as well as f» condition. And the conclusion of Lemma 4.3 is
basically the same as that obtained by our simulation.

Table 4.4 Shortest evacuation route obtained through the method illustrated in Fig. 4.2b and the
modified Dijkstra algorithm proposed by Yuan and Wang (2009)

r Route F Method

077 |1 — 11— 16— 18 — 20 (W?) 0.085 | The modified Dijkstra algorithm
proposed by Yuan and Wang (2009)

1>6—12— 17— 18 - 20 (W!) |0.084 | The algorithm illustrated in Fig. 4.2b
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4.4.3 Results for Major Accidents Without Secondary
Disaster Risks

We will look at what happens if there is no secondary calamity. We make the assump-
tion that there is a parameter & = 1 which controls the velocity of each person at
the source node. When the emergency response command is issued, the evacuees
of some nodes take the emergency shelter as the main goal. Of course, there is a
premise that their location must be within the coverage of the shelter. However, for
persons other than the above-mentioned persons, for safety reasons, the destination
of their emergency evacuation should be other locations listed as safe by emergency
managers. The specific reasons why these people do not choose to go to emergency
shelters are that, firstly, they are far away from the nearest emergency shelter, so they
may suffer more toxic gas doses during the journey, and secondly, the emergency
shelter is designed with capacity restrictions, so it may not be able to accommodate
as many refugees at the same time. We make two simple assumptions here. The
first assumption is that everyone involved in emergency evacuation receives disaster
warning time ;" = 0, and the second assumption is that there is no secondary disaster
during this emergency response process.

Appendix 1 presents our contingency route planning results. Specifically, on the
basis of the first two models, namely Model I and Model II above, the main distin-
guishing point is that emergency evacuees wear respiratory protective equipment and
emergency evacuees do not wear respiratory protective equipment, and then draw
emergency route planning results. With people in affected areas evacuating from
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many different locations to relatively safe locations, it is clear that what we have
mentioned above is critical to the design and operation of an emergency evacuation
network. As a comparison and to show the significant difference between Model 1
as well as Model II, we have produced Fig. 4.6 to show the health consequences of
the two models in emergency evacuees after exposure to toxic gases.

When there are many paths from the departure node to the corresponding target
node (such as between the departure node 1 and the target node 16), then when solving
the optimal emergency route between the same departure point and the target node,
as shown in Figs. 4.4 and 4.6, it is clear that the results of Model I and Model II are
different. And, although the goal is the same, the health risks obtained are different if
different routes are used for emergency evacuation. There is a problem here, that is,
the difference in the geographical environment of some nodes between the departure
node and the target node will lead to a certain difference in the concentration of
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Fig. 4.6 Dose obtained by emergency route planning based on Models I and II for different source
nodes
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toxic gases and thus a certain difference in the health effects of emergency evacuees.
In addition, if the location of the departure node is similar (in other words, the
concentration of poisonous gas at the initial node is similar), and the destination node
is different, it will also cause a large difference in the health impact of emergency
evacuees. Here is a small example. As shown in the figure above, the position of node
13 is very similar to the position of node 9, so the dose of poison gas encountered
by emergency evacuation personnel at the beginning of evacuation is also roughly
the same, but the emergency of node 13. The evacuees can choose to go to the
emergency shelter, so the dose of poison gas they encounter during the transfer
process is much smaller than that of the emergency evacuees at node 9. In other
words, the health risk of the emergency evacuees at node 9 is much greater than that
of the evacuees at node 13. Based on this, it is not difficult to find that if there are
a reasonable number of emergency shelters with good gas protection near the gas
leakage accident site, the impact of the gas leakage accident will be reduced, and
the risk of emergency evacuation will also be reduced. It is worth noting that we
cannot blindly increase the number and capacity of emergency shelters, because the
probability of toxic gas leakage accidents is very small. If we do this, it will only
cause an extremely serious burden on normal urban operations. Therefore, we should
maintain a prudent and rigorous attitude to plan emergency shelters reasonably, which
will be an important decision to reduce the risk to a tolerable level when disaster
strikes. In addition, after sorting out and analyzing the optimal paths obtained by
Model I and Model II, we calculated that the health consequences associated with
the Model I are significantly lower than those associated with the Model II. Then
there is the following situation. When we only consider reducing the evacuation time
as the only goal, it is obvious that when the personnel participating in the emergency
evacuation do not have the necessary respiratory protection, they may encounter
more poisonous gas doses during the emergency evacuation process.

The emergency response region is separated into low-risk as well as high-risk areas
based on time to transfer as well as health effects. Figure 4.7a shows our planning
as well as evaluation results of emergency routes for each node in the network. The
results are obtained through Eq. (4.19) based on Model I. Likewise, Fig. 4.7b shows
the evaluation results corresponding to Model II as well as Eq. (4.20). (Of course,
it is worth noting that since node 8 and node 20 are destination nodes, they do
not participate in the calculation.) Fig. 4.7a shows when the location of emergency
evacuees is from a relatively safe node (in this paper, it should be the destination
node, such as node 1, node 6, node 11, node 16, node 17, node 18, and node 19) with
greater distances, they do not have toxic gas protection equipment, they obviously
have a higher risk to their health throughout the emergency response. As shown in
Fig. 4.7b, obviously, the nodes located in the high-risk area are node 1, node 5, node
9, node 10, node 11, and node 16.

We calculate the emergency route according to the algorithms of Model I and
Model II, and then we discuss the related health risks and time risks, as shown in
Fig. 4.7a, b. It can be seen that they have certain similarities, but differences in some
details. Node 9, node 17, node 18, node 19, and node 6 describe the following two
cases: The first case is that the departure node and the poison gas diffusion direction
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are not the same, but the departure node and the destination node are far away; the
first case is that the distance between the departure node and the destination node is
relatively close, but the position of the departure node is close to the direction of the
poison gas diffusion. Obviously, Model I and Model II are one sided when it comes to
finding the appropriate emergency route for toxic gas leakage accidents, because the
emergency routes they get still cannot guarantee the safety of emergency evacuees.
And the results of these two models cannot describe the emergency risk level of the
entire network. We can give a small example, when the health risk is not considered
and only time is the optimization objective, the risk of the evacuation route taken by
the emergency evacuation personnel at node 17 during the emergency evacuation is
acceptable, but they will suffer unacceptable health risks, that is the downside. Of
course, our goal is to find the optimal emergency route. Obviously, the rationality of
the results of regional division is crucial. Because it not only determines emergency
early warning planning and program design, it also affects the entire emergency
operation. When a major chemical accident occurs, the relevant departments should
issue an early warning to high-risk areas to ensure that they can escape the accident
scene as quickly as possible and go to the nearest emergency shelter or other relatively
safe areas to ensure safety. In general, when a major chemical accident occurs,
the formulation of a public protection plan should not only consider the number
of shelters and facilities in the target area, but also comprehensively consider the
protection of personnel.

Figures 4.8 and 4.9 show contingency planning as well as risk evaluation as a func-
tion of given parameters, namely warning time as well as speed level. According to
the algorithms of Model I as well as Model 11, we calculate the risk under the optimal
path of node 14 with respect to the parameter #,". The details are shown in Fig. 4.8.
As can be seen from Fig. 4.8, when the emergency manager does not issue an early
warning in time, whether the emergency evacuation personnel at node 14 carry out
self-safety protection will increase the time risk as well as health risk of the transfer
process to varying degrees. When the time interval between the occurrence of a
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major chemical accident and the warning notice issued by the emergency manage-
ment personnel reaches one minute, the urgent time risk could gradually grow. The
emergency health risk would escalate to an unbearable degree if this time interval
approaches three minutes. According to the algorithms of Model I as well as Model
II, Fig. 4.9 describes the emergency risk situations corresponding to the optimal
paths of different groups of people at node 15. Specifically, as the moving speed
of this group of people decreases, as shown in Fig. 4.9, their time risk and health
risk increase to varying degrees. When the affected ratio & of the moving speed of
pedestrians participating in emergency evacuation is reduced to 0.8, the health risk
of pedestrians would increase; when the affected ratio £ of the moving speed of
pedestrians participating in emergency evacuation is reduced to 0.6, the time risk
of pedestrians would rise. There are not only normal adults in the dangerous area
covered by the toxic gas, but also some people are the elderly and children. In the
emergency response process of a major gas leak accident, if emergency managers
do not pay attention to the elderly as well as children with limited mobility and do
not help them through the dangerous time, obviously, compared with normal adults,
they may suffer more unacceptable health threat. In other words, the emergency
route planning model mentioned in this paper has excellent strength in effectively
identifying high-risk persons in the scenario of a major chemical leakage accident.
In addition, our proposed algorithm can also reasonably plan emergency resources
according to specific accident scenarios, personnel protection conditions, and other
factors.

4.4.4 Results of Dynamic Route Selection for Major
Accidents with Secondary Disaster Risk

Next, we look at the situation where there are secondary disaster risks. Below we
give a series of assumptions: the population velocity influence coefficient of the
departure node £ = I; the available emergency response time L, = 16 min; the
warning reception time #," = 0.

There is also an assumption that we believe that emergency shelters in this scenario
cannot provide sufficient protection, that is, all people in the network must be moved
to a relatively safe place. Model III can be solved by our proposed algorithm. Then
we can get the best emergency evacuation route of any node in the network, then
the emergency risk of each area in the network (see Appendix 2 for details) can
be calculated. As shown in Appendices 1 as well as Appendices 2, the optimal
contingency route calculated by Model III is, in some cases, a compromise between
the solutions corresponding to an ideal point (as a small example, Node 1). As shown
in Appendices 1 as well as Appendices 2, the optimal contingency route calculated
by Model III, in some cases, is not completely accurate, but is just a compromise
between solutions corresponding to ideal points (take a small example like node 1).
Obviously, in the case of a major chemical accident, if we still insist on using Model I
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or Model I to solve the emergency route, the emergency evacuees will still encounter
unacceptable health risks as well as time risks during the entire evacuation process.
Also, when the departure location of emergency evacuees is within the coverage of a
well-conditioned emergency shelter in the network, they can have two choices: One
is to go to the shelter; the other is to go to the exit of the emergency response area
and go to other safe area. There is no doubt that the first option suffers significantly
less risk than the second option.

As shown in Fig. 4.10, we divide each node in the network into several different
emergency risk areas according to the level of emergency risk. The specific division
method is based on the multi-index emergency risk evaluation method mentioned
above as well as the appendix 2 results. It is worth noting that this risk classification
method enables the time risk and health risk encountered by emergency evacuation
personnel in the entire network to be interpreted in detail and accurately. Compared
with the risk classification method of the only indicator mentioned above, it has the
advantages of higher reliability and more comprehensiveness. As shown in Fig. 4.10,
it is obvious that when a major chemical accident occurs, emergency managers
should give priority to the safety of personnel located in Area I, because compared
with personnel in other areas, these personnel may suffer the highest time risk and
health risk. Likewise, as shown in Fig. 4.10, emergency evacuees in Area II will
face significantly different risks than Area I, a lower temporal risk and a higher
health risk. In order to minimize casualties caused by major chemical accidents,
emergency managers should not only update and improve emergency equipment and
early warning facilities, but also reasonably plan and build emergency shelters in good
condition. Comparing the emergency evacuees in the first two areas, the emergency
evacuees in Zone III will suffer a lower health risk, but still suffer a higher time risk,
so emergency managers should provide the area with more emergency equipment.
Emergency evacuees in Area IV face the lowest time as well as health risks. Then,
for the protection of this area, in addition to the necessary emergency management
measures, considering the cost, an emergency early warning system should also be
improved. To sum up, the research results of this paper can be used to judge the
level of risk faced by people in different areas of the disaster area when a major
chemical accident occurs. This result will be of great help to the formulation as well
as implementation of emergency plans under the scenario.

We take the people to be evacuated located at node 14 in the network as the
research object and use the algorithm of Model III as a tool to analyze whether the
different population categories have a certain impact on the division of emergency
risk areas. We divide the people to be evacuated at node 14 into two groups, one group
is the affected people, the coefficient £ = 0.5 related to their being affected, and the
other group is the unaffected people, that is, £ = 1. Likewise, the risk assessment
method we use here is still the one mentioned in Sect. 4.2.3, as shown in Fig. 4.11, for
the risk area division based on 04 =0 5. Figure 4.11 shows that once the proportion
of the affected population in the total population increases, it will affect the entire
emergency response process, resulting in a substantial increase in emergency risk. It
is worth noting that once this ratio is higher than 20%, both the health risk and the
time risk may rise to an unacceptable level. In summary, our proposed model can
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assess the risk to people at the scene of an accident given important factors such as
the proportion of people affected and the disaster scenario and finally flag high-risk
groups. To put it another way, our proposed method can make the allotment of urgent
resources more reasonable.

4.5 Conclusions and Future Research

Compared with the emergency route adopted by traditional and conventional natural
disasters, due to the prominent feature of lag in the early warning of major chemical
accidents, secondary disasters may be caused, so there are obvious differences in
the planning, formulation, and implementation of emergency routes. And there are
more factors that need to be considered in the planning, formulation, and implemen-
tation of emergency routes. Such as the number and location of emergency shelters,
population distribution, the occurrence of secondary disasters, the early and late
release of the warning time, and the degree of reduction in the speed of people’s
movement are some important factors that need to be considered. Then, according
to the various characteristics of major chemical accidents, we propose a different
emergency route planning model from the previous one, and one of its distinctive
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features is dynamic. Here, we performed single-objective optimization as well as
multi-objective optimization, the main optimization goals are transfer time as well
as health consequences, and some of the factors mentioned above are the main refer-
ence objects. In order to calculate the emergency route more accurately, we simulate
the accident expansion situation as accurately as possible in the model and use the
modified Dijkstra algorithm to deal with this single-objective optimization as well
as multi-objective optimization problem. We also came to a special result that we
created a personal risk categorization technique based on time risk as well as health
risk, which will greatly increase the probability of survival of victims of signifi-
cant chemical accidents. From our simulation results, it is clear that our algorithm
and model have significant feasibility as well as merits. The following are the main
conclusions of this paper.

(1) To begin with, the ideal path depending on various optimization targets might
differ. The main reason for this phenomenon is due to an important feature of the
emergency network, that is, the emergency network has great complexity. When
a major chemical accident occurs, it is worth noting that when the personnel
in the dangerous area do not have respiratory protection facilities, when the
optimization goal is still to reduce the transfer time, these personnel will suffer
higher health risks. Take a small example, the emergency evacuation personnel at
node 1, if the evacuation route is obtained according to the algorithm of Model II,
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after calculation, the health risk increases (5.86114 — 3.96556)/3.96556 x 100%
= 47.8%, however, the time risk. It is only reduced by (11.07 — 13.49)/13.49
x 100% = 17.9%.

(2) Second, when a major chemical accident occurs, if the emergency manager
releases the warning information later, the people in the dangerous area will
receive the information later, and the time they will be exposed to poisonous
gas will be longer. Obviously, there is a certain increase in the time and health
risks they suffer during emergency evacuation. It is worth noting that those who
for some reason (e.g., mobility impairment due to own reasons or impaired
mobility due to assisting others) had impaired metastatic velocity apparently
suffered significantly higher temporal as well as health risks than healthy, normal
adults.

(3) Third, we also found that in the event of a major chemical accident, simply
adding safety exits will not make people at the accident site safer, but will be
safer if they go to the nearest and well-protected shelter. Doing so would not
only make major chemical accidents less of a health threat, but would also allow
for shorter evacuation times. It is worth noting that this can only be achieved
under certain conditions, such as certain requirements for the protection effect
of emergency shelters as well as no secondary disasters.

(4) Fourth, we should closely link the composition of the population to emergency
risk assessments. The total regional risk in the network is closely related to the
degree of impairment of the movement speed of the people at the accident site,
and the higher the degree of impairment, the higher the risk.

To sum up, when a major chemical accident occurs, our model can identify people
who will suffer unacceptable time risks as well as health risks based on various factors
(these factors include, but are not limited to: the degree of damage to the movement
speed of people in the disaster area, the early or late issuance of the warning, the
situation of individual protection) in the accident scene, so as to facilitate key protec-
tion for them. When a major chemical accident occurs, this method may be used as a
guide for optimizing resource allocation as well as implementing emergency plans.
This research could be expanded in the following ways. (1) In addition to solving
the emergency route selection problem in this paper, the algorithm mentioned in this
paper can also solve logistics management as well as other constrained optimization
problems. It is worth noting that we can calculate the time risk and health risk of each
node based on the optimal path of each node. By comparing these two values, we can
plan, manage, and allocate emergency resources more reasonably. (2) This chapter
also conducts a series of studies on the emergency evacuation behavior of individ-
uals in major chemical accidents. Individual traits as well as time of departure are the
most important criteria considered. Nowadays, with the rapid development of smart-
phone technology, we believe that in the near future, the results of our research can
provide personalized evacuation guidance for emergency evacuation personnel who
are encountering major chemical accidents through smartphone technology. Future
study might look at the constraints of collective variables in emergency response,
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such as the effect of crowd movement on personal velocity. (3) In addition, the devel-
opment of modern technologies such as GIS and big data has become more and more
mature in recent years, and we can also combine the risk assessment of major chem-
ical accidents with it. This connection facilitates urban design, building, management
as well as service. We will use a residential neighborhood of the Wanhua Group in
Yantai as just an instance to investigate the fundamental evacuation strategy in the
following chapter.
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Chapter 5 M)
Simulation and Analysis ek
on Characteristics of Subregional

Evacuation Based on Individual

Behaviors

5.1 Introduction

5.1.1 Evacuation Time

In the previous chapter, we studied the path planning model and method in regional
evacuation. But in a specific case, how does the effect of regional evacuation change
under the effect of evacuation time, evacuation speed, personnel density, and other
factors? In this chapter, we will take a residential area of Wanhua Group in Yantai
as an example to simulate and analyze them.

Considering that community residents are not decision-makers in regional evacu-
ation, their evacuation time mainly consists of evacuation notification time, prepara-
tion time, and evacuation time (Lindell 2008). Among these, evacuation notification
time and preparation time can be decided according to this chapter (Hou et al. 2020).
The evacuation time refers to the actual time evacuees need to evacuate to a safer
place (Wang 2007), and the spatial path can be separated into line segment before
calculating the result of each segment and summing them up:

tey = tO,l + t1,2 + t2,3 + - 'tn,x (51)

in the formula

suffixes 0, 1, 2,..., n indicate nodes of different road sections;

suffix s indicates safe places/locations;

t,—1., indicates the time series of evacuation between two adjacent nodes of the
paths.
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The time series of personnel evacuation on each section can be calculated inde-
pendently, and the total evacuation time is obtained by summing up the individual
egress time. And the evacuation time of personnel evacuating can be obtained through
both the empirical formula to calculate the evacuation time and the simulation of
evacuation dynamics.

5.1.2 Empirical Calculation of Evacuation Time

Previously, evacuation scholars have accumulated large quantities of calculation
formulas for evacuation time, which include the Melink and Booth formula (Melinek
and Booth 1975), the Togawa formula and the Paul empirical formula (Togawa 1995;
Pauls 1999). In this chapter, a brief introduction of the former two formulas will be
given.

(1) The Melink and Booth formula

This empirical formula focuses more on calculating the overall evacuation time of a
multi-story building. The formula is shown below:

I, = (ZN1>/(]N by—1) + rig (5.2)

t. indicates the maximum time for personnel above the rth [r € (1, n)] floor to
evacuate to a safer place downstairs, and n refers to the number of stories;

f' refers to the flow of people passing through a unit width floor, number of
people/(m s);

b,_1 refers to the width of floor from ( — 1)th floor to rth floor, m;

t, refers to the time of people descending from a unit floor when it is not crowded,
and often it is set as 16 s.

in the formula

From the equation, we can obtain n values of #.(r = 1,2, - - - , n). The minimum
evacuation time of the building equals to the maximum value of 7,. When the number
of people on each floor and the width of staircase are all equal, respectively, then
N; = N, and b,_; = b is true for all r floors. Equation (5.2) can be simplified into:

_(n—r+1)N

Goy T (5.3)

r

in which

N refers to the number of people on each floor;
r denotes the story number;
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f refers to the passing rate of a unit width staircase, number of people/(m s);
b refers to the total effective width of the staircase, m.

If N / (fb) = t,;, a maximum #; can be obtained when r = 1, and the overall time
of evacuation shall be #; = nN/ (fb) + 1 if N/ (fb) <t,, a maximum t, can
be obtained when r = n, and the total egress time can be obtained through 7, =
N/ (fb) + ni,.

(2) The Togawa formula

The Togawa formula can calculate the time for evacuees to move to the exit of each
residential area. The formula is shown below:

fo = % Nt—Z/ﬁ(t)b,-¢i(t)dt +1 (54)
i=1 0

in which

t. refers to the time needed to make to the exit, s;

N, denotes the total number of evacuees inside the building;

fi (®), f denotes, respectively, the flow of people at the ith exit and at the final exit;
n, refers to the total number of the exits;

b; refers to the width of the ith exist, m;

1o refers to the time when a constant population flow appears, s;

¢; (t) denotes the coefficient of people detaining at the ith exist, also the percentage
of people gathering in this place.

The right side of the equation describes the evacuation time after the constant
population flow appears, and it is only related to the evacuation capacity of the final
exit; and the integral item refers to the number of people getting out from each exit
from the start of the evacuation till the constant flow occurs. And the formula can be
simplified into:

Nt ks

=ty (5.5)

le

in which

k, refers to the distance between the final exit to the initiating terminal of the flow
of people.
v denotes the speed of flow.

The distance between the final exit and the initiating terminal of the flow of people
can be taken as the distance of the first evacuee moving from his spot to the final
exit. If we assume, after the first personnel arrive at the exit, the line behind him
is in coherent order, obviously, according to the simplification, the shortest overall
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evacuation time can be obtained assuming the evacuation speed unchanged, since
the other evacuees will not follow closely with the first evacuee in real practice.

5.1.3 Simulation Modeling of Evacuation

In this chapter, LEGION software is selected to analyze the evacuation time of
residences from the target community and the dynamic features in the evacuation.

(1) LEGION vector model

The model LEGION software employed is a vector model. And based on the
individual behavior simulation technology and two-dimensional vector continuous
spatial analysis, it takes into account individual behavior description, staff size, and
spatial area. The model is most suitable for analog simulation for areas with large
population and large scale. In this example, the model is based on individual pedes-
trians, and the plane route and direction of each step are calculated by computer algo-
rithm, whereas each individual pedestrian has the right to determine his own action.
Pedestrians will consider the surrounding environment (buildings and obstacles, etc.)
and to interact, communicate with others to change information before making deci-
sions. “Minimum effort” is often employed into the decision-making process (Zipf
1949), that is, when an individual chooses his next move, he will manage to minimize
his dissatisfaction, which is possibly caused by physical and mental factors that slow
down his speed, including obstacles, inconveniences, and uncomfortable feelings.
And the LEGION vector model is mainly employed to study evacuation behavior of
the crowd, evacuation time, and evacuation strategies and techniques.

(2) Components and functions of LEGION software

The LEGION software mainly consisted of three parts: modeler, simulator, and
analyzer (Zhu 2006).

The modeler creates a precise and favorable model for space simulation, for
example, to lead in a map of the building, which defines its physical space; to specify
the demand of pedestrians for spaces; to designate the area of activities, such as a
queuing area or a waiting area; to consider different routes; to link the data to the
model; and to lead out the model files to the simulator.

The simulator can simulate how pedestrians move or cycle in the model space
defined in the modeler. Through using the simulator, you can lead in the model files,
play and view the simulation process, and record the relevant part of the simulation
in the result file to be analyzed and to record all or part of the simulation through
demo video file.

The analyzer can carry out a series of analyses in the analog space, through which
files and the model file are able to be leaded in. Also, it can show the selected part of the
recorded simulation or a set of new simulation, present the important measurement
information in the form of a map to enable detailed analysis, showcase the results
of the analysis through a times series, a stack bar chart or a column, and lead-out
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analysis dialog in the form of graphics, documents, videos, pictures, or forms to help
insert it to the presentation files, reports, or spreadsheets. Also, the analyzer has other
functions, including data analysis of the density of people, the time of walking, the
evacuation time, the maximum time of queuing, and also the maximum waiting time.
And it supports data output into graphics, data, and charts.

5.2 The Evacuation Simulation of the Residential
Community

5.2.1 The General Introduction of the Residential
Commupnity

In this chapter, a residential community in Qindao, belonging to Wanhua Group,
which is of northeast orientation, is selected. In Fig. 5.1, the plane plan of the typical
residential community we select is shown, from which readers can notice that there
are 51 buildings in the whole community, mostly multi-storied. Most of them are
households, small businesses, and shops. There are three main roads in the commu-
nity. A hedge or plants separated the roads and the residential buildings. There are
all in total ten exits in the area.
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Fig. 5.1 Detailed plan of the residential community
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The number of residents inside the community can be estimated according to the
per capita floor space. For households, according to domestic statistics (Yantai Bureau
of Statistics 2008), the average per capita area of the community is 25 m?/person;
for commercial shops, the initial estimation is 2.8 mz/person. As shown in Table 5.1,
according to the number of people on different floors, the plane area, and building
types, the total number of residences inside the community can be estimated, which
is around 14,832 people.

5.2.2 The Selection and Setting of Analog Parameters

(1) Directions of evacuation

The residents inside the community will choose the exit based on the shortest path
method during evacuation (Gloor et al. 2004), and the directions of evacuation from
different buildings are shown in Fig. 5.2. For those inside the building, they will
first leave their doors, descend through staircases to the ground floor to make to the
entrance of the building, get out of the building and get to the secondary roads or
main roads of the community, and reach the exit of the whole residential community
when they receive the evacuation notice; and for those who are outside the building
walking, they need to get directly from the secondary roads to the main ones and
then reach to the exit of the building.

(2) Evacuation options

‘We assume that all the residents receive the evacuation notification at the same time,
and all of those inside the buildings take fast action once they get informed. The time
of residents leaving the buildings shall be calculated, taking into consideration the
total number of people, the number of floors, and the width of the entrance of each
building, and parameters shall be set at the exit of the buildings as well as the time
people need to get out of the building. The evacuation strategy shall be set, including
the emergency plan for the escape, the shortest path selection, and the pre-action
time.

(3) The distribution of initial personnel

Decision-makers should take into consideration that different types of residents may
vary in gender, age, and items they carry. The difference in resident types may
cause differences in parameters, including reaction time, the area they occupied,
maneuverability, and the speed of movement. Figure 5.3 shows the distribution of
personnel at the initial moment, and it uses dots to indicate people.
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Table 5.1 Estimation of people in the community

111

No. | Floor Area/m? | The building | Density of Number of | Number of
number type people/(m?/people) | people people

inside the
passage of
the building

1 5 790 Household 25 158 79

2 5 746 Household 25 149 75

3 5 805 Household 25 161 81

4 5 628 Household 25 126 63

5 1 686 Shop 2.8 245 123

6 1 711 Shop 2.8 254 127

7 1 611 Shop 2.8 218 109

8 1 655 Shop 2.8 234 117

9 6 658 Household 25 158 79

10 6 1285 Household 25 308 154

11 6 1289 Household 25 309 155

12 6 945 Household 25 227 113

13 6 1112 Household 25 267 133

14 6 725 Household 25 174 87

15 4 781 Household 25 125 62

16 4 949 Household 25 152 76

17 4 743 Household 25 119 59

18 4 1091 Household 25 175 87

19 5 765 Household 25 153 77

20 |4 640 Household 25 102 51

21 7 395 Household 25 111 111

22 6 754 Household 25 181 90

23 7 395 Household 25 111 111

24 6 834 Household 25 200 100

25 7 395 Household 25 111 111

26 7 395 Household 25 111 111

27 7 1726 Household 25 483 161

28 7 2109 Household 25 591 197

29 7 2039 Household 25 571 143

30 7 2058 Household 25 576 144

31 7 1952 Household 25 547 182

32 7 1952 Household 25 547 182

33 7 1952 Household 25 547 182

34 7 1872 Household 25 524 175

35 7 1879 Household 25 526 175

(continued)
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Table 5.1 (continued)

No. | Floor Area/m? | The building | Density of Number of | Number of
number type people/(m?/people) | people people

inside the
passage of
the building

36 7 1696 Household 25 475 158

37 7 1723 Household 25 482 161

38 7 1659 Household 25 465 155

39 7 2408 Household 25 674 225

40 6 1552 Household 25 372 186

41 7 1495 Household 25 419 209

42 7 1399 Household 25 392 196

43 7 1436 Household 25 402 201

44 1 561 Shop 2.8 200 100

45 1 688 Shop 2.8 246 123

46 1 487 Shop 2.8 174 87

47 1 210 Shop 2.8 75 75

48 1 220 Shop 2.8 79 79

49 1 205 Shop 2.8 73 73

50 7 1368 Household 25 383 192

51 7 1325 Household 25 371 186

Entrance of Secondary roads
Resident in | Poor the building or main roads ]
g Staircase Community Exit
building

A

Resident outside
building

Fig. 5.2 Map of evacuation directions

5.2.3 Analysis of Evacuation Simulation Results

(1) Evacuation time

Through the simulation, we can obtain the evacuation time for all residents in to
get evacuated into safer places outside the exit of the residential area. The dynamic
change curve of the evacuee numbers in this calculation is shown in Fig. 5.4, from
which we can notice that the cumulative curve is in a S-type. At about 82 s after the
evacuation starts, evacuees start to move and get out of the exit. And at 474 s after
the evacuation starts, all 14,832 evacuees have been successfully evacuated outside
their community.



5.2 The Evacuation Simulation of the Residential Community 113

.—:__-_ . i ‘r /
f*—r%_ o ) M
= g <31 - e e— ‘;r;;‘___‘___ :
| RS A || s Ao !
Y
14

K FREALES T 2 ! WL AR

»_&_;‘;f,; - = 9
;% “_‘_‘gf | X % s /|
ﬁ&ﬁd‘«il‘ o | 56 WM&@ By |
|8 Reeat s /. e e o | |
L o ﬁf/ ARG | e | |
x E5 77 [ s B % SRR g s [
; T ! : > i j\-' m
/ LIRS ! Lt e
f R R T oy e
| BRI / ﬁ:ﬁi&&«éfﬁwﬁ;{ / Mﬁmw/
| S e o) |
rl :'_ o _h_h_.'." —f] < FEL I

Fig. 5.3 Personnel distribution at the initial moment
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Fig. 5.5 Evacuation speed change chart

(2) Evacuation speed

The variation curve between the total evacuation speed and time is given in Fig. 5.5,
from which we can notice that the total evacuation speed has an increase tendency
before its dropping and the maximum evacuation speed comes at 230 s since the
evacuation starts. The change is likely to be caused by the density of people outside
the exit of each residential area.

(3) Statistics of evacuees evacuating through the exit of the community

Figure 5.6 shows the number of evacuees evacuating through the exit of the commu-
nity, and it reveals the dynamic change of the amounts of evacuees from different
exits. Since the way to Exit 1 is much longer, people tend to avoid choosing it. And
from Fig. 5.6, we can notice the number of people evacuating from Exit 1 is 0,
indicating no one takes the exit. Thus, in the simulation, the optimal path algorithm
should be adopted: Inhabitants will choose the exit by the shortest path from their
own locations, and thus, the numbers of people evacuating through different exits
vary. Under such parameter, Exit 3, Exit 5, and Exit 6 are three main evacuation exits
in this example, and they have relatively more people passing through.

(4) Dynamic characteristics in the evacuation process

The typical simulation of evacuation process can be seen in Fig. 5.7a, b, c, d, e, f,
g, h, i, j, from which we can notice at around the 50th s, people start to move out
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Fig. 5.6 Dynamic change curve of number of evacuees at each exit

of the building, and this has included the time people spend for actions that delay
their evacuation process, for example, locking the doors. Since the types of building
and the numbers of floor vary, the time they need to get out of the building differs
accordingly. For those who have been outside the building, they will select the exit
based on their distance to each exit and choose the routes based on their habits or
comfortable degree of each road. Around the 2nd min, most residents are already
out of the building. At around the 3.5—4th min, the density of people around the exit
reaches a maximum, and the passing rate climbs to the maximum accordingly. At
around the 7.5th min, almost all residents have been evacuated to the external road
network of the residential area.

5.3 Comparison of Simulation Results of Different
Evacuation Scale

In this chapter, we have studied the evacuation scale of the residential community,
also the influences of evacuee numbers have on evacuation time and other evacuation
dynamic characteristics. We conduct three simulations under different circumstances
within one community, and name them, respectively, by Examples 2, 3, and 4, the
evacuation population of which are 10,004, 5019, and 1020 accordingly, while we
keep other simulation parameters unchanged. According to the examples, this chapter
makes a comparative analysis of the simulation results.



116 5 Simulation and Analysis on Characteristics of Subregional...

wlmniﬂ /
| — m's e

e T gm- ,....q

I wwlllmq,.mm,f "&’mmfl‘an_m l’J
% " i

LL R v h%ﬁ‘ﬁﬂrm;"ﬂ' | r.u:m /

Fig. 5.7 Typical simulation of evacuation process. a Evacuation scene at the 0.5th min, b evacuation
scene at the 1st min, ¢ evacuation scene at the 2nd min, d evacuation scene at the 3rd min, e evacuation
scene at the 4th min, f evacuation scene at the 5th min, g evacuation scene at the 6th min, h evacuation
scene at the 7th min, i evacuation scene at the 7.5th min, j evacuation scene at the 8th min
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Fig. 5.7 (continued)

5.3.1 Comparison and Analysis of the Different Evacuation
Time

The comparison diagram of different evacuation time curves for the four examples is
shown in Fig. 5.8, and the overall time for all residents to get out of the community in
each example is shown in Table 5.2. From Fig. 5.8 and Table 5.2, we can notice the
relationship between the evacuation time of residents and the number of evacuees.
When the evacuation population is 14,832, the time for evacuees to get out through
the exit reaches 474 s; when the number of residents is 1020, it takes 363 s, which
suggests the overall evacuation time grows with the increase of the evacuee number.

Table 5.2 also carries out the comparison of change rate of evacuees and that of
evacuation time. From Fig. 5.1, we can notice that when the number of evacuees
drops to 6.88%, the evacuation time drops to 76.58%, which suggests the drop in
change rate of evacuation time is much lower than that of evacuee numbers. When
the number of evacuees inside the community increased 14.54 times, the evacuation
time only increased by 31%.

5.3.2 Comparison of Evacuation Rate

The trend of evacuation speed changing with the evacuee numbers is shown directly
in Fig. 5.9. Although there are only 5000 more people in Example 1 compared with
that in Example 2, their maximum evacuation speeds are almost the same. But in
Example 3 and Example 4, although the former has nearly 4000 people more than
the latter, the maximum evacuation speed rises from about 22 people/s to almost 68
people/s, a growth of 3.5 times. The increase pattern of evacuation speed is related
to the design of internal road network, the width of the community entrance, and its
passing capacity.
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Fig. 5.8 Comparison of change curves of evacuation dynamics of each example

Table 5.2 Comparison of overall evacuation time from various examples

Serial number | The number of | The The change in the number of The change in evacuation
evacuees evacuation | evacuees/% time/%
rTlovement Based on the | Based onthe | Based onthe | Based on the
time/s data of data of data of data of
example 1 example 4 example 1 example 4
Example 1 14,832 474 100 14.54 100.00 1.31
Example 2 10,004 432.6 67.45 9.81 91.27 1.19
Example 3 5019 385.8 33.84 4.92 81.39 1.06
Example 4 1020 363 6.88 1.00 76.58 1.00

5.3.3 Comparison and Analysis of Space Utilization

Through LEGION evacuation simulation, we can observe the space utilization inside
the residential community during the evacuation. Figures 5.10, 5.11, 5.12 and 5.13
show the space utilization during the evacuation in Examples 1, 2, 3, and 4, respec-
tively, and their colors change from dark gray to light gray, indicating the utilization
rate changing from low to high. Also, the white parts denote the spaces when evac-
uees have not utilized. Judging from the four figures, we can notice that with the
increase of evacuee numbers, people have obviously utilized more space during
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Fig. 5.9 Trend of maximum evacuation speed changing with the number of evacuees

evacuation (dark gray parts), especially around the secondary roads, main roads, and
the community exits.

5.3.4 The Comparison and Analysis of the Densities of People

Through LEGION evacuation simulation, we can notice the density of people both
inside the community and around the exit. Figures 5.14a, b, 5.15a, b, 5.16a, b and
5.17a, b show the mean density and the maximum density in Example 1, Example 2,
Example 3, and Example 4, respectively, in which the colors changing from light gray
to dark gray denote the density changing from low to high, whereas the white parts
denote the space with no evacuees. From these figures, we can notice the following:

(1) The number of evacuees increases, and congestions inside the community occur.
In Example 1, congestions occur mainly around the breach of hedge (the inter-
section of secondary and main road) of the main roads and near the main roads,
especially near the intersections of main and secondary roads. In Example 2,
although the mean density and the maximum density are all lower than their
counterparts in Example 1, there are still congestions happened near the breach
and the main roads of the community. In Example 3, there is a reduction in
congestions, while in Example 4, there is hardly any congestion.
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Fig. 5.10 Evacuation space utilization rate in Example 1

Fig. 5.11 Evacuation space utilization rate in Example 2
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Evacuation space utilization rate in Example 3

Fig. 5.12

Fig. 5.13 Evacuation space utilization rate in Example 4
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Fig. 5.16 Density of people in Example 3. a Mean density and b maximum density

(2) The most serious congestion occurs surprising not around the exit of the commu-
nity. Comparing the four examples, we can find out that the mean density and
the maximum density do not often occur near the exit of the community in
both Examples 1 and 2, but around the breach of hedge near the main road,
which is the intersection of the main road and the secondary road. A plausible
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Fig. 5.17 Density of people in Example 4. a Mean density and b maximum density

reason for this circumstance is, the capacity of the intersection is not able to
hold so many people, worse than that of the community. With the decrease of
evacuee numbers, the congestion will be gradually eased. In Examples 3 and
4, the congestions mainly occur around the main road and near the exit of the
community.

5.4 Study on the Loading Characteristics of Evacuation
Network in Subregions

5.4.1 Influence Factors on the Loading Time in Urban
Evacuation Road Network

In order to carry out regional evacuation analysis of the gas leak accident, it is
necessary to know the time for residents from each subregion of the affected area
to get loaded outside the region, which is also the time to get into the city road
network. Assuming the residences receive the evacuation notification simultaneously,
the previous part of this chapter employs LEGION vector simulation to analyze the
evacuation time of a chosen residential community and other dynamic characteristics
during evacuation.

According to the simulation, although the evacuee number varies, the evacuation
time for the first evacuee to get to the exit is basically the same, and the total evacuation
time increases with the number of evacuees. This linear increase is shown in Fig. 5.18,
in which the regression of the linear increase is carried out. The slope of the line
reflects the change in overall evacuation time with the increase of evacuee number,
and the constant reflects the intrinsic properties of the residential area, closely related
to the attributes of the internal road, the width of the community exit, and the passing
capacity.
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Fig. 5.18 Linear relation between evacuation time and the number of evacuees

However, judging from Fig. 5.18 and the comparisons of evacuation speed, space
utilization rate, and the density of people in previous chapters, we can notice that
although parameters, including space utilization rate and the density of people,
change obviously with the increase of people, the overall evacuation time does not
show such a clear change, as the characteristic shown in the comparison of Fig. 5.1.
This characteristic suggests that the number of evacuees in subregions is not a crucial
element in the time analysis of people evacuating from inside the residential area to
the city road network in regional evacuation analysis. Therefore, it is not necessary
to accurately calculate the number of residences.

Although an accurate calculation of evacuee number is not necessary, the time of
people evacuating to the road network is still closely related to the intrinsic properties
of the community, including its patterns and forms. Therefore, it is necessary to
consider the evacuation time inside each residential area or each subregion, which is
also the differences in loading time.
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5.4.2 The Estimation Method of Evacuation Time
in Subregions

Individual analysis is employed in LEGION vector simulation process, and the simu-
lation involves detailed information of building types, specific buildings, and the
mesoscopic parameters of the section. Since the method considers all individual
information of every evacuee, the calculation process is very complex and time-
consuming, unable to support a fast simulation and optimal analysis in subregion
evacuation. Therefore, we need a better approach to estimate the overall evacuation
time of the subregions as well as the evacuation time for the first evacuee to reach
the exit of the community.

In most cases, it is difficult to get detailed information of the residence number
inside each building and the construction type within a community or city. However,
it is still possible to estimate the overall evacuee number within one community
or a subregion. In this character, a time model to calculate the loading time for
people to get into the city road network is proposed, which is only based on the
following parameters: the characteristics of buildings (high-rise, multi-story, or low-
level buildings), exit number, the width of entrance, and overall number of people.

Suppose the time people need to pass the exit of subregion and get loaded to the
city road network #oading 15 between #g and f, that is

Ip = tloading < ey (56)

in which

to denotes the time when the first evacuee arrives at the subregion exit, s;
t.y denotes the overall evacuation time, also the time duration till the last evacuee
leaves the exit of subregion, s.

The overall evacuation time mainly consists of the time evacuees need to get out

of the building and the time to reach the subregion exit:

oy =1 +1h (5.7

in which

t; denotes the overall time for a person to get out of the building, s;
t, denotes the time a person needs to get to the subregion exit, s.

Based on empirical formula for overall time calculation, the time of people moving
out of the building, the time for moving to the exit of the subregion, and the time the
first evacuee needs to get to the exit of subregion can be obtained.
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(1) Time calculation of evacuees to get out of the building

The time an evacuee needs to leave the building is closely related to various parame-
ters, including the number of people inside the building, the total area of the building,
its plane area, the number of floors, plot radio, and the types of building (e.g., resi-
dential building, shopping malls, etc.), and it can be obtained through Melink and
Booth formula.

If we assume a same number of people on each floor and a same width of floor,
when taking the time of other actions evacuees may take (such as locking the door)
into consideration, the formula can be changed into:

=N/ (fb)+nt;+1, (5.8)

in which

n refers the floor number of the building, and if it is a single-story building, n =
0;

N refers to the number of people on a unit floor inside a unit block;

f denotes the unit width flow or passing rate through the entrance of the building;
b denotes the width of a unit entrance of the building;

t, denotes a person descending to a lower floor, usually takes around 16 s;

t, denotes the time other actions may take during the evacuation, for example,
locking the door, which can be estimated at around 30 s.

(2) Time calculation of evacuees to move to the exit of the community

The time residences need to get to the community exit from outside the building is
closely related to the size of subregions, the width of roads and the density of road
network, as well as the walking speed of residents, and it can be calculated through
Togawa formula. We take the subregion in Fig. 5.19 as an example, and suppose the
overall population inside the building is P. When the evacuees come out from the
building, they may choose different subregion exit according to their judgment of
distance and degree of familiarity. Suppose the number of people at Exits 1, 2, 3 and
4 of the subregion is Py, P, P3, and Py, respectively, and the distance of the building
to each exitis Ly, L,, L3, and L4. Based on the shortest path selection, we take that
evacuees choose their exit only based on the distance. In this case, people from one
building are highly possible to choose the same exit of the community, as shown in
Fig. 5.19, all the evacuees choose Exit 1. If other influence factors are considered,
such as degree of familiarity and other social causes, people might choose other exits.
Therefore, the time duration for evacuees to move from building j to get to exit / of
subregion can be calculated according to Eq. (5.9).

L.
o= L 4 2L (5.9)
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Fig. 5.19 Evacuation paths and exits inside a subregion

in which

P; j denotes the time of an evacuee getting to exit i from the entrance of the jth
building;

b; denotes the exit width of the ith subregion;

fi denotes the flow of evacuees passing through the exit of the ith subregion;

L; denotes the distance between the building and the exit of the ith subregion;

v denotes the flow speed of people.

If ergodic is employed to all the buildings, the maximum evacuation time can be

obtained as follows:
t, = max| —= + — (5.10)
bifi v

If there is no individual characteristic analysis, and only overall parameters of
the subregional are employed, we need to simplify Eq. (5.10) to get the duration of
evacuating residences to reach the exit of the subregion:

15 :(}5 Nt +¢2 (5 11)
! bf [%)) '
in which

N, refers to the total number of evacuees in the subregion;
b refers to the total width of the subregion, m;
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f refers to the flow or passing rate of people from a unit width, number of
people/(m s);

L refers to the characteristic length of the subregion, and if the area is a rectangle,
we take its characteristic length as half of its diagonal length, m.

(3) Time calculation of the first evacuee to reach the exit

The time first evacuee to reach the exit of the community can be calculated through
the following formula:

L .
fh= —" 41, (5.12)

Vo
in which

Lnin denotes the shortest path from the ground floor entrance to the subregion
exit;

vp denotes the moving speed of evacuees, when it is not crowded, usually around
1.2-1.4 m/s.

The speed of the flow, the unit width flow, and other parameters should be deter-
mined using empirical formula to calculate the duration of evacuation, which could be
obtained through referencing to existing empirical formulas or technical standards.

5.5 Conclusion

This chapter summarized the theoretical basis of evacuation study and chose a resi-
dential area of Wanhua Group, located in Yantai, as an example, which is of northeast
orientation. The change of evacuation characteristics, including evacuation time,
evacuation speed, space usage, and personnel density in this residential area, was
simulated and analyzed through using the LEGION vector simulation under the four
evacuation scales. The following conclusions have been drawn: In regional evacu-
ation analysis, the number of residents from subregions should not be taken as a
crucial factor in analyzing the evacuation time for urban road network; therefore,
it is not necessary to estimate the residents number accurately. However, decision-
makers should take into consideration the differences in forms and attributes of the
subregions, as well as the time needed for each area to evacuate. Moreover, basic
approaches for a fast estimation of subregional evacuation time based on empirical
formula were proposed.
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