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ABSTRACT

China is suffering from severe pollution accidents which may have catastrophic impacts on the local
population and environment. Some questions are unclear to local governments and industry operators
like “who are vulnerable to the chemical risks?” and “what is the magnitude of vulnerability?”. This
paper concentrates on exploring the concepts of human vulnerability and the methodology of analyzing
human vulnerability to chemical accidents in the vicinity of chemical industry parks. A conceptual model
of human vulnerability to chemical accidents is developed, revealing the roots of human vulnerability and
emphasizing its role in risk management. A geographical information system (GIS)-based methodology
for mapping vulnerability is proposed and applied to the Nanjing Chemical Industry Park in China. By
combining physical vulnerability and social vulnerability spatially, the total vulnerability is revealed to
better respond to accidents. It is proposed to improve traffic lines and allocation of medical services, and
include vulnerability assessment in land-use planning to reduce future risks. In other words, it seems fea-
sible and effective to reveal physical, social and total vulnerability of residents in the vicinity of chemical

risk sources.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Accidents such as the Bhopal tragedy in 1984 and the Jilin chem-
ical plant explosions in China in 2005 have clearly demonstrated
how the impact of industrial accidents can be severely amplified
in adjacent areas with hazardous installations and high-density
populations. Severe damage to human life and health caused by
industrial accidents prompts reorienting emergency management
from simple post-event response to preventive preparedness. Risk
analysis is an activity to deal with available information to aid the
decision making process in risk management. However, Kasper-
son et al. pointed out that, “...the practice of characterizing risk
by probability and magnitude of harm has drawn fire for neglect-
ing equity issues in relation to time (future generations), space (the
so-called LULU or NIMBY issue), or social groups (the proletariat,
the highly vulnerable, the export of hazard to developing coun-
tries), ...” [1]. Fortunately, some researchers started digging into
environmental justice in terms of potential acute health risks by
examining the distribution of serious chemical accidents across
diverse sub-populations since the 21st century [2-4]. Another
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group of researchers tried to reveal the vulnerability of people and
the environment to acute health risks posed by chemical materi-
als [5-9], providing guidance for land-use planning and emergency
response, with the objective to limit the potential consequences. In
member states of the European Union, the vulnerability of the haz-
ardous installations was conventionally described and quantified.
A practical method was developed in the ARAMIS project, which
was funded by the European Commission [8].

In industrializing China, lots of chemical industry parks are set
up in coastal or riverside urban areas. Health and safety of people in
and around the chemical industrial parks has attracted great atten-
tion of national and local authorities, as well as the public. However,
the heterogeneity of different targets is seldom taken into account
in risk assessment. As a result, risk management activities cannot
be targeted and prioritized to mitigate the losses of major pollu-
tion accidents in an efficient way as early as possible. This paper
provides an approach to assess and quantify human vulnerability
to chemical risks in the vicinity of chemical industries clusters, for
the sake of mitigating risks either by limiting the number of targets
exposed to the risk or by blocking the targets from the risk source.

Nevertheless, the theory and application of vulnerability anal-
ysis give short measure for risk management by timely designing
affordable and effective strategies for reducing the negative effects
of chemical accidents, especially in the vicinity of chemical industry
parks in China. It is essential to stress that we can only talk mean-
ingfully about the vulnerability of a specified system to a specified
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Fig. 1. Conceptual model of human vulnerability to chemical agents.

hazard or range of hazards. Vulnerability of a human community
to chemical accidents, including their ability to adapt to the risk,
is discussed in this paper. We regard chemical accidents as the
cause of people’s vulnerability, which fluctuates according to the
intensity and magnitude of chemical accidents and the distribu-
tion of the population. It is a relatively new field of research in
China that brings together experts from a wide range of fields,
including environmental assessment and modeling, risk assess-
ment, risk management, land-use planning, social science, policy
development and economics. It will be carried out by applying the
geographical information system (GIS) and statistical analysis to
integrate potential exposures to chemical accidents and socioeco-
nomic inabilities to respond to and recover from them.

The objective of this paper is to discuss the vulnerability of
human communities adjacent to chemical industries, clarify neces-
sary concepts, and outline a framework for vulnerability analysis.
The vulnerability concept is discussed in more details in the next
section of this paper, as well as a number of internal and exter-
nal risk factors influencing human vulnerability. Section 3 presents
a conceptual model of vulnerability and a general approach to
vulnerability analysis of chemical industry parks. A case study in
Nanjing Chemical Industry Park is put forward in Section 4. Finally,
some concluding remarks are given in Section 5.

2. Literature review on vulnerability

Researches on vulnerability can be traced back to the 1970s
in natural hazard studies. There are many papers on vulnerability
assessment from different perspectives. There are some attempts
to quantify environmental vulnerability referring to specific sys-
tems and particular stressors or classes of stressors, including risks
posed by chemical industries to the surrounding environment. In
these papers, vulnerability has been defined in various ways such as
the threat of exposure, the capacity to suffer harm, and the degree
to which different social groups are at risk [10].

Generally, there are three broad conceptual approaches to
understanding vulnerability, which view vulnerability as risk of
exposure, a socially constructed phenomenon, and a combination
of exposure and socially constructed phenomenon respectively
[11]. Based on these three types of definitions, there are three dif-
ferent points of views that result in three different strategies to
address vulnerability.

The first one blames natural hazard as the cause of peo-
ple’s vulnerability and seeks for technological, scientific solutions.
It corresponds to biophysical vulnerability, which examines the
distribution of hazardous conditions arising from a variety of ini-
tiating events such as natural hazards, chemical contaminants, or
industrial accidents. Studies based on this concept concentrate on
exposure and/or sensitivity, which were underscored in an archety-
pal reduced-form model: the risk-hazard (RH) model [12,13].

The second point of view focuses on economic and institu-
tional solutions to reduce vulnerability caused by costs and societal
structures, which shapes social vulnerability and suggests that peo-
ple have created their own vulnerability, largely through their
own decisions and actions [14]. Social vulnerability describes the
socio-demographic characteristics of social groups that make them
more or less susceptible to the adverse impacts of hazards. Souza
Porto and Freitas [15,16] explored vulnerability to major chem-
ical accidents in industrializing countries only from perspectives
of socio-political structures, proposing a deep transformation of
social and environmental inequalities and a more intensive par-
ticipation of the involved actors to reduce prevailing differences
in standards of prevention and in the severity of major chemi-
cal accidents. In some sense, population density is often used to
reflect relative human vulnerability in urban areas [9]. And the dis-
tribution of sensitive targets such as schools and trade markets are
used to characterize the variability of vulnerability and to prioritize
hazardous wastes transportation routes [17].

Last but not the least, the third point of view deals with the
problems in a combined manner, on which this study is based. A
representative diagram is a standard two-dimensional classifica-
tion of post-normal science, which emphasizes axes of “social and
institutional vulnerabilities” and “complexity of technological haz-
ards”. It implies that major social policies and a comprehension of
the limits of the normal scientific and economic approaches to such
problems are required in reducing the vulnerability of industrial-
izing countries [15]. Perhaps equally important is the notion that
vulnerability varies by location (or space) and over time—it has both
temporal and spatial dimensions. Several studies investigated the
vulnerability in spatial terms adopting GIS [8,9].

However, the integrative, temporal and spatial dimensions are
too complicated and uncertain to be taken into account in vul-
nerability analysis simultaneously. Most researchers dealing with
vulnerability of risk targets to chemical accidents emphasized
exposure to risk or socially adaptation, instead of assessing vul-
nerability in synthetic approaches. Though there are a few studies
revealing integrative vulnerability to chemical accidents in spatial
terms, most of them defined hazardous zones using proposed safety
distances[4] or other recommended protective action distances [9].

3. Conceptual model and procedure of assessing
vulnerability

3.1. Conceptual model of vulnerability

In this paper, vulnerability is considered a multidimensional
concept involving exposure—the degree to which a human group
contacts with chemical accidents; sensitivity—the degree to which
a risk target is affected by exposure to any set of chemical agents;
and coping ability—the ability of the target to resist or recover from
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Fig. 2. General overview of vulnerability assessment.

the damage associated with exposure to the chemical agents. The
exposure and sensitivity constitute physical vulnerability, and the
lack of coping ability reflects social vulnerability which indicates
social roots for targets being vulnerable to hazards. In this manner,
a conceptual model of vulnerability is developed as Fig. 1 shows.
Compared with the risk-hazard model, coping ability is an addi-
tional dimension in this model, which is of great significance in
this research.

According to the conceptual model of vulnerability mentioned
above, it reflects both potential hazard levels and resistibility of
targets. In other words, potential hazard levels of targets reflect
physical vulnerability, determined by exposure and sensitivity,
while resistibility of targets indicates social roots for vulnerabil-
ity. Mitigating potential hazard levels of targets can be achieved
by removing or relocating chemical industry activities or human
targets, or by introducing obstacles between them. In emergency
response, it is critical to focus on the targets with a relatively higher
vulnerability. Enhancing resistibility of targets has been another
major approach in risk reduction. Usually, risk targets with high
vulnerability, like school age populations, should be given spe-
cial and prioritized protection. For example, special channels of
communication are opened up for sensitive targets, and a higher
level of earthquake-resistance is demanded for school buildings. In
emergency situations, it will be necessary to identify who needs

resistibility enhancement and how to allocate limited resources
among risk targets effectively based on vulnerability assessment.
The above key nodes are identified for avoiding risks to targets in
risk management.

3.2. Procedure of vulnerability assessment

As vulnerability is composed of physical and social vulnerabil-
ity, it is not solely dependent on the proximity to the potential
risk source and the magnitude of the source, but also on social-
economic properties of the risk targets. Analyzing vulnerability
in this manner requires identifying potential risk sources which
might threaten human targets and how the human targets are
capable of resisting accidents. In other words, the proposed pro-
cedure reveals vulnerability in a synthetic manner, considering
both physical and social factors. And GIS technology provides a
practicable tool for demonstrating vulnerability in spatial terms.
Compared with the above-mentioned studies [4,8,9], the pro-
posed procedure delineates explicitly the footprint of hazardous
accidents, instead of relying on proximity-based measures with
some proposed distances. Thus it focuses on vulnerability of sen-
sitive targets to specific hazardous accidents, which provides a
significant reference for emergency responders. The vulnerabil-
ity analysis process is illustrated in Fig. 2. In principle, it is
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comprised of four major steps, explained in more details as fol-
lows.

3.2.1. Systematic definition

The procedure begins with defining the features of the study
area, as well as the scope and boundary of the vulnerability analy-
sis. Specifically, the size of the study area should be large enough
to cover the impacted area of the reference accident scenarios from
the industrial site. The mesh size should be determined appropri-
ately to keep homogeneity in a mesh and reflect heterogeneity
among different meshes. Generally, a 500 m x 500 m mesh size is
suggested for a 20 km x 20 km size study area [8]. Identification of
risk sources is carried out in accordance with the national standard
[18]. Moreover, to obtain information about the various targets, it
requires a survey of each target category in each mesh of the study
area.

3.2.2. Mapping physical vulnerability

The second part of the vulnerability assessment procedure is
the estimation of potential hazard zones using a simulation model
and GIS spatial analysis, which measures the exposure of sensi-
tive targets to the chemical agents. The sensitivity of the targets to
the chemical agents represents a dose—effect relationship between
a specific chemical agent and a specific target. There are several
databases providing scientific information on toxicology, recom-
mending toxicity thresholds for demarcating hazard zones.

Airborne risks posed by chemical accidents include explosions,
fires and toxic gas releases from both fixed facilities and mobile risk
sources. As far as mobile risk sources are concerned, a buffer of halfa
mile is created around each railroad and arterial highway segment,
which is recommended by the US Department of Transportation
for a fire involving hazardous chemicals [19]. On the subject of
fixed facilities, either a Gaussian spread function or other numerical
models, with some proposed toxicity thresholds, can be used to pre-
dict the hazard zone where the toxic gas concentration is too high
to harm people. As commonly recommended in risk assessment
studies, the Aerial Location of Hazardous Atmospheres (ALOHA)
program is employed to delineate the plume footprint of the max-
imum threat zone for accidental release. It is beyond the scope of
this paper to describe this program, and any further information
can be found in the user’s guide [20].

3.2.3. Social vulnerability mapping

Since social vulnerability is derived from the activities and cir-
cumstances of everyday life or its transformation [21], it is a sticking
point to elaborate and integrate social indicators for vulnerability.
Social indicators are playing a vital role in vulnerability of humans
to chemical risk, besides the hazard levels of potential risks. For-
mer studies and examples from recent disasters illustrate how
certain categories of people, such as the poor, the elderly and recent
residents, are at greater risk throughout the emergency response
process [22]. Some relevant factors are identified to be pivotal for
vulnerability in industrializing countries to major chemical acci-
dents at national level, for example the location of such plants near
residential communities for marginalized workers and their fam-
ilies, the role of these countries in the global production system,
the enforcement of safety and planning laws, quality of housing,
and lifestyle of residents [15]. Some factors that influence the fun-
damental causes of social vulnerability include lack of resources
(including information and knowledge), limited access to political
power and representation, certain beliefs and customs, weak build-
ings and/or weak individuals, as well as infrastructure and lifelines
[9,17,23].

As far as the chemical accidents are concerned, population and
structure, and their access to emergency resources determine the
social vulnerability of people. Generally, social vulnerability of a

Table 1
Measure of social vulnerability of populations.

Characteristics Variables

Settlement
Infrastructure
Critical facilities

Housing units

Utility networks
Hospitals; police stations;
fire stations; life line;
accessibility of drinking
water and safe food

Age; health; gender; race
and ethnicity; education
Class; family; structure;
social support

Income; debt; assets
Community wealth;
market dependency
Level of democracy;
stakeholder involvement;
resource distribution and
redistribution; scope of
institution activities;
accessibility of institutions
Experience; education;
socioeconomic status

Infrastructure

X X Demographics
Social environment

Social relations

Micro-economy

Economic environmen
CONOMmIc & oumE Macro-economy

. . Institutions
Political environment

Individual
perceptions

highly populated area is higher than that of sparsely populated
ones. Pollutants always pose more risks to females, young children
and old people, who might be weaker. Moreover, access to social
resources is critical for resisting chemical risk, like communities
close to evacuating routes and hospitals. Safety education can help
people increase the possibility of survival during and after pollu-
tion accidents. The characteristics and variables listed in Table 1
are recommended to characterize social vulnerability based on lit-
erature [9,24]. The data is mainly obtained via official statistics and
fieldwork.

3.2.4. Integrating physical and social vulnerability

Finally, total vulnerability mapping is carried out by overlap-
ping physical vulnerability and social vulnerability in GIS. As the
conceptual model suggests, the overlapping of physical and social
vulnerability produces the spatial variation in total vulnerability
for the study area. Weight allocation between the individual layers
should be flexible according to local conditions. The vulnerabil-
ity assessment represents the first scientific basis for the decision
support system and should be followed by the development of
potential pollution risk maps. The results not only lay out each
individual layer of vulnerability independently, but also produce
a broad view of the spatial distribution of total vulnerability within
astudy area, which provides a new and comprehensive perspective
for the emergency management community.

4. Case study

The method of mapping vulnerability is applied for the Nan-
jing Chemical Industrial Park (NJCIP) in Jiangsu Province, China. The
NJCIP is located along the Yangtze River and to the north of Nanjing
City. The 9 km x 9 km study area is divided into 900 meshes in size
of 300 m x 300 m. The applications of chlorine are broadly known
in many chemical industries, such as bleaching agents, synthetic
rubbers, plastics, etc. And chlorine leakages are common indus-
trial accidents in industrializing countries and regions, posing acute
toxicity to local populations once it is released accidentally [25].
Therefore it is chosen to demonstrate the proposed methodology
in this study.

The Arcgis system is an integrated GIS, which provides a frame-
work for implementing GIS for users. The version of Arcgis 9.2
is adopted to build a geodatabase and carry out spatial analysis,
including buffer analysis and union analysis. ALOHA is employed
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Max Threat Zone for LOC: 10.02 km

Legend 0
- AEGL 3 River % Hospital
AEGL2 || Enterprise Road 0 5 1 ‘
lometers
AEGL 1 |:| Residents.

Fig. 3. Plume footprint of hazardous zone for accidental release of chlorine delin-
eated by ALOHA.

to delineate the plume footprint of the maximum threat zone for
an accidental release from a fixed facility under specified condi-
tions, as shown in Fig. 3, providing information for residents on
where and how to evacuate from the risk. The main information
associated with the accidental release is listed in the box at the top
of the figure. Acute exposure guideline levels (AEGLs) [26] are spec-
ified for concentration ranges of each threat zone. The AEGLs take
into account sensitive individuals, and they are meant to protect
nearly all people. Three categories of threat zones are identified
by plotting concentration isoclines with the three-tiered AEGLs for
toxicity thresholds. And the three-tiered threat zones are assigned
3, 2, 1 as the value of corresponding physical vulnerability, while
the physical vulnerability of the remaining areas beyond the threat
zones are treated as 0.

Based on the existing literature, indicators on the target popula-
tion and their residential environment are screened to characterize
the social vulnerability at the level of census blocks. As Lara-
Valencia et al.’s [27] research indicated, the spatial distribution
of hazards in developing countries seems to be influenced much
more by the location and accessibility of the urban and transporta-
tion infrastructure than by the location of low socioeconomic status
neighborhoods. Therefore, we mainly include population, distance
to nearest accessible hospital, and distance to nearest passable road
to characterize the social vulnerability of residents. Demographic
data were taken from 2008 Census Block Statistics of local counties.
Information concerning residential areas, traffic lines and hospitals
were obtained and verified through field survey.

In order to isolate the demographic profile of impacted areas,
the values of the indicators were calculated for each mesh. The
residential density of each census block was calculated by dividing

Table 2
Grading of indicators and social vulnerability.

Indicators Range Assigned value
0 0
Population (v;, inhabitants) Hoggm] ;
More than 90 3
500 and less 1
Distance to nearest accessible (500, 1000] 2
hospital (v, m) (1000, 3000] 3
More than 3000 4
300 and less 1
Distance to nearest passable road (300, 500] 2
(v3, m) (500, 1000] 3
More than 1000 4
0 Not vulnerable
Social vulnerability (Vsoc) {; ﬂ;] glljilttev\;ﬂ?:gflllee
[19, 48] Seriously vulnerable

the population by the residential area as follows:

Di
di == 1
pdi=". (1)
where p; is population and g; is the residential area. In this study
nine census blocks were taken into account.
Then if a mesh covers an area with a residential density of pd;,
the population of the mesh can be measured as follows,

o= ay-pd 2)

where n=[1,2,3,...,900], and a,; denotes the area of the j-th resi-
dential area in the n-th mesh.

Each social variable should be normalized, rather than using
simple percentages and distances. Then the index values for each
variable are integrated to obtain a composite index score for each
mesh, which represents an aggregate measure of social vulnera-
bility. A map of social vulnerability reflects the social vulnerability
value for each mesh. Each individual indicator of social vulnerabil-
ity can be examined independently. However, only the combination
of all the measures produces a broad overview of the spatial dis-
tribution of social vulnerability within the study area. This broad
overview has greater functionality for the emergency management
community, who need both the generalized information as well as
the specifics.

As the population in each mesh is concerned, its grading is based
on that of residential density. It is thought to be normal when the
residential density is less than 100 inhabitants/km?2, while a resi-
dential density is considered unusually high when there are more
than 1000 inhabitants/km?. The distance to the nearest accessible
hospital and the distance to the nearest passable road are both
graded according to the judgments of experts on emergency man-
agement. The values of each mesh are determined according to
Table 2.

The social vulnerability Vo is measured as follows,

3

Vsoc = va (3)

m=1

where v, are the indicators which contribute to social vulnerability.

Fig. 4 clearly depicts that the spatial pattern of social vulnerabil-
ity appears to be similar to that of residents. Because “0” is assigned
to those meshes with no residents at all, all the meshes without res-
idents are evaluated as “not socially vulnerable”. Moreover, due to
the lack of passable traffic lines and accessible hospitals, some res-
idents located at the lower right corner and upper left corner of the
study area are considered to be “seriously vulnerable”. Therefore,
it is considered important that critical infrastructures and lifelines
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Fig. 4. Social vulnerability of residents.

like roads and hospitals are urgently built up and renovated as soon
as possible in those areas.

The total vulnerability of residents, by overlaying the maps
of physical and social vulnerability in GIS, is critically important
in emergency management once an accident happens. No priori
weights were assigned to the individual layers within the GIS or in
the composite social vulnerability. Instead, both social and physi-
cal vulnerabilities, as well as the indicators of social vulnerability,
were treated equally and assumed to have the same relative impor-
tance in their contributions to vulnerability, The total vulnerability
is calculated as,

V= Vphy - Vsoc (4)

Fig. 5 distinctly reflects that the total vulnerability and haz-
ardous zone for accidental release of chlorine are noticeably similar.
While focusing on the hazardous zone, more about the vulnera-
bility can be revealed for guiding emergency management. Most
of the seriously vulnerable residents reside in the center due to
high residential densities and/or long distances to hospitals and
sparse traffic lines. Thus some risk avoidance strategies should
be taken into account in land-use planning, e.g., keeping a ratio-
nal safe distance between residential areas and risk sources, and
allocating accessible traffic lines and medical services for resi-
dents.

Different results can be achieved while assembling vulnerabili-
ties differently. On the one hand, while comparing Figs. 3 and 5, it is
clearly demonstrated that the residents with the highest physical
vulnerability are not always those with the highest total vulner-
ability. It is a critical finding because it reflects the likely “social
costs” of the hazard on the area. That is why the same accident
may exhibit different consequences in different areas. On the other
hand, it is also a fact that a certain community can be harmed to
a quite different extent by different accidents. It really reflects the
potential “exposure” of residents to the hazard. Thus both the phys-

Legend

Not vulnerable —— Road 0
| ‘ River

A bit vulnerable

Quite vulnerable 0 5 1 2
Seriously vulnerable — Kilometers

Fig. 5. Total vulnerability of residents in the vicinity of the risk site.

ical and social factors are indispensable while exploring human
vulnerability to chemical risks.

5. Conclusion

This paper concentrates on exploring the concepts and method-
ology of analyzing human vulnerability to chemical accidents in
the vicinity of chemical industry clusters. A conceptual model for
human vulnerability to chemical accidents is developed, reveal-
ing the roots of human vulnerability. A geographical information
system-based methodology for mapping vulnerability is proposed
and implemented in the Nanjing Chemical Industry Park in China. In
the case study, the plume footprint of the accidental release under
specified conditions is evaluated. Population, distance to the near-
est accessible hospital, and distance to the nearest passable road
are mainly chosen for revealing fundamental roots of social vul-
nerability. The final vulnerability is determined by combining the
physical and social vulnerability.

Vulnerability assessment helps screening key nodes for priori-
tizing risk management, especially for how to protect risk targets
against environmental risks. Knowledge of the spatial distribu-
tion of physical and social vulnerability, as well as the overview
of the total vulnerability can help to better prepare for accidents
and to develop mitigation strategies to reduce risks for the areas
under consideration. The results reflect that the residents resid-
ing in highly populated areas near the accidental site tend to be
more vulnerable, as well as those with long distance to hospitals
and sparse traffic lines. The physical vulnerability and social vul-
nerability reflects “exposure” to and “social costs” of hazards in the
area respectively. Thus for mitigating risks, adjustments in land-
use planning and improvement in medical services and traffic lines
are recommended for relevant areas.

As the social vulnerability factors are concerned, while not
fully explaining the underlying causes of the social vulnerability,
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they do provide an initial metric for explaining the concept. From
the perspective proposed in this article, vulnerability assessment
of humans and the ecosystem may involve non-routine acciden-
tal releases of hazardous materials from both fixed facilities and
mobile units. The present study focuses mainly on human vulner-
ability to risks from fixed facilities, while vulnerability of other
risk targets such as ecosystems, as well as vulnerability to acci-
dental releases from mobile units and multi-risks in a chemical
industry cluster, will be tackled in further studies. And the relative
importance of social indictors and physical and social vulnerability
in predicting vulnerability remains unsolved. Thus the weighting
schemes are also recommended to be developed in the future.
However, such a methodology relies heavily on the quality of
the data, such as the availability of the data about risk sources
and targets, the reliability of the data from various stakeholders
(industrial enterprises may provide false data to avoid their risk
responsibility), as well as a possible homogenous distribution of
risk sources and targets, which will make such an assessment of
few values in providing information for decision making process in
regard to cost-effective risk management. Therefore, various data
mining solutions should be developed to make this methodology
applicable and practical to scientists and other stakeholders.
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