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Abstract As an important causative factor of environ-
mental accidents, natural disasters have recently received
much attention for environmental risk assessment. Ty-
phoons are one of the most frequent natural disasters in
the northern Pacific Ocean and South China Sea and
cause enormous damage to agriculture, daily livelihood,
and industry. In this study, an environmental risk

assessment for industrial enterprises is conducted when
considering typhoon disasters. First, a Na-tech (natural
hazard triggering technological disasters) environmental
risk assessment index system with the aid of an analytic
hierarchy process and fuzzy evaluation model (ERA-
FAM) is developed to explore the major determinants
related to risk level. The impact of typhoon disasters on
environmental risk from chemical enterprises is
discussed using a comparative analysis of risk levels with
and without typhoon disaster scenarios. A chemical plant
located in Zhejiang, China, is selected as a case study
using this methodology. Three hypothetical scenarios are
assumed, based on actual situations, to explore the impact
of various factors on environmental risk. The results
demonstrate that production factors and surrounding en-
vironmental conditions are the most sensitive factors for
typhoon disasters, while emergency preparation is most
important for reducing environmental risk. The influence
of typhoons on environmental risk values is much higher
for enterprises with imperfect management and vulnera-
ble water risk receptors. Incorporating disaster manage-
ment into environmental risk management will aid in
developing strategies and policies for environmental risk
mitigation and risk reduction practices.

Keywords Environmental risk assessment . Na-tech
disaster . Fuzzy evaluationmodel . Industrial enterprises

Introduction

Over the past decade, economic losses resulting from
natural disasters have reached nearly 1.4 trillion dollars
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(United Nations 2017). The effects wrought by disasters
include not only direct impacts, such as deaths or inju-
ries and damages to property, infrastructure, and resi-
dential dwellings, but also associated impacts such as
pollution from floods and earthquakes, namely Na-tech
disasters (natural hazard triggering technological disas-
ters) (Tierney et al. 2001; Steinberg and Cruz 2004).
Industrial factories are the most important pollution
sources associated with impacts from natural disasters
(Yu 2015; The State Oceanic Administration 2013).
When a natural hazard strikes, hazardous industrial in-
stallations are always at risk and can potentially cause
severe damage to the environment and to the human
population (Vallée 2003).

Emphasizing and reinforcing the centrality of envi-
ronmental concerns in disaster management has become
a critical priority, given the recent increases in popula-
tion density and accelerating industrial development in
areas subject to natural disasters (Cruz et al. 2015;
Wessberg et al. 2008; Yu and Zhang 2009). Studies of
Na-tech disaster management mainly focus on qualita-
tive analysis, but more studies using quantitative analy-
sis are needed. In a longer term, action is needed to fill
major gaps in knowledge about the environmental im-
pacts of disasters (Srinivas and Nakagawa 2008). Meng
et al. (2014) constructed a simulation approach to ana-
lyze the regional life loss risk caused by airborne
chemicals released after devastating earthquakes. It has
been demonstrated that the life loss risk was not prom-
inent but would be dependent on unfavorable meteoro-
logical conditions. Balluz et al. (2001) studied environ-
mental pesticide exposures in Honduras following hur-
ricane Mitch. Peng (2018) constructed a flood-risk en-
vironmental index and conducted a correlation analysis
of flooding factors for the quantitative evaluation of
degrees of hazard to assist with disaster prevention
management. He noted that typhoons are one of the
main causes of flooding disasters in Taiwan.

Typhoon, always exhibiting fierce winds and torrential
rain, are one of the most destructive and frequently oc-
curring natural disasters in the northern Pacific Ocean and
South China Sea (Zhou et al. 2018). The secondary
environmental events triggered by typhoons are some of
the most dangerous disasters in these areas. For example,
in 2010, the Tingjiang River pollution event led to the
death of millions of tons of fish due to leakage of toxic
wastewater from the Zijin Mining Corporation, which
was mainly caused by heavy rain associated with the
Typhoon Fanapi. However, few studies exist addressing

the impact of typhoons on environmental risks. With the
increasing incidence of environmental accidents, envi-
ronmental risk assessment is considered an effective
measure globally for incidents prevention and control
by authorities (U. S. Environmental Protection Agency
1992; World Health Organization 1999). Therefore, it is
essential to develop a scientific and feasible indicator
system to determine the risk level of industrial enterprises
when impacted by natural disasters.

In this study, a Na-tech environmental assessment
index system and an assessment method based on an
analytic hierarchy process and fuzzy evaluation model
(ERA-FEM) was developed to explore the major impact
factors related to risk level. The influence of natural
disasters on industrial environmental risk is studied
through a comparative analysis to determine if typhoons
should be considered. A chemical plant located in Zhe-
jiang, one of the areas most affected by typhoons in
China, was selected as a case study. Three hypothetical
scenarios were constructed to analyze the major influ-
ence of various factors on environmental risk in the
context of a typhoon disaster.

Method

Framework of environmental risk assessment triggered
by a typhoon disaster

The framework of environmental risk assessment under
the impact of a typhoon disaster is established based on
the four-step risk assessment procedure described in
BRisk Assessment in the Federal Government: Manag-
ing the Process^ by the USA in 1983 (Fig. 1). The first
step is the identification of risk factors. Risk index
methods, such as Inherent Environmental Toxicity Haz-
ard (IETH) (Warnasooriya and Gunasekera 2016) and
the environmental consequence index (ECI) (Koller
et al. 2000; Arunraj and Maiti 2009), are some of the
most widely used methods. A systematic and effective
risk indicator system is conducive to the comprehensive
identification of environmental risks. Second, these fac-
tors are quantified based on relevant actual data using
the established criteria. The risk assessment method is
then established, and comparative analysis is performed
between the two scenarios: The typhoon disaster is
considered (scenario-T) or the typhoon is not considered
(scenario-NT). Na-tech risk assessment for enterprises is
a systematic assessment that involves multiple risk
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factors with uncertainty and vagueness. The fuzzy eval-
uation method and analytic hierarchy process (AHP) are
widely applied in the processing of fuzzy problems and
the determination of weights in various areas
(Dağdeviren and Yüksel 2008; Wang et al. 2014; Akay
et al. 2018). Finally, suggestions for preventing and
migration measures are discussed.

Identification of risk factors

BRisk = Hazard × Vulnerability^ is a generally accepted
and applied theory of risk assessment applied to natural
disasters and environmental accidents (Wisner 2004).
Based on the theory, the accidental environmental risks
for enterprises in China are evaluated and graded based
on factors of quantity of hazardous substances, produc-
tion processes, risk receptors, and risk management and
control systems (Ministry of Ecology and Environment
of the People’s Republic of China 2018). Meanwhile, the
accidental risk assessment methodology for industries
(ARAMIS), developed to answer the specific require-
ments of the SEVESO II directive, mainly focused on
the factors of hazards, safety barriers, and vulnerability of

the plant surroundings (Salvi 2002). López and Vazquez-
Brust built the evaluation framework for a firm’s envi-
ronmental risk, in which risk was defined as the result of
combining hazards, vulnerability, exposure, uncertainty,
and governability (López and Vazquez-Brust 2012;
Vazquez-Brust et al. 2012; Wisner 2004; Salvi 2002).
Literature reviews and statistical analysis indicate that
factors related to risk prevention and control measures,
such as environmental management and emergencies, are
also crucial to Na-tech risk (Dokas et al. 2009;
Hosseinnia et al. 2018; Hahn 1997). Therefore, based
on the environmental risk assessment method in China,
ARAMIS, and literature reviews, the most relevant fac-
tors contributing to Na-tech risk are considered to be
production factors, emission factors, the surrounding en-
vironment, safety and environmental management, and
emergency preparedness (Fig. 2). Production and emis-
sion factors are the inherent determinants of environmen-
tal risk, while the vulnerability of the surrounding envi-
ronment is an external factor. Safety and environmental
management, as well as emergency preparedness, reflect
the capacity to control and reduce the environmental risk
of the industrial enterprises.

Production factors (B1)

Production and storage units pose the highest risks in an
industrial plant (Valencia-Barragán et al. 2016). These
relevant production factors can be described as (1)
quantity and hazard of chemicals (C11), (2) hazards of
production processes (C12), and (3) reliability of equip-
ment (C13). Hazards from chemicals refer to the flam-
mability properties, explosive properties, corrosive
properties, reactivity properties, and polluting or toxicity
capabilities. Hazards of production processes can be
evaluated through their reaction characteristics, such as
temperature, pressure, and redox properties. The reli-
ability of equipment was evaluated according to its
service life and rationality of design.

Emission factors (B2)

The Btri-wastes^—waste gas, waste water, and waste
residues—could cause harm to the environment, ecolog-
ical balance, and human health if discharges into the
environment took place without effective treatment. Fac-
tories must ensure their Btri-wastes^ emissions meet rele-
vant emissions standards. Moreover, the management of
hazardous waste has drawn increasing attention. Emission

Fig. 1 Framework of the Na-tech environmental risk assessment
triggered by a typhoon disaster
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factors can be divided into three subfactors, namely (1)
storage and management of hazardous waste (C21), (2)
discharge of Btri-wastes^ (C22), and (3) the rationality and
efficiency of waste disposal technology (C23).

Surrounding environment (B3)

Vulnerability of biophysical and social environments in
the vicinity of industrial sites has gained attention since
the 1970s (Li et al. 2010). The effects of typhoons on

environmental risks and great damage to the national
economy are mainly caused by fierce winds and associ-
ated flooding (Elliott et al. 2015). Statistics for emer-
gency environmental incidents in China from 2006 to
2013 showed that incidents of water pollution and air
pollution accounted for 50.6% and 43.2% of the total
environmental accidents, respectively (Ministry of En-
vironment of the People’s Republic of China 2016). The
vulnerability of the surrounding environment is divided
into three aspects: (1) vulnerability of water risk

Fig. 2 Index system of Na-tech environmental risk of industrial enterprises
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receptors (C31), (2) vulnerability of atmosphere risk
receptors (C32), and (3) vulnerability of socioeconomic
factors (C33). Drinking water sources, natural water
reserves, and aquaculture areas are sensitive risk recep-
tors to water pollution, while populated regions are
extraordinarily sensitive to atmospheric risk.

Safety and environmental management (B4)

Safety and environmental management means Ba sys-
tematic control of worker performance, machine perfor-
mance, and the physical environment^ (Heinrich et al.
1980). This is considered to be an effective way to
reduce safety risks and pollutant levels in industrial
processes (Tan et al. 2016). Safety defenses, especially
the safety equipment and many activities, are used to
prevent accidents and protect against damages
(Guldenmund and Li 2017). In-depth analysis of major
pollution accidents in China from 2002 to 2006 shows
that more production accidents are caused by technical
failures (42%) than by human failures (mainly due to
operating errors) (12%) (Yu and Zhang 2009). Further-
more, strict regulations and rules are proven to be effec-
tive in accident prevention (Guldenmund and Li 2017;
Ambituuni et al. 2014). The relevant factors can be
summarized as follows: (1) safety measures and control
systems (or barriers) (C41), (2) maintenance of equip-
ment (C42), and (3) safety and environmental rules and
regulations (C43).

Emergency preparedness (B5)

Emergency response planning for major accidents in
industrial enterprises is essential to minimizing the im-
pact of accidents on the public and on worker health and
to reducing the environmental impacts (Hosseinnia et al.
2018). Leakage detection and alert systems should de-
tect failures promptly, providing an opportunity to con-
trol accidents in a timely manner (Rebelo et al. 2014).
The fundamental causes of social vulnerability include a
lack of resources, information and knowledge, limited
access to political power and representation, certain
beliefs and customs, and infrastructure and lifelines
(Wisner 2004; Cutter et al. 2015). For emergency re-
sponse, it is critical to enhance the resilience of targets
inside and outside to reduce risk levels (Li et al. 2010).
Emergency planning and emergency drills, used as mit-
igation measures, play a key role in reducing the effect
of accidents (Lin et al. 2009; Zhong et al. 2010).

Relevant factors for emergencies are summarized as
(1) monitoring and early warning systems (C51), (2)
emergency resources, including emergency facilities
and supplies (C52), and (3) emergency plans and drills
(C53).

Quantification of risk factors

Indices, which are positively correlated with risk level
(production and emission factors), are evaluated and
graded into minor hazards, general hazards, and major
hazards, while surrounding environment factors are
graded into general low vulnerability, middle vulnera-
bility, and high vulnerability. Indices of safety and en-
vironmental management are graded into loose, moder-
ate, and strict. The emergency factors are graded into
imperfect, moderate, and perfect. The stricter and more
nearly perfect management and emergency are, the low-
er the risk level.

The Classification method for environmental acci-
dent risk of enterprise (HJ 941-2018), Technical guide-
lines for environmental risk assessment on projects (HJ/
T 169-2004), and Standard for pollution control on
hazardous waste storage (GB 18597-2001) are used to
quantify these factors. For example, the index of quan-
tity and hazards of chemicals (C11) is evaluated accord-
ing to the ratio of a hazardous substance and its critical
quantity, as displayed in Eq. 1.

Q ¼ ∑
n

i¼1
mi=Mi ð1Þ

where mi represents the maximum storage of hazardous
substance i in the plant and Mi represents the critical
mass of the hazardous substance i stipulated in HJ 941-
2018. When Q < 1, a minor hazard is present; when 1 ≤
Q < 10, a general hazard exists; Q ≥ 10 represents a
major hazard.

Risk assessment method based on AHP and the fuzzy
evaluation method

Many risk factors cannot be quantified accurately using
classical mathematical methods due to their uncertainty
but can be described using linguistic variables that can
be quantified through a fuzzy logic approach (Li et al.
2007). Fuzzy set theory, proposed by Zadeh in 1965, has
been developed to mathematically represent uncertainty
and vagueness and to provide formalized tools for
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dealing with the uncertainty inherent in decision-
making problems (Ji et al. 2000; Zhou et al. 2017). In
this study, a Na-tech environmental risk assessment
methodology based on an analytic hierarchy process
and fuzzy evaluation model (ERA-FEM) was proposed
to analyze the impact of a typhoon disaster on risk levels
of industrial enterprises (Fig. 3). The ERA-FEM proce-
dures include four steps: (1) establishment of the finite
set of risk factors, (2) construction of a comment set for
the evaluation object, (3) determination of the weight
vector, and (4) evaluation of environmental risk using
fuzzy operators.

The finite set of risk factors and comments set

The finite set of risk factors is a 5-tuple:

U ¼ U1;…;Ui;…;U5f g i ¼ 1; 2; 3; 4; 5ð Þ ð2Þ

Ui ¼ Ui1;…;Uij;…;Uim
� �

j ¼ 1; 2; 3; :::;mð Þ ð3Þ
where Ui represents the finite set of i indices.

The comment set is a collection of the evaluation
results that the evaluator made of the evaluation object.
Generally, the evaluation interval or degree language is
used as the evaluation target, which can be usually
expressed as

V ¼ V1;…;Vi;…;Vnf g i ¼ 1; 2; :::; nð Þ ð4Þ
The conversion scale figures proposed by Chen et al.

(2003) were used to systematically transform linguistic
terms to their corresponding fuzzy sets. These scale
figures cover the linguistic expressions of Bmajor risk^
(major hazard, high-vulnerable, loose management, and

imperfect emergency), Bgeneral risk^ (general hazard,
mid-vulnerable, moderate management, and moderate
emergency), and Bminor risk^ (minor hazard, low-
vulnerable, strict management, and perfect emergency)
with the risk scores of 90, 70, and 50 respectively.

Determinant of the weight vector

The fuzzy weight distribution vector, which is
mainly influenced by the importance of factors, is
shown in Eq. 5.

W ¼ w1;w2;⋯;wi;⋯;wmð Þ
0≤wi≤1; and∑m

i¼1ð Þwi ¼ 1 ð5Þ

where wi represents the weight of i factor.
The analytic hierarchy process (AHP) is a

multicriteria hierarchical method that is widely used in
the process of decision-making and assessment of pri-
orities (Tixier et al. 2006). This method is based on four
steps: (1) description of the studied system, (2) construc-
tion of hierarchies, (3) assessment of priorities based on
expert judgments, and (4) validation of coherence. Risk
factors were identified and organized in a hierarchical
structure as discussed in the previous section. Binary
comparisons were conducted among all elements at a
given level according to the element of the upper level.
The elements were ranked according to their relative
importance. As shown in Table 1, a scale based on
classic numerical variables or more qualitative variables
was used in the binary comparisons.

The square root method was applied to calculate the
weight of elements based on judgments by experts.
Through normalization processing, the weight vector
was obtained, as shown in Eq. 6.

wk→k−2 ¼ wk
i; j � wk−1

i ð6Þ

wherewk
i; j is the weight of j index in k layer to the i index

in k-1 layer, wk−1
i is the weight of i index in k-1 layer to

index in k-2 layer, and wk→ k − 2 is the weight of indices
in k layer to indices in k-2 layer.

Finally, the validation of coherence was conducted
per Eq. 7.

CR ¼ ∑
m

i¼1
ai CIð Þi= ∑

m

i¼1
ai RIð Þi ð7Þ

where CI is the consistency index, RI is the random
index, which is a randomly generated consistency indexFig. 3 Four-step procedure of the ERA-FEM method
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of the risk matrix and is related to the rank of the matrix,
and CR is the consistency ratio. This index is considered
to be acceptable when CR ≤ 0.1. Otherwise, it is consid-
ered inconsistent and requires a reevaluation.

Environmental risk evaluation applied fuzzy operators

Many operators used as performance functions are in-
cluded in the fuzzy evaluation method and are repre-
sented d as Bo.^ The operator M (·,⊕), which multiplies
the elements of the matrix and then sums the results, is a
weighted average function. This operator was selected
and applied in the calculation of environmental risk
level in this study. It is suitable for the optimization of
overall index values based on the weight balance of all
factors. Therefore,

B ¼ W∘R ð8Þ

where R represents the quantified intensity matrix of risk
index in the previous section. For each factor, the inten-
sity matrix was established, as shown in Eq. 9.

Ri ¼
c11 c12 c13
⋯ ⋯ ⋯
cm1 cm2 cm3

0
@

1
A ð9Þ

where Ri represents the production hazard, emission
hazard, vulnerability of the surrounding environment,
level of safety and environmental management, and
emergency preparedness. ci1 represents the intensity of
major risk of i index, ci2 is the general risk, and ci3 is the
minor risk.

The environmental risk score for an enterprise is in
the range of 50–90. For more convenient understanding
and comparative analysis, the risk score is converted to
the range of 0–100 through the use of Eq. 10, with a
general risk level represented by 50. When the final risk
value is less than 50, the environmental risk for the
enterprise is relatively low, and it is relatively high when
the final risk value is larger than 50. Risk grading is not
carried out due to the small number of samples.

V ¼ R−min

max−min
� 100 ð10Þ

In this study, min is 50, the minor risk; max is 90, the
major risk; R is the calculated risk score; and S is the
final risk value in centesimal system.

Case study

A chemical plant in Zhejiang Province, located in the
south of the Yangtze River Delta on the southeast coast
of China, was selected as a case study to illustrate the
applicability of the proposed approach in this study
(Fig. 4). This plant is one of the world’s largest manu-
facturers of hydroxybenzoic acid and neoplastic prod-
ucts and covers an area of more than 72,000 square
meters; it has fixed assets of 262 million yuan and 300
employees. Hazardous chemicals in this plant include
sulfuric acid, methanol, and phenol, and emissions of
waste gas and wastewater pollutants are generated. Pro-
duction processes include esterification, hydroxylation,
pressure filtration, and drying. There are many petro-
chemical enterprises in this city, which is densely pop-
ulated and has many interconnected waterways.

A total of 30 experts were invited to evaluate the risk
level of this factory using the risk index system for two
scenarios: one inwhich typhoon disasters are considered
and one in which they are not considered. The experts
include professors majoring in chemical engineering,
scholars engaging in the investigation of environmental
risk assessment (ERA), professional assessors of envi-
ronmental risk, and first-line workers in chemical facto-
ries with many years of experience.

Table 1 Scale of binary comparison

Degree of importance Definition

1 Equal importance of two elements

3 Weak importance of an element in
comparison to the other one

5 Strong importance of an element in
comparison to the other one

7 Certified importance of an element in
comparison to the other one

9 Absolute importance of an element in
comparison to the other one

2, 4, 6, 8 Intermediate values between two
appreciations

1/2, 1/3, 1/4, 1/5, 1/6,
1/7, 1/8, 1/9

Reciprocal values of the previous
appreciation
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Results and discussion

Quantification of risk factors

The state vectors of indices were obtained and normal-
ized from evaluation results obtained from 30 experts. In
general, the quantity and hazards of chemicals (C11) was
in the high-risk level; the hazards of production process-
es (C12), vulnerability of water risk receptors (C31), and
vulnerability of atmospheric risk receptors (C32) were in
the general risk level; and other factors were at a minor
risk level. This plant was a major hazardous source with
Q = 267.22, far surpassing the limiting value (100) of
major risk due to the large amounts of sulfuric acid and
dimethyl sulfate present. Most experts ranked the index
of hazards of production processes (C12) as a general
risk, while the index of reliability of equipment (C13)
was graded as a minor risk. The main pollutants include
flue gas, dust, SO2, NOX in exhaust emissions, and
CODcr and NH4

+-N in effluents, as well as a small
amount of hazardous waste, such as volatile phenol in
water, waste activated carbon, and wastewater sludge.
Environmental protection facilities at this plant normally
meet the standards for the emission of production waste-
water and exhaust gases.

Residents around the plant are the major atmospheric
receptors. There are thousands of people living within a
2-km radius, and a river near the plant is nomore than 5-
km distance. The water quality of the river conforms to
the class III water quality standard for surface water.

Nearly 80% of experts ranked atmospheric and water
receptors as a general risk, while the remaining socio-
economic receptors were graded as minor risks. The
evaluation results showed that the process control sys-
tem was 66% perfect and 17% imperfect. Most experts
pointed out that the safety and environmental rules and
regulations are strict, while 60% considered that the
equipment maintenance was performed at a medium
level. Approximately 90% of the experts considered
the monitoring and early warning system to be perfect,
and 87% considered the emergency plans to be well
established and that drills were performed well. How-
ever, the emergency resources perhaps were ill-prepared
or unreasonable. Therefore, the degree of membership
of factors in the comment set was obtained as listed in
Table 2.

Comparative analysis of weight vectors
between considering a typhoon-related disaster
or a non-typhoon-related disaster

The weight matrix was obtained based on judgments of
the relative importance of indicators for each level by
experts. The comparison analysis of weights between
scenarios considering the impact of a typhoon disaster
or a non-typhoon disaster is displayed in Table 3. The
production factors show the highest weight, followed by
factors of safety and environmental management, show-
ing a slight increase when considering the impact of a
typhoon disaster. The weight of emission factors and

Fig. 4 Location of the case-study chemical plant
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surrounding environment decreased considerably for
the case of a typhoon-related disaster, while that of
emergency factors clearly increased for this same case.

The index of quantity and hazards of chemicals (C11)
was the most important factor for environmental risk for
both scenarios and exhibited a noticeable increase when
considering the impacts of a typhoon-related disaster.
When the disaster was not a typhoon-related disaster into

account, the atmospheric risk receptors (C32) were slight-
ly more important than the water risk receptors (C31).
However, the weight of water risk receptors clearly in-
creased in the typhoon disaster scenario, while that of
atmospheric risk receptors decreased significantly and
was much lower than that of water risk receptors. The
emergency resources (C52) and emergency plan and drill
(C53) became more important to risk levels when consid-
ering the impact of a typhoon-related disaster, while the
weight of monitoring and early warning facilities (C51)
clearly decreased. The weight of hazards from production
processes (C12) and discharge of Btri-wastes^ (C22) de-
creased for the case of a typhoon-related disaster, while
the weight of safety defenses and control systems (or
barriers) (C41) decreased considerably.

The primary reason for these results is that the damage
from a typhoon disaster is mainly caused by high winds
and heavy rains. These impacts could cause damage to raw
materials, products and semifinished products, leading to
leakage of hazardous chemicals and pollutants, causing
environmental events, especially for chemical enterprises
(Showalter and Myers 1994; Young et al. 2004). The
damage to power facilities, buildings, and infrastructures,
such as workshop and warehouse collapses and water-
logged equipment, could increase the probability of failure
of storage vessels, facilities, and equipment, which is likely
to aggravate the leakage of hazardous chemicals (Liu et al.
2010; Yin et al. 2013). Therefore, the production factors,
especially quantity and hazards of chemicals (C11), were
more important to the environmental risk of chemical
factories. Meanwhile, if large quantities of hazardous
chemicals are present, toxic and harmful substances are
discharged into water bodies, and the diffusion range
increases, creating an increased risk to water risk accep-
tors. Wind speed is one of the major factors for impacts on
the atmospheric environment (Zhang et al. 2018). During
high wind conditions, air pollutant disperse easily, which
eliminates the importance of atmospheric receptors.

Table 2 Scores of environmental risk indices as evaluated by 30 experts

Level Production factors
(R1

T)
Emission factors
(R2

T)
Surrounding
environment (R3

T)
Safety and environmental
management (R4

T)
Emergency
preparedness (R5

T)

C11 C12 C13 C21 C22 C23 C31 C32 C33 C41 C42 C43 C51 C52 C53

Major risk 1 0 0.1 0.2 0 0.3 0 0.03 0 0.17 0.1 0.13 0 0.2 0

General risk 0 0.7 0.3 0.67 0.3 0.63 0.8 0.8 0.07 0.17 0.3 0.64 0.1 0.3 0.13

Minor risk 0 0.3 0.6 0.13 0.7 0.07 0.2 0.17 0.93 0.66 0.6 0.23 0.9 0.5 0.87

Table 3 Comparison of two weights considering the influence of
a typhoon-related disaster or a disaster with no typhoon present

Index N Y Label

Production factors (B1) 0.2694 0.2766 ↑

Quantity and hazard of chemicals (C11) 0.1466 0.1798 ↑↑↑

Hazards of production processes (C12) 0.0785 0.0627 ↓↓

Reliability of equipment (C13) 0.0443 0.0342 ↓

Emission factors (B2) 0.1453 0.1178 ↓↓↓

Storage and management of hazardous
waste (C21)

0.039 0.0407 ↑

Discharge of Btri-wastes^ (C22) 0.0877 0.0646 ↓↓

Rationality and efficiency of waste disposal
technology (C23)

0.0186 0.0125 ↓

Surrounding environment (B3) 0.1533 0.1221 ↓↓↓

Vulnerability of water risk receptors (C31) 0.0647 0.0830 ↑↑

Vulnerability of atmosphere risk receptors
(C32)

0.068 0.0197 ↓↓↓↓

Vulnerability of socioeconomic factors (C33) 0.0207 0.0194 ↓

Safety and environmental management (B4) 0.2365 0.2518 ↑↑

Safety measures and control system (or
barriers) (C41)

0.121 0.1371 ↑↑

Maintenance of equipment (C42) 0.0742 0.0709 ↓

Safety and environmental rules and
regulations (C43)

0.0412 0.0438 ↑

Emergency preparedness (B5) 0.1955 0.2316 ↑↑↑↑

Monitoring and early warning system (C51) 0.0922 0.0579 ↓↓↓

Emergency resources (C52) 0.0789 0.1237 ↑↑↑↑

Emergency plan and drills (C53) 0.0244 0.050 ↑↑↑

N, the scenario without the impact of typhoon disaster; Y, the
scenario with the impact of typhoon disaster
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Perfect safety and environmental risk management and
sufficient emergency preparedness can effectively reduce
the environmental risk level from chemical factories. For
example, advanced rainfall and sewage diversion systems,
and a sufficient emergency pool capacity can effectively
reduce pollution to the external environment by preventing
pollutants from flowing outside the plant. Perfect emer-
gency plans and drills can effectively improve the process-
ing efficiency and shorten the response time to sudden
accident, thereby reducing impacts.

The decrease of factors, such as C51, C12, and C22,
does not mean that they pose insignificant environmen-
tal risk in the case of typhoon incidents, due to the
decrease of determinacy compared with other factors.
This phenomenon is mainly due to the strong destruc-
tive force of typhoons, which readily leads to large-scale
destruction of equipment. For this scenario, monitoring
and early warning systems have less impact on the level
of environmental risk. The emissions of conventional
Btri-wastes^ and safety facilities contribute relatively
little to the overall environmental risk from enterprises.

Comparative analysis comprehensive rating results

The comparative analyses of the assessment results of
the case-study plant for our two scenarios are shown in
Table 4. In general, this plant presents a minor-general
environmental risk for both scenarios, and the total risk
increases from 38.82 to 41.36 when considering the
impact of a typhoon. The risk level of production factors
shows a major risk increase with a significant increase
from 68.73 to 76.07 when considering the impact of a
typhoon-related disaster. By contrast, the risk levels of
other factors are much lower, showing small changes
when considering the impact of a typhoon-related disas-
ter. Overall, this case-study plant is a typical major risk
source plant with a high-risk level. The risk receptors
around the plant exhibited moderate vulnerability. The
emergency preparedness and safety and environmental
management were adequate and in good conditions.

Hypothetical scenario

To explore the impacts of various factors on environ-
mental risk of enterprises in the context of a typhoon,
three scenarios were assumed based on the situation of
the case-study enterprise and are displayed in Table 5.
The worst management scenario (S1) was assumed with
the highest risk of management factors, such as C41,

C42 C43, C52, and C53, based on the actual situation.
Water risk receptors are the most susceptible factors.
The most vulnerable of the water risk receptors scenario
(S2) is assumed based on S1. Meanwhile, for the low
hazard scenario (S3), it is assumed that the enterprise
has a low hazard level but poor management, similar to
scenario 1.

Comparative analysis of the evaluation results for the
actual situation and the hypothetical scenario shows that
the influence of a typhoon on environmental risk clearly
increases for all hypothetical scenarios. The environmen-
tal risk value is much higher when the enterprise has
imperfect management relative to the actual situation.
The more sensitive the water risk receptors are, the higher
the environmental risk presented. However, when the
inherent hazards are low, the potential impact on the
surrounding environment is relatively small, even though
the management level is not perfect. Therefore, during
site selection, enterprises using hazardous chemicals and
processes should maintain an adequate distance from
water bodies and avoid low-lying areas to reduce the
impact of flooding caused by typhoons, especially for
storage areas and equipment using hazardous chemicals.
Perfect safety and environmental risk management and
sufficient emergency preparedness can effectively reduce
the environmental risk level associated with industrial
plants. Plants with large quantities of hazardous
chemicals and with vulnerable water environmental risk
receptors should strengthen their safety and environmen-
tal management, especially those plants located in
typhoon-prone areas. Emergency plans should be nearly
perfect and more readily executable when a plant is
vulnerable to typhoons. Therefore, emergency response
supplies should be properly equipped and distributed to
ensure the effectiveness of emergency facilities.

Table 4 Comparative analysis of risk level of the case-study plant
for two scenarios

Risk score N Y

Total risk 38.82 41.36

Production factors (B1*) 68.73 76.07

Emission factors (B2*) 31.29 33.24

Surrounding environment (B3*) 36.51 34.68

Safety and environmental management (B4*) 28.68 28.75

Emergency preparedness (B5*) 17.29 21.34

N, the scenario without the impact of typhoon disaster; Y, the
scenario with the impact of typhoon disaster
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In summary, environmental risk assessment of an
industrial enterprise in the case of a typhoon disaster is
a type of Na-tech risk assessment. It combines the
differences and similarities between natural disaster risk
assessment and environmental risk assessment and in-
cludes a process of establishing an index system. The
ERA-FEM model is a resilient, feasible, and semiquan-
titative method that can effectively solve the problem of
insufficient data and uncertainty when characterizing
environmental risk effectively. Meanwhile, the quanti-
tative methods for evaluating risk factors can be adjust-
ed according to regulations and standards in various
countries and regions.

Conclusions

In this study, the impact of typhoons on environmen-
tal risk of industrial enterprises was discussed for the
first time, in an effort to provide a comprehensive
description of differences and corrections between
natural disaster risk and environmental risk assess-
ment. All major impact factors were categorized into
five groups: production factors, emission factors,
surrounding environment, safety and environmental
management, and emergency factors. Meanwhile, a
resilient, feasible, and semiquantitative assessment
method (ERA-FEM) was developed based on an
analytic hierarchy process and a fuzzy evaluation
model. The environmental risk of the case-study
chemical plant was then evaluated for both scenarios
(i.e., whether or not a typhoon is to be considered as
part of a disaster). Furthermore, three hypothetical
scenarios were defined based on the actual situation
of the case-study enterprise, such as the worst man-
agement scenario, the most vulnerable of water risk
receptors scenario, and the low hazard scenario. The

results showed that production factors, especially
quanty and hazards of chemicals, are the most im-
portant factors impacting environmental risk of
chemical plants for both scenarios. Safety and envi-
ronmental management are the second most impor-
tant factors to environmental risk, the risk level of
which rises when taking the impact of typhoons into
account. Under the influence of typhoon disasters,
the importance of emergency preparedness increases,
while emission factors and environmental factors de-
crease. Moreover, the effect of a typhoon on water
environmental risk receptors is significantly greater
than that on atmospheric environmental risk recep-
tors. The impact of a typhoon on environmental risks
clearly increased when the enterprise exhibited im-
perfect management and emergency preparedness.

Perfect safety and environmental management sys-
tems, as well as adequate emergency preparedness, can
effectively reduce the environmental risk level of chem-
ical industry plants. Therefore, adequate attention
should be paid to emergency preparedness and manage-
ment within the enterprise, as well as allocating emer-
gency supplies and facilities reasonably and effectively,
especially in typhoon-prone areas. Meanwhile, authori-
ties and government should strengthen the regulation of
major risk source plants, while supervising, urging, and
guiding them to improve management.
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Table 5 The quantitative results of actual situation and assumed scenarios

Scenario Factors Results

C11 C12 C13 C21 C22 C23 C31 C32 C33 C41 C42 C43 C51 C52 C53 N Y

R 90 64 60 71.4 56 74.6 67.2 66 51.4 60.2 60 68 52 64 52.6 38.82 41.36

S1 90 64 60 71.4 56 74.6 67.2 66 51.4 90 90 90 52 90 90 63.07 72.21

S2 90 64 60 71.4 56 74.6 90 66 51.4 90 90 90 52 90 90 66.75 76.94

S3 50 50 60 50 50 74.6 67.2 66 51.4 90 90 90 52 90 90 36.69 43.57
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