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Abstract

Coastal areas are facing many threats from the mainland, which can seriously affect the ecological
environment and the livelihoods of coastal residents. Thus, the identification and estimation of
environmental hazards to reduce the risk of environmental incidents due to the development
process have drawn the keen attention of researchers. This study proposed a multiple-criteria
decision-making (MCDM) approach based on the combination of the group best—worst method
(GBWM) and geographic information system GIS to analyze the hazards of environmental
incidents due to chemical spills from the mainland. A set of 6 criteria that focused on the potential
occurrence of environmental incidents related to the chemical was proposed, including chemical
types, chemical volume, chemical storage safety, potential incident location, chemical incident
response plan, and chemical incident response capacity. The optimal weights of the criteria were
determined by GBWM. In a case study of the southeastern coastal region in Vietnam, 65 fixed
sources of potential environmental incidents related to hazardous chemical use, production, and
trading were investigated and analyzed by the proposed approach, of which 15 sources were
identified as the potential hazard sources of an environmental incident. These hazard sources
were categorized into four levels: very high, high, medium, and low, accounting for 20.00%,
26.67%, 33.33%, and 20.00%, respectively. This study is expected to support the practitioners
and policy enforcers in making decisions related to socioeconomic development, which can
minimize the hazard of environmental incidents due to chemical spills from the mainland.

Keywords: Group best-worst method; Multiple-criteria decision-making; Hazard; Environmental
incidents; Coastal areas

1. Introduction

Characterized by low terrain and resource-  industrialization (Mohamed, 2020) and high
diverse settings and capable of providingmany  population density. Despite the prospects
valuable services to humans by ecosystems  for development, coastal areas always have
(Domingues et al., 2021), coastal regions have ~ a higher hazard of environmental incidents
always been dynamic development areas and  than other regions on the mainland (Mohd
contribute significantly to the development  etal, 2019). The coastal areas are facing many
of many regions and countries worldwide.  pressures and challenges for the development
The attractiveness of coastal areas to their  to ensure the creation of material products
hinterlands is that they are favorable for to serve the needs of coastal livelihoods
commercial activities, many services, high  and maintain the balance and stability of

99



C. L. Tan et al. / EnvironmentAsia 16(1) (2023) 99-110

coastal ecosystems (Tian et al., 2018).
In the process of industrialization, the coastal
region of Vietnam has experienced some
serious environmental incidents. The most
severe coastal environmental incident was the
Formosa Steel plant’s massive toxic chemical
spill in 2016. The toxic discharges impacted
the environmental quality of the central
coastal region, leading to a deterioration of
the water environment, seriously destroying
marine life resources, and affecting the
long-term livelihood of fishers. In 2008,
an environmental incident caused by the
wastewater discharge from the production of
starches and monosodium glutamate by the
Vedan company resulted in serious pollution
of the Thivai river. Another environmental
incident from the wastewater discharge of
the Tanhai Concentrated Seafood Processing
Zone in 2017 resulted in serious pollution of
the water quality of the Chava river and over
90 tons of aquatic animal deaths.

Hazard is described as a source of
danger (Kaplan ef al.,, 1981) and considered
a potential threat that can cause human,
social, economic, and environmental damage.
It is classified into three main groups:
natural, technological, and social disasters
(Schneiderbauer et al., 2004). As regards those
caused through technology, hazards can occur
due to explosions, toxic chemical spills, or
accidents during production (Schneiderbauer
and Ehrlich, 2004). Development activities
in the mainland contain many hazards of
environmental incidents affecting coastal
areas that are primarily related to fixed sources
of production and trading of toxic chemicals.

Three methods of analyzing environmental
incident hazards in coastal areas that have
been commonly reported in the literature are
modeling (Al Shami et al., 2017; Monteiro
et al., 2020), statistical (Gomez et al., 2015;
Neuparth etal., 2011) and criteria-based (Dong
et al., 2018; Peng et al., 2013). Statistical
and modeling methods can help visualize,
explain, and predict environmental incident
hazards; however, the major downside is the
lack of input data or deficiency of the model
structure. Thus criteria-based approaches tend
to be more used. In this approach, the hazard
value is usually estimated based on the criteria
related to risk sources and safety aspects in
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risk prevention and control (Liu et al., 2016;
Zhao et al.,, 2010).

According to Amendola (Amendola
et al., 1998), the criteria chosen to estimate
the level of hazard of environmental incidents
were dependent on the type of hazardous
chemical, storage volume, tank safety, pipes,
and risk source location. Moreover, in a study
by Liu (Liu et al., 2013), the hazard value was
determined based on sub-criteria related to
three main criteria: the state of risk sources,
risk source control, and control of incident
response process. In some other studies,
the hazard factor was determined based on
the ranking matrix, which was identified by
the quotient of stock quantity to threshold
quantity of hazardous substances and the level
of management concerning the production
process and risk control (Dong ef al., 2018;
Liu et al.,, 2016)

MCDM has been mentioned since the
1970s (Koksalan et al., 2011). The highlight
of MCDM methods is that they are based
on many criteria that may have different
dimensions, also may be both quantitative and
qualitative (Mardani ez al., 2015) to support the
decision-making of selection, ranking, or
priority order related to research issues
(Alvarez et al., 2021). MCDM techniques
are divided into four groups: full aggregation
approach; outranking approach; goal,
aspiration, or reference-level approach; and
non-classical MCDM approach (Alvarez
et al., 2021). Many of these approaches are
increasingly being used by scholars in different
disciplines, such as the analytic hierarchy
process (AHP) method (Miccoli et al., 2016),
the technique for order of preference by
similarity to ideal solution (TOPSIS) (Zhang
et al., 2018); analytic network process (ANP)
method (Mahmoudkelaye et al., 2018), and
preference ranking organization method
for enrichment evaluation (PROMETHEE)
(Makan et al., 2019).

In 2015, a new technique was introduced
by Rezaei (Rezaei, 2015), called the best—worst

method (BWM). The best—worst method
is also based on the principle of pairwise
comparison of the AHP approach (Saaty,
1990), but instead of comparing each pair of
all the selected criteria, only the best and worst
criteria are determined and compared with the
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remaining criteria. Thus BWM is supposed to
be more advanced than the traditional AHP
method as it reduces the pairwise comparison
(i.e. n) requirement that helps mitigate the
anchoring bias and ensures consistent pairwise
comparisons, with n(n — 1)/2 comparisons
and (2n — 3) comparisons in AHP and BWM,
respectively (Hoang et al., 2021). Recently,
the group best—worst method (GBWM)
proposed by Safarzadeh (Safarzadeh et al.,
2018) was seen as an improvement over
BWM to support decision-making when more
stakeholders are involved. This advantage
of GBWM that has been mentioned in some
recent research works (Ahmad ef al, 2021;
Hoang et al., 2021).

Based on the results of this analysis, the
main contributions of this study are as follows:
(i) the application of GBWM based on the
MCDM analysis tool, which combines GIS
to build a model of analysis of the hazard
of coastal environmental incidents caused
by chemical spills from the mainland, with
the appropriate criteria selected, combining
optimal weighting determination of each
criterion and (ii) an analysis of the hazard of
environmental incidents caused by chemical
spills from the mainland affecting the southeast
coastal region, Vietnam.

2. Materials and Methods

2.1 Research area

The southeast coastal region is adjacent to
the East Sea and is located in the southeast of
Vietnam, with geographical coordinates in the
range of 10°15°46”— 10°49°44” North latitude
and 106°44°04”— 107°34°50” East longitude
(Figure 1). The coastal area has a length of
about 90 km. This area is considered the
most developed economic region in Vietnam,
with 21 industrial parks, industrial-scale
aquaculture areas, a seaport, and famous
tourist areas.

2.2 Methods

The MCDM methods are used in the
analysis and evaluation related to hazards and
environmental risks, the majority of research
works apply the AHP method (Dong et al.,
2018; Liu et al., 2016) and the ANP method
(Celik et al., 2009; Khalilzadeh et al., 2021).
It was found that there has not been any
research work mentioning the application
of GBWM in analyzing and assessing the
hazards and environmental risks, particularly
the hazards of coastal environmental incidents
caused by chemical spills from the mainland.
Studies that estimate the hazard value based
on MCDM methods show that they are more
amenable to collecting data and further
analyzing the cause of the incident. However,
the majority of the studies show that there has
not been a full integration of specific criteria
related to risk sources and management and
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control of weighted sources of risk identified
by GBWM to demonstrate the importance of
criteria in the integration process of estimating
the level of hazard of environmental incidents
affecting coastal areas due to chemical spills
from the mainland.

In this study, a new approach based on the
combination of GBWM and GIS is developed
to analyze and assess the hazard of coastal
environmental incidents from the mainland.
The proposed approach is in four steps, as
shown in Figure 2. These steps are described
in detail in the appendage below.

2.2.1 Determining the selection criteria

(1) Establish a set of preliminary
criteria: The selected preliminary criteria
focus on criteria related to risk source
characteristics and environmental risk control
and management. Each selected preliminary
criteria is of different importance and depends
on five sub-criteria: simplicity and ease,
alignment with the goal, available data,
accuracy and transparency, and sensitivity
(Afshari et al., 2010);

(2) Conducting a questionnaire survey:
20 experts of different domains were

Table 1. Evaluation scores of each criterion

invited to take the survey, 50% of them
have scientific backgrounds related to
the environment, and 50% have good
knowledge of the study area. Seventeen out
of 20 experts gave their feedback through
email that can be used to determine the
weighting of the sub-criteria (Saaty, 1990)
as well as the evaluation scores of each
criterion;

(3) Selecting suitable criteria: Apply the
SAW method to calculate evaluation scores
for each criterion in the initial set of criteria
as the basis for screening and selecting
suitable criteria. Evaluation scores for each
criterion are made by the following formula
(1) (Afshari et al., 2010):

V(a) = 2%, w; vy (1)

Where V(a)) is the result of the evaluation
score of the j criteria; w; is the weight of the
i™ sub-criteria; and v; is the score rated by
sub-criteria i for the j# criteria.

Through the abovementioned
implementation steps, weighting of the
sub-criteria, the evaluation scores of each
criterion, and the selected appropriate criteria
are described in detail in Table 1 and 2.

Criteria Scores for each sub-criterion

Total

(Notation)  Simplicity

and ease

Alignment
with the goal

Available
data

Accuracy and scores

transparency

Sensitivity

(0.15) (0.26)

(0.12)

(0.25) 0.22)

Chemical 0.54 1.06 0.48

types
(Cl)
Chemical
volumes
(C2)
Chemical
storage
safety
(C3)
Chemical
incident
location
(C4)
Chemical
incident
response
plan

(C5)
Chemical
incident
response
capacity
(Ce6)

0.63 0.42

0.58 0.98 0.49

0.54 0.41

0.54 0.45

0.47 1.09 0.39

1.03 0.80 391

1.03 0.88 4.08

1.05 0.70 3.79

0.94 0.93 4.01

1.03 0.70 3.87

0.82
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Table 2. Selected criteria

Criteria  Description

Cl Demonstrating the characteristics and number of stored chemicals in the list of chemicals
incident response of the fixed sources (Government, 2017; Liu ef al., 2013)

C2 The volume of chemicals stored at a time, compared to the storing chemical limit (Liu ef
al.,2013; Peng et al., 2013)

C3 Demonstrating safety in chemical storage (dam) that contains the volume of chemical spills
(Government, 2017; Liu et al., 2016)

Cc4 Showing the potential location of chemical spills affecting coastal areas (Dong et al., 2018;
Liuet al., 2016)

Cs Demonstrating the level of compliance (approved plans, human resources, and incident

response equipment) with the responsibility to prevent chemical spill incidents (Dong ef al.,
2018; Government, 2017)

C6 Demonstrating the ability to respond to chemical spill incidents, rehearsal/assumptions
frequency (Dong et al., 2018; Government, 2017)

Criteria development

|

|
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selection criteria * Use the AHP and SAW methods and 1
consult experts to screen and select the 1
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I
I
I
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I
I
I
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Figure 2. Research methodology framework
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2.2.2 Determining the weighting of the
selection criteria

The set of weighted criteria is denoted by
Cc={C,C, ..., C,}, where n is the number
of criteria selected. Optimal weighting and
weighted variability range of criteria are
determined using GBWM through the steps:

(1) Choose the best criterion (criterion B)
and the worst criterion (criterion W): criterion
B and W selected in the set of criteria C are
the criteria most agreed upon by independent
experts. Based on the results of consultations
with independent experts to screen the criteria
as presented in Table I, criteria B and W
are defined as criteria C2 and criteria C6,
respectively.

(2) Determine the preference of criteria B
over all other criteria and all the criteria over
criteria W: We consulted the experts mentioned
above in Step 1 using the questionnaire having
a scale from 1 to 9. Ag=(as,as,...,az, )
and Ay = (a1w,a2w»...,anw ) are the best-
to-other and other-to-worst criteria sets,
respectively, where a;; indicates the preference
of criteria B over the criteria i and a;; denotes
the preference of criteria j over criteria W and
agg = awy = 1.

(3) Calculate the optimal weightings and
the weighted variation range of the criteria
using the M2 mathematical model (Safarzadeh
etal., 2018):

Min Max,wy . = Min (1)

In which:
U= Wy VkeD
wp

|——aBl-| < VieC,VkeD

wi
|%-aiwls,ukVieC,Vk€D )

Yiecw; =1
WlEOVIEC

Where wy, is the importance of &” expert in
the set of experts D, withwy, [0,1] & Xkep Wi, =1);
wp is the weight of B; w,, is the weight of
W; w; is the weight of criteria i; and z is the
dependent variable of consistency ratio (CR) for
the k;, expert with 1, = Max; {I% —ak], |VVVV_VL, —aly|}

Besides, from the results obtained using
equation (2), the range of the optimal weight
limited by the lower bound (w,,;,) and the upper
bound (w,,..) was determined (Rezaei, 2015).

As mentioned above, we assumed that the
weights of the independent experts were equal.
The optimal weights of the criteria and their
range are calculated and exhibited in Table 3.

(4) Evaluate the reliability of the group
decision-making: The specific consistency
ratio of expert kth (CR,) and the consistency
ratios of the group of experts (CR®) were
calculated using equation (3):

CRy, = wy, (%), 6 shows the sensitivity of the model (8 > 0),
C1 is the consistency index, Vk € D
CRS = Maxy (CRy) 3)

Assuming that 8 = 1, the individual
consistency ratios (CR;) and group consistency
ratio (CR©) are calculated:

CR® = Max {CRy, CR,, CRs, CR,, CRs, CRg, CR;, CRg, CRy, CRyo,
CRy1, CRyg, CRys, CRyg CRys, CRyg, CRyz} = 0.059 x 22222 = 0,042

523

2.2.3 Collecting and standardizing data

Collection of information on fixed
sources of production and trading of toxic
chemicals in the research area is being done at
the local Department of Natural Resources and
Environment. The screening and identification
of fixed sources of hazard for environmental
incidents caused by chemical spills based on
the volume of toxic chemicals at a time above
the specified threshold are defined according
to equation (4) (Peng et al., 2013):

GNR =YL, ¢ )

Table 3. The optimal weights of the criteria and their range

Criteria The optimal weights of the criteria and their range
wmin Wi Wmax

Cl 0.13 0.14 0.14
C2 0.45 0.46 0.47
C3 0.14 0.14 0.14
C4 0.14 0.14 0.14
C5 0.08 0.08 0.09
Co6 0.04 0.04 0.04
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Where GNR is the value of identifying
hazard source; qi (tons) is the volume of
toxic chemicals of the highest deposited
fixed source at a time; Qi (tons) is the volume
threshold as prescribed (Government, 2017).

Questionnaires were then developed and
the subjects identified according to equation
(4) with GNR values > 1 were interviewed to
collect data related to the six criteria selected
in Table 2.

Data collected were standardized
according to the evaluation scale to calculate,
analyze, and classify the level of hazard of
coastal environmental incidents, as shown
in Table 4.

2.2.4 Identifying the hazard of coastal
environmental incidents

(1) Hazard score determination of
environmental incident sources: Based on
the set of criteria, their weights, and the data
collected, the hazard value of each hazard
source is determined using the equation (5)
(Afshari et al., 2010):

Hj = XiZiw;i vy (5)

Where H,, is the hazard score of the j”
fixed source; w; is the weight of the ith criteria;
and vy is the score of the i” criteria with respect
to the ;" fixed source.

(2) Ranking the environmental incident
hazard levels: Using equation (5) and the GIS
approach (see also Figure 3), GIS was used

to calculate the hazard value in which each
criterion evaluation data would correspond
to an attribute layer, similar to the criterion
weighting defined by GBWM. The attribute
and spatial data were combined to create
a map of the spatial distribution of hazard
sources in the study area according to four
hazard levels: very high, high, medium, and
low.

3. Results and Discussion

3.1 Identifying the fixed sources of hazard of
environmental incidents

Based on the list of fixed sources
collected, the study applied equation (4) for
the preliminary screening and identification
of 15 of the 65 fixed sources of production
and trading of toxic chemicals that can cause
the hazard of environmental incidents in the
southeast coastal region, as shown in Table 5.

3.2 Assessing and classifying the hazard of
environmental incidents

The data of the criteria collected through
the results of the investigation of 15 of the
65 toxic chemical sources that can result
in the hazard of environmental incidents is
converted into values from 1 to 5 according
to the scale of assessment established in Table
4. The hazard value of coastal environmental
incidents was calculated according to the
equation detailed in Table 6 and is divided

Table 4. Evaluation scale (Government, 2017; Ministry of Natural Resources and Environment, 2013)

Criteria Evaluation scores
Very low Low Moderate High Very high
(€] 2 C)] 6)]
Cl Only one - - >3
C2 Not exceed Exceeds than Exceeds 2-3 times - Exceeds than
two times three times
C3 The dam contains - The dam contains - No dam
enough close enough
Cc4 > 1 km to the <1 km to the <l kmtothelevel <1kmtothe <1kmto
river system, level 2 sub- 1 sub-river systems main river coastal waters
coastal waters river systems
C5 All compliances  Except for Only approved Unapproved  No plan
incident plans plans
response
equipment
Cé Annual - Random - Nope
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into four ranges: 3.52 — 4.02, 3.00 — 3.51,
2.49 —2.99, and 1.96 — 2.48, with a ranking
from 1 to 4, respectively, of the levels of a
hazard: very high, high, medium, and low.
The degree of hazard of environmental
incidents from fixed sources is distributed by
space (Figure 4) and detailed in Table 6. The
following can be observed from the results:

(1) A total of 7 of the 15 fixed sources,
accounting for 46.67% of the total number
of sources, represent very high and high
levels of hazard of environmental incidents;
this is followed by 5 of the 15 fixed sources,
accounting for 33.33% of the total number
of sources, posing an average level hazard
of environmental incidents, which in turn
is followed by 3 of the 15 fixed sources,
accounting for 20.00% of the total number
of sources, posing a low level of hazard of
environmental incidents.

(2) Among the six criteria of the set of
criteria, criterion C2 played the most important
role, followed by C1, C3, C4, and finally,
criteria C5 and C6. The calculation results
showed that the criterion of chemical volumes
stored at a time significantly increases the
high- and high-ranking fixed sources score.
Therefore, the proposed solutions should
focus on the criteria in the same order.

Layer1 — Chemical types

3.3 Solutions to reduce the hazard of
environmental incidents

Two primary solutions have been proposed
to reduce the hazard of environmental incidents
with high and very high levels of a hazard:

(1) Strengthen control and ensure
appropriate storage of toxic chemicals:
Review and adjust the permissible storage
volume of the highest toxic chemicals at
any given time, which is suitable with the
approved chemical spill response plan. The
authorities must also monitor the volume of
toxic chemicals used for production in the year
following the license issued by the competent
authorities so that it can be adjusted according
to need on a rolling basis.

(2) Strictly comply with the safety
requirements in the use and production of
toxic chemicals: Strengthen supervision
requiring fixed source owners to comply
with the safety requirements, ensuring the
sources' ability to store the chemicals on site
in the event of an unintended chemical spill.
Simultaneously, review and adjust the plan
and capacity to respond to environmental
incidents, ensuring the annual organization of
environmental incident response exercises due
to chemical spills at least once a year.

Layer2 — Chemical volumes

Chemical storage
safety

1!

—_——————— i e —————
-

Chemical incident

Layer j
y location

Chemical incident
response plan

Layern — Chemical incident

- -
| Evaluation :

|
| Weights |

| 1_ seores |

| response capacity

Attribute Data Layers |

S

Figure 3. Hazard analysis model based on GIS
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Table 5. Fixed sources are identified as hazards for environmental incidents

Shorten  Fields of operation description

RS1 Production of basic chemicals, with a capacity of about 160 tons per year

RS2 Production of stainless steel coil products, galvanized coil steel, and electromagnetic coil
steel, with a capacity of about 1.2 million tons per year

RS3 Producing iron, steel, cast iron, and other products from rubber, with a capacity of about
1.2 million tons per year

RS4 The terminal contains liquefied petroleum gas (LPG) and condensate, with a capacity of
1.5 million tons per year

RS3 Production of galvanized steel roofing, aluminum zinc alloy, coating, galvanizing, and
plating of other alloys, with a capacity of 1.2 million tons per year

RS6 Production of basic chemicals, with a capacity of 14,300 tons per year

RS7 Trade in services in chemicals, with a scale of 2,000 tons per year

RS8 Production of lubricants, lubricating greases, and petrochemical raw materials with a capacity
of about 450,000 tons per year

RS9 Trade in services in chemicals, with a scale of 17,000 tons per year

RS10 Production of fertilizers and hydrochloric acid, with a capacity of about 45,000 tons per
year

RS11 Production and trade in services in the field of chemicals

RS12 Fabric production and production of wooden furniture

RSI3 Production of plastic powder products, with a capacity of about 100,000 tons per year

RS14 Production and consumption of basic chemicals, and other petrochemical products, with a
capacity of about 37.1 million tons per year

RSI15 Production of chemical products and storage of LPG

Table 6. Results of calculation and ranking of hazards of environmental incidents

Fixed source Scores for each criterion Value of hazards Ranking
Cl C2 C3 C4 C5 Co
RS1 0.14 228 056 0.14 0.17 0.13 3.4l 2
RS2 0.14 091 056 0.14 0.17 0.04 1.96 4
RS3 0.14 228 056 0.14 0.17 0.04 3.33 2
RS4 070 228 056 0.14 0.08 0.13 3.89 1
RS5 0.14 137 056 0.14 0.17 0.13 2.50 3
RS6 070 228 056 0.14 0.17 0.04 3.88 1
RS7 0.14 137 0.14 0.14 0.17 0.04 2.00 4
RS8 070 091 056 0.14 0.17 004 251 3
RS9 0.14 137 0.14 0.14 0.17 0.04 2.00 4
RS10 0.14 137 056 0.14 0.17 0.13 2.50 3
RS11 042 137 056 0.14 0.17 0.04 2.69 3
RS12 0.14 137 056 0.14 0.17 0.13 2.50 3
RS13 0.14 228 056 0.14 0.17 0.13 3.4l 2
RS14 070 228 0.70 0.14 0.17 0.04 4.02 1
RS15 0.14 228 0.56 0.14 0.17 0.13 3.4l 2
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Figure 4. Map of the level of hazard of environmental incidents due to chemical spills
from the mainland

4. Conclusion

The study has established a set of
appropriate criteria to assess the risk of coastal
environmental incidents caused by chemical
spills from the mainland in Vietnam, with
six suitable criteria selected: chemical types,
chemical volumes, chemical storage safety,
chemical incident location, chemical incident
response plan, and chemical incident response
capacity. At the same time, the study applied
GBWM, a new approach to determining the
weighting of criteria. In addition, the study
screened the fixed sources of production and
trading of toxic chemicals and constructed
a map showing the extent of the hazard of
environmental incidents for the southeastern
coastal region based on a set of established
criteria.

Moreover, the study has proposed
solutions depending on the characteristics
of the study area to reduce the hazard of
environmental incidents from fixed sources
with high and very high levels of hazard;
and also contributes significantly to relevant
research works.
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