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Abstract 
As developing dynamic regions, coastal areas have a high potential for 

environmental incidents, especially chemical spills, which may permanently 
threaten livelihoods and coastal ecosystems. Establishing an appropriate 
methodological framework for assessing environmental incidents in coastal 
areas, ensuring increased predictability and minimising potential consequences 
is a trend of interest to scientists. In this study, the environmental risk assessment 
model was applied to develop a framework for assessing environmental incidents 
in coastal areas due to chemical spills from the mainland based on hazard, 
exposure and vulnerability factors (i.e., sensitivity and adaptability). Using the 
multiple criteria decision-making (MCDM) method approach, suitable criteria, 
their optimal weights and the risk factors were determined. Modelling, remote 
sensing, and geographic information system (GIS) methods were used 
simultaneously for data collection, evaluation, and mapping. A case study was 
conducted in the coastal area of southeastern Vietnam, which comprises 27 
subregions. These were classified into four environmental incident levels: low, 
medium, high, and extreme. Their prevalence was 70.37%, 3.70%, 7.41%, and 
18.52% in the rainy season, and 74.07%, 7.41%, 7.41%, and 11.11% in the dry 
season, respectively. Based on analysis results and consultation with managers 
and experts, pertinent and practical solutions were proposed to reduce the risk 
of environmental incidents in subregions with high and extreme incident levels. 
Our results are expected to support policymakers in decision-making related to 
the sustainable development of the study area and complete the methodology 
framework for assessing environmental incidents in coastal areas due to multiple 
hazards. 
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Introduction 
 Given their biodiversity characteristics, their ability 
to provide many valuable services for livelihoods via 
their ecosystems [1] as well as opportune transportation 
modes, most coastal areas develop very dynamically 
[2]. Industrial, maritime [3], and tourism activities [4] 
have always been potential advantages in the 
development of coastal areas. The attractiveness of 

these regions is the reason for their rapid population 
growth in recent decades [5–6]. However, coastal areas 
have a higher potential for environmental incidents 
than other areas from the mainland due to their low 
terrain and fast development rates [7]. Vietnam’s 
coastal area is located in southeastern Asia and, 
according to the Ministry of Natural Resources and 
Environment [8], has a coastline of 3,260 km and a 
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population density of 354 people per km2. With an 
average growth rate of 7.5% per year, this region is 
developing quickly and is expected to contribute 65%–
70% to the country’s GDP by 2030. Nevertheless, 
Vietnam’s coastal areas are suffering from numerous 
negative impacts from the mainland. A typical example 
of an environmental incident is that of the wastewater 
discharge process of the Formosa Corporation in 2016 
[8], which caused severe consequences and affected the 
livelihoods of coastal communities. In the southeastern 
coastal research area of this study, which is the most 
dynamic development region in Vietnam, other 
notable incidents include the monosodium glutamate 
production process of Vedan Corporation in 2008 [9] 
and the seafood processing of Tan Hai Industrial Park 
in 2017 [10], which caused serious pollution and the 
destruction of biological resources. The sustainable 
development of coastal areas is therefore not only a 
formality, but is also becoming a critical concern 
worldwide [11]. It is therefore important to eliminate 
hazards, reduce their potential consequences and 
maintain the stability of coastal ecosystems [12]. 
 An environmental incident is an accidental event or 
situation that occurs with no purpose or intention [13]. 
Nevertheless, it has the potential to happen suddenly 
and carries the risk of severe impacts on the 
environment and society [14]. An environmental 
incident is distinct from the general phenomenon of 
environmental pollution; it takes place in the process of 
human activities or natural change, poses a high risk 
and can cause severe negative impacts on humans and 
the environment on a large scale [14]. Environmental 
incidents can therefore be considered environmental 
risks, so the approach to environmental incident 
assessments in coastal areas due to chemical spills from 
the mainland is similar to that of environmental risk 
assessments. 
 When conducting environmental risk assessments 
in coastal areas, researchers are often interested in the 
hazards that occur due to natural variability, but mainly 
focus on the consequences resulting from ‘vulnerability’. 
According to reference [15], vulnerability is dependent 
on sensitivity and adaptability. Sensitivity describes 
how people, infrastructure and the environment are 
affected by hazards due to a lack of resilience when 
exposed to these hazards [16], while adaptability 
describes a system’s ability to resist hazards or recover 
from changes [16]. Most studies estimate environmental 
risk based on vulnerability [17–18] or sensitivity [19–
20] depending on the research conditions. However, 
environmental risk is also estimated based on sensitivity 

and exposure [21–22] or sensitivity, exposure, and 
adaptability [21, 23]. 
 Our comprehensive review showed that minimal 
studies have been published on environmental risks in 
coastal areas due to human activities, especially 
chemical spills. Levels of environmental risk are usually 
estimated by integrating the hazard of the incident with 
the potential consequential factors [24–25]. When 
analysing potential consequential factors, studies have 
tended to focus on exposure [26–27]. Some researchers 
have integrated exposure with the sensitivity factor, 
which they determined based on criteria related to 
physical and social conditions [28–29] or social and 
environmental conditions [30]. Others have assessed 
potential consequential factors based on criteria related 
to sensitivity and adaptability [31] or simply sensitivity 
[32]. To determine potential consequential factors, 
some researchers have used risk source, safety, and risk 
control criteria in their hazard factor analysis [33–34]. 
For example, according to reference [35], the five 
criteria selected, and reference [36], 15 criteria selected 
related to the source of the risk, risk control, and 
incident response procedures to estimate the hazard 
factor. Aside from these criteria, the hazard factor has 
been determined based on a matrix composition of the 
total quotient of toxic chemicals compared to the 
specified threshold, production processes and risk 
control [34, 37]. 
 Environmental risk assessment methods were 
widely used according to the multiple-criteria decision-
making (MCDM) approach [38] because they can 
apply different dimensional or quantitative and 
qualitative criteria for analysis, selection, ranking, and 
mapping [38–39]. Most studies have used the MCDM 
approach to assess sensitivity [29–30] and adaptability 
[21, 31]. For example, reference [28] integrated MCDM 
and GIS to analyse the coastal area’s risks, sensitivity 
mapping, and resource priority indexing. Thereby, the 
risk assessment and sensitivity mapping results have 
helped organisations take measures to combat oil spills 
in a timely manner. As well as sensitivity, reference [21] 
used MCDM to assess the adaptability of coastal areas 
from multiple natural hazards. The results were then 
combined with the sensitivity to create a vulnerability 
map and provide strategies to reduce risks and enhance 
adaptability. In terms of the hazard factor, studies have 
focused on three methods, namely, modelling [40–41], 
statistics [42–43], and the MCDM approach [37, 44]. 
However, researchers often use the statistical method 
for the hazard factor. Exposure factor studies often use 
the modelling approach [26, 37]. 
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 Our literature review showed that coastal envi-
ronmental risk assessment studies have paid scant 
attention to mainland hazards. While they tend to 
develop potential consequential factors, with an 
emphasis on exposure, no studies have integrated 
hazard, exposure and vulnerability factors to assess 
environmental risk in coastal areas due to potential 
chemical spills from mainland areas. 
 The main contributions of this study are (i) the 
development of a framework that integrates hazard, 
exposure and vulnerability factors (i.e., sensitivity and 
adaptability) to assess environmental incidents in 
coastal areas due to chemical spills from the mainland; 
(ii) the use of the MCDM approach to determine the 
appropriate criteria, optimal weight of each criterion 
and the weight of the factors constituting environ-
mental incident levels; and (iii) the assessment of 
environmental incidents in the southeastern coastal 
area of Vietnam. 
 
Material and methods 
1) Study area 
 The study area was located in the southeastern 
coastal area of Vietnam, which is adjacent to the East 
Sea. It has a coastline of 90 km with the geographic 
coordinates 10°18'05"–10°48'12" North latitude and 
106°44'04"–107°34'49" East longitude. The area used 

for the calculation included 780 km2 of landmass (27 
coastal communes) and a water surface of 596 km2 (4 
km offshore area) (Figure 1). The study area has 21 
industrial parks covering an area of 8,510 hectares, and 
the 476 investment projects account for a total capital 
investment of US$19.98 billion. There are 65 subjects 
involved in hazardous chemicals (i.e., factories, 
chemical warehouses, and petrochemical zones), most 
of which are located in industrial parks. These subjects 
that use hazardous chemicals are primarily where 
chemical products are manufactured, traded, or stored. 
In addition, the chemical types of these hazards are 
miscellaneous, with large volumes or inadequate 
response capacity, so there are potential risks of 
chemical spills in coastal areas. The study area is also 
home to 481,765 citizens, with a population density of 
505 people per km2. The potential risk of chemical 
spills that can seriously threaten ecosystems and the 
livelihoods of the community is therefore always 
present. 
 
2) Methodology 
 In this study, we developed a new approach based 
on an environmental risk and vulnerability assessment 
model with the aim of establishing a framework for 
assessing environmental incidents in coastal areas due 
to chemical spills from the mainland (Figure 2). 

 

 
Figure 1 Location of the study. 
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Figure 2 Methodology framework. 
 
2.1) Establish sets of criteria 

2.1.1) Select suitable criteria 
Based on our review of the literature, we established 

preliminary criteria comprising three sets of criteria, 
namely, hazard, sensitivity, and adaptability. Next, a 
questionnaire was developed, and we consulted with 20 
experts (scientists and managers) via email on the 
importance of the sub-criteria and evaluation values of 
each preliminary criterion against the sub-criteria. 
From the collected data and the weights of the sub-
criteria determined by the analytic hierarchy process 
(AHP) method [45], the evaluation value was 
calculated using Eq. 1 [46], which was also used to 
screen and select the appropriate criteria. 

 

             𝑉𝑉�𝑎𝑎𝑗𝑗� = ∑ 𝑤𝑤𝑖𝑖 𝑚𝑚
𝑖𝑖=1 𝑣𝑣𝑖𝑖𝑖𝑖                                (Eq. 1) 

 
where V(aj) is the result of the evaluation value of 

the 𝑗𝑗𝑡𝑡ℎ  criteria, 𝑤𝑤𝑖𝑖  is the weight of the 𝑖𝑖𝑡𝑡ℎ sub-criteria, 

and 𝒗𝒗𝒊𝒊𝒊𝒊 is the value rated by sub-criteria i for the 𝑗𝑗𝑡𝑡ℎ  

criteria. 
 
2.1.2) Determine the criteria weight 
The set of weighted criteria is represented by C = 

{C1, C2, ..., Cn}. The best-worst group method was 
used to determine the optimal weights and weight 
variability [47]: 

•  Criterion B (best criterion) and W (worst criterion) 
selected in set C were determined based on the screen-
ing results, and the appropriate criteria were selected. 

•  A second round of consultations with the experts 
was conducted via a questionnaire. A rating scale from 

1 to 9 was used to indicate the importance of the 
criteria. The set of criteria AB = (aB1, aB2,..aBn) and AW 
= (a1W, a2W,..anW) represent the best and worst set of 
criteria, respectively, where aBi denotes the preference 
of criterion B over criterion i, aWi denotes the preference 
of criterion i over criterion W, and aBB = aWW = 1. 

•  The optimal weights of the criteria were 
determined based on the model M2 [47]: 
 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑘𝑘𝑤𝑤𝑘𝑘′ 𝜇𝜇𝑘𝑘 = 𝑀𝑀𝑀𝑀𝑀𝑀(𝜇𝜇)   

in which: 𝜇𝜇 ≥  𝑤𝑤𝑘𝑘′ 𝜇𝜇𝑘𝑘 Ɐk ϵ D  
 

�𝑤𝑤𝐵𝐵
𝑤𝑤𝑖𝑖
− 𝑎𝑎𝐵𝐵𝐵𝐵� ≤ 𝜇𝜇𝑘𝑘 Ɐi ϵ C, Ɐk ϵ D 

 

and  � 𝑤𝑤𝑖𝑖
𝑤𝑤𝑤𝑤

− 𝑎𝑎𝑊𝑊𝑊𝑊� ≤ 𝜇𝜇𝑘𝑘 Ɐi ϵ C, Ɐk ϵ D               (Eq. 2) 

in which: ∑ 𝑤𝑤𝑖𝑖𝑖𝑖∈𝐶𝐶 = 1 and 𝑤𝑤𝑖𝑖 ≥ 0 Ɐi ϵ C 

 

where: 𝑤𝑤𝑘𝑘′  is the importance of kth expert in the set 

of experts D, with 𝑤𝑤𝑘𝑘′  ϵ (0,1) and ∑ 𝑤𝑤𝑘𝑘′𝑘𝑘∈𝐷𝐷  = 1; 𝑤𝑤𝐵𝐵 and 

𝑤𝑤𝑤𝑤 are the weights of B and W, respectively; 𝑤𝑤𝑖𝑖 is the 

weight of criteria i; and 𝜇𝜇𝑘𝑘 is the consistency ratio (CR) 

for the kth expert, with 𝜇𝜇𝑘𝑘 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 ��
𝑊𝑊𝐵𝐵
𝑊𝑊𝑖𝑖

− 𝑎𝑎𝐵𝐵𝐵𝐵𝑘𝑘 � , � 𝑊𝑊𝑖𝑖
𝑊𝑊𝑊𝑊

−

𝑎𝑎𝑖𝑖𝑖𝑖𝑘𝑘 ��.  
 
Based on the results calculated using Eq. 2, the range 

of weighted variations 𝑤𝑤𝑖𝑖  according to the lower limit 
𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚 and upper limit 𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚  was determined [48]. 

•  The consistency ratio of the kth expert 𝐶𝐶𝐶𝐶𝑘𝑘 and 

group 𝐶𝐶𝐶𝐶𝐺𝐺 was determined according to Eq. 3:  
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               𝐶𝐶𝐶𝐶𝑘𝑘  = 𝑤𝑤𝑘𝑘′ �
𝜇𝜇𝑘𝑘
𝐶𝐶𝐶𝐶𝜃𝜃
�                              (Eq. 3) 

  

             𝐶𝐶𝐶𝐶𝐺𝐺 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑘𝑘(𝐶𝐶𝐶𝐶𝑘𝑘)     
  

where θ shows the sensitivity of the model (θ ≥ 
0), Ɐk ϵ D 

 
Each criterion’s optimal weight and weighted variation 

range was determined when the consistency index <0.1. 
 

2.2) Determine the component factors 
2.2.1) Hazard factor 

 Based on the set of hazard criteria and the weights 
of the criteria, the hazard value of the subjects that use 
hazardous chemicals was then estimated using Eq. 4 
[46]: 
 

                         𝐻𝐻𝐻𝐻𝑗𝑗 = ∑ 𝑤𝑤𝑖𝑖 𝑣𝑣𝑖𝑖𝑖𝑖 
𝑚𝑚
𝑖𝑖=1                          (Eq. 4)   

 
 where: HIj is the hazard value of the jth subject that 
uses hazardous chemicals; wi is the weight of the ith 
criteria; and vij is the value of the jth subject that uses 
hazardous chemicals with respect to the ith criteria. 
 

2.2.2) Exposure factor 
 Flows in near-shore areas that are wide and shallow 
in extent are considerably affected by tides, wind, and 
wave forces. MIKE 21, which is a two-way software 
system based on the cell-centred finite volume method 
implemented on unstructured flexible mesh, has 
therefore frequently been used to simulate sudden 
releases of hazardous substances into coastal waters 
[37, 49–50]. We used the Hydrodynamic and Oil Spill 
modules to simulate contaminant transmission due to 
hydrocarbon substance spills. The simulation scenario 
was selected for the subject that uses hazardous 
chemicals at very high hazard values, with a large 
volume of typical chemicals on the list of regulated 
hazardous chemicals [51]. The final simulation results 
were combined with the GIS results to determine the 
exposure level of each subregion. 
 

2.2.3) Vulnerability factor 
 Vulnerability is directly proportional to sensitivity 
but inversely proportional to adaptability and was 
estimated according to Eq. 5 [15]: 

               𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆+(𝐻𝐻𝐸𝐸𝐸𝐸−𝐴𝐴𝐴𝐴)
2

                                 (Eq. 5) 

 
where CVI is the vulnerability index; SI and AI are 

the indices of sensitivity and adaptability, respectively; 
and HES is the highest value of the evaluation scale (in 
this study, HES was 5). 

 
From the set of criteria and their weights, the 

sensitivity and adaptability values of the coastal area 
were determined using Eq. 6 [41]: 

 

                𝑆𝑆𝑆𝑆𝑗𝑗 = ∑ 𝑤𝑤𝑖𝑖 𝑣𝑣𝑖𝑖𝑖𝑖 
𝑛𝑛
𝑖𝑖=1                             (Eq. 6) 

 

               𝐴𝐴𝐴𝐴𝑗𝑗 = ∑ 𝑤𝑤𝑘𝑘 𝑣𝑣𝑘𝑘𝑘𝑘 
𝑚𝑚
𝑘𝑘=1               

 
where SIj and AIj are the sensitivity and adaptability 

values of the jth subregion; wi and wk are the weights of 
the i and kth criteria, respectively; and vij and vkj are the 
values of the jth subregion according to the i and kth 
criteria, respectively. 

 
2.3) Environmental incident assessment and mapping 

Environmental incidents in coastal areas due to 
chemical spills from the mainland were estimated based 
on Eq. 7 in accordance with the environmental risk 
assessment approach [52]: 

 

      𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐸𝐸𝐸𝐸𝑊𝑊𝐸𝐸𝐸𝐸 +𝐻𝐻𝐻𝐻𝑊𝑊𝐻𝐻𝐻𝐻             (Eq. 7) 
 
where EI is the value representing the environ-

mental incident level; CVI, EI, and HI are the 
vulnerability, exposure, and hazard values, respectively; 

and 𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶, 𝑊𝑊𝐸𝐸𝐸𝐸, and 𝑊𝑊𝐻𝐻𝐻𝐻 are the respective weights. 
 
For the GIS methodological approach [53], GIS 

software was used to calculate the value representing 
the environmental incident level. Each assessment value 
data file and the weight of each corresponding criterion 
were assigned on an attribute layer, which was then 
combined with the layer map data to create an envi-
ronmental incident map of the 27 subregions categorised 
into four levels: low, moderate, high, and extreme. The 
model used to estimate the environmental incident level 
of each subregion is presented in Figure 3. 
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Figure 1 Environmental incident calculation model based on the GIS approach. 

 
3) Data collecting and processing 
3.1) Data collecting 
 3.1.1) Secondary data collection 

The secondary data were collected from various 
sources, including coastal slope, environmental incident 
response, population density, vulnerable populations, 
income, education, health, aquaculture, and tourism 
data from the Department of Natural Resources and 
Environment. Species, nature reserve, and mangrove 
data were collected from the Department of Natural 
Resources and Environment and the Department of 
Agriculture and Rural Development. Topographic and 
hydrological data were collected from the Department 
of Natural Resources and Environment and the Southern 
Regional Hydrometeorological Centre. Satellite imagery 
was collected from https://www.planet.com/explorer. 

 
 3.1.2) Investigation and interviews 

We collected information on the subjects that use 
hazardous chemicals from the Department of Natural 
Resources and Environment. Chemical spill hazards 
were determined using Eq. 8 [44]: 

 

                  𝐺𝐺𝐺𝐺𝐺𝐺 = � 𝑞𝑞𝑖𝑖
𝑄𝑄𝑖𝑖

𝑛𝑛

𝑖𝑖=1
                                 (Eq. 8) 

 

where GNR is the value of the the identified hazard 
source, n is the amount of the hazardous chemicals, qi 
(ton) is the maximum storage quantity of the chemical, 
and Qi (ton) is the threshold value [51]. 

Questionnaires were then developed, and the 
subjects with GNR values >1 were interviewed to collect 
data and identify environmental incident hazards. 

 
3.2) Data processing 
 3.2.1) Coastal type 

The satellite images were processed using ENVI 5.2 
software and GIS to identify the research objects. 
PlanetScope satellite imagery of 2021 was used with a 
resolution of approximately 3 m per pixel. The process 
of determining the type of coastline was carried out in 
five main stages: image preprocessing, image 
interpretation, classification, testing and evaluation. As 
a result, five coastal objects were identified, namely, 
cliffs, rocky shores, artificial embankments, sandbanks, 
and wetlands. 

 
3.2.2) Coastal slope 

 A coastal slope is the change in altitude relative to 
the horizontal distance between any two points 
landwards and seawards of the coastline [54]. The 
coastal slope was calculated using E.q 9 [55]: 
 

                   𝑡𝑡𝑡𝑡𝑡𝑡(𝑎𝑎) = 𝐷𝐷
𝐻𝐻

. 100%                           (Eq. 9) 

 
 where tan(a) is the coastal slope (%), D is the 
difference in seafloor elevation between the position of 
the shoreline and any position seawards (m), and H is 

https://www.planet.com/explorer
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the horizontal distance between the position of the 
shoreline and any position seawards (m). 
 
 3.2.3) The rest of the data types 
 The remaining data were synthesised from the 
secondary data collection, investigation and interviews 
with the subjects who were using hazardous chemicals.  

 Finally, all the data were aggregated and processed 
to form a preliminary dataset. The dataset was then 
converted to values ranging from 1 to 5 (Table 1) based 
on an evaluation scale to facilitate the environmental 
incident estimation.

 
Table 1 Evaluation scale 

Criteria/symbol  Evaluation values References 

  Very low Low Moderate High Very high  

  1 2 3 4 5  

Hazard        

Chemical types H1 Only one – 2–3 – >3 [51] 
Chemical volumes H2 Does not exceed More than 

two times the 
chemical 
volume 

relative to the 
threshold 

More than two to 
three times the 

chemical volume 
relative to the 

threshold 

- More than three 
times the chemical 
volume relative to 

the threshold 

[51] 

Chemical storage 
safety 

H3 The dam contains 
enough 

- The dam contains 
nearly enough 

- No dam [56] 

Chemical incident 
location 

H4 ≥1 km to the river 
system and coastal 

waters 

<1 km to the 
level 2 sub-

river systems 

<1 km to the level 
1 sub-river systems 

<1 km to the 
main river 

<1 km to the 
coastal waters 

This study 

Chemical incident 
response plan 

H5 Fully compliant Except for 
incident 
response 

equipment 

Only approved 
plans 

Unapproved 
plans 

No plan [56] 

Chemical incident 
response capacity 

H6 Annual exercises 
or assumptions 

- Random exercises 
or assumptions 

- No exercises or 
assumptions 

[56] 

Sensitivity        

Coastal type S1 Cliffs Rocky shores Artificial 
embankments 

Sandbanks Wetlands [52] 

Coastal slope (%) S2 >1.14 >0.87–1.14 >0.49–0.87 >0.26– 0.49 ≤0.26  
Population density 
(people per km2) 

S3 <450 450–<800 800–<1,150 1,150–<1,400 ≥1,400 [21] 

Vulnerable 
population (%) 

S4 <20 20–<40 40–<60 60–<80 ≥80 [21] 

Tourism S5 - Scenic spots, 
cultural 
heritage 

Beaches for 
tourists 

Public 
beaches 

Public beaches, 
beach sports 

[57] 

Aquaculture (%) S6 <10 10–<20 20–<35 35–<50 ≥50 [57] 
Species S7 No rare species Rare species Rare and near-

endangered species 
Rare and 

endangered 
species 

Rare and critically 
endangered species 

[58–59] 

Nature reserve S8 – Landscape 
protection 

area 

Biodiversity 
conservation 

Nature 
reserve 

World biosphere 
reserves 

[58] 

Exposure        

Exposure level (%)  < 20 20–<40 40–<60 60–<80 ≥80 [60] 

Adaptability        

Income (US$ per 
month) 

A1 <195.65 195.65–
<217.39 

217.39–<230.43 230.43–
<246.83 

≥246.83 This study 

Education (%) A2 <20 20–<40 40–<60 60–<80 ≥80 [21] 
Health (%) A3 <20 20–<40 40–<60 60–<80 ≥80 This study 
Mangrove (%) A4 <7.67 7.67–15.35 >15.35–23.02 >23.02–30.70 >30.70 This study 
Environmental 
incident response 

A5 No plan Have a plan 
but no 

exercises or 
assumptions 

Infrequent 
exercises or 
assumptions 

Exercises or 
assumptions 
>1 time/year 

Organising [56] 
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Results and discussion 
1) Establish criteria set, criterion weights, and 
component factor weights 
 Based on the collected data and Eq. 1, Eq. 2, and Eq. 
3, the sub-criteria weights; assessment values of the 
preliminary criteria for each sub-criterion; selected 

suitable criteria; optimal weighting of each criterion of 
the set of criteria, namely, hazard, sensitivity, and 
adaptability; and the weights of each factor constituting 
the assessment of environmental incidents were 
calculated and are shown in Tables 2–4.

 
Table 2 Evaluation values of each criteria 

Sets of criteria Values for each sub-criterion Total 
values Ease of 

understanding 
Alignment with 

the goal 
Accuracy and 
transparency 

Sensitivity Data availability 

Hazard [61] 0.15* 0.26* 0.25* 0.22* 0.12*  

H1 0.54 1.06 1.03 0.80 0.48 3.91 
H2 0.63 1.12 1.03 0.88 0.42 4.08 
H3 0.58 0.98 1.05 0.70 0.49 3.79 
H4 0.54 1.19 0.94 0.93 0.41 4.01 
H5 0.54 1.15 1.03 0.70 0.45 3.87 
H6 0.47 1.09 0.82 0.78 0.39 3.55 

Sensitivity [62] 0.17* 0.28* 0.16* 0.21* 0.18*  

S1 0.57 1.19 0.61 0.67 0.65 3.65 
S2 0.58 1.10 0.66 0.66 0.72 3.69 
S3 0.75 1.09 0.72 0.82 0.87 4.20 
S4 0.58 1.27 0.56 0.80 0.69 3.86 
S5 0.60 1.10 0.60 0.80 0.69 3.76 
S6 0.58 1.29 0.58 0.97 0.67 4.05 
S7 0.51 1.19 0.44 0.92 0.48 3.50 
S8 0.61 1.17 0.63 1.06 0.75 4.18 

Adaptability 0.13* 0.24* 0.19* 0.14* 0.30*  

A1 0.47 0.99 0.66 0.49 0.92 3.53 
A2 0.54 0.92 0.76 0.45 1.18 3.84 
A3 0.54 0.88 0.77 0.50 1.27 3.97 
A4 0.50 1.00 0.74 0.62 1.32 4.19 
A5 0.47 0.93 0.70 0.60 1.22 3.92 

Note: * are the weights of the five sub-criteria that were determined from expert consultation and the AHP method 
(i.e., ease of understanding; alignment with the goal; accuracy and transparency; sensitivity; and data availability) 
used to screen the preliminary criteria of each factor (i.e., hazard; sensitivity; and adaptability). 
 
Table 3 Selected criteria 

Criteria Description References 

Hazard  

H1 The greater the number of hazardous chemicals stored, the higher the probability of an environmental incident. [51] 
H2 The larger the volume of chemicals stored at a time compared to the threshold, the higher the probability of 

an environmental incident. 
[44] 

H3 The more secure the hazardous chemical storage facility (i.e., dam), the lower the probability of an 
environmental incident. 

[34] 

H4 The location of potentially hazardous chemical spills affecting coastal areas. [37] 
H5 The higher the responsibility of the subject that uses hazardous chemicals to prevent environmental 

incidents, the lower the risk of an environmental incident. 
[51] 

H6 The higher the capacity of the subject that uses hazardous chemicals to respond to chemical spills, the lower 
the risk of an environmental incident. 

[51] 

Sensitivity  

S1 Areas with many cliffs are less sensitive than those with wetlands and sandy beaches. [63] 
S2 The larger the slope, the lower the sensitivity. [63] 
S3 The lower the population density, the lower the sensitivity. [64] 
S4 The lower the proportion of the population over 65 and under 12 years of age compared to the total 

population of the region, the lower the sensitivity. 
[21] 

S5 The more types of tourism, the higher the sensitivity. [57] 
S6 The smaller the aquaculture area, the lower the sensitivity. [57] 
S7 Areas without rare and endangered species are less sensitive than areas with priority species that require protection. [59] 
S8 The lower the priority level of protection and conservation of coastal areas, the lower the sensitivity. [58] 
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Table 3 Selected criteria (continued) 
Criteria Description References 

Exposure Potential environmental incident exposures are classified based on the subregion with the highest exposure. [60] 

Adaptability  

A1 The higher the per capita income, the greater the adaptability. [65] 
A2 The higher the proportion of people with universal education, the greater the adaptability. [65] 
A3 The larger the proportion of the healthcare workers in the workforce, the higher the adaptability, based on 

the subregion with the highest health number of healthcare workers. 
[66] 

A4 The larger the mangrove area, the higher the adaptability. [66] 
A5 The greater the resources for responding to environmental incidents, the higher the adaptability. [66] 

 

Table 4 The optimal weights of the criteria, factors, and their range 
Criteria Optimal weights of the criteria and their range 

Wmin Wi Wmax 

Hazard [61] 

H1 0.13 0.14 0.14 
H2 0.45 0.46 0.47 
H3 0.14 0.14 0.14 
H4 0.14 0.14 0.14 
H5 0.08 0.08 0.09 
H6 0.04 0.04 0.04 

Sensitivity 

S1 0.05 0.05 0.06 
S2 0.05 0.07 0.07 
S3 0.25 0.25 0.27 
S4 0.14 0.19 0.18 
S5 0.05 0.05 0.06 
S6 0.14 0.14 0.14 
S7 0.04 0.04 0.05 
S8 0.22 0.22 0.23 

Adaptability 

A1 0.14 0.15 0.15 
A2 0.06 0.07 0.07 
A3 0.18 0.19 0.19 
A4 0.32 0.34 0.34 
A5 0.25 0.25 0.27 

Factors 

Hazard - 0.22 - 
Exposure - 0.33 - 
Vulnerability - 0.45 - 

 

2) Evaluation and mapping 
 The hazard values of the 15 subjects (15/65 chemical 
spill hazards were selected with GNR >1, based on 
Eq.8), which were using hazardous chemicals in the 
study area, were determined as being from 1.96 to 4.02 
[61]. The subjects with ‘high’ and ‘very high’ values 
(i.e., stored large volumes of many hazardous chemicals 
at a time and were operating in locations near the sea) 
accounted for 46.67% of all the subjects. 
 The vulnerability level was calculated as 2.08–2.67, in 
which the sensitivity value was 1.98–3.25 and adaptability 
2.28–3.49, and was classified into four levels (Figure 4). 
The subregions with ‘high’ and ‘extreme’ vulnerability 
accounted for 62.96% of all the subregions. These were 
identified as the most sensitive subregions due to the 
high population density, developed tourism and presence 
of species that need priority protection. The subregions 
with low adaptability due to low-income communities 

and mangroves have largely been transformed for 
development projects. 
 The simulation scenario assumes the spill of 50% 
volume of the chemical stored (17.8 tons of isopentane 
C5H12) in 72 hours for subjects that use hazardous che-
micals belonging to the group with very high hazard values, 
operating in the production and consumption of basic 
chemicals and petrochemical products. The results of the 
simulations showed that the exposure levels for the sub-
regions were significantly changed due to the seasonal 
hydrological regime (Figure 4). In the dry season, the ex-
posure was mainly localised with a slight spread to the 
sea. Exposure levels of 18.52% in the subregions were 
considered ‘high’ and ‘extreme’ levels, and 55.56% in the 
subregions were not indicated. In the rainy season, the 
exposure range was more expansive: the ‘high’ and ‘extreme’ 
exposure subregions accounted for 25.93%, and only 
40.74% of the subregions showed no signs of exposure.
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Figure 4 Map in the southeastern coastal area of (a) exposure in the rainy season,  

(b) exposure in the dry season, (c) sensitivity, (d) adaptability, and (e) vulnerability. 
 
Based on the simulation scenario and Eq. 7, the 

environmental incident level of each subregion was 
calculated, as shown in Table 5. The environmental 
incident level was 2.15–3.70 for the dry season and 2.15–
3.73 for the rainy season and was classified into four 
ranks from 1 to 4, which corresponded with the 
environmental incident levels: low, moderate, high, and 
extreme. The classification results for each subregion 
were used to map the environmental incident levels 

(Figure 5). Following the calculations and mapping, the 
results showed: 

(1) The ‘high’ and ‘extreme’ environmental incident 
subregions increased from the dry season to the rainy 
season from 5/27 (18.52%) to 7/27 (25.93%), res-
pectively. This increase was mainly due to the seasonal 
change in the coastal hydrological regime, which led to a 
variable exposure range. During the rainy season, the 
exposure range was wider, which resulted in a more 
significant number of exposed subregions. 
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(2) The ‘high’ and ‘extreme’ environmental incident 
subregions had the potential for high exposure due to 
their proximity to environmental incident hazard 
sources. However, these subregions were also 
vulnerable due to their high sensitivity (i.e., the vulnerable 
population and aquaculture criteria values of these 
subregions were higher than the mean values of 24.42% 
and 38.46%, respectively) but low adaptability (i.e., the 
income, education, health, and environmental incident 
response criteria values of these subregions were lower 
than the mean values of 17.80%, 6.79%, 32.18%, and 
8.35%, respectively). 

(3) The ‘low’ and ‘moderate’ environmental incident 
subregions had low exposure or no signs of exposure 
based on the simulated scenario. These subregions had 
lower vulnerability than the other subregions due to 
their low sensitivity and high adaptability. 

(4) The environmental incident map was limited to a 
particular spatial extent. Accordingly, some of the criteria 
related to sensitivity, adaptability and vulnerability (e.g., 
species and environmental incident response) across the 
adjacent subregions were not identified with high 
confidence. In addition, the actual process of collecting 
expert data did not include the participation of 
ecological and social experts. 

 
3) Solutions to reduce environmental incidents in 
coastal areas 

Based on the calculation results and consultation with 
managers in the study area, we propose pertinent and 
practical solutions to reduce the environmental incident 
levels in ‘high’ and ‘extreme’ subregions: 

(1) Minimise the risk of incidents: It is necessary to 
review and adjust the maximum storage volume of 
hazardous chemicals permitted at a time by following the 

operating conditions of each chemical spill hazard. At the 
same time, periodic inspections should be strengthened, 
subjects that use hazardous chemicals should be required 
to comply with the restrictions outlined in an approved 
chemical spill response plan [51] regarding the highest 
volume of stored chemicals permissible at a time, and a 
permit should be issued by the competent authority. 

(2) Reduce vulnerability: Resilience should be 
increased through increased investment in health 
facilities, the attraction of local resources combined with 
professional training for livelihood generation, and the 
creation of jobs to provide workers with stable incomes 
[67]. In addition, it is necessary to review and adjust 
spatial planning appropriately to ensure a sustainable 
population density, decrease the proportion of vulnerable 
populations, and reduce the area of unsustainable 
aquaculture in given areas, which will contribute to 
reducing sensitivity in subregions. And not only that, it is 
necessary to zone the environment protection [68] (i.e., 
strict protection zone, emission restricted zone, and 
others [67]) based on the results of adaptability and 
sensitivity analysis. Finally, strengthen control of chemical 
hazards, and restore and protect coastal mangrove 
resources for environmental protection zones. 

(3) Limit potential exposure: This requires increased 
investment in incident response equipment [69–70] and 
regulatory annual incident response exercises [51], which 
will contribute to reducing exposure during a chemical 
spill. In addition, it is necessary to review chemical 
hazards under the development planning [67] and the 
environmental protection law [70], which focuses on 
controlling hazardous sources discharged into the coastal 
environment, developing in parallel with pollution 
prevention and control.

 

Table 5 Calculation results of environmental incidents 
Subregion Environmental incident value Subregion Environmental incident value 

Dry season Rainy season Dry season Rainy season 

LyNhon Village 2.32 2.32 NguyenAnNinh Ward 2.16 2.16 
CanThanh Village 3.07 3.73 Ward 10 2.39 2.39 
LongHoa Village 2.34 3.00 Ward 11 2.33 2.33 
ThanhAn Village 3.31 3.64 Ward 12 2.26 2.26 
PhuocHoa Ward 3.07 3.40 PhuocTinh Village 2.41 2.41 
TanPhuoc Ward 2.19 2.19 PhuocHung Village 2.37 2.37 
LongSon Village 3.70 3.70 LongHai Village 2.28 2.28 
RachDua Ward 2.58 2.25 PhuocHai Village 2.40 2.40 
ThangNhat Ward 2.66 2.33 LocAn Village 2.15 2.15 
Ward 5 3.69 3.69 PhuocThuan Village 2.33 2.33 
Ward 1 2.27 2.93 BongTrang Village 2.39 2.39 
Ward 2 2.26 2.59 BungRieng Village 2.37 2.37 
ThangTam Ward 2.26 2.26 BinhChau Village 2.30 2.30 
Ward 8 2.21 2.21    
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Figure 5 Environmental incident level map of (a) the rainy season and (b) the dry season. 

 
Conclusions 
 In this study, a framework for assessing environmental 
incidents in coastal areas due to chemical spills from 
the mainland was developed by integrating hazard, 
exposure and vulnerability factors, where vulnerability 
was formed from sensitivity and adaptability. In 
addition to a comprehensive evaluation framework, 
appropriate assessment criteria, the optimal weighting 
of each criterion, as well as component factors were 
proposed. The southeastern coastal area in Vietnam 
was then used in the pilot study to analyse and evaluate 
environmental incidents caused by chemical spills. The 
environmental incident levels of 27 subregions in the 
study area were identified and categorised into four 
levels, namely, low, medium, high, and extreme, for the 
rainy season (prevalence: 70.37%, 3.70%, 7.41%, and 
18.52%, respectively) and the dry season (prevalence: 
74.07%, 7.41%, 7.41%, and 11.11%, respectively). In 
the subregions, the ‘high’ and ‘extreme’ environmental 
incident levels accounted for 18.52% and 25.93%, 
respectively, in the dry and rainy seasons, thus de-
monstrating their high sensitivity, low adaptability, and 
closeness to incident sources. An assessment and 
analysis were then carried out and strategies proposed 
to minimise the impact of environmental incidents. 
Our study makes an essential contribution to perfecting 
the framework of methods used to assess environmental 
incidents in coastal areas with a focus on hazards from 
the mainland, thus ultimately contributing to the 
sustainable development of coastal areas. 
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