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A B S T R A C T

Hazard identification and prioritisation practices are very important for power plants to continue their
operations without disruption. Systematic operational hazard analysis is not a very common practice at the
Heavy Fuel Oil (HFO) based power plants in Bangladesh. Hence, a structured hazard evaluation framework can
greatly benefit them to ensure their operational safety. This study has been conducted to identify and prioritise
the operational hazards of the HFO-based power plants through using a hybrid multi-criteria decision-making
(MCDM) approach in a fuzzy environment, and then, to explore the appropriate mitigation methods for the
top-ranked hazards and to find the interrelationships that exist among the mitigation methods. First, the most
common hazards in HFO-based power plants have been identified from the expert feedbacks. Then, a fuzzy
analytical hierarchy process (FAHP) method has been used to determine the weights of the evaluation criteria
and a fuzzy technique for order performance by similarity to ideal solution (FTOPSIS) method, has been used
for the final ranking of the potential hazards. Afterwards, mitigation methods for the top 25 hazards have been
identified and interrelationship among those mitigation methods has been explored through using interpretive
structural modelling (ISM) and a matriced impacts croisés multiplication appliquée à un classement (MICMAC)
analysis. The study finds that ‘explosion of high-pressure steam drum of the gas boiler’, ‘crankcase explosion
and fire hazard due to oil pressure rise’ and ‘explosion of the compressed air reservoir’ are the top three
hazards in the hazard ranking. ‘Standard operating procedure (SOP) and training’ have been found to be the
most driving mitigation methods for the top-ranked hazards based on the ISM-MICMAC analysis. The findings
of this study are expected to provide the managers of power plants with valuable insights, which can help
them to prepare sustainable operational strategies to ensure the least hazardous work environment.
. Introduction

Thermal power plants are riskier than most other types of power
lants since they employ a series of processes to generate electricity us-
ng highly combustible fossil fuel [1]. Noteworthy operational hazards
an occur in different types of thermal power plants. Fire hazards can
ccur from fossil fuel or other types of combustible material used in the
lant; explosion hazard can result from the bursting of high-pressure
team boilers or compressed air reservoirs; chemical or electrical fires
ay originate from careless handling in the chemical store or mal-

unction in electric controls and circuitries; severe injury can occur
f workers come into contact with high-speed rotating machineries.
o ensure a safe operational environment in a thermal power plant,
educing operational risks to a minimal level is critical. Moreover,
ssociated hazards must be identified and prioritised [2].
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Although engines that run on heavy fuel oil (HFO) are predomi-
nantly used in marine vessels, these engines are also used in several
countries to generate electricity in small or medium-scale power plants
[3]. Due to the growing demand in electricity in a developing industrial
country such as Bangladesh, the installation of an engine-based power
plant is often a more expedient solution than building other types
of large-scale and high-investment thermal power plants [4]. Heavy
fuel oil-based power plants have met the national electricity demand
of Bangladesh for more than 24 years. Fifty-six such plants currently
operating across the country and are capable of meeting more than 25%
of the country’s total electricity demand [5].

Various studies address hazard identification and prioritisation in
thermal or HFO-based power plants in different way. For instance, in
most of the thermal plants in Bangladesh, a simple technique named
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decision matrix risk assessment (DMRA) is used, where the plant’s man-
agement documents and prioritises hazards using a simple two-criteria
based matrix method. The two criteria evaluated in this method include
severity and likelihood [6]. The main drawback of such a simple two
criterion-based technique is that it overlooks several additional key
aspects of hazards that are often crucial for plant safety. Another short-
coming of the method is its inability to incorporate the evaluations and
quantitative feedback of experts, rendering the technique less dynamic
and proactive. To overcome these limitations, we proposed employing
a five criterion-based evaluation framework following the guidelines of
the World Health Organisation [7]. The five criteria considered in this
study were severity, likelihood, manageability, extent, and time frame.

Our study proposed identifying hazards and exploring appropriate
mitigation methods in HFO-based thermal power plants using a hy-
brid multi-criteria decision-making (MCDM) method. Existing literature
supports that hybrid MCDM methods are more efficient than single
methods for decisions made in complex environments [8–10]. More-
over, we utilised the fuzzy approach in this study to compensate for the
vagueness and uncertainty of the human decision-making process. Our
study proposed an aggregation of the fuzzy analytical hierarchy process
(FAHP) and fuzzy technique for order performance by similarity to
ideal solution (FTOPSIS) method to prioritise the hazards of HFO-based
thermal power plants. The FAHP was used in this study to identify the
weights of the evaluation criteria. Criteria weights were then used as
inputs to the FTOPSIS method to obtain a final hazard ranking.

After ranking hazards, decision-makers must focus on mitigation
methods for the top-ranking hazards. Exploring the interrelationships
between the mitigation methods based on their driving and dependency
power is necessary to maximise the impact of the methods. Hence,
appropriate mitigation methods were identified by expert opinion for
the top-ranked 25 hazards in this study and were analysed using the
interpretive structural modelling (ISM) and a matriced impacts croisés
multiplication appliquée à un classement (MICMAC) approach. ISM
method focuses on an expert opinion-based structural self-interaction
matrix (SSIM), forms a reachability matrix from the SSIM and thus
shows an interrelationship between the variables through level parti-
tioning. The MICMAC analysis illustrates the graphical position of the
variables from ISM to determine their driving and dependence power
[11].

Specific study objectives are mentioned below. First, we aimed to
identify the five evaluation criteria and the major operational haz-
ards associated with HFO-based power plants in Bangladesh. We then
sought to determine the weights of the evaluation criteria using the
FAHP method. We prioritised and ranked hazards using the FTOPSIS
method, utilising criteria weights obtained from FAHP as inputs. We
subsequently identified appropriate mitigation methods from experts
for the top-ranked hazards. Finally, we explored the interrelationships
between the mitigation methods by using the ISM-MICMAC approach.
Doing so, this study attempted to answer the following questions:

1. What are the critical hazards that commonly occur in an HFO-
based power plant?

2. What is the priority order of hazards? If management has limited
resources to ensure operational safety, which hazards should be
addressed first?

3. What are the weights of the evaluation criteria according to
which hazards will be ranked? Which criteria are more impor-
tant?

4. What mitigation methods can be adopted to address the top-
ranked hazards?

5. What are the interrelationships between the mitigation methods?
How do these interrelationships impact the implementation of
mitigation methods?

A review of the relevant literature is presented in Section 2. Re-
search methodologies are discussed in Section 3. Study results are

discussed in Section 4, while managerial implications of the study are
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reviewed in Section 5. Finally, Section 6 provides study conclusions
and suggests directions for future studies. Large tables and detailed
methodologies that are too lengthy for inclusion in the main body of
the paper, are contained in the Supplementary Materials file.

2. Literature review

A hazard can be described as a phenomenon that causes damage to
people and their surroundings. To minimise operational risks in any
industry, managers must identify and prioritise hazards and explore
appropriate mitigation methods. Diverse industries characterise and
rank hazards associated with their own processes in different ways to
maintain operational safety on the job site. DMRA method is one of
the simplest methods still in wide use for hazard identification and risk
analysis. This approach derives a Risk Priority Number (RPN) from two
specific criteria: severity and likelihood. Hazards are then ranked based
on the derived RPN [1,2,6]. Hazard and Operability Study (HAZOP) is
another familiar qualitative method that has been used in industrial
safety studies [12–14]. Other common risk analysis methods in the
existing literature include fault tree analysis, event tree analysis, and
failure modes and effect analysis [15,16].

If the criteria of hazard prioritisation cannot be described in terms
of major aspects of the hazard, decision-makers may overlook some
of the most critical issues. Various MCDM techniques are known to
be employed for this purpose and can allow efficient prioritisation of
multiple alternatives with multiple criteria and correlations [17,18]
[19]. In recent safety studies, MCDM-based quantitative approaches
have increasingly been used [20,21]. Most frequently, researchers use
a single MCDM method to fulfil the common objective of prioritising
alternatives in a critical decision-making environment. On the other
hand, hybrid MCDM methods involve merging two or more methods
to achieve the decision-making objective. In such case, one method can
be used for determining criteria weights and the other for determining
the final rank of the alternatives using criteria weights [8,22]. The
hybrid MCDM approach has been used in environmental risk assess-
ment [23], risk assessment for occupational health and safety [24–26],
manufacturing system selection [27], maintenance strategy selection
[28], and many other related fields. To-date, operational hazards in
thermal power plants have not been analysed using the hybrid MCDM
approach, which can be identified as an unexplored research scope.
Therefore, the hybrid FAHP–FTOPSIS method was used in this study
to evaluate and prioritise hazards while the ISM-MICMAC method was
utilised to explore appropriate mitigation methods.

Unlike the traditional analytical hierarchy process (AHP), fuzzy
AHP or FAHP addresses the fuzziness of vague decisions by humans
[29]. An effective approach to pair-wise comparison scale for FAHP
involves using the triangular fuzzy number or TFN [29]. For risk
assessment purposes, FAHP with TFN is considered a simpler and
superior method over other types of membership functions [30]. FAHP
has been used by many researchers for risk assessment of projects
[30,31], operational risk evaluation [32], risk prioritisation in banking
[33], supply chain risk assessment [34], outsourcing reverse logistics
[35] and so on. As a part of the hybrid method and coupled with
other MCDM methods for calculating criteria weights, FAHP has been
used for environmental risk assessment [23], fault tree analysis for fire
and explosion hazards [36], risk assessment in process industries [6],
occupational health and safety risk assessment [25], the selection of
maintenance strategies [28], and so on. However, FAHP has not yet
been used for determining criteria weights for hazard analyses in power
plants.

TOPSIS is another classical MCDM method based on the concept
that the selected alternative should be at a minimum distance from the
positive ideal solution and at a maximum distance from the negative
ideal solution [37]. Fuzzy version of TOPSIS, FTOPSIS, can be utilised
in a fuzzy environment. FTOPSIS is highly recommended in the field
of construction and engineering management for selecting and ranking
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Table 1
Summary of recently published closely related studies.

Author (s) and Year Applied Method Application Area Presented a
Prioritisation or
Ranking?

Presented a
hierarchical
interrelationship?

Anam et al. [50] BWM, ISM-MICMAC Solar Energy Development Yes Yes
Lu et al. [52] AHP, FTOPSIS Power Transmission Yes No
Marhavilas et al.
[53]

AHP, HAZOP,
DMRA

Petrochemical Industry Yes No

Rehman et al. [54] FUCOM, VIKOR,
QFD

Power Generation Yes No

Shittu et al. [55] Relative Importance
Index, Mean Item
Score

Construction Sites Yes No

Gul [25] Pythagorean fuzzy
AHP and VIKOR

Safety in gun manufacturing
industry

Yes No

Saffarian et al. [23] FMEA and FAHP Risk assessment in a gas
power plant

Yes No

Yazdi et al. [36] FAHP and FTOPSIS Fire and explosion analysis
in the process industries

Yes No

Li et al. [49] ISM Risk assessment for thermal
power plants

No Yes

Yucesan and
Kahraman [32]

Pythagorean fuzzy
AHP

Risk factor analysis in
hydro-electric power plant

Yes No
from multiple alternatives [38]. The technique has also been used for
project risk assessment [39], failure mode and effect analysis [40], sup-
plier selection process [41], and so on. Furthermore, FTOPSIS has been
coupled with other methods like AHP or FAHP as a hybrid approach in
several previous studies, such as for the risk assessment of the process
industry [6], supply chain performance assessment [42], prioritising
solutions for logistics barriers [37], project portfolio selection ([43]),
advanced manufacturing system selection [27], optimal maintenance
strategy selection [28], and so on. However, the use of FAHP and
FTOPSIS to analyse hazards in power plants has not been explored yet
and can be considered a new scope for study related to hazard analysis.

Hazard mitigation involves measures usually taken to reduce the
damage potentiality and impact of hazards in a cost-effective way
[44]. While planning for a hazard mitigation strategy, the interre-
lationships among the mitigation methods can help decision-makers
formulate proper action plan [45]. As hazard precursors are often
not independent, mitigation methods must be designed based on their
interrelationships [46]. In this study, based on the expert feedbacks,
appropriate mitigation methods have been identified that can address
the top-ranked hazards. These identified mitigation methods then have
been analysed using ISM-MICMAC method, since the operational activ-
ities of power plants involve several discrete systems and accessories,
for which the exploration of interrelationships based on driving and
dependence power appears more appropriate.

ISM is a renowned method for exploring relationships between
variables based on their relative driving and dependence power, while
MICMAC analysis is used to categorise variables as autonomous, depen-
dent, linkage, and independent [9]. ISM-MICMAC integrated approach,
along with some sort of ranking method like AHP, best-worst method
(BWM) etc., has been recently used by various researchers [47] for
showing the ranking as well as the inter-dependencies among factors
with in the same research. Such mixed or integrated methodologies
has been used to analyse key factors behind energy-efficient supply-
chains [9], analyse factors influencing the implementation of safety
programmes in the construction industries [48], risk assessment for
thermal power plants [49], evaluation strategies and drivers for renew-
able energy development [50], and barrier identification and analysis
for implementing solar power plants [51]. However, to-date, hazard
mitigation methods for power plants have not been explored using
the both FAHP–FTOPSIS and ISM-MICMAC approach, which indicates
a clear research gap. Some recently published closely related articles

related to this research have been presented briefly in Table 1.
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3. Research methodology

We utilised FAHP, FTOPSIS, and ISM-MICMAC techniques for this
research. Data were collected in multiple phases here. At the initial
stage, experts’ responses were collected by an online survey to identify
HFO-based power plants’ operational hazards. The online survey was
conducted using Google Forms. The initial questionnaire for gathering
experts’ responses was designed with 20 hazards, identified from the
literature resources, and existing plant records. For the hazard identifi-
cation, we reviewed the closely related scholarly articles from Google
Scholar and Scopus database, as there was no previous study on hazard
analysis of HFO-based power plants directly. The reviewed articles
were published from the year 2000 to 2022. Hazards were searched
in Google Scholar and Scopus using the keywords, such as ‘‘industrial
hazards’’ OR ‘‘hazards in thermal power plants’’, ‘‘hazard identification
and risk assessment’’ AND ‘‘power plant operational hazard’’, ‘‘heavy
fuel oil’’ OR ‘‘HFO’’ AND ‘‘hazard identification’’, ‘‘marine vessel engine
room accidents’’ OR ‘‘operational hazards in marine vessels’’, etc. Then,
the initial list was delivered to the experts via email to check the
relevance of the identified hazards. The experts suggested adding 13
more operational hazards to the initial list during this data collection
phase. However, they also removed three hazardous events from the
primary list as the experts did not consider them to be very relevant in
the case of HFO-based power plants. After gathering experts’ responses,
a total of 30 hazards were finally identified, as shown in Table 3. Later
in this research, the relevant hazard mitigation methods for the top
ranked hazards were also identified (done in a similar approach as
identifying the hazards) and the interrelationships among them were
examined.

In this study, a purposive or judgmental sampling method was
carried out to select the experts [56]. Purposive sampling is a non-
probabilistic technique where the researcher’s judgment is utilised to
select the experts for gathering qualitative feedback to achieve the re-
search objective, rather than using random sampling [57]. In this study,
a total of 21 industry experts, who have experience either in HFO-
based power plant management or in marine engineering, were chosen
purposively to collect responses. Inclusion criteria for experts included
having a minimum educational qualification of a Bachelor’s degree
in mechanical, electrical, chemical or marine engineering, having at
least ten years of working experience, and having knowledge of HFO-
based power plant operation, maintenance, and safety. To maintain
confidentiality, experts’ names are not disclosed. A brief profile of the
participating twenty-one experts’ can be found in Table 2.

The research methodology followed in this study is presented in
Fig. 1. Detailed methodology can be found in Appendix A of the

Supplementary Materials.
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Table 2
Brief profile of the experts.

Expert ID Title of the Expert Experience (in years) Education level

E1 Executive Director and Head of the Plant 28 Post Graduate
E2 Assistant General Manager, Operations 19 Post Graduate
E3 Manager, Mechanical Maintenance 14 Post Graduate
E4 Senior Engineer, Mechanical Maintenance 10 Bachelor
E5 Manager, Electrical Maintenance 11 Post Graduate
E6 Manager, Health and Safety 15 Bachelor
E7 Senior Executive, Safety 10 Post Graduate
E8 Shift In-charge, Operations 12 Bachelor
E9 Shift In-charge, Electrical 11 Bachelor
E10 Shift In-charge, Mechanical 13 Post Graduate
E11 Shift In-charge, Chemical 10 Bachelor
E12 In-charge, Fuel Treatment 14 Bachelor
E13 Assistant General Manager, Mechanical 22 Post Graduate
E14 Deputy General Manager, Maintenance 13 Post Graduate
E15 Senior Manager, Electrical 12 Bachelor
E16 Senior Engineer, Electrical Maintenance 13 Bachelor
E17 Manager, Occupational Health and Safety 18 Post Graduate
E18 Assistant Manager, Chemical 10 Bachelor
E19 Executive Engineer, Mechanical 14 Bachelor
E20 Shift Engineer, Maintenance 10 Bachelor
E21 Shift Engineer, Operations 12 Post Graduate
3.1. Identification of potential hazards

An HFO-based power plant consists of several hazard-prone areas
such as the fuel treatment plant and tank yard, the engine hall and
control room, the boiler and stack area, the compressor room, the sub-
station, the water treatment and chemical plant, the general plant area,
etc. These areas are particularly prone to potential hazards and if not
properly maintained, many dangers can befall these areas.

Twenty-one experienced personnel (directors, managers, and engi-
neers) from HFO-based power plants across Bangladesh participated
as study experts in hazard identification and determination of criteria
weights. Subsequently, the eleven most experienced of the twenty-one
experts participated again in the ISM-MICMAC study. Sample question-
naires sent to experts by email as Google Forms, which are provided
in Appendix C of Supplementary Materials. Hazardous activities iden-
tified through the literature and through feedback from experts were
aggregated in a single generalised hazard list, as shown in Table 3.

3.2. Calculation of criteria weights using FAHP

Hazards were prioritised in this study based on five criteria: severity
(a function of the magnitude of the associated risk), likelihood (a
function of frequency of occurrence in a given time interval), extent (a
function of the scale or range of the area affected by the hazard), time
frame (a function of warning time, length, and duration of emergency
operation), and manageability (a function of the capability to improve,
manage, and maintain risky processes) [7].

The basics of fuzzy logic has been discussed in Appendix B in the
Supplementary Materials. Chang’s TFN-based FAHP using Buckley’s
geometric mean method [63] was used to determine criteria weights.
Twenty-one fuzzified and pairwise comparison matrices were formed
with the responses of each of the 21 experts. A sample expert response
for determining criteria weight, and pairwise and fuzzified pairwise
comparison matrices are illustrated in Tables C1, C2, and C3 respec-
tively, in the Supplementary Materials. Linguistic variables and TFNs
for criteria ratings are shown in Table 4 [64]. Based on this scale,
fuzzy pairwise comparison matrices were formed from the linguistic
responses of experts.

Consistency index (CI) and consistency ratio (CR) value for each of
the de-fuzzified comparison matrices were calculated to ensure decision
quality using Eqs. (1) and (2). The random consistency (RC) for a 5 by
5 matrix is 1.11, and the consistency ratio (CR) should not exceed 0.1
for a matrix larger than 4 by 4 ([65] [63]).

CI =
𝜆max − 𝑛

(1)

𝑛 − 1

4

Fig. 1. Research Methodology.

CR = CI
RC

≤ 0.1 (2)
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�̃�

Table 3
Identified hazards.

Code Hazard description Relevant Literature/Source

H1 Contact with high-speed rotating machines during operation [49]
H2 Falling from height during operation and maintenance at higher places [2,58]
H3 Falling of heavy equipment during overhead crane operation [32]
H4 Fire from the presence of hot combustible material [32,49]
H5 Long term contact with spilled HFO and hazardous chemicals Expert Opinion
H6 Spillage of oil during valve operation & maintenance [14,49]
H7 Burning by high temperature HFO, steam & condensed line [2,49]
H8 Crankcase explosion and fire hazard due to oil mist pressure rise [14]
H9 Failure of Permit to Work system [15,59]
H10 Lack of oxygen due to improper ventilation [60]
H11 Leakage of hot substance while starting engine Expert Opinion
H12 Explosion of compressed air reservoir [32]
H13 Poor earthing connection of electrical equipment Expert Opinion
H14 Explosion of circuit breaker during operation at switchgear Expert Opinion
H15 Fire from heat build-up in high voltage equipment Expert Opinion
H16 Maintenance work without de-energising the system [59,61]
H17 Contact or near approach to live high voltage overhead lines Expert Opinion
H18 Electrocution while isolating and switching high voltage distribution line Expert Opinion
H19 Induced voltage during work on isolated equipment [59]
H20 Unauthorised entry in restricted area Expert Opinion
H21 Explosion from steam hammering at high pressure Expert Opinion
H22 Explosion of high-pressure steam drum of exhaust gas boiler (EGB) [2]
H23 Fire hazard due to dirty heat surface of EGB Expert Opinion
H24 Inhalation and ingestion of heavy toxic particles during soot blowing [49]
H25 Explosion in chemical store [13]
H26 Fire hazard from flammable chemical in chemical store [13]
H27 Inhalation and ingestion of HFO or other toxic chemical fumes [62]
H28 Injury by sharp metal chips while working in workshop Expert Opinion
H29 Fire hazard from hot work Expert Opinion
H30 Contact with buried electric cables while excavating Expert Opinion
�̃�

̃

A
b
n
d
s
s

Table 4
Linguistic variables for pairwise comparison.

Linguistic variable Fuzzy numbers

Extremely strong (9,9,9)
Intermediate (7,8,9)
Very strong (6,7,8)
Intermediate (5,6,7)
Strong (4,5,6)
Intermediate (3,4,5)
Moderately strong (2,3,4)
Intermediate (1,2,3)
Equally strong (1,1,1)

The process for generating pairwise comparisons was repeated until
the consistency ratio of a specific matrix was more than 0.1 [65,66].
A sample calculation on checking the consistency of comparison in
case of FAHP in this study has been presented in Appendix C of the
Supplementary Materials.

Using Eq. (3), the 21 matrices were subsequently aggregated into a
single fuzzified pairwise comparison matrix, as shown in Table C7 of
the Supplementary Materials.

𝑙𝑖𝑗 =

( 𝑘
∏

𝑘=1
𝑙𝑖𝑗𝑘

)1∕𝑘

, 𝑚𝑖𝑗 =

( 𝑘
∏

𝑘=1
𝑚𝑖𝑗𝑘

)1∕𝑘

, 𝑢𝑖𝑗 =

( 𝑘
∏

𝑘=1
𝑢𝑖𝑗𝑘

)1∕𝑘

(3)

The fuzzy ratings of criteria were calculated through the geometric
means method with Eq. (4) and fuzzy weights were calculated with
Eq. (5).

𝑖 =

( 𝑛
∏

𝑗=1
𝑃𝑖𝑗

)1∕𝑛

(4)

�̃�𝑖 = �̃�𝑖 ⊗

( 𝑛
∑

𝑖=1
�̃�𝑖

)−1

, 𝑖 = 1, 2,… , 𝑛 (5)

Table 5 shows fuzzy geometric mean values and the fuzzy weights
of criteria. Further de-fuzzification was conducted by using a simple

centroid method; resulting criteria weights are illustrated in Table 6. w

5

3.3. Ranking of hazards using FTOPSIS

We used FTOPSIS to determine the final hazard ranking using the
criteria weights identified by the FAHP method in Section 3.4. We used
the TFN-based 5-point Likert scale to collect expert opinion, which is
shown in Table 7.

A scale based on these five points was designed and modified for the
study. The modified scale is shown in Table C8 in the Supplementary
Materials. Identified hazards were evaluated based on five criteria with
the modified fuzzy scale. The same 21 experts participated in a simple
questionnaire-based the response for the hazard evaluation. The ques-
tionnaire format with a sample response is included in Table C9 of the
Supplementary Materials. An individual decision matrix was obtained
from each expert opinion, with a total of 21 decision matrices formed.
A sample matrix can be found in Table C10 of the Supplementary
Materials. The 21 decision matrices were ultimately aggregated into a
single combined decision matrix using Eq. (6).

𝑙𝑖𝑗 = 𝑚
(

𝑙𝑖𝑗𝑘
)

, 𝑚𝑖𝑗 =
1
𝑘

( 𝑘
∑

𝑘=1
𝑚𝑖𝑗𝑘

)

, 𝑢𝑖𝑗 = 𝑚
(

𝑢𝑖𝑗𝑘
)

(6)

Here, k (𝑘 = 1, 2, 3, K) represents the experts. The fuzzy aggregated
decision matrix is shown in Table C11 of the Supplementary Materials.
To normalise the decision matrix, two equations, (7) and (8) were used
in FTOPSIS.

𝑖𝑗 =

(

𝑙𝑖𝑗
𝑢∗𝑗

,
𝑚𝑖𝑗

𝑢∗𝑗
,
𝑢𝑖𝑗
𝑢∗𝑗

)

and 𝑢∗𝑗 = max
(

𝑢𝑖𝑗
) [

Benefit Criteria
]

(7)

𝑟𝑖𝑗 =

(

𝑙−𝑗
𝑢𝑖𝑗

,
𝑙−𝑗
𝑚𝑖𝑗

,
𝑙−𝑗
𝑙𝑖𝑗

)

and l −
𝑗 = min

(

𝑙𝑖𝑗
) [

Cost Criteria
]

(8)

t first, we determined whether the criteria under evaluation were
enefit or cost criteria. Benefit criteria are defined as the alternative
eeds to achieve the highest evaluation score while cost criteria are
escribed as the alternative needs to obtain the lowest evaluation
core in those criteria. Since all chosen criteria in the study were
everity indicators of hazards, the benefit criteria equation [Eq. (7)]
as used. The higher the score in each criterion, the more significant
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𝑑

f
t
g
d

𝐶

Table 5
Fuzzy geometric mean value and criteria weight.

Fuzzy geometric mean value, r Fuzzy weight of criteria, w

Severity 2.0554 2.6417 3.2261 0.4103 0.4097 0.3976
Likelihood 0.8408 1.1043 1.4364 0.1679 0.1713 0.1770
Extent 0.2756 0.3330 0.4289 0.0550 0.0516 0.0529
Time frame 0.4586 0.5733 0.7285 0.0916 0.0889 0.0898
Manageability 1.3787 1.7958 2.2940 0.2752 0.2785 0.2827
Table 6
Criteria weights.

Criteria Calculated weights

Severity 0.40587
Likelihood 0.17204
Extent 0.05316
Time frame 0.09008
Manageability 0.27882

Table 7
TFN-based 5-point Likert scale for ranking of alternatives.

Linguistic variable Fuzzy numbers

Very low (1,1,3)
Low (1,3,5)
Average (3,5,7)
High (5,7,9)
Very high (7,9,9)

the hazard. The normalised decision matrix is shown in Table C12 of
the Supplementary Materials.

The normalised matrix derived from Eq. (7) was then multiplied
by the criteria weights derived from the FAHP to obtain a fuzzy
aggregated normalised weighted decision matrix. The step is shown in
Eq. (9) below. A tabular representation is provided in Table C13 in the
Supplementary Materials.

𝑉𝑖𝑗 = �̃�𝑖𝑗 ⊗𝑤𝑗 (9)

The FPIS and FNIS were then determined using Eqs. (10) and (11).

𝐴+ =
(

𝑣+1 , 𝑣
+
2 ,… , 𝑉 +

𝑛
)

, where , 𝑣+𝑗 = max
{

𝑣𝑖𝑗3
}

(10)

𝐴− =
(

𝑣−1 , 𝑣
−
2 ,… ., 𝑉 −

𝑛
)

, where, 𝑣−𝑗 = min
{

𝑣𝑖𝑗1
}

(11)

The FPIS and FNIS matrices are shown in Tables C14 and C15 in the
Supplementary Materials. Each alternative’s distance from FPIS (A+)
and FNIS (A-) was calculated using Eqs. (12) to (15).

𝑑
(

𝑣𝑖𝑗 , 𝑣
+
𝑗

)

=
√

1
3
∑

(

𝑣𝑖𝑗 − 𝑣+𝑗
)2

(12)

𝑑
(

𝑣𝑖𝑗 , 𝑣
−
𝑗

)

=
√

1
3
∑

(

𝑣𝑖𝑗 − 𝑣−𝑗

)2

(13)

𝑑+𝑖 =
𝑛
∑

𝑗=1
𝑑
(

𝑣𝑖𝑗 , 𝑣
+
𝑗

)

(14)

−
𝑖 =

𝑛
∑

𝑗=1
𝑑
(

𝑣𝑖𝑗 , 𝑣
−
𝑗

)

(15)

The distance from FPIS and FNIS of each of the alternatives can be
ound in Tables C16 and C17 in the Supplementary Materials. Finally,
he closeness coefficient

(

𝐶𝐶𝑖
)

for each alternative was calculated to
enerate a final ranking using Eq. (16). Alternatives were ranked in
escending order based on their own 𝐶𝐶𝑖 value to the ideal solution.

𝐶𝑖 =
𝑑−𝑖

𝑑−𝑖 + 𝑑+𝑖
(16)

The calculations done to obtain the ranking of hazards in this study
is shown in Table C18 in the Supplementary Materials. The obtained
final ranking from FTOPSIS is shown in Table 8 and Fig. 2.
6

Fig. 2. Radar chart of final ranking by FTOPSIS.

3.4. Identification of hazard mitigation methods based on expert opinion

After ranking the hazards using FAHP–FTOPSIS, it is important to
explore the mitigation steps that can be taken to reduce the impact
of the most important hazard and check the interrelationship among
them. This will lead to the formation of a more efficient and cost-
effective mitigation strategy. For this purpose, from the ranked hazards
shown in Table 8, the top 25 hazards were selected for further analysis
to identify and explore appropriate hazard mitigation methods. In
this part of the study, a total of 17 hazard mitigation methods were
identified based on expert opinion and previous literature to address
the aforementioned top 25 hazards, as shown in Table 9.

3.5. Analysis of hazard mitigation methods using ISM-MICMAC

Eleven experts participated in a questionnaire-based evaluation for
pairwise comparison of the hazard mitigation methods, for which pro-
files are provided in Table 1 of Section 3.1. A sample questionnaire
with aggregated evaluation responses is shown in Table C19 of the
Supplementary Materials. A structural self-interaction matrix (SSIM)
was then formed for the pairwise comparison, based on the expert
evaluation of the 17 hazard mitigation methods.

The SSIM formation was developed following the steps detailed
in Appendix A of the Supplementary Materials [70,71]. The SSIM is
provided in Table 10.

The initial reachability matrix (IRM) was then formed (shown in
Table 11) using the SSIM, following the rule outlined in Table A1 of
Appendix A in the Supplementary Materials. The IRM later underwent
a transitivity test. Transitivity means that if variable A influences
variable B, and variable B influences another variable C, then variable
A influences variable C. After fulfilling all transitivity requirements
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Table 8
Final hazard ranking obtained from FTOPSIS.

Code Rank Code Rank Code Rank Code Rank Code Rank Code Rank

H22 1 H26 6 H27 11 H17 16 H13 21 H10 26
H8 2 H14 7 H19 12 H2 17 H23 22 H5 27
H12 3 H18 8 H21 13 H9 18 H1 23 H28 28
H25 4 H15 9 H4 14 H24 19 H6 24 H20 29
H29 5 H30 10 H16 15 H3 20 H7 25 H11 30
Table 9
Mitigation methods for top-ranked hazards.

Code Hazard mitigation method Relevant Literature/Source

M1 Electrical Safety Regulations [61]
M2 Standard Operating Procedure (SOP) [60]
M3 Lock Out Tag Out (LOTO) [59]
M4 Personal Protective Equipment (PPE) [49]
M5 Elimination of hazardous material [61]
M6 Work at height regulations [58]
M7 Material Safety Data Sheet (MSDS) [67]
M8 Fire Protection System [68]
M9 Confined Space Entry Regulations Expert Opinion
M10 Training [69]
M11 Proper ventilation Expert Opinion
M12 Watch keeping Expert Opinion
M13 Housekeeping [69]
M14 Permit to Work (PTW) [69]
M15 Reduce stress in the workplace [69]
M16 Entry Restriction of unauthorised personnel Expert Opinion
M17 Maintain Logbook [62,69]
Table 10
Structural Self-Interaction Matrix.

M17 M16 M15 M14 M13 M12 M11 M10 M9 M8 M7 M6 M5 M4 M3 M2 M1

M1 X V O X A A O A V A V O A A X A X
M2 V V V V V V O X O V V O V V V X
M3 X V O X A A O A O A O O O O X
M4 V V V V V O O A V X V V V X
M5 V O V V X X O A O A V V X
M6 O V X A A O X A O O O X
M7 A V V A A A A A V A X
M8 O V O V V V V A V X
M9 A X A A O O A A X
M10 V O V V V V O X
M11 A O X O A A X
M12 V O V V X X
M13 V O V V X
M14 X V O X
M15 A O X
M16 O X
M17 X
among the variables, the final reachability matrix (FRM) was identified,
which is shown in Table 12.

The values marked with * in FRM (Table 12) display transitivity.
To better explain the transitivity checking method, variable M1 can be
taken as an example here. In the IRM in Table 11, it can be seen that
M1 is dependent on M3, M7, M9, M14, M16, and M17 (orange-coloured
boxes). While checking transitivity, it is found that M14 is dependent
on M6, and M1 is dependent on M14. Therefore, M1 is dependent on
M6 as well, and the corresponding ‘0’s in the IRM has been replaced
by ‘1*’s in the FRM. Similarly, M17 is dependent on M11 and M15,
whereas M1 is dependent on M17. Therefore, M1 is dependent on M11
and M15 as well and hence, again, the corresponding ‘0’s in the IRM
has been replaced by ‘1*’s in the FRM. This procedure has been carried
out for all 17 variables to check the transitivity, and thus the FRM, as
shown in Table 12, is formed.

Level partitioning iterations were performed after the FRM was
established. For this purpose, reachability, antecedent, and the inter-
section of the variables were analysed. Reachability shows how one
variable can reach or influence many other variables. On the other
7

hand, how one variable is reached or influenced by many other vari-
ables is shown by the antecedent. The intersection of reachability and
antecedent is performed for level partitioning iteration. In this study,
six iterations were required because all 17 mitigation methods took
their place at some level within the sixth iteration. Six iterations also
imply six partitioning levels. All iteration steps are shown in Tables C20
to C25 of the Supplementary Materials. Table C26 of the supplementary
materials illustrates the final level partitioning and Fig. 3 shows the
interpretive structural model for implementing the hazard mitigation
method.

For MICMAC analysis, values of the driving and dependence power
were summed from the final reachability matrix and were graphically
presented into four groups. The methods with weak driving and depen-
dence power were placed in the ‘autonomous’ group while mitigation
methods with weak driving but strong dependence power were cat-
egorised into the ‘dependent’ group. Mitigation methods with strong
driving and strong dependence power were placed in the ‘linkage’
group, while those with strong driving but weak dependence power
was located in the ‘independent’ group, as shown in Fig. 4.
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Table 11
Initial Reachability Matrix (IRM).
Table 12
Final Reachability Matrix (FRM).
4. Results and discussion

In this study, a hybrid FAHP- FTOPSIS method was used to sys-
tematically prioritise and rank the operational hazards of HFO-based
power plants. Thirty potentials hazards in HFO-based power plants
were identified at the beginning of the study. Due to the unavailability
of sufficient research in the relevant area, most of the 30 hazards
were identified from literature addressing other relevant industries and
from expert opinion (Table 3). Following identification, fuzzy weights
of criteria were determined using FAHP with a 9-point fuzzy scale.
Weights were subsequently de-fuzzified to crisp numerical values for
use in the FTOPSIS method. De-fuzzified criteria weights were utilised
in the later steps since a modified 5-point fuzzy scale was used in the
FTOPSIS method, and the fuzzy scale of evaluation is different for the
FAHP and FTOPSIS methods in this study.

The FAHP was used to determine the weights of the evaluation
criteria based on expert feedback. The priority sequence of the criteria
based on the calculated weight was- severity (0.40587), manageability
8

(0.27882), likelihood (0.17204), time frame (0.09008), and extent
(0.05316), as shown in Table 6. Severity, a function of the magnitude
of the associated risk, was identified as the most important criterion
by most experts, while manageability, a function of the capability to
improve, manage, and maintain risky processes, was ranked as the
second most important criterion. On the other hand, extent, a function
of the scale or range of the area affected by the hazard, was ranked as
the least important criterion.

The FTOPSIS uses the criteria weights determined by FAHP as
inputs to generate the final ranking of potential hazards. The final
ranking was created based on the descending order of the closeness and
coefficient values of alternatives obtained from the FTOPSIS method, as
demonstrated in Table 8. The radar diagram in Fig. 2 also demonstrates
the final ranking. In this study, the hazard ‘explosion of high-pressure
steam drum of EGB (H22)’ is first in the ranking. This hazard occurs
mostly in the boiler and the stack area of the plant and can be
particularly dangerous for both the operators and the plant. As EGBs
are not installed far from the engine hall in HFO-based power plants, an
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Fig. 3. Interpretive Structural Model.
Fig. 4. MICMAC Analysis of Hazard Mitigation Methods.
explosion of the steam drum near the engine and alternator can cause
other disastrous hazards. ‘Crankcase explosion and fire hazard due to
oil mist pressure rise (H8)’ is in second place in the hazard ranking and
occurs in the engine hall area. In a running engine, oil mist from lube
oil can develop in the engine crankcase due to various technical reasons
and is a normal phenomenon in any HFO-run heavy engine. However,
failure to continuously release the pressure from the oil mist in the
engine crankcase can be highly dangerous for operators working in the
engine hall. The shockwave that can result from a potential serious
explosion can cause considerable devastation, including the death of
adjacent workers. Sudden release of oil mist in the environment due
to crankcase explosion may also cause oxygen deficit and increase the
proportion of other gases in the surrounding area, resulting in poten-
tial death by asphyxiation. ‘Explosion of the compressed air reservoir
(H12)’ takes third position in the ranking. Compressed air reservoirs or
pressure vessels are located in both the engine hall and the compressor
room areas. A series of compressors to compress and reserve air are
located in air reservoirs. A sudden rise of air pressure above the
maximum allowable pressure level in reservoirs and pipelines can result
in explosion, causing serious injury to nearby operators triggering other
9

hazards in surrounding areas. The fourth critical hazard according
to the ranking is ‘explosion in the chemical store (H25)’. Chemical
stores of HFO-based power plants reserve many types of necessary but
combustible chemicals for the quality testing of fuel oil, lube oil, boiler
feed water, and engine coolants. Operational errors and negligence can
cause serious damage from the explosion of chemicals stored in the
storage area. Other major hazards ranked in this study include ‘fire
hazard from hot works (H29)’, ‘fire hazard from flammable chemical
(H26)’, ‘explosion of circuit breaker during operation at switchgear
(H14)’, ‘electric arc while isolating and switching at sub-station area
(H18)’, and ‘fire from heat build-up in high voltage electrical equipment
(H15)’. Interestingly, hazards related to explosion and fire were deemed
most important by experts, a logical conclusion for the sophisticated
industry HFO-based power plant industry, in which highly combustible
fuels are frequently burned.

From the ISM study of the hazard mitigation methods of HFO-
based power plants shown in Fig. 3, ‘confined space entry regulations
(M9)’ and ‘entry restriction of unauthorised personnel (M16)’ were
found at level 1, which identifies methods with the weakest driving
but strongest dependence power. Level 2 contains ‘work at height
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regulations (M6)’, ‘material safety data sheet (M7)’, ‘proper ventilation
(M11)’, and ‘reduce stress in the workplace (M15)’. Hazard mitigation
methods in level 2 have greater driving power and less dependence
power than those in level 1. ‘Electrical safety regulations (M1)’, ‘lock
out tag out (M3)’, ‘permit to work (M14)’, and ‘maintain logbook
(M17)’ were placed at level 3 of the ISM study. These methods showed
more driving power than levels 1 and 2 but less dependence power.
Similarly, level 4 contained ‘elimination of hazardous material (M5)’,
‘watch-keeping (M12)’, and ‘housekeeping (M13)’, while level 5 con-
tained ‘use of personal protective equipment (M4)’ and ‘fire protection
system (M8)’. ‘Implementation of standard operating procedure (SOP)
(M2)’ and ‘training (M10)’ were placed at level 6. Methods at level 6
have the strongest driving but weakest dependence power among all
methods.

In the MICMAC analysis, hazard mitigation methods at levels 1 and
2 of the ISM analysis were found in the ‘dependent’ group. In the
‘linkage’ group, mitigation methods at level 3 of the ISM analysis took
their place. Mitigation methods at levels 4, 5, and 6 of the ISM analysis
were placed in the ‘independent’ group, while no methods in this study
were categorised in the ‘autonomous’ group.

‘Standard operating procedures (M2)’ and ‘training (M10)’ can be
critical in hazard mitigation strategies due to their strong driving power
over other methods. Standard operating procedures drive operators
and workers to strictly follow the rules of each process and thus
can keep hazards to a minimum level. Training can provide a better
understanding of the risks associated with each hazard and can allow
implementation of best practices for operation and maintenance. Imple-
mentation of SOPs and training both drive and depend on one another
and hence were found at the same ISM level in the study. Again, since
the ‘use of PPE (M4)’ and ‘fire protection system (M8)’ are driven by
SOPs and training, these methods also have significant driving power
over the rest of the hazard mitigation methods. Implementing SOPs
and proper training influence plant personnel to use PPE and the
fire protection system, where necessary. Thereby, implementing the
independent methods uncovered by MICMAC analysis can drive all
other methods, which in turn lead to the implementation of the overall
mitigation strategy.

5. Managerial and policy implications

This study underlines that severity, manageability, and likelihood
are the most critical criteria when prioritising industrial hazards. Man-
agers should focus to a greater extent on these criteria when prioritising
and analysing industrial hazards. For HFO-based power plants, ‘explo-
sion of the high-pressure steam drum of EGB’, ‘crankcase explosion and
fire hazard due to oil mist pressure rise’, ‘explosion of the compressed
air reservoir’, and ‘explosion in the chemical store’ are hazards with the
highest priority in this study. Managers should regularly monitor these
areas of the plant with high priority and employ other preventive action
plans to avoid most unwanted hazardous incidents. Managers should
also be prepared for the after-effects of these hazards and identify
appropriate recovery measures to minimise the loss of life and property.

Our study further indicates that SOP implementation and train-
ing are the strongest mitigation methods for HFO-based power plant
hazards. Hence, managers should prepare and implement SOPs for
all operational and maintenance activities performed in the plant,
and train workers and personnel to drive other mitigation methods
to considerably reduce the most hazardous incidents. The sequential
implementation of hazard mitigation methods will help managers take
strategic decisions more efficiently and safely while complying with
the organisational budget and time frame. Furthermore, the research
framework developed in this study can be applied in other relevant
sectors with minimal or no modifications.

Government and industrial policymakers can find interesting in-
sights from the hazard prioritisation and mitigation method utilised

in this study. A diversified energy policy can be an effective solution
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for a developing country like Bangladesh [72], where there is still a
large amount of energy deficit in the national grid. Policymakers can
introduce hazard analysis and mitigation finding methods utilised in
this study in other bio-fuel-based (coal, gas, diesel, etc.) thermal power
plants to compare their respective operational risks. This way, it will
help policymakers devise a long-term energy policy involving selecting
proper bio-fuel-based technology, considering both the relevant costs
and operational hazards.

Policymakers can also utilise the insights from this study to create
pressure on the plants’ management to follow proper regulations and
guidelines to ensure plant safety and smooth operation. Regulatory
authorities can also be formed to inspect and ensure that the power
plants are sticking to the preapproved SOPs and other safety guidelines
to ensure a safe working environment. Operational hazards are a threat
to the individual workers and a major threat to the continuity of
the plant’s operations. Disruption in plant operations (i.e., electricity
generation) due to an operational hazard can gravely disrupt the elec-
tricity supply to the National Grid, which can consequently hamper the
country’s emerging economy.

6. Conclusions

A hybrid approach using FAHP and FTOPSIS was utilised in this
study for hazard prioritisation in HFO-based power plants in Bangla-
desh. Data were collected from experts working in HFO-based power
plants through questionnaires to identify the weights of evaluation
criteria. Eleven of the most experienced experts later identified haz-
ard mitigation methods for the top-ranked hazards. Experts employed
linguistic variables as inputs through a questionnaire specifically de-
signed for this study based on previous literature on hazard analysis.
Obtained linguistic variables were then converted into TFN for further
mathematical operation in the FAHP and, subsequently, in the FTOPSIS
method. After ranking the hazards using the FAHP–FTOPSIS method,
the interactions and interrelations among hazard mitigation methods
were explored using the ISM-MICMAC approach based on the driving
and dependence power of each method.

Experts and decision-makers who participated in the study pro-
vided opinions based on their experience working in and managing
HFO-based power plants. Before employment in onshore HFO-based
power plants, some experts had also worked in marine vessels that
also used some form of HFO-based engine. The offshore experience
in marine vessels of some of these experts may therefore be reflected
in their evaluations of onshore power plants. As HFO-based power
plants are mainly engine-based, and the engine hall – prone to the
most critical and devastating hazards – is the largest operating area
in such plants, most of the top-ranked hazards originate from this
area. All other areas in the plant are considered auxiliary areas that
support engine operations. These considerations may have significant
implications when identifying, listing, and ranking operational hazards
and exploring hazard mitigation methods.

As a developing nation, Bangladesh must depend upon HFO-based
power plants to meet the electricity demand of its fast-growing indus-
tries and to supply electricity to every corner of the country to support
citizens’ quality of life. Without a drastic change in the country’s energy
policy, existing plants will remain in service until the next decade at
a minimum. The analysis of the hazards and hazard mitigation meth-
ods from this study can help managers formulate critical operational
strategies and support critical decisions given power plant operations
must be continuously synchronised with demands on the national
grid. Managers responsible for similar types of plants can also gain
insights from this research and can implement further modifications,
if necessary, to address any change in circumstances.

As the primary goal of the study was to develop a basic framework
for ranking the hazards in power plants, a geometric mean method of
FAHP was used to simplify the calculation of criteria weights. In future

research, a study can be performed based on criteria weights obtained
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by using other methods of FAHP, including the extent analysis method
or FAHP with entropy value. Besides FAHP–FTOPSIS, other combina-
tions of hybrid MCDM such as FVIKOR-FTOPSIS or FANP-FTOPSIS can
be considered for future research, and results using different combina-
tions of methods can be compared for better understanding. Besides
ISM-MICMAC, further MCDM approaches can also be contemplated to
analyse and explore mitigation methods to justify the structural model.
For instance, now a days, TISM is being used as a more efficient tool,
in place of ISM, to explore interrelationships among factors [73,74].
Where tools like ISM can answer questions like ‘what?’ and ‘how?’
regarding the factors and their hierarchical relationships, TISM can
further address ‘why?’ [75]. Thereby, future researchers can explore
similar researches using TISM-MICMAC, instead of ISM-MICMAC, to
bring more explanatory power in the context of theory building.
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