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Abstract
Organizations are continuously endeavoring to provide a healthy work environment without any incident, by Health, Safety, and

Environment (HSE) management. As most of the activities and processes in the organizations have risk-taking nature, identi-

fication and evaluation of risks can be useful to decrease their negative effects on the system. Although Failure Mode and Effect

Analysis (FMEA) technique is used widely for risk assessment, the traditional Risk Priority Number (RPN) score has short-

comings like do not considering different weights and the inherent uncertainty of risk factors as well as do not regarding all

viewpoints of the experts in decision making. The aim of this study is presenting a hybrid approach based on the Linguistic

FMEA, Fuzzy Inference System (FIS) and Fuzzy Data Envelopment Analysis (DEA) model to calculate a novel score for

covering some RPN shortcomings and the prioritization of HSE risks. First, after identifying potential risks and assigning values

to the RPN determinant factors by linguistic FMEA team members due to the differentiation of these values, FIS is used to reach a

consensus opinion about these factors. Then, the outputs of FIS are used by the fuzzy DEA and its supper efficiency model to risk

prioritization which can contribute to full prioritization. In addition to considering uncertainty and decreasing dependence on the

team’s opinions, in this phase weights of triple factors are calculated based on mathematical programming. To show the ability of

the proposed approach in terms of HSE risks prioritization, it has been implemented in an active company in the chemical

industry. After identifying risks having high priority based on the proposed score, preventive/corrective actions are presented in

accordance with the case study, and for more analysis of results, the self-organizing map has been applied in this study.

Keywords Risk measurement and prioritization � Failure modes and effects analysis � Fuzzy inference system �
Fuzzy data envelopment analysis � Chemical industry

1 Introduction

Every year, the occurrence of various incidents leads to

negative outcomes such as financial and environmental

damages, as well as physical or mental occupational acci-

dents for organizations (Amir-Heidari et al. 2016). In

addition to these direct and tangible damages, costs such as

the reduction of organizations’ credibility are imposed as

an intangible cost to organizations. Annually, 317 million

occupational accidents occur around the world, and close to

6300 people per day die because of job accidents or work-

related disease (ILO 2017). For this reason, the context of

Safety, Health, and Environment (HSE) has been consid-

ered at the operational level in different industries in order

to mitigate or even eliminate serious repercussions (Aza-

deh et al. 2011a).

The chemical industry is one of the most important

industries where HSE principles must be considered due to

the inevitable and undesirable consequences for humans

and the environment (Mckenzie et al. 2012). The concern

about this issue in workplaces has been dramatically raised
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in comparison with the past regarding the increase of

chemicals production. In these industries, workers are

exposed to numerous harmful chemicals and physical

agents that may cause chronic occupational accidents or

diseases (Si et al. 2012). HSE management as a systematic

framework can create, or even maintain a healthy work-

place, and lead to prolonging the production and services

provided. In addition, it prevents the incurring high costs,

and various compensation, that each of them may cause

many problems for any industry, and undermine desirable

productivity (Yousefi et al. 2018). HSE management sys-

tem can be successful if it is intended to prevent occupa-

tional accidents and environmental damages. This system

provides standard and desirable work conditions along with

methods for identifying, assessing, controlling harmful

factors, or removing them from the workplace (Guneri

et al. 2015). In fact, the identification and periodic risk

assessment are the basis of any HSE management system.

There are many approaches for risk assessment, but a

useful method in addition to simplicity should be in

accordance with the nature of the activities, processes,

culture, and other characteristics of the organization.

One of the prevalent risk assessment approaches is

Failure Mode and Effects Analysis (FMEA) technique

which presents and implements some solutions to elimi-

nate or reduce the likelihood of potential problems’

occurrence (risk or failure mode) by predicting them and

calculating their risk-taking amount (Trafialek and Kola-

nowski 2014). In most studies using this technique, risks

have been prioritized based on the traditional Risk Pri-

ority Number (RPN) score which is the multiplication of

three risk factors as Severity (S), Occurrence (O) and

Detection (D). This score may lead to placing one risk in

high priority which has less severity compared to other

risks with lower RPN (Rezaee et al. 2017b). Despite the

privileges of the FMEA technique, it has main short-

comings in risk evaluation and prioritization based on the

RPN score. Due to the identification of risks by the

FMEA team, the values of risk factors (RPN determinant

factors) cannot be determined easily due to the necessity

of considering all viewpoints of the FMEA team. Mem-

bers based on their expertise, skills, and backgrounds may

have different opinions about the S, O, and D (SOD)

factors (Liu et al. 2012; Baghery et al. 2018). Moreover,

some events may occur in the future which have not

happened in the organization yet. Therefore, the values of

the mentioned factors cannot be accurately defined, and

there is an inherent uncertainty in these factors (Liu et al.

2012) that considering the amount of these factors as

fuzzy values is of high importance, especially when

integrated tools are used because of insufficient infor-

mation (Liu et al. 2013a, b). Different risks have distinct

outcomes and assigning a fixed set of weights of

determinant factors for all of the risks may be improper,

especially in the problems which have a large number of

risks (Chanamool and Naenna 2016). In addition, the

RPN formula is not scientific, and there is no logical

reason in multiplying three determinant factors to calcu-

late the RPN score (Liu et al. 2013a, b). Therefore, to

deal with these shortcomings a new score is needed to

risk prioritization.

The aim of this study is presenting a novel score to

prioritize HSE risks; so that it covers some of the short-

comings of the traditional RPN score. The proposed hybrid

approach is based on the Fuzzy Inference System (FIS) and

the Slack-Based Data Envelopment Analysis (SBDEA)

model and is implemented in two phases. In the first phase,

the FMEA team is created and potential risks in terms of

HSE are identified by them. After that, they asked to state

their opinions about these risks in the form of the tradi-

tional 10-point scale to evaluate SOD factors. Due to the

mentioned problems, the FIS is used to incorporate team

members’ opinions (on each SOD factor) which are based

on fuzzy logic and deal with uncertainty. So that, the FIS

takes the opinions on SOD factors as input and generates

the values of these factors due to all opinions as output.

The outputs of this phase are fuzzy numbers. In the second

phase SBDEA model without outputs and its fuzzy super-

efficiency models are used to decrease the dependence on

team members’ opinions, dealing with uncertainty and

fuzzy numbers, and considering different weights for SOD

factors, which is determined based on mathematical pro-

gramming, (Rezaee and Yousefi 2018) in order to achieve a

novel score for risk prioritization instead of traditional

RPN score. In this phase, the potential risks are considered

as Decision Making Units (DMUs), and values obtained for

RPN determinant factors as the inputs which are calculated

by FIS. In order to implement this model, fuzzy values of

inputs converted to interval values using the a-cut method,

and finally, a novel score is achieved for risk prioritization

that is able to fully prioritize risks. In order to investigate

the proposed approach, the HSE risks of an active company

in the chemical industry are prioritized by a score derived

from the FMEA technique combining with FIS and

SBDEA model without outputs, and results are explained.

Furthermore, the self-organizing map is applied to more

analysis of results.

The rest of this study is organized as follows: in Sect. 2,

some related studies are reviewed which includes studies

on linguistic FMEA, the applications of the FIS and the

Fuzzy Data Envelopment Analysis (DEA) model. In

Sect. 3, the models used in this study are introduced in

detail. In Sect. 4, the proposed approach is explained. In

Sect. 5, a case study is presented, and in Sect. 6, the results

of implementing the proposed approach are discussed and

analyzed. Finally, in Sect. 7, the conclusion is carried out.
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2 Literature review

In this section, some researches related to the studied

problem and the models used in the proposed approach are

examined in three sub-sections. First of all, some studies

about the FMEA technique and hybrid methods in this field

are reviewed. Then, in the next subsections, applications of

the FIS and fuzzy DEA model are presented.

2.1 FMEA

FMEA technique has been widely used for risk assessment

in different scopes. In this regard, the literature of the

FMEA can be categorized into four groups such as Multi-

Criteria Decision Making (MCDM), Artificial Intelligence

(AI), mathematical programming, and hybrid approaches.

In the MCDM approaches, identified risks by the FMEA

team are prioritized using MCDM techniques considering

the information of this team. For example, Yazdi et al.

(2017) applied fuzzy developed FMEA for risk assessment

of an aircraft landing system. This paper has been extended

classical FMEA using group decision making and fuzzy

theory. Wang et al. (2019) conducted a study with the aim

of ameliorating the process of risk prioritization by con-

sidering risk indicators interaction. They presented an

integrated FMEA approach using TODIM (an acronym in

Portuguese of interactive and MCDM) method, Choquet

integral and Shapley index. Salamai et al. (2019) studied

the importance of considering the impacts of both external

and internal risk factors on operational parameters to

improve supply chain risk management. In this paper, they

discussed that it is important for firms to consider external

events and risks as they directly influence the internal ones.

Chang et al. (2019) presented another hybrid FMEA model

for risk assessment based on Rough BWM (R-BWM) and

Rough Technique for Order Preference by Similarity to

Ideal Solution (R-TOPSIS). They added aspiration level to

R-TOPSIS to improve the reliability of the TOPSIS method

and gaining more information.

In the field of the second group (AI methods), Adar et al.

(2017) applied FMEA to identify potential risks in the

supercritical water gasification system and their cause and

effects. For this aim, the cause-and-effect diagram, classi-

cal FMEA, and fuzzy FMEA have been implemented and

potential risks prioritized. Renjith et al. (2018) applied

fuzzy logic in Failure Mode and Critically Effect Analysis

(FMCEA) for evaluating risks of complex systems. Rezaee

et al. (2018) prioritized failures in the food industry using a

hybrid approach based on the multi-stage Fuzzy Cognitive

Map (FCM) and Process Failure Mode and Effects Anal-

ysis (PFMEA). They considered causal relationships

between both failures (using FCM), and stages. Mangeli

et al. (2019) combined the FMEA technique with Fuzzy

TOPSIS and support vector machine to improve risk

assessment. One of the features of their approach is making

a reduction in the effect of DMs’ opinion on risk factors

(factors of S and O) determination.

In the scope of mathematical programming, Rezaee

et al. (2017a) combined DEA and FMEA in order to

identify and prioritize risks of the stone industry. They used

the DEA model instead of employing the RPN score for

risk prioritization. Also, Yousefi et al. (2018) combined

robust DEA with FMEA to identify and evaluate HSE risks

in different industries. The proposed approach in addition

to considering three risk factors as inputs of RDEA,

employed two extra parameters consist of cost and duration

of treatment as outputs.

Finally, in the hybrid approaches group, Zhou and Thai

(2016) applied FMEA to predict the failures of tanker

equipment. In this regard, they employed the fuzzy set

theory to calculate Fuzzy Risk Priority Numbers (FRPNs)

and used gray theory to calculate gray relational coeffi-

cients. Nazeri and Naderikia (2017) proposed a hybrid

approach for developing a risk-based method in order to

select a proper maintenance strategy to have available and

reliable tamping equipment in the railway. For this aim, the

proposed approach has been toke advantageous from

FMEA, decision making trial and evaluation laboratory

technique (DEMATEL), and also Analytic Network Pro-

cess (ANP). In the other study, Peeters et al. (2018) used

the combination of FMEA and Fault Tree Analysis (FTA)

to risk assessment in the manufacturing system. Fattahi and

Khalilzadeh (2018) proposed a hybrid approach for eval-

uating risks in the steel industry. In this method instead of

using RPN, a fuzzy weighted RPN has been employed to

evaluate identified risks. In this regard, they used fuzzy

Analytic Hierarchy Process (AHP) and fuzzy MULTI-

MOORA methods to assign the weights of risks,

respectively.

2.2 FIS applications

Fuzzy systems describe uncertain and unspecified phe-

nomena, and their applications in the design of various

uncertain systems represent the high performance and rapid

growth of these systems (Yel and Yalpir 2011). The

application of fuzzy systems has been expanded in differ-

ent fields that in the following some of these studies are

reviewed. Kwolek and Kepski (2016) used FIS for pre-

senting a reliable method to detect falling. For this aim, a

fuzzy system consists of the Mamdani engine and a trig-

gering alert Takagi–Sugeno engine is constructed.

Kłosowski et al. (2016) used FIS to select workers for

assigning production tasks. they used Mamdani FIS as a

controller which aid in the decision-making process. In this
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regard, a simulation model of discrete manufacturing with

an implemented fuzzy controller has been designed. Wanke

et al. (2017) employed FIS in order to construct a decision-

making system for inventory allocation. Kang et al. (2017)

used FIS for diagnosis degradation of headwater heater

performance. For this aim, fuzzy numbers and fuzzy rule

bases are defined due to experts’ opinions. For measuring

the performance of the production system, Pourjavad and

Mayorga (2019) applied Mamdani FIS and defined fuzzy

rules for converting human reasoning to mathematical

form.

In some cases, researchers have been combined FIS with

other methods to model complex systems. Azadeh et al.

(2011b) presented a new method using the Adaptive Net-

work-based Fuzzy Inference System (ANFIS) and Genetic

Algorithm Clustering Ensemble (GACE) method to cal-

culate the efficiency score and performance evaluation of

power plants. Kerk et al. (2017) proposed a FIS-based

method for evaluating risks under incomplete information.

In this approach incomplete information and fuzzy rules

proposed with FMEA users, are considered as interval-

valued fuzzy rules in order to consist of an interval fuzzy-

RPN model. Deb et al. (2018) employed FIS in order to

design a decision support system that is used to effective

monitoring of inventory level and ensuring the availability

of goods. For this aim, ANN and FIS are combined to deal

with uncertainties in the parameters of the inventory sys-

tem. In the other study, Halabi et al. (2018) introduced a

novel method by integrating ANFIS with Particle Swarm

Optimization (PSO), Genetic Algorithm (GA) and Differ-

ential Evolution (DE) algorithms respectively for predic-

tion of solar radiation. Asemi et al. (2019) employed the

ANFIS method based on MVML and MVSL active

learning theories to assess the performance of dysarthric

Automatic Speech Recognition (ASR) systems.

2.3 Fuzzy DEA applications

Fuzzy DEA is a methodology for measuring the relative

efficiencies of a set of DMUs which uses multiple crisp/-

fuzzy inputs to produce multiple fuzzy/crisp outputs (Em-

rouznejad et al. 2014). In this scope, Chen et al. (2013)

applied the expanded fuzzy slack-based measurement

model for the analysis of the bank business performance

and market risk. Dotoli et al. (2015) presented a novel

cross-efficiency fuzzy DEA technique for evaluating the

performance of healthcare systems under uncertainty.

Wanke et al. (2016) used fuzzy DEA models to evaluate

productive efficiency, and capture vagueness in input and

output measurements obtained from airports. Egilmez et al.

(2016) presented a fuzzy DEA framework to deal with

uncertainty impacts of input–output life cycle assessment

models on eco-efficiency assessment to perform the

sustainability performance assessment of the food manu-

facturing sectors. Hatami-Marbini et al. (2017) developed a

flexible cross-efficiency evaluation approach based on

fuzzy DEA for identifying supplier performance and sus-

tainable supplier selection in the semiconductor industry.

Kumar et al. (2017) used a fuzzy DEA model to evaluate

the relative efficiency of fertilizer-manufacturing organi-

zations and ranking these organizations. Tavana et al.

(2018) proposed a fuzzy two-stage game-DEA framework

using a bargaining game model for the assessment of bank

branches. Bakhtavar and Yousefi (2019) presented an

approach based on the fuzzy DEA and FMEA to analyze

risks of the mine infrastructures.

By evaluating the previous studies in the scope of risk

assessment, it can be understood that most of them have

tried to cover the shortcomings of the conventional FMEA

technique by combining it with other methods. However, in

some cases, their results may not be practical and reliable.

For this aim, the presented study proposes a novel score

based on the FMEA technique, FIS and fuzzy SBDEA

model without outputs, which lead to full prioritization, in

order to solve the mentioned shortcomings of the tradi-

tional RPN score for risk prioritization.

3 Methodology

As stated, the aim of this study is to prioritize HSE risks by

presenting a hybrid approach based on the linguistic FMEA

technique, FIS and fuzzy DEA model which are introduced

in this section. The supplementary descriptions of these

models are presented in the following subsections.

3.1 FMEA

Risk assessment as a systematic and comprehensive

method for identifying, investigating and controlling

potential risks in a system is used in various industries

(Fattahi and Khalilzadeh 2018). FMEA is a common risk

assessment technique that seeks to identify potential risks

and their related causes and effects in a system and to

prioritize them. The main purpose of FMEA is risk prior-

itization in order to assign limited resources to the most

serious risks. In this regard, based on the priority of each

failure mode or risk, corrective actions are implemented to

eliminate or reduce the effect of the identified risks. Indeed,

determination and rectification of these risks during design

and production phases can contribute to improvement in

the performance of the system (Liu et al. 2013a, b). In

order to the implementation of this technique, after deter-

mining the scope of FMEA application, it is needed to have

a comprehensive consideration of the studied problem. For

this aim, a cross-functional team (FMEA team) should be
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created to identify potential risks and their causes and

effects. As stated previously, in this technique RPN score is

used to prioritize identified risks. Due to using SOD factors

in the RPN formula, the value of these triple factors is

determined based on the team members’ knowledge and

experience in a session of systematic brain-storming

(Ghasemi et al. 2016). As can be seen in Table 1, a

10-point scale has been considered for the evaluation of

three risk factors. (Stamatis 2003).

After that, corrective actions are designed and imple-

mented to eliminate or reduce their occurrences and

effects. Finally, periodic evaluation is carried out to mon-

itor the effectiveness of the solutions as well as determine

the current status of the risks, and if it is necessary, new

corrective actions will define based on the obtained results.

3.2 Fuzzy inference system

Fuzzy logic can be a flexible and suitable way to construct

a structure for transforming an expert’s knowledge, which

is linguistic descriptions, into mathematical expressions.

Also, fuzzy logic has been considered as a useful way to

deal with vagueness and uncertainty (Jiang et al. 2017).

Fuzzy logic is based on fuzzy set theory. In classical set

theory, an element may belong to a set or not. In contrast,

the fuzzy set theory considers a membership function

between [0,1] for each element. Indeed, in this theory, each

element may belong to a set based on its membership

function. In the fuzzy logic, by means of the membership

function, a crisp input converted to fuzzy input can be

processed using an inference engine. The inference engine

consists of several rules which are defined by experts. After

making inference about fuzzy input, the fuzzy output can

be reverted to the crisp output using defuzzification.

Executive steps of fuzzy logic consist of defining the lin-

guistic variables based on expert’s opinions, determining

membership functions, constructing the rule base, fuzzifi-

cation of non-fuzzy input variables using the membership

function, considering implication for evaluating the rules in

the rule bases, aggregating result of the implication on the

rules, and finally converting fuzzy output to crisp variables

using defuzzification (Chanamool and Naenna 2016).

In the mentioned process, the first three steps are con-

sidered as initialization phase. In this phase, after collecting

information about the inputs of the system, some linguistic

variables are defined to express the importance of the

inputs. Then corresponding membership functions of each

linguistic variable are defined for all inputs due to the

experts’ opinions. After that, through the definition of

different rules, a rule base is made which uses expert’s

viewpoint to determine the best output based on the dif-

ferent combination of inputs. Each rule consists of two

main parts as an antecedent (if) and consequence (then). In

each rule, antecedent acts as a condition on inputs to

compute consequence or output. Indeed, according to the

initialization phase, a robust structure is made, which can

be used to apply expert’s experiences and viewpoints on

identified input variables of the system, in order to make a

fuzzy inference. After the initialization phase, according to

fuzzification based on the defined membership functions,

each input of the FIS is converted to fuzzy numbers. In this

phase, the crisp inputs of the system are converted to the

fuzzy numbers due to the defined membership function at

the previous phase, which is used for making inference at

the inference engine (Zimmermann 1996).

In the next steps based on the fuzzy operators, an

inference is implemented on the input variables. In the

inference phase, at first, fuzzy propositions are presented

using the implication operator, and the results are com-

bined using the aggregation operator. The result of the

inference phase will be a fuzzy set, so in the last step, the

outputs of FIS corresponding to each set of inputs are

converted to non-fuzzy values. In the fuzzy logic, results

are defuzzified considering the membership function of

outputs. Therefore, due to the defuzzification phase, a crisp

value is derived from the membership function of outputs

using methods such as the center of gravity. Indeed, a

defuzzification method aggregates certain features of the

fuzzy set into a crisp value. There are different methods for

defuzzification such as the center of gravity, the center of

the area, largest of maximum (largest value in maximum

values of the output set), middle of maximum, and smallest

of maximum (Zimmermann 1996).

3.3 Fuzzy data envelopment analysis

DEA is a mathematical programming model that uses

multiple inputs to produce multiple outputs for the con-

struction of piecewise linear convex production frontiers

Table 1 Suggested rating for risk factors (Stamatis 2003)

Rating Severity Detection Occurrence

1 None Almost certain Almost never

2 Very slight Very high Remote

3 Slight High Very slight

4 Minor Moderately high Slight

5 Moderate Medium Low

6 Significant Low Medium

7 Major Slight Moderately high

8 Extreme Very slight High

9 Serious Remote Very high

10 Hazardous Almost impossible Almost certain
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and measure relative efficiencies within a group of DMUs.

When the inputs and/or outputs of this model are fuzzy

numbers, the fuzzy DEA model should be used to assess

DMUs. At first, Tone (2001) presented a non-radial slack-

based measure of efficiency model in 2001. The results of

this model were independent of the measurement units and

also were neutral to the conversion of primary data.

Afterward, the SBDEA model was developed based on

fuzzy logic. In this model, ~Xji and ~Yjr respectively represent

non-deterministic inputs (i ¼ 1; . . .;m) and outputs

(r ¼ 1; . . .; s) for DMU, and can be indicated as l ~Xji
,l ~Yjr

by

the membership function in the convex fuzzy set. In a

fuzzy environment, the efficiency of the kth DMU (~dk) is

calculated using Model (1):

Min ~dk ¼ q� 1

m

Xm

i¼1

S�i = ~Xik

s:t:

qþ 1

s

Xs

r¼1

Sþr =~Yrk ¼ 1

q ~Xik ¼
Xn

j¼1

~Xijk
=
j þ S�i ; i ¼ 1; . . .;m

q~Yrk ¼
Xn

j¼1

~Yrjk
=
j � Sþr ; r ¼ 1; . . .; s

Xn

j¼1

k=j ¼ q

k=j � 0; j ¼ 1; . . .n; S�i � 0;

i ¼ 1; . . .;m; Sþr � 0; r ¼ 1; . . .s; q[ 0:

ð1Þ

In the above model, q, k=j , S
�
i and Sþr respectively represent

the variable is greater than or equal to zero, dual variables

of CCR (the first letter of the Charnes, Cooper, and Rhodes

who first introduced it) model and slack variables of

SBDEA model. In this Equation, all inputs/outputs are

considered as fuzzy data. Then, the fuzzy set of inputs and

outputs are converted to an exact set defining the threshold

of membership and a-cut method. In the a-cut, both input

and output can be expressed as the crisp intervals of vari-

ous a standards level. According to Chen et al. (2013),

Model (1) can be transformed into the one-step program-

ming model (see ‘‘Appendix 1’’). However, these models

have the limitation of the maximum relative efficiency

value (i.e. 1), which makes it difficult to rank due to the

intervals efficiency values. For this reason, Chen et al.

(2013) developed a fuzzy super efficiency SBDEA model.

According to the process used in the development of the

fuzzy SBDEA model, they extended the Andersen and

Petersen model (1993). The fuzzy super efficiency SBDEA

models have been expressed in ‘‘Appendix 2’’. There are

differences between traditional DEA and its fuzzy model

regarding the calculation of relative efficiency values by

the mentioned models. Hence, ranking DMUs evaluated

based on the efficiency values, is difficult. Moreover, the

membership function of the efficiency values is unknown,

because efficiency values are the Upper Bound (UB) and

Lower Bound (LB) of the efficiency values calculated

under various a levels. To solve this problem, Chen and

Klein (1997) presented the following equation used in this

study:

Ið�E�
k ;RÞ ¼

Pm
i¼0 ðEkÞUai � c

h i

Pm
i¼0 ðEkÞUai � c

h i
�
Pm

i¼0 ðEkÞLai � d
h i ;m

! 1
ð2Þ

In the Eq. (2), assuming that k (k ¼ 1; . . .; n) and i

(ai ¼ ih=m; i ¼ 0; . . .;m) are a respectively counter num-

bers of DMUs and counter of a levels. Also, ðEkÞUai , ðEkÞLai ,
and Ið�E�

k ;RÞ respectively represent UB and LB of super

efficiency of the kth DMU per ai level and fuzzy ranking

index for decision-making units j under various a levels.

Furthermore, the amounts of ‘‘c’’ and ‘‘d’’ are

mini;k ðEkÞai
n o

, and maxi;k ðEkÞai
n o

. According to Eq. (2),

the bigger fuzzy ranking index has a higher priority for the

DMU.

4 Proposed approach

In this section, a hybrid approach is proposed to identify

and prioritize HSE risks. This approach is tried to over-

come some of the FMEA technique’s shortcomings. In this

regard, it takes advantageous of FIS and SBDEA model

without outputs or fixed outputs equal to one and used the

self-organizing map for clustering visualization. For this

aim, first of all, potential risks in terms of HSE are iden-

tified and listed by the FMEA team. After that, all experts

should be asked to state their opinions about these risks in

the forms of SOD factors. In the real world, there are

several problems in utilizing experts’ knowledge in a

special application area; in this regard, converting experts’

knowledge of mathematical values makes their analysis

simpler in decision-making processes. Experts’ opinions

include their insight and experience in dealing with prob-

lems that can be gained by doing different activities in

different situations, and under various limitations. The

results of risk assessment are directly related to these

opinions; so they must be completely considered in this

process (Yazdi et al. 2017).
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One of the important issues in the field of FMEA

applications, identifying and prioritizing potential risks, is

determining the value of SOD factors of each risk. In

reality, different experts can have different opinions about

these factors that some of them may be inaccurate and

incomplete as a result of time constraints, lack of experi-

ence and adequate data. In order to overcome this short-

coming of conventional FMEA, the FIS is used to gather

expert’s opinions on each of the RPN determinant factors.

FIS is a structure to map input–output space based on fuzzy

logic. There are two main FIS namely Mamdani and

Takagi–Sugeno. In the present study, Mamdani-type is

applied for extracting the expert’s opinions on risk factors;

so that for each risk factor an FIS is independently

designed, and each expert is asked to assign a value for this

factor. Therefore, three independent FIS are constructed for

each SOD factor.

Inputs of each FIS are experts’ opinions on the risk

factor, and the output is collected opinions about that risk

factor. In the context of constructing FIS, there are dif-

ferent methods for approximating fuzzy outputs to non-

fuzzy values during the defuzzification phase. Indeed, a

defuzzification method proposes an approximation for

inference result whereas the inference result is a fuzzy set.

In the proposed approach in order to achieve the best result

in defuzzification processes, outputs of FISs are calculated

using different defuzzification methods. In this regard,

three defuzzification methods consisting of Smallest of

Maximum (SOM), Middle of Maximum (MOM) and Lar-

gest of Maximum (LOM) are used which are LB, middle

and UB of the area of maximum values in the fuzzy output

(see Fig. 1).

Based on Zimmermann (1996) study, SOM, MOM, and

LOM can be chosen from the fuzzy set of the output as

follows:

LOM ¼ inf
u
fu 2 U : lcnceqeðuÞ ¼ max

u
flcnceqeðuÞgg ð3Þ

SOM ¼ sup
u
fu 2 U : lcnceqeðuÞ ¼ max

u
flcnceqeðuÞgg ð4Þ

MOM ¼ SOM þ LOM

2
ð5Þ

where infu and supu are UB and LB, lcoceque is the mem-

bership function of the fuzzy set u, and U is the range of

output values. Hence, for all three FISs, corresponding to

the number of risk factors, three values are calculated.

According to the proposed approach, corresponding to each

potential risk, three values are calculated for each of RPN

determinant factors.

Now, calculated values of RPN determinant factors are

used in the fuzzy SBDEA model without outputs in order

to prioritize potential risks. In the DEA model, the evalu-

ation criteria that decision-makers seek to reduce their

amount (or their lower value is better), are considered as

the input, and the evaluation criteria that managers seek to

increase their amount (or their higher value is better) are

considered as output of this model (Charnes et al. 1978;

Yousefi et al. 2019). In addition, DEA without outputs is a

common model used for performance evaluation of DMUs

which have multiple inputs with assuming constant outputs

equal to 1 (Lovell and Pastor 1999). As the issue studied in

this paper has no criteria that decision-makers seek to

increase their amount, without outputs model has been used

to apply SBDEA models. Therefore, the potential risks are

considered as DMUs, and RPN determinant factors are

considered as the inputs of the fuzzy SBDEA model.

Furthermore, there is no concept defined as the output. To

implement this model, fuzzy values of inputs (obtained

from FIS) converted to interval values using the a-cut

method. Then, fuzzy SBDEA models are used for different

a levels and are calculated the lower and upper scores for

each potential risk. Finally, the potential risks are priori-

tized using Eq. (2). It should be noted that when a risk has

a higher score (fuzzy ranking index) in comparison with

other risks, it has lower priority. It means that risk with the

lowest score is located at the first priority. The reason for

that is, in the fuzzy SBDEA without outputs model, the

risks which have fewer inputs (RPN determinant factors),

can obtain a higher score by assuming an output with a

fixed amount equal to 1 for each risk. The proposed

approach of this study is shown in Fig. 2.

5 Case study

In this section, the proposed approach has been applied to

an active company in the chemical industry. K.C.K.Ch

Company has been established in northwestern Iran in 2001
Fig. 1 Defuzzification methods

Stochastic Environmental Research and Risk Assessment (2020) 34:201–218 207

123



with the purpose of producing chemical fertilizers, Sulfuric

acid, and other allowable chemicals. This Company is one

of the chemical industries in Iran which has played an

effective role in expanding the products of this industry in

domestic, regional, and global markets by utilizing

knowledgeable manpower, and making correct and suit-

able policy. The K.C.K.Ch company in addition to creating

employment opportunities for 40 people, has the

production capacity of chemical products more than

250,000 tons. The number of employees will increase to

100 and its production capacity will rise to 300,000 tons in

2020 by the implementation of the company’s development

program. It is needed to explain that Small and Medium-

sized Enterprises (SMEs) are more vulnerable in terms of

safety; so that in 2016, 90% of job accidents had occurred

in SMEs in Iran (ISIPO 2016). Therefore, regarding the
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Fig. 2 The flowchart of the proposed approach
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nature of active SMEs in the chemical industry, and

increasing the employment, the importance of HSE man-

agement and the implementation of evaluating and priori-

tization techniques in the company is felt. In fact, due to

the lack of the safety system in the company, managers try

to prevent the wasting of their human and financial

resources. At present, one of the mentioned company’s

short-term goals is to minimize existing risks and to create

a safe working environment. For this point, the identifica-

tion of HSE risks and their periodic evaluation has been

considered as one of the main plans of the company.

According to the executive steps of the FMEA tech-

nique, after the creating of the FMEA team, they prepare

and complete relevant forms, and then the HSE risks are

identified. This team consists of the employer representa-

tive, manager of the safety sector, and workers’ represen-

tative. The members of the FMEA team have enough

information on the company’s activities, HSE issues, and

have close relationships with the managers of production

lines. Identified risks and other supplementary information

including risk causes and effects have been presented in

Table 2. As shown in this table, 48 HSE risks of the

company have been identified.

6 Analysis of the results

In this section, the results of implementing the proposed

approach for prioritizing HSE risks in the studied company

are presented. For this aim, initially, corresponding to the

triple RPN determinant factors, three independent FIS is

designed. It should be noted that in this study, the experi-

ence of three members of the FMEA team has been used in

order to risks determination. Since the inputs of each FIS

are experts’ opinions and output is collected opinion about

risk factors, so in each FIS several triangular membership

functions have been defined for inputs and outputs due to

the expert’s guidelines. As can be seen in Figs. 3 and 4

showing the information of membership functions, these

functions in three FISs are the same. Then, to construct

inference engine 125 rules were defined in each FIS based

on the number of inputs levels. In the determination of the

FIS parameters, AND method is adjusted as ‘‘min’’ oper-

ator, implication function is adjusted as ‘‘min’’ operator,

and also ‘‘max’’ operator is selected as aggregation func-

tion. As previously mentioned, in order to obtain better

outputs of FISs, three different defuzzification methods

have been used.

After the identification of HSE risks (presented in

Table 2), in order to calculate the risk factors for identified

potential risks, the opinions of all three experts about risk

factors are used as inputs for their corresponding FISs. As a

result, nine values (three values for S factor, three values

for O factor, and three values for D factor) has been

obtained for each potential risk; actually, each FIS has been

produced three values as LB, middle, and UB for collected

opinions about each risk factor. Calculated triple values for

SOD factors due to their independent FIS (based on

defuzzification methods consist of SOM, MOM and LOM)

has been presented in Table 3.

In the following, according to the proposed approach,

the fuzzy SBDEA models without outputs are used to

prioritize 48 identified risks; so that this model in addition

to comparing risks with each other, can calculate a score

for each risk. The fuzzy values of RPN determinant factors

are considered as inputs of this model (presented in

Table 3), and output is considered a constant value equal to

1, for each risk. To implement the mentioned models, at

first fuzzy values (SOD values) have been converted to

interval values using the a-cut method (for 6 different a
levels). Then, the fuzzy SBDEA model (see ‘‘Appendix 1’’)

for DMUs (the HSE risks) is implemented using the GAMS

software. After that, if the score obtained from the UB

model for some DMUs is equal to 1, the fuzzy super effi-

ciency SBDEA model (see ‘‘Appendix 2’’) is implemented

for these DMUs; thus, the calculated score of them will be

greater than 1. The UB and LB of calculated scores of each

risk for different a levels have been shown in Table 4.

Now, in order to achieve a score for risk prioritization,

Eq. (2) is used to convert all the presented interval values

(for each risk) in different a levels to a single score.

Finally, using this score the identified risks are prioritized

which have been shown in Table 4; so that risk with lower

score has been placed in higher priority and needs to be

assessed. As stated, the reason for this is in the fuzzy

SBDEA without outputs, the risks which have fewer inputs

can obtain a higher score by assuming an output with a

constant value equal to 1 for each risk. It should be noted

since in the conventional FMEA technique the values of

risk factors are expressed in the form of numbers, as well as

it is not possible to use linguistic variables and to aggregate

these variables, as one of the drawbacks of this technique,

the comparison between the results of the proposed

approach and conventional FMEA technique cannot be

drowning.

According to Table 4, it can be seen risks R11 with the

score of 0.283 is in the first place, as well as, risks R3, R9,

R13, and R16 with the score of 0.302, 0.308, 0.373, and

0.373 have been ranked in second to fifth priorities,

respectively.

Moreover, due to the implemented prioritization based

on the proposed approach, it can be understood that iden-

tified risks have been prioritized in 48 distinct ranks. In

other words, the full prioritization of risks has been done in

comparison with the conventional FMEA technique. Also,

Bakhtavar and Yousefi (2018) believe that decision making
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Table 2 HSE risks identified in the case study

Symbol Potential risk mode Impact of potential risk Causes of potential risk

R1 Electric shock (electrolysis unit) Damage to person and equipment Lack of shield in the electrolysis unit

R2 Electric shock (electrolysis unit) Damage to equipment arising from the

collision of animals with the

electrolysis unit

Lack of the siren to keep birds and

rodents away

R3 Decaying of electrical cables Damage to person and equipment arising

from electric shock

Lack of shielded electrical cables in

the power generation unit

R4 To be thrown chemicals and inhaling acidic vapors

(sampling part of hydrogen chloride unit)

Damage to person arising from contact

with hydrogen chloride and its vapors

Less attention of sampler during the

sampling and not to use protective

equipment

R5 Falling in Area 1 unit (chemicals unit) Damage to person such as the fracture of

hands and feet

Lack of safety shields in the unit

R6 Fire Damage to person and equipment Lack of fire extinguishing capsules

R7 Touching the clothes, or hands, and feet with

coupling and to be thrown the part of the

coupling (pumps coupling)

Damage to person Lack of protection for pumps

coupling

R8 Falling (kitchen entrance) Damage to person (such as the fracture

of hands and feet)

Existing the narrow-width doorway

and a channel in front of the

kitchen door

R9 Leakage of chlorine gas (chlorine filling unit) Damage to person arising from inhaling

chlorine gas (such as poisoning)

Not to use suitable cloths and mask

in chlorine filling unit

R10 High noise of equipment (boiler unit) Damage to hearing of person Not to use appropriate protective

equipment

R11 Breaking of lines (media filters of RO Peat unit) Damage to person and equipment Not to control the MF valves

R12 Falling (carbonate storage silo) Damage to person such as the fracture of

hands and feet

Lack of ladder and not to use

protective equipment such as

harness

R13 Leakage of chlorine gas (electrolysis unit) Damage to person arising from inhaling

chlorine gas (such as poisoning)

Lack of chlorine detector in the

electrolysis unit

R14 Electric shock (harmonic filters) Damage to person Lack of shield around the harmonic

filters

R15 Falling snow and rain on transformer Short circuit in the transformer Lack of shield and cover in the

transformer of rectifier

R16 Spilling out acid (from chlorine unit to sulfuric

acid unit)

Damage to person arising from burning

by sulfuric acid during transportation

by tanker

Lack of transfer line from chlorine

unit to sulfuric acid unit

R17 Contact with chemicals (boiler unit) Damage to person arising from burning,

or poisoning by chemicals

Lack of suitable place for keeping

chemicals and not to use protective

equipment

R18 Headache, poor concentration and carelessness Damage to person arising from

poor concentration and probability of

making mistake

Lack of shelter for operator

R19 Falling (Area 3 peroxide unit) Damage to person (such as the fracture

of hands and feet)

Lack of shield in the part of peroxide

unit

R20 Falling (place of tankers) Damage to person (such as the fracture

of hands and feet)

Lack of hand rail over the tanker

R21 Burning (loading place of chemicals) Damage to person arising from burning

by chemicals

Lack of shower around the loading

place

R22 Inappropriate loading of barium chloride during

making soluble (Area 1 of barium chloride unit)

Ergonomic problems Lack of crane for carrying bags of

barium chloride to this unit

R23 Burning and poisoning (controlling unit) Damage to person arising from contact

with chemicals

Lack of first aid kits in the

controlling unit

R24 Leakage of chlorine capsule (chlorine filling unit) Damage to person arising from leakage

of gas

Lack of appropriate place to throw

away the leaky capsule

R25 Poisoning (Chloralkali unit) Damage to person arising from leakage

of gas (chlorine, hydrogen and sulfur)

Lack of ventilation system
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based on a prioritization which is not done fully, may

divert managers’ attention to those risks that a reduction in

their occurrence likelihood cannot ameliorate the current

status. Furthermore, decision-makers often are faced with

limitations that enforce them to present some solutions for

the specific number of risks having high priority, and if the

Table 2 (continued)

Symbol Potential risk mode Impact of potential risk Causes of potential risk

R26 Not to discharge the toxic gases from the lines

(hydrogen chloride unit)

Damage to person and equipment Lack of direct line for the reactor

R27 Overflowing chemicals (loading unit) Damage to person and equipment arising

from contact with chemicals

Lack of level switch for loading unit

R28 Falling and inappropriate loading (chlorine filling

unit)

Damage to person (such as the fracture

of body)

Lack of overhead crane in the

chlorine filling unit

R29 Leakage of chlorine from lines (chlorine filling

unit)

Damage to person and equipment arising

from leakage of chlorine

Lack of detector and warning alarm

R30 Lack of supportive electrical system for equipment

during electric shock (Chloralkali unit)

Damage to person and equipment Lack of diesel generator (emergency

power system)

R31 Not to identify the leakage in the lines (Chloralkali

unit)

Damage to person and equipment Lack of surveillance cameras in

mandatory places

R32 Falling (Area 1 unit- Peat 111) Damage to person (such as the fracture

of hands and feet)

Lack of shield around the Peat 111

R33 Falling (Area 1 unit- Peat 198) Damage to person (such as the fracture

of hands and feet)

Lack of shield around the Peat 198

R34 Poisoning (ferric chloride unit) Damage to person and equipment arising

from leakage of chlorine

Lack of standard line for transferring

chlorine to ferric chloride unit

R35 Breaking (controlling unit) Damage to person arising from breaking

glass (caused by intense wind)

Instability of the control room’s glass

R36 Poisoning (arising from the leakage of chlorine gas

in the electrolysis unit)

Damage to person and equipment (such

as poisoning and destruction of

equipment)

Lack of oxygen capsules in the

electrolysis unit

R37 Falling (Area 5 unit) Damage to person Lack of ladder around HE-322

R38 Falling (the Peat in front of Area 5 unit) Damage to person Lack of shield over the Peat

R39 Burning (ferric chloride part of Area 1 unit) Damage to person arising from dealing

with chemicals (inappropriate ferric

chloride loading)

Lack of the required ferric chloride

depot tanker in the Area 1 unit

R40 Burning (Garo unit) Damage to person arising from burning

by Sulfuric acid

Lack of the enclosure around the

T-166 and T-169, and not to use

safety equipment

R41 Burning, poisoning, and fracture (controlling unit) Damage to equipment (such as masks, air

capsules and gloves)

Lack of appropriate closet in

controlling unit

R42 Electric shock (electrical unit substation) Damage to person and equipment Lack of cooling system in summer

(ionization and possibility of

electric shock)

R43 Falling (boiler unit) Damage to person arising from falling Lack of shield over the boiler

R44 Falling (RO Peat unit) Damage to person (such as the fracture

of hands and feet)

Lack of shield and rail in the RO

Peat unit

R45 Burning (laboratory unit) Damage to person arising from dealing

with chemicals

Lack of shower in laboratory unit

R46 Poisoning (laboratory unit) Damage to person arising from inhaling

chlorine gas (such as poisoning)

Lack of personal protective

equipment such as mask in the

laboratory unit

R47 Fire (electrical unit substation) Damage to person and equipment Lack of emergency exit door in the

electrical unit substation

R48 Poisoning and explosion (electrolysis unit) Damage to person and equipment Lack of emergency exit door in the

electrolysis unit
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full prioritization is not been done, decision-makers fail to

recognize critical risks easily. Despite differences in the

proposed frameworks of the study conducted by Bakhtavar

and Yousefi (2018) and the current study, it can be seen

that the TOPSIS method has been used for final risk pri-

oritization in their study where the weight of factors is

determined according to experts’ opinions. In the current

study, the weight of each risk factor is determined based on

mathematical programming models presented in the

appendix section and this process is independent of direct

experts’ opinion. In order to more interpretation of results,

identified risks are clustered by using the self-organizing

map due to the SOD factors; so that in each cluster the

relation between these factors is evaluated. This leads to

the determination of homogeneous risks regarding the tri-

ple factors, and ultimately the most important cluster is

identified. As can be seen in Fig. 5, risks have been divided

into six clusters using the mentioned algorithm (self-or-

ganizing map) according to the 2 9 3 configuration

regarding the value of SOD factors. In fact, using this

configuration, the self-organizing map has been presented a

better separation of risks than other tested configurations;

hence the 2 9 3 configuration has been used in this study.

According to this figure, points highlighted in celestial

blue color create a cluster in which the values of O and S

are more than average, but the value of D is very low.

Whilst the cluster with blue points, has high values of S

and D, but their respective O factor has the lowest values.

Points with very low values of O, high values of S, and

medium values of D are the characteristics of the cluster

with red points. Cluster with yellow points has medium

values of D and O which are close to each other and

medium or high values of S. Points highlighted in green

color create another cluster which has medium or high

values of S and D, but have very low values of O. Final

cluster having purple points involves risks with low values

of O, and medium or high values of S, and medium values

of D which are close to each other.

Prioritizing HSE risks is one of the first steps in iden-

tifying risks that have priority and providing the necessary

solutions to eliminate, or reduce the effect of these risks.

The reason for that is each organization due to the budget

and time limitations, seeks to make the most improvement

in the current situation by optimal allocation of resources.

After the HSE risks prioritization, for ten risks that have

priority identified based on the proposed score, preven-

tive/corrective solutions have been presented in accordance

with the case study in Table 5.

7 Discussion and conclusion

Ignoring HSE standards, and precautionary principles in

the workplace can lead to an increase in occupational

accidents which may have irreparable outcomes. In order to

achieve an effective assessment method, it is needed to

have an accurate assessment of processes for risk identifi-

cation, and making necessary decisions to mitigate their

effects. Furthermore, risk analysis is considered as an

important tool for maintaining and improving the safety

level in the industry. For this purpose, risk assessment is an

essential issue for existing or developing industrial units.

Fig. 3 Membership function of inputs

Fig. 4 Membership function of output
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Among different risk analysis methods, FMEA is one of

the most popular techniques which is used in various fields,

whereas, the conventional FMEA technique has some

shortcomings in the RPN score. The aim of this study is

presenting a hybrid approach using linguistic FMEA, FIS,

Fuzzy SBDEA, and its supper efficiency model to over-

come some of the traditional RPN shortcomings that led to

fully risk prioritization. In the FMEA technique, risks are

determined by the members of the FMEA team; so due to

the knowledge and experience of each expert, achieving a

consensus view about the risks may be difficult. To solve

this problem, after defining risks by the FMEA team, in

order to determine a value for SOD factors (related to each

risk), the FIS was used to collect all of the experts’ opin-

ions. So that, according to SOD factors, three independent

FIS was designed. After that, calculated values of RPN

determinant factors having uncertainty were used in fuzzy

SBDEA without outputs in order to prioritize potential

risks regarding different weights of risk factors. In this

model, the weights of SOD factors are calculated based on

the mathematical programming which shows less depen-

dence on experts’ opinions. To implement fuzzy SBDEA,

due to the obtained fuzzy values from FIS (inputs of fuzzy

DEA), these values were converted to interval values using

the a-cut method that was applied for six different a levels.

Finally, using the obtained score, the potential risks were

prioritized.

The results of the implementation of the proposed

approach in the active company in the chemical industry

showed that prioritizing risks based on the presented score,

in addition to considering the uncertainty and assigning

different weights to SOD factors, have been created a

complete distinction between the identified risk priorities.

This prioritization enables managers to present and

implement corrective action in accordance with the orga-

nization’s resource constraints and risks which have pri-

ority. After prioritizing the HSE risks in this company, for

ten risks that have priority identified based on the proposed

score, preventive/corrective solutions were presented.

Also, in order to more analysis of the results, the self-

organizing map had been applied. However, the present

study has been tried to overcome some of the shortcomings

of the conventional FMEA technique, but there are some

issues that should be considered in future researches. One

Table 3 The obtained fuzzy values for the RPN determinant factors based on FIS (SOM, MOM, LOM)

Risk Severity Occurrence Detection Risk Severity Occurrence Detection

R1 (7.57, 8.51,9.46) (6.58, 7.53, 8.47) (1, 1.14, 1.27) R25 (8.56, 9.28, 10) (1, 1.14, 1.27) (2.53, 5.80, 9.07)

R2 (2.53, 2.98, 3.43) (3.52, 5.50, 7.48) (1, 1.14, 1.27) R26 (10, 10, 10) (1, 1.23, 1.45) (7.57, 8.52, 9.46)

R3 (8.02, 8.02, 8.02) (4.51, 5.50, 6.49) (2.53, 2.98, 3.43) R27 (4.51, 5.97, 7.44) (1, 1.14, 1.27) (2.53, 5.26, 7.99)

R4 (4.51, 6.49, 8.47) (3.52, 5.01, 6.49) (1.54, 1.99, 2.44) R28 (8.02, 8.02, 8.02) (1.72, 1.99, 2.26) (5.50, 7.48, 9.46)

R5 (5.50, 5.99, 6.49) (2.53, 5.80, 9.07) (1, 1.23, 1.45) R29 (5.50, 7.48, 9.46) (1, 1.72, 2.44) (5.50, 6.96, 8.43)

R6 (2.53, 5.80, 9.07) (2.98, 2.98, 2.98) (1, 1.09, 1.18) R30 (6.58, 8.29, 10) (1.72, 1.99, 2.26) (4.87, 5.01, 5.14)

R7 (2.53, 5.00, 7.48) (2.53, 4.68, 6.84) (1.54, 1.99, 2.44) R31 (10, 10, 10) (1, 1.14, 1.27) (5.50, 6.96, 8.43)

R8 (6.04, 6.04, 6.04) (4.51, 6.49, 8.47) (1, 1.14, 1.27) R32 (6.58, 7.53, 8.47) (1.54, 1.99, 2.44) (2.53, 5.80, 9.07)

R9 (5.50, 7.48, 9.46) (7.57, 8.52, 9.46) (1.54, 1.99, 2.44) R33 (6.58, 7.53, 8.47) (1, 1.23, 1.45) (8.02, 8.02, 8.02)

R10 (3.52, 5.00, 6.49) (7.57, 8.52, 9.46) (1, 1.14, 1.27) R34 (7.57, 8.79, 10) (2.53, 2.98, 3.43) (2.53, 5.01, 7.48)

R11 (5.50, 6.96, 8.43) (6.58, 7.53, 8.47) (2.53, 2.98, 3.43) R35 (2.53, 3.48, 4.42) (1, 1.23, 1.45) (6.58, 7.53, 8.47)

R12 (2.53, 4.68, 6.84) (5.50, 6.96, 8.43) (1.54, 1.99, 2.44) R36 (10, 10, 10) (1, 1.14, 1.27) (10, 10, 10)

R13 (5.50, 7.48, 9.46) (5.50, 6.49, 7.48) (1.54, 1.99, 2.44) R37 (4.51, 6.49, 8.47) (1, 1.14, 1.27) (4.51, 5.97, 7.44)

R14 (6.58, 8.02, 9.46) (1, 1.09, 1.18) (7.57, 8.02, 8.47) R38 (5.50, 6.49, 7.48) (1, 1.23, 1.45) (4.51, 5.97, 7.44)

R15 (7.57, 8.51, 9.46) (2.53, 2.98, 3.43) (1, 1.23, 1.45) R39 (5.50, 6.49, 7.48) (1, 1.14, 1.27) (3.52, 5.03, 6.53)

R16 (6.58, 8.02, 9.46) (2.53, 3.48, 4.42) (4.96, 4.96, 4.96) R40 (5.50, 6.96, 8.43) (2.53, 2.98, 3.43) (5.50, 6, 6.49)

R17 (2.53, 4.03, 5.54) (2.53, 3.48, 4.42) (2.53, 2.98, 3.43) R41 (2.53, 5.50, 8.47) (2.53, 2.98, 3.43) (2.53, 4.04, 5.54)

R18 (2.53, 5.80, 9.07) (4.96, 4.96, 4.96) (2.53, 2.98, 3.43) R42 (7.57, 8.52, 9.46) (1.72, 1.99, 2.26) (2.53, 5.80, 9.07)

R19 (2.53, 5.80, 9.07) (1, 1.23, 1.45) (2.53, 5.01, 7.48) R43 (5.50, 6.96, 8.43) (1, 1.14, 1.27) (2.53, 5.01, 7.48)

R20 (6.04, 6.04, 6.04) (1.54, 1.99, 2.44) (2.53, 5.26, 7.99) R44 (4.51, 5.97, 7.44) (3.52, 3.97, 4.42) (2.53, 4.68, 6.84)

R21 (7.57, 8.51, 9.46) (1, 1.14, 1.27) (6.04, 6.04, 6.04) R45 (2.53, 5.80, 9.07) (1, 1.14, 1.27) (7.03, 7.03, 7.03)

R22 (3.52, 4.51, 5.50) (1.81, 1.99, 2.17) (2.53, 5.80, 9.07) R46 (5.50, 6.96, 8.43) (2.53, 2.98, 3.43) (6.04, 6.04, 6.04)

R23 (2.53, 5.80, 9.07) (1, 1.14, 1.27) (7.57, 8.02, 8.47) R47 (2.53, 5.01, 7.48) (1, 1.14, 1.27) (3.52, 5.03, 6.53)

R24 (7.57, 8.51, 9.46) (1, 1.14, 1.27) (5.50, 7.48, 9.46) R48 (2.53, 5.01, 7.48) (1, 1.14, 1.27) (3.52, 5.01, 6.49)
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Table 4 Prioritization of identified HSE risks based on fuzzy SBDEA score

Risk a = 0 a = 0.2 a = 0.4 a = 0.6 a = 0.8 a = 1 Score Priority

LB UB LB UB LB UB LB UB LB UB LB LB

R1 0.469 1.000 0.507 1.000 0.548 1.000 0.590 1.000 0.633 0.727 0.679 0.679 0.464 19

R2 0.641 1.000 0.731 1.071 1.000 1.137 1.000 1.196 1.000 1.238 1.273 1.273 0.721 47

R3 0.355 0.773 0.392 0.716 0.429 0.666 0.466 0.624 0.505 0.583 0.544 0.544 0.302 2

R4 0.389 1.000 0.436 1.000 0.488 1.000 0.545 0.859 0.608 0.762 0.679 0.679 0.440 15

R5 0.469 1.024 0.526 1.000 0.585 1.000 0.645 1.000 0.712 0.873 0.790 0.790 0.501 27

R6 0.768 1.060 0.882 1.092 0.953 1.119 1.000 1.140 1.000 1.155 1.166 1.166 0.727 48

R7 0.395 1.000 0.451 1.000 0.516 1.000 0.591 1.000 0.678 0.978 0.780 0.780 0.486 24

R8 0.519 1.000 0.572 1.000 0.625 1.000 0.673 1.000 0.724 1.000 0.780 0.780 0.518 32

R9 0.331 0.812 0.369 0.747 0.410 0.688 0.455 0.634 0.495 0.584 0.538 0.538 0.308 3

R10 0.497 1.000 0.552 1.000 0.600 1.000 0.646 1.000 0.695 1.000 0.747 0.747 0.505 28

R11 0.315 0.775 0.352 0.705 0.392 0.648 0.435 0.600 0.474 0.555 0.513 0.513 0.283 1

R12 0.378 1.000 0.432 1.000 0.490 1.000 0.542 0.823 0.600 0.739 0.665 0.665 0.433 13

R13 0.359 1.000 0.398 0.868 0.441 0.789 0.487 0.721 0.538 0.656 0.594 0.594 0.373 4

R14 0.471 1.000 0.536 1.003 0.603 1.006 0.655 1.009 0.708 1.011 1.014 1.014 0.540 37

R15 0.609 1.000 0.653 1.042 0.700 1.028 0.750 1.015 0.802 1.004 0.857 0.857 0.562 43

R16 0.335 0.963 0.401 0.882 0.459 0.798 0.503 0.715 0.550 0.655 0.600 0.600 0.373 5

R17 0.473 1.000 0.539 1.000 0.611 1.000 0.692 1.000 0.797 1.000 0.976 0.976 0.543 38

R18 0.390 1.000 0.428 1.000 0.471 1.000 0.522 0.845 0.582 0.735 0.656 0.656 0.431 11

R19 0.480 1.130 0.546 1.077 0.621 1.042 0.708 1.018 0.809 1.000 0.930 0.930 0.556 42

R20 0.382 1.000 0.459 1.000 0.543 1.000 0.619 1.000 0.697 0.893 0.784 0.784 0.485 22

R21 0.491 1.000 0.562 1.000 0.634 1.000 0.697 1.000 0.750 1.000 0.805 0.805 0.522 34

R22 0.400 1.000 0.483 1.000 0.574 1.000 0.654 1.000 0.745 1.000 0.864 0.864 0.511 30

R23 0.455 1.000 0.527 1.000 0.605 1.000 0.671 1.000 0.744 1.000 0.829 0.829 0.516 31

R24 0.441 1.000 0.506 1.000 0.575 1.000 0.631 1.000 0.690 1.000 0.752 0.752 0.497 26

R25 0.440 1.000 0.508 1.000 0.582 1.000 0.650 1.000 0.720 1.000 0.801 0.801 0.506 29

R26 0.403 1.000 0.463 1.000 0.524 1.000 0.573 0.928 0.621 0.724 0.672 0.672 0.448 17

R27 0.481 1.000 0.564 1.002 0.656 1.003 0.739 1.001 0.828 1.000 0.930 0.930 0.548 40

R28 0.342 0.964 0.401 0.880 0.464 0.804 0.516 0.739 0.567 0.678 0.621 0.621 0.382 6

R29 0.326 1.000 0.393 1.000 0.466 0.984 0.536 0.868 0.605 0.770 0.683 0.683 0.433 14

R30 0.396 1.000 0.465 1.000 0.537 0.931 0.612 0.860 0.667 0.791 0.725 0.725 0.455 18

R31 0.447 1.000 0.510 1.000 0.576 1.000 0.632 1.000 0.684 1.000 0.740 0.740 0.496 25

R32 0.329 1.000 0.396 1.000 0.470 1.000 0.542 0.926 0.616 0.801 0.699 0.699 0.444 16

R33 0.435 1.000 0.502 1.000 0.572 1.000 0.627 1.000 0.681 0.799 0.739 0.739 0.480 21

R34 0.294 1.000 0.357 0.940 0.427 0.824 0.504 0.745 0.572 0.681 0.626 0.626 0.386 7

R35 0.520 1.000 0.621 1.037 0.718 1.069 1.000 1.097 1.000 1.121 1.142 1.142 0.641 46

R36 0.431 1.000 0.487 1.000 0.543 1.000 0.584 1.000 0.625 0.881 0.667 0.667 0.468 20

R37 0.475 1.000 0.553 1.000 0.637 1.000 0.711 1.000 0.787 1.000 0.870 0.870 0.533 36

R38 0.456 1.000 0.535 1.000 0.619 1.000 0.693 1.000 0.766 0.931 0.845 0.845 0.519 33

R39 0.504 1.000 0.588 1.000 0.677 1.000 0.759 1.000 0.837 1.000 0.922 0.922 0.554 41

R40 0.327 1.000 0.393 0.923 0.461 0.854 0.529 0.777 0.585 0.709 0.645 0.645 0.401 9

R41 0.349 1.000 0.431 1.000 0.525 1.000 0.614 1.000 0.687 0.969 0.791 0.791 0.485 23

R42 0.330 1.000 0.392 1.000 0.461 1.000 0.529 0.879 0.597 0.767 0.674 0.674 0.433 12

R43 0.475 1.000 0.555 1.006 0.643 1.010 0.726 1.013 0.810 1.015 0.906 0.906 0.543 39

R44 0.312 1.000 0.386 1.000 0.469 0.996 0.531 0.852 0.588 0.734 0.651 0.651 0.425 10

R45 0.475 1.000 0.550 1.000 0.631 1.000 0.700 1.000 0.774 1.000 0.858 0.858 0.529 35

R46 0.337 0.975 0.402 0.894 0.469 0.833 0.535 0.764 0.587 0.701 0.643 0.643 0.395 8

R47 0.504 1.000 0.594 1.000 0.694 1.000 0.787 1.000 0.886 1.000 0.999 0.999 0.572 44
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of the limitations of this study is not considering the causal

relationship between risks, which can be solved using a

combination of a fuzzy cognitive map and FIS.
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Fig. 5 Risks clustering based on

self-organizing map

Table 4 (continued)

Risk a = 0 a = 0.2 a = 0.4 a = 0.6 a = 0.8 a = 1 Score Priority

LB UB LB UB LB UB LB UB LB UB LB LB

R48 0.505 1.000 0.595 1.000 0.695 1.001 0.790 1.001 0.888 1.001 1.001 1.001 0.573 45
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Appendix 1: Fuzzy SBDEA model

MinðdkÞUa ¼ q� 1

m

Xm

i¼1

ðS�i Þ
L=ðxikÞLa

s:t :

qþ 1

s

Xs

r¼1

ðSþr Þ
U=ðyrkÞUa ¼ 1

qðxikÞLa ¼
Xn

j¼1;6¼k

ðxijÞUa k
=
j þ ðxikÞLak

=
j þ ðS�i Þ

L; i ¼ 1; . . .;m

qðyrkÞUa ¼
Xn

j¼1; 6¼k

ðyrjÞLak
=
j þ ðyrkÞUa k

=
j � ðSþr Þ

U ; r ¼ 1; . . .; s

Xn

j¼1

k=j ¼ q

k=j � 0; j ¼ 1; . . .; n; ðS�i Þ
L � 0; i ¼ 1; . . .;m;

ðSþr Þ
U � 0; r ¼ 1; . . .; s; q[ 0

ð6Þ

Min ðdkÞLa ¼ q� 1

m

Xm

i¼1

ðS�i Þ
U=ðxikÞUa

s:t :

qþ 1

s

Xs

r¼1

ðSþr Þ
L=ðyrkÞLa ¼ 1

qðxikÞUa ¼
Xn

j¼1; 6¼k

ðxijÞLak
=
j þ ðxikÞUa k

=
j þ ðS�i Þ

U ; i ¼ 1; . . .;m

qðyrkÞLa ¼
Xn

j¼1;6¼k

ðyrjÞUa k
=
j þ ðyrkÞLak

=
j � ðSþr Þ

L; r ¼ 1; . . .; s

Xn

j¼1

k=j ¼ q

k=j � 0; j ¼ 1; . . .; n; ðS�i Þ
U � 0; i ¼ 1; . . .;m;

ðSþr ÞL � 0; r ¼ 1; . . .; s; q[ 0

ð7Þ

In Models (6) and (7), ðdkÞUa and ðdkÞLa respectively rep-

resent the Upper Bound (UB) and Lower Bound (LB) of

the efficiency of the kth DMU under various a levels. Also,

ðXikÞUa and ðXikÞLa respectively represent the UB and LB of

ith deterministic input for DMUj per a level, and UB and

LB of rth non-deterministic output for DMUj per a level.

Table 5 Preventive/corrective actions related to HSE risks which have priority

Priority Risk Identified risk Corrective/preventive action

1 R11 Not to control the MF valves Periodic control of valves

2 R3 Lack of shield on electrical cables across the

power generation unit

providing the cover and shield for electrical cables on the pipe rack in the

rectifier room of the power generation unit

3 R9 Not to use suitable cloths and mask in chlorine

filling unit

Providing the new mask and air capsule set, installing chlorine detector and

ventilation system in the chlorine filling unit

4 R13 Lack of chlorine detector in the electrolysis

unit

Providing detector in the electrolysis unit

5 R16 Lack of transfer line from chlorine unit to

sulfuric acid unit

Creating the transfer line from chlorine unit to sulfuric acid unit, and

elimination of dangerous factors arising from contacting with Sulfuric acid

in transportation

6 R28 Lack of overhead crane in the chlorine filling

unit

Providing overhead crane in chlorine filling unit

7 R34 Lack of standard line for transferring chlorine

to ferric chloride unit

Installing pipe rack for the chlorine line in ferric chloride unit

8 R46 Lack of personal protective equipment such as

mask in laboratory unit

Providing personal safety equipment for each person in the laboratory such as

mask and safety glasses

9 R40 Lack of the enclosure around the T-166 and

T-169, and not to use safety equipment

Creating enclosure around the T-166 and T-169, and using safety equipment

by operators in Garo unit

10 R44 Lack of shield and rail in the RO Peat unit Inserting shield in the RO Peat unit
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Appendix 2: Fuzzy super efficiency SBDEA
model

ðskÞUa ¼ Min
1

m

Xm

i¼1

ð�x0iÞ
L=ðXikÞLa

s:t :

1

s

Xs

r¼1

ð�y0rÞ
U=ðYrkÞUa ¼ 1

ð�x0iÞ
L�

Xn

j¼1; 6¼k

ðXikÞLak
=
j ; i ¼ 1; . . .;m

ð�y0rÞ
U ¼

Xn

j¼1; 6¼k

ðYrkÞUa k
=
j ; r ¼ 1; . . .; s

Xn

j¼1;6¼k

k=j ¼ q

k=j � 0; j ¼ 1; . . .; n; 6¼ k; ð�x0iÞ
L � qðXikÞLa ; i ¼ 1; . . .;m;

ð�y0rÞ
U � qðYrkÞUa ; ð�y0rÞ

U � 0; r ¼ 1; . . .; s; q[ 0

ð8Þ

ðskÞLa ¼ Min
1

m

Xm

i¼1

ð�x0iÞ
U=ðXikÞUa

s:t :

1

s

Xs

r¼1

ð�y0rÞ
L=ðYrkÞLa ¼ 1

ð�x0iÞ
U �

Xn

j¼1;6¼k

ðXikÞUa k
=
j ; i ¼ 1; . . .;m

ð�y0rÞ
L ¼

Xn

j¼1;6¼k

ðYrkÞLak
=
j ; r ¼ 1; . . .; s

Xn

j¼1;6¼k

k=j ¼ q

k=j � 0; j ¼ 1; . . .; n; 6¼ k; ð�x0iÞ
U � qðXikÞUa ; i ¼ 1; . . .;m;

ð�y0rÞ
L� qðYrkÞLa ; ð�y0rÞ

L� 0; r ¼ 1; . . .; s; q[0

ð9Þ

In Models (8) and (9), ð skÞUa and ð skÞLa respectively rep-

resent the UB and LB of the super efficiency of the kth

DMU under various a levels.
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