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Introduction

The emergence of the term sustainable development and the consequent concepts has 
come into being since the beginning of 1970s. In 1980, the International Union for Conserva-
tion of Nature and Natural Resources first provided a definition for sustainable development 
(Asr et al. 2019). This term is used by that organization when the nature is not threatened 
but is supported (Asr et al. 2019). Later on in 1992, the World Commission on Environment 
and Development convened a meeting in Rio de Janeiro, Brazil and some factors like local, 
national, and global criteria were discussed for the purpose of practicing a higher degree 
of sustainability on Earth. Besides environmental factors, socio-economic factors were 
also taken into consideration in defining the term sustainable development (Temple 1992). 
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Since there is a wide range of applications for sustainable development, it is relatively dif-
ficult to present an inclusive definition for sustainability that includes all the disciplines 
(Nuong et al. 2011). Based on Brundtland Commission, sustainable development is defined 
as a process which can overcome the current needs of an organization while giving credit to 
the capability to meet the future needs (Asr et al. 2019). Therefore, sustainability is defined 
as a developmental plan considers both current and future needs of generations’ lives (Cerin 
2006; Dernbach 1998). Considering these points, sustainable development carries some traces 
of social, economic, environmental and cultural needs of humans as well as other human 
needs. In this regard, comprehensiveness can lead to higher rates of sustainability (Rajaram 
et al. 2005; Botin 2009).

The application of sustainable development in the field of mining was initiated at the 
United Nations Conference, Rio de Janeiro, Brazil in 1992 (Rahmanpour and Osanloo 2017). 
From that time onwards, different definitions have been proposed for sustainable develop-
ment in mining and its practice in the domain of mining. In this regard, Allan (Allan 1995) is 
the one who brought sustainability to the literature of mining industry in such a way that the 
usage of minerals was not larger than the capacity of new resources. On the other hand, some 
scholars believe that the mere introduction of the concept of sustainability in the mining 
industry cannot be considered as a  holistic sustainable affair sue to the little lifespan of 
mines and the huge dependence of human beings on non-renewable sources (Crowson 1998; 
Rajaram et al. 2005). However, other researchers claim that mining is regarded as a sustain-
able task in the long run (Basu and Kumar 2004) and this sustainability can create different 
chances for the economic progress of the related organizations and communities (McLellan 
et al. 2009). Through a more inclusive perspective, one may regards the mining industry as 
an entity with long-lasting value chains that are initiated with exploring mineral sources and 
then go on by such affairs as the design, construction, and exploitation affairs in the next 
years and decades (Pimentel et al. 2016). During different stages of developing the mining 
industry, there is the probability of the emergence of unwanted social and environmental 
factors, which necessitate the arrangement of a trade-off between these negative impacts and 
long-term economic profits (Lala et al. 2016). A large amount of capital costs may be im-
posed on the operating mines wherein both efficiency and budget have a pivotal role. Some 
researchers argue that the rise in capital and operational costs may exert a considerable effect 
on the mines’ productivity (Pezeshkan and Navid 2020). Therefore, important decisions 
should be made based on the results of economic analysis while considering environmental 
and social viewpoints in order to fulfill sustainable goals.

The approach proposed in this paper is a development of approach presented by Pezesh-
kan and Navid (Pezeshkan and Navid 2020). They developed an approach based on fuzzy 
BWM for mining industries evaluation considering sustainable criteria. Hence, in this paper 
a  hybrid approach based onmulti-criteria decision making (MCDM) methods and fuzzy 
theory has been used to evaluate the performance of a steel complex considering triple line 
bottom (i.e. economic, environmental, and social). In the proposed approach, the weights 
of the criteria are computed by fuzzy BWM, and FIS is applied to compute the final score of 
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steel complex. Based on expert opinion, it can be assumed that the relationship between the 
criteria of each aspect follows a linear function while computing the steel complex’ score 
for each aspect because the criteria of each aspect are originally from the same family and 
have similar features. Therefore, MCDM methods can be used to calculate the weights of the 
criteria and, here, fuzzy BWM has also been used because of its high accuracy and the use 
of fewer pairwise comparisons. However, the final score of steel complex is not calculated 
from these aspect based on a linear function and nonlinear functions should be used for this 
purpose since economic, environmental, and social aspects are strongly influenced by each 
other. In such conditions, it is highly useful to use rule-based methods since these methods 
provide the possibility to define proper rules (functions) in different situations. The expert 
knowledge and the real data of the mentioned complex were used to validate the purposed 
method. As mentioned, the advantages of the presented approach are that the decrease of 
pairwise comparisons, increase of consistency, and the evaluation under uncertainty. One 
of the practical advantages of this approach is that it is not only limited to the studied case 
study but it can be implemented in the various scientific fields, such as supplier selection, 
healthcare industry evaluation, etc.

The remaining of this paper is organized as follows. In Section 2 literature review is 
provided on sustainable development with a focus on analyzing the methodological appro- 
aches. Section 3 presents the problem context, proposed approach. The proposed approach 
is implemented in Section 4 by applying the approach on a real world case in steel complex. 
Finally, conclusion explains in Section 5.

1. Literature review

These days, industries should collaborate with each other to approach sustainable de-
velopment in different countries (Dubiński 2013). When it is followed by sustainability, the 
current types of mining are replaced by the modern types of mining (Hartman and Mut-
mansky 2002). In addition, some technical concepts, including Responsible Mining and 
Green Mining have been employed as the main elements of sustainability in different mines. 
Green mining refers to the minimization of the destructive effects imposed on the mines 
by the environment (Rahmanpour and Osanloo 2017) and responsible mining attempts to 
control the detrimental effects, especially the economic, environmental, and social ones that 
may result from mining activity (Jarvie-Eggart ed. 2015). For the initiation of sustainable 
mining, the evaluation of the effect of mining tasks on sustainability indexes and the subse-
quent prioritization of vulnerable sections are required (Fonseca et al. 2013; Marnika et al. 
2015). Considering the significance of this issue, a lot of research has been carried out in 
this domain where the employment of semi-quantitative approaches for the evaluation of 
mining affairs on the indices of sustainable development has led to fruitful results, particu-
larly in terms of social and environmental factors. The two-dimensional evaluation matrix 
is a  frequently-used method in this domain due to its simple and useful features (Ghae-
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drahmati and Doulati Ardejani 2012). Leopold et al. (Leopold et al. 1971) first proposed 
the employment of the two-dimensional matrix for the evaluation of environmental threats 
where they assigned value to the quantity and quality of the effects that each activity had on 
the environmental elements. In the same vein, Schlickmann et al. (Schlickmann et al. 2018) 
made use of this method to evaluate the environmental effects in a coal mine. Then, Pastakia 
and Jensen (Pastakia and Jensen 1998) assessed the environmental effects in sand mining 
by using Rapid Impact Assessment Matrix. It is noteworthy that this method is used for the 
assessment of environmental factors regardless of the active project affairs. In this regard, 
Folchi (Folchi 2003) has developed a method to evaluate environmental effects on the basis 
of the assessment of mining activities and this method has become the most frequently used 
on in this domain of enquiry. In fact, the important mining affairs and environmental factors 
are assessed in this method. Moreover, Kauppinen and Khajehzadeh (Kauppinen et al. 2015) 
utilized data envelopment analysis method to assess sustainable development in the mining 
exploration stage.

One of the most commonly used methods in specifying and weighting the sustainability 
criteria has been MCDM methods. Anand et al. (Anand et al. 2017) proposed an approach 
based on MCDM methods for the assessment of sustainability indices at smart cities in 
India. Smart cities are the sustainable and efficient cities that provide high quality of life by 
making optimal use of their resources. In that research, the importance of different criteria 
for sustainability in a smart city was determined using fuzzy analytical hierarchy process 
(AHP) method. Ahmadi et al. (Ahmadi et al. 2017) believe that all three economic, envi-
ronmental, and social aspects should be taken into account to have a  sustainable organi- 
zation. In practice, however, the social aspect has received less attention in developing coun-
tries. Therefore, they proposed a framework for examining the social sustainability of sup-
ply chains in manufacturing companies to address this issue. In this framework, the criteria 
were weighted and ranked using BWM. A hybrid approach using MCDM methods and sus-
tainable balanced scorecard model was proposed by Lu et al. (Lu et al. 2018) for perfor-
mance evaluation at international airports. They first extracted the evaluation criteria from 
the related literature and then calculated the interdependencies between the criteria using 
DEMATEL method. In the next step, they determined the weights of the criteria using the 
analytical network process. In the end, they ranked the alternatives through VIKOR tech- 
nique. In this regard, Raj and Srivastava (Raj and Srivastava 2018) developed an approach 
based on fuzzy BWM for the sustainable performance evaluation of an aircraft manufac-
turer in India. Mavi and Standing (Mavi and Standing 2018) also developed an approach 
based on MCDM methods to identify and rank critical success factors of sustainable project 
management in construction under uncertainty conditions. To this end, they first extracted 
critical success factors from the literature and used the analytical network process method 
to weight these factors. In addition, they used DEMATEL method to calculate the interde-
pendencies between the criteria. It is noteworthy that the fuzzy theory has been used to con-
sider the uncertainty in the problem. Malek and Desai (Malek and Desai 2019) used BWM 
and presented an approach to prioritize sustainable production barriers in manufacturing 
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organizations in India. They extracted 39 production barriers from the literature by using 
expert opinion, placed them in six classes, and weighted them using BWM. Their research 
findings introduce economic and managerial problems as the most important barriers. 
A sustainable approach was proposed by Govindan et al. (Govindan et al. 2019) using an 
integration of BWM and COPRAS method for partner selection in the reverse supply chain 
where all three aspects of sustainability, namely economic, environmental, and social ones 
were considered. An integrated performance evaluation approach based on MCDM methods 
was presented by Santos et al. (Santos et al. 2019) for supplier evaluation in the green supply 
chain. They used Shannon entropy method to weight the criteria and used TOPSIS technique 
to rank suppliers. Finally, they used the data and knowledge of experts in a Latin American 
furniture production chain to assess the efficiency of their proposed approach. Kannan et al. 
(Kannan et al. 2020) developed a novel hybrid approach for sustainable supplier evaluation. 
Their approach made use of the integrated fuzzy BWM and interval VIKOR method to evalu- 
ate suppliers. For this purpose, supplier evaluation criteria are first extracted from three of 
economic, social, and circular perspectives, and then these criteria are weighted using fuzzy 
BWM. Finally, the VIKOR interval method is used to rank the criteria. They benefited from 
the knowledge of experts of a cable and wire manufacturing company in Iran to evaluate the 
efficiency and effectiveness of their proposed approach.

Research findings indicate that MCDM is a proper method for ranking the criteria and 
assessing the mining industry. Accordingly, Sitorus et al. (Sitorus et al. 2018) investigated 
the dominant trend and usage of this method in the mining industry and presented an inclu-
sive outline in this area. At the end, they argued that MCDM methods are among the most 
frequently used and effective methods in the area of expertise. Several researches have clear-
ly showed the efficiency of MCDM technique with a systematic approach that can greatly 
help decision makers in different disciplines of engineering industries (Stojčić et al. 2019; 
Liu 2019). By instance, the both MCDM and FIS approaches have been widely used in the 
evaluation of Indian iron and steel industry supplier’s sustainability performance (Jain et al. 
2020). The obtained results were then used to make a framework for sustainable supplier 
selection which can rank the top two Indian suppliers (Jain et al. 2020).

2. Problem definition and proposed approach

Mines act as the economic core in developed countries and as the driving force in de-
veloping countries. The availability of mines in any country is considered as an econo- 
mic support of that country and has a significant impact on its economic growth. Iran also 
has various mines due to its appropriate geographical location. In the past, mining and its 
affiliated industries aimed at generating wealth and creating job opportunities. However, 
recently, with the introduction of environmental issues and sustainable development, the 
environmental dimension has also received attention in addition to the economic and so-
cial dimension. The continuous improvement and sustainability in the mining industry is 
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contingent upon the discovery of the effective factors in this field and control of them. The 
application of a measurement instrument for the identification of effective criteria and evalu- 
ation of mining performance from three economic, environmental, and social dimensions 
can lead to increased sustainability in this area. Therefore, this paper aims at developing 
a hybrid approach based on fuzzy BWM and FIS to evaluate the performance of mines under 
uncertainty conditions. This approach has been presented in the following:

Step 1: The criteria for evaluating the mining industry are specified and decided upon in 
this step in line with the related literature and expert opinion. As the basis of mine evalua-
tion is sustainability, the criteria for such an evaluation should be set in such a way that eco-
nomic, environmental, and social dimensions can be covered. It is assumed that the number 
of n criteria is determined (CR1, CR2, ..., CRn). 

Step 2: This step is devoted to the selection of the worst and best criteria based on expert 
opinion. It should be mentioned that the best criterion is the most important one while the 
one with the lowest degree off importance is considered as the worst criterion. The best and 
worst criteria are denoted by CRB and CRW, respectively.

Step 3: This step is allocated to making a pairwise comparison by experts between the 
best criterion and the other ones by means of linguistic words as shown in Table 1. There- 
after, the best-to-others vector gets specified by the replacement of corresponding triangular 
fuzzy numbers. The resultant fuzzy best-to-others vector is presented as:

	 1 2( , ,..., ,..., )B B B Bj BnD d d d d=    
 � (1)

where the fuzzy best-to-others vector is represented by BD ; the fuzzy preference of the best 
criterion is denoted by Bjd , and the best criterion is also represented by CRBj ( j = 1, 2, ..., n). 
Then, one can notice that BBd = (1,1,1).

Table 1.	 Linguistic terms for pairwise comparison (Kannan et al. 2020)

Tabela 1.	 Terminy językowe do porównań parami

Triangular fuzzy numbersLinguistic terms

(1,1,1)Equally important

(2/3,1,3/2)Weakly important

(3/2,2,5/2)Fairly important

(5/2,3,7/2)Very important

(7/2,4,9/2)Absolutely important

Step 4: Similar to Step 3, this step also goes to experts and request them to make a com-
parison between the worst criterion and the other ones using the linguistic concepts, as 
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shown in Table 1. Afterwards, the corresponding triangular fuzzy values are replaced to 
obtain the Others-to-Worst vector. Below is the vector:

	 1 2( , ,..., ,..., )W W W jW nWD d d d d=    
 � (2)

Where jWd indicates the fuzzy preference of the criterion iover the worst criterion CRW;  
WD represents the fuzzy others-to-worst vector; and i = 1, 2, ..., n. Thus, it is possible to 

understand that WWd = (1,1,1).
Step 5: Here, the weights of the criteria are calculated by solving the fuzzy mathematical 

model presented below.
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where ( , , ).p m o=δ δ δ δ  Assuming * ( *, *, *)=δ δ δ δ and * ,p≤δ δ the following model will 
be obtained:
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By implementing the model in the optimization software, one can obtain the weight of 
each criterion and δ*. 

Step 6: Here, one may calculate the consistency ratio (CR) by means of the consistency 
index (CI), as shown in Table 2 and Eq. (6). As the consistency ratio is nearer to zero, the 
consistency will increase more.
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	 *CR
CI

=
δ � (6)

Table 2.	 Consistency index for fuzzy BWM (Kannan et al. 2020)

Tabela 2.	 Wskaźnik spójności dla rozmytego BWM

Linguistic 
terms

Equally 
important

Weakly 
important

Fairly 
important Very important Absolutely 

important

BWA (1,1,1) (2/3,1,3/2) (3/2,2,5/2) (5/2,3,7/2) (7/2,4,9/2)

CI 3 3.8 5.29 6.69 8.04

Step 7: This step is an attempt to evaluate the mine in terms of each sub-criterion. 
To this end, related experts are given a questionnaire in order to assign a score for the mine 
performance with regard to each sub-criterion by means of linguistic concepts as in Table 3. 
Then, the average score assigned by experts is regarded as the evaluation score for the mine 
in terms of each sub-criterion. At the end, the score of each criterion, namely economic, 
environmental, and social criteria is also obtained by calculating the sum of the weights of 
each sub-criterion in the evaluated values. These processes are followed for each criterion 
independently. Eq. (7) represents such calculations.
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j j
j

Score X
=
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� (7)
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mine under study in terms of sub-criterion j thus, the following relation holds true:
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As a result, the mine score with regard to the criteria is computed with fuzzy numbers. 
Then, the performance evaluation gets difuzzified via Eq. (9) (Kannan et al. 2020).
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Table 3.	 Linguistic terms for evaluating alternatives

Tabela 3.	 Terminy językowe do oceny rozwiązań alternatywnych

Triangular fuzzy numberLinguistic term

(0.0, 0.1)None

(0.1, 0.2, 0.3)Very low

(0.2, 0.3, 0.4)Low

(0.3, 0.4, 0.5)More or less low

(0.4, 0.5, 0.6)Medium

(0.5, 0.6, 0.7)More or less good

(0.6, 0.7, 0.8)Good

(0.7, 0.8, 0.9)Very good

(0.8, 0.9, 1)Excellent

Step 8: In this step, the fuzzy inference system is developed. In doing so, the input and 
output variables of this system should be first recognized. In the previous step, the score of 
the studied mine was calculated for each of the economic, environmental, and social criteria 
separately. These criteria are considered as the input variables and the final score of mine is 
defined as the output variable.

Three membership functions, i.e. low, mid, and high constitute the input variables, while 
five membership functions, i.e. very low, low, mid, high, and very high are the constituents 
of the output variable.In order to form a fuzzy inference system, the input and output varia- 
bles should be first defined in the system and their membership functions should be then 
determined. This operation is explained in detail in the case study section.

Step 9: This step is dedicated to the determination of the fuzzy inference rules with the 
help of relevant experts for establishing an interconnection between the input and output 
variables.

Since the system consists of three input variables and the input variables contain three 
membership functions, the number of 33 (89) rules should be defined for the fuzzy infe- 
rence system. Hence, the fuzzy inference rules already extracted from the expert know- 
ledge of are inserted in the intended system. In this way, the fuzzy inference system is 
developed.

Step 10: In this step, the final score of the desired mine is calculated. For this purpose, 
the values calculated in step 7 for each criterion are inserted into the fuzzy inference system 
as inputs and the final score of the mine is then calculated.
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3. Case study

In 1927, some engineering plans were drawn up to bring theiron smelting industry to 
the northern part of Iranin order to be able to have the train rail tracks domestically pro-
duced.  Today, iron and steel industry are the most important industrial section of Iran’s 
economy. In recent years, this mentioned industry has experienced a high rate of growth. 
In 2019, Iran overall produced 31.9 million tons of steel. A 30 percent increase was recorded 
in compare to 2018 statistics which was nearly 24 million tons of steel production. Iran’s 
annual steel production is planned to reach 45 million tons in 2021. The third largest steel- 
-producer company in Iran, i.e, Khorasan Steel Complex (KSC) has been chosen for this study. 
The case study has been located in an area of 1,400 hectares in 15 km of the North-West 
of Neishabur-Firouzeh Road, Khorasan-e-Razavi province, eastern Iran. Overall 16 different 
units are currently active in Khorasan Steel Complex, including four main units of direct iron 
reduction, smelting, casting, and rolling as well as some units for peripheral, and support. The 
mentioned units produce 6.1 million tons of steel per year (Hossein Pour et al. 2014). 

Table 4.	 Evaluation Criteria of the Intended Industry

Tabela 4.	 Kryteria oceny przewidywanej branży

Aspect Criteria Reference

Ec
on

om
ic

Economic benefits (EC1) Shields 2005

Production capacity (EC2) Bafrooei et al. 2014; Beyene et al. 2020

Logistics (EC3) Saeidi et al. 2017

Technological and financial capability (EC4) Mina et al. 2014; Luo et al. 2019

Research and development (EC5) Salimi and Rezaei 2018; 
Guarnieri and Trojan 2019

Flexibility (EC6) Awasthi et al. 2018

En
vi

ro
nm

en
ta

l

Use of energy (EN1) Kusi-Sarpong et al. 2016; Pishchulov et al. 2019

Environmental management technologies 
and knowledge (EN2) Kusi-Sarpong et al. 2016

Waste management (EN3) Awasthi et al. 2018; Pishchulov et al. 2019

Air emissions (EN4) Govindan et al. 2019; Jozanikohan 2017

Environmental standards and regulations (EN5) Kannan et al. 2020; Awasthi et al. 2018; 
Azimifard et al. 2018

So
ci

al

Occupational health and safety systems (SO1) Pishchulov et al. 2019; Bai et al. 2019

Job creation (SO2) Kannan et al. 2020

The rights and interests of employees (SO3) Kannan et al. 2020; Guarnieri and Trojan 2019; 
Awasthi et al. 2018

The rights of stockholders (SO4) Kannan et al. 2020; Guarnieri and Trojan 2019; 
Awasthi et al. 2018

Child and forced labour (SO5) Pishchulov et al. 2019
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The implementation process of the proposed approach in the case study is presented as 
follows:

Step 1: In this step, the literature pertaining to performance evaluation in the mining 
industry and similar fields was reviewed and, thereby, a series of criteria were selected for 
the evaluation of the intended industry from three economic, environmental, and social as-
pects based on expert opinion. It is noteworthy that experts took advantage of brainstorming 
method to select the appropriate criteria. In Table 4, the industry evaluation criteria have 
been presented. It should be noted that the dependency between criteria is very low as per 
expert opinion, so it can be overlooked. Therefore, there is no need to calculate the depen- 
dency in the weighting process.

Step 2: In this step, the experts determine the best and worst criteria. The best and worst 
criteria are presented in Table 5 based on expert opinion.

Step 3: In this step, the experts are requested to compare the best criteria with other cri-
teria (pairwise comparisons) using Table 1. In the following, the fuzzy best-to-others vectors 
have been listed for economic, environmental, and social criteria, respectively.

�� Economic: 2 3 3 5 2 3 3 5 5 7(1,1,1), ,1, , , 2, , ,1, , , 2, , ,3,
3 2 2 2 3 2 2 2 2 2B ECD −

          =                     


�� Environmental: 5 7 2 3 2 3 3 5,3, , (1,1,1), ,1, , ,1, , , 2,
2 2 3 2 3 2 2 2B END −

        =                 


�� Social: 7 9 2 3 3 5 5 7(1,1,1), , 4, , ,1, , , 2, , ,3,
2 2 3 2 2 2 2 2B SCD −

        =                 


Step 4: In this step, it is asked from experts to make a pairwise comparison between the 
other criteria and the worst one using Table 1. In the following, the fuzzy others-to-worst 
vectors have been shown for economic, environmental, and social criteria, respectively.

�� Economic: 5 7 3 5 2 3 3 5 2 3,3, , , 2, , ,1, , , 2, , ,1, , (1,1,1)
2 2 2 2 3 2 2 2 3 2W ECD −

          =                     


�� Environmental: 5 7 3 5 3 5 2 3(1,1,1), ,3, , , 2, , , 2, , ,1,
2 2 2 2 2 2 3 2W END −

        =                 


Table 5.	 The best and the worst criteria

Tabela 5.	K ryteria najlepsze i najgorsze

The best The worst

Economic sub-criteria Economic benefits Flexibility

Environmental sub-criteria Environmental management technologies and knowledge Use of energy

Social sub-criteria Occupational health and safety systems Job creation
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�� Social: 7 9 5 7 3 5 2 3,4, , (1,1,1), ,3, , , 2, , ,1,
2 2 2 2 2 2 3 2W SCD −

        =                 


Step 5: In this step, the non-linear model has been developed using the fuzzy others-to- 
-worst vector, the fuzzy best-to-others vector, and Eq. (5) and, then the weights of criteria 
have been calculated. For example, the non-linear model developed with regard to the crite-
ria relating to economic aspect is presented as follows:

min δ* 
St: 

2 2 2 2 6 6 6 61 1 2 2

2 6 6 2 6 61 2 2 1 2 2

2 21 1 6 62 2 2 2

2 2 3 3* ; * ; * ; *
3 3 2 2

2 * ; 2 ** ; * ;
5 53 3 * ;* ; * ;
2 22 2

p p p po o o o o o o o

m m m m m mm m m m m m

p pp p p p o oo o

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅ ≥ − ⋅

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅− ≤ ⋅ − ≥ − ⋅

− ⋅ ≤ ⋅ − ⋅− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅

θ θ δ θ θ θ δ θ θ θ δ θ θ θ δ θ

θ θ δ θ θ θ δ θθ θ δ θ θ θ δ θ

θ θ δ θ θθ θ δ θ θ θ δ θ 6 6*p p≥ − ⋅θ δ θ

3 3 3 3 6 6 6 61 1 3 3

1 3 3 1 3 3 3 6 6 3 6 6

1 1 3 33 3 3 3 6 6

3 3 2 2* ; * ; * ; *
2 2 3 3
2 * ; 2 * ; * ; *
5 5 3 3* ; * ; * ;
2 2 2 2

p p p po o o o o o o o

m m w m m m m m m m m m

p p p p p po o o o

b

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅ ≥ − ⋅

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ≤ ⋅ − ≥ − ⋅

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅

θ θ δ θ θ θ δ θ θ θ δ θ θ θ δ θ

θ θ δ θ θ δ θ θ θ δ θ θ θ δ θ

θ θ δ θ θ θ δ θ θ θ δ θ θ 6 6*p p≥ − ⋅θ δ θ

4 4 4 4 6 6 6 61 1 4 4

1 4 4 1 4 4 4 6 6 4 6 6

1 1 4 44 4 4 4 6 6

3 3 3 3* ; * ; * ; *
2 2 2 2

* ; * ; 2 * ; 2 *
3 3 5 5* ; * ; * ;
2 2 2 2

p p p po o o o o o o o

m m w m m m m m m m m m

p p p p p po o o o

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅ ≥ − ⋅

− ≤ ⋅ − ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅ ≥ − ⋅

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅

θ θ δ θ θ θ δ θ θ θ δ θ θ θ δ θ

θ θ δ θ θ θ δ θ θ θ δ θ θ θ δ θ

θ θ δ θ θ θ δ θ θ θ δ θ θ 6 6*p p≥ − ⋅θ δ θ

5 5 5 5 6 6 6 65 51 1

1 5 5 1 5 5 5 6 6 5 6 6

1 1 5 55 5 5 5 6 6

3 3 2 2* ; * ; * ; *
2 2 3 3
2 * ; 2 * ; * ; *
5 5 3 3* ; * ; * ;
2 2 2 2

p p p po o o o o o o o

m m m m m m m m m m m m

p p p p p po o o o

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅ ≥ − ⋅

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ≤ ⋅ − ≥ − ⋅

− ⋅ ≤ ⋅ − ⋅ ≥ − ⋅ − ⋅ ≤ ⋅ − ⋅

θ θ δ θ θ θ δ θ θ θ δ θ θ θ δ θ

θ θ δ θ θ θ δ θ θ θ δ θ θ θ δ θ

θ θ δ θ θ θ δ θ θ θ δ θ θ 6 6*p p≥ − ⋅θ δ θ

51 2 3 4 66 6 6 61 1

1 6 6 1 6 6 1 2 3 4 5 6

1 6 6 1 6 6 1 2 3 4 5 6

15 5 ( )* ; * ; 62 2
23 * ; 3 * ; ( )
3

7 7 1* ; * ; ( ) 12 2 6

p p p p p pp po o o o
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θ θ θ θ θ θθ θ δ θ θ θ δ θ

θ θ δ θ θ θ δ θ θ θ θ θ θ θ

θ θ δ θ θ θ δ θ θ θ θ θ θ θ

1 1 2 2 3 31 2 3

4 4 5 5 6 654 6

51 2 3 4 6
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; ;

, , , , , 0 and * 0
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p p p p p p
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Following the usage of this model in GAMS software by means of BARON solver, the 
fuzzy weights of criteria have been calculated. The fuzzy weights of criteria and optimal 
value of δ* have been shown in Table 6.

Table 6.	 The fuzzy weights of criteria

Tabela 6.	 Rozmyte wagi kryteriów

Aspect Criteria
Weight

δ*
p
jθ

m
jθ

o
jθ

Economic

EC1 0.249 0.253 0.297

0.278

EC2 0.170 0.195 0.258

EC3 0.111 0.12 0.139

EC4 0.170 0.195 0.258

EC5 0.111 0.120 0.139

EC6 0.089 0.092 0.108

Environmental

EN1 0.098 0.105 0.119

0.299

EN2 0.279 0.289 0.339

EN3 0.189 0.223 0.301

EN4 0.189 0.223 0.301

EN5 0.130 0.135 0.160

Social

SO1 0.299 0.338 0.349

0.264

SO2 0.081 0.089 0.094

SO3 0.228 0.272 0.301

SO4 0.155 0.192 0.236

SO5 0.097 0.116 0.132

Step 6: Here, Eq. (6) and Table 2 have been used to compute the consistency ratios, which 
were obtained equal to 0.045, 0.033, and 0.042 for environmental, social, and economic 
criteria, respectively. Therefore, the values of consistency ratios are near to zero for each of 
the pairwise comparisons and the obtained weights are verified.

Step 7: In this step, experts evaluate the performance of the industry under study for 
each criterion through the linguistic terms presented in Table 3. In doing so, 8 experts have 
been asked to use their knowledge and score the criteria. In Table 7, the demographic profile 
of experts is presented. Moreover, the score of each criterion assigned by each expert to 
the organization under study is shown in Table 9. In Table 8, the mean value of the experts’ 
per criterion has been shown for the purpose of evaluating the industry under study.
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Table 7. 	 Demographic profile of experts

Tabela 7.	 Średnia opinii ekspertów dla każdego kryterium

Expert
Gender Work 

experience 
(year)

Job position Graduate 
degree

Undergraduate 
degreeMale Female

Expert 1 x 15 Quality control manager x

Expert 2 x 9 Production manager x

Expert 3 x 7 Sales manager x

Expert 4 x 4 Quality assurance expert x

Expert 5 x 4 Purchasing expert x

Expert 6 x 8 Purchasing manger x

Expert 7 x 7 Production line manager x

Expert 8 x 3 Quality control expert x

Table 8.	 Average of expert opinion for each criterion

Tabela 8.	 Ocena przewidywanej branży dla każdego aspektu

Sub-criteria p
jX m

jX o
jX

EC1 0.6375 0.7375 0.8375

EC2 0.5625 0.6625 0.7625

EC3 0.625 0.725 0.825

EC4 0.5375 0.6375 0.7375

EC5 0.4125 0.5125 0.6125

EC6 0.4625 0.5625 0.6625

EN1 0.2625 0.3625 0.4625

EN2 0.2875 0.3875 0.4875

EN3 0.4625 0.5625 0.6625

EN4 0.2375 0.3375 0.4375

EN5 0.5125 0.6125 0.7125

SO1 0.4625 0.5625 0.6625

SO2 0.35 0.45 0.55

SO3 0.375 0.475 0.575

SO4 0.6 0.7 0.8

SO5 0.4125 0.5 0.5875
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Then, it is turn to the calculation of the fuzzy and defuzzified scores of the industry with 
regard to each aspect using Eq. (8) and Eq. (9), as shown in Table 10:

Table 10. 	 Score of the intended industry for each aspect

Tabela 10.	Wynik przewidywanej branży dla każdego aspektu

Aspect Fuzzy score Defuzzified score

Economic (0.5021, 0.6403, 0.9071) 0.6618

Environmental (0.3049, 0.4334, 0.6654) 0.4507

Social (0.3852, 0.5518, 0.7223) 0.5524

Step 8: In this step, a system is developed for calculating the final score of the industry 
under study using the fuzzy inference system already proposed by Govindan et al. (Govin-
dan et al. 2020). In this regard, one may initially determined the input and output variables 
of the fuzzy inference system where the economic, environmental, and social are considered 
as the input variables while the final score of the industry is regarded as the output variable. 

Fig. 1. Membership functions of input variables

Rys. 1. Funkcje przynależności zmiennych wejściowych

Fig. 2. Membership functions of output variable

Rys. 2. Funkcje przynależności zmiennych wyjściowych
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Fig. 3. The fuzzy inference rules in the three-dimensional space 
a) relationship among economic and environmental aspects, b) relationship among economic and social aspects, 

c) relationship among environmental and social aspects

Rys. 3. Zasady wnioskowania rozmytego w przestrzeni trójwymiarowej 
a) związek między aspektami ekonomicznymi i środowiskowymi, b) relacje między aspektami ekonomicznymi 

i społecznymi, c) relacje między aspektami środowiskowymi i społecznymi
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There are three membership functions, entitled low, mid, and high in the input variables 
whereas there are five membership functions in the output variables. The membership func-
tions of the input variables are shown in Figure 1 and those of the output variable have been 
presented in Figure 2.

Step 9: Here, experts determined the fuzzy inference rules. It should be mentioned that 
the fuzzy inference system consist of three membership functions and three input variables, 
which has been regarded for each of the input variables; thus, every group of individuals 
will have the number of 33 = 27 fuzzy inference rules. When the fuzzy inference rules are 
extracted and implemented in MATLAB R2019a software by means of fuzzy inference 
systemEditor GUI toolbox, the association between the output and input variables can be 
observed in the three-dimensional space. The fuzzy inference rules are also presented at the 
three-dimensional space in Figure 3.

Step 10: In this step, the final score of the industry under study is calculated by the 
proposed fuzzy inference system. To this end, in the rule reviewer box of proposed fuzzy 
inference system, the economic, environmental, and social values already calculated in 
step 7 are submitted to the system as the inputs. Then, the final score is calculated as the 
output. The final score of the desired industry has been evaluated equal to 0.572. Based on 
the classification presented in Figure 2, the score obtained for the industry is placed in the 
Mid and Mid-high class. If this industry is able to increase its performance by 0.095, then it 
will exit the Mid class and will be completely placed in the Mid-high class. In general, the 
industry under study should focus on the criteria with both high weights and low evaluated 
scores to increase its performance evaluation score. For example, as shown in Table 6, the 
criterion named environmental management technologies and knowledge has a high weight, 
but it has a low evaluation score according to the results presented in Table 7. Therefore, the 
industry under study can increase the environmental performance by focusing on this cri-
terion and its enhancement, which may lead to an increase in the final score of the intended 
industry.

Conclusion

In this paper, a practical approach was developed through the integration of fuzzy BWM 
and FIS methods in order to evaluate the performance of mining industries while all three 
aspects of sustainability, namely economic, environmental, and social ones were taken into 
consideration. In the proposed approach, evaluation criteria were extracted from the triple as-
pects of sustainability and the performance of the desired industry was evaluated in terms of 
each of the criteria. Fuzzy BWM was used to determine the weights of the criteria and, then, 
the industry score was calculated separately for each of the triple aspects of sustainability. 
Finally, an FIS was designed based on expert knowledge in a steel complex in Iran and the 
final score of the industry was then calculated. It should be mentioned that the economic, 
environmental, and social scores of the intended industry were considered as the inputs 
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and the final score was regarded as the FIS output. The results of the proposed FIS showed 
that the industry has a moderate to high performance and, thereby, some relevant sugges-
tions were proposed to improve its performance.
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An integrated approach for performance evaluation of mining industry: 
a case study of Iranian Steel Complex

K e y w o r d s

sustainable development, performance evaluation, mining industry, 
best-worst method, fuzzy inference system

A b s t r a c t

The continuous improvement in the industries and organizations hinges upon the evaluation of 
their performance. In fact, the performance evaluation assists organizations to identify their strengths 
and weaknesses and, accordingly, enhance their efficiency. As soon as the concept of sustainability 
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was propounded in the engineering based industries, the performance evaluation got more importance 
due to the environmental issues and social concerns along with the economical aspects. Therefore, 
this paper is an attempt to propose an approach based on fuzzy best-worst method (BWM) and fuzzy 
inference system (FIS) in order to evaluate the performance of an Iranian steel complex in terms of 
sustainability concept. In the proposed approach, the weights of some selected criteria were determi-
ned by fuzzy BWM method and, then, the score of the under study industry was calculated in terms 
of economic, environmental, and social aspects. At the end, an FIS was developed to calculate the 
final score of the intended industry. In order to check the efficiency of the proposed approach, its 
performance was measured using expert knowledge as well as real data of a steel complex in Iran. 
A moderate to high performance has been achieved for the understudy case through conducting the 
proposed approach. It was suggested that the industry should focus on the criteria with both high 
weights and low evaluated scores (for example the environmental management technologies and 
knowledge criterion) to increase its performance evaluation score. The obtained results were indica- 
tive of the efficiency of the proposed approach.

Zintegrowane podejście do oceny wydajności przemysłu wydobywczego: 
studium przypadku irańskiego kompleksu stalowego

S ł o w a  k l u c z o w e

zrównoważony rozwój, ocena wydajności, górnictwo, 
najlepsza–najgorsza metoda (best-worst method), rozmyty system wnioskowania

S t r e s z c z e n i e

Ciągłe doskonalenie branż i organizacji zależy od oceny ich wydajności. W rzeczywistości ocena 
wyników pomaga organizacjom zidentyfikować ich mocne i słabe strony, a co za tym idzie, zwiększyć 
ich efektywność. Jak tylko koncepcja zrównoważonego rozwoju została zaproponowana w branżach 
opartych na inżynierii, ocena wydajności nabrała większego znaczenia ze względu na kwestie śro-
dowiskowe i społeczne, a także aspekty ekonomiczne. Artykuł jest próbą zaproponowania podejścia 
opartego na rozmytej metodzie best-worst (BWM) i rozmytym systemie wnioskowania (FIS) w celu 
oceny wydajności irańskiego kompleksu stalowego pod kątem koncepcji zrównoważonego rozwoju. 
W proponowanym podejściu, wagi wybranych kryteriów wyznaczono metodą rozmytą BWM, 
a następnie obliczono punktację badanej branży pod względem ekonomicznym, środowiskowym 
i  społecznym. Na koniec opracowano rozmyty system wnioskowania FIS, aby obliczyć końcowy 
wynik dla planowanej branży. Aby sprawdzić efektywność proponowanego podejścia, mierzono jego 
wydajność, wykorzystując wiedzę ekspercką oraz rzeczywiste dane dotyczące kompleksu stalowego 
w Iranie. W analizowanym przypadku, poprzez zastosowanie proponowanego podejścia osiągnię-
to wyniki od umiarkowanych do wysokich. Zasugerowano, że w celu zwiększenia oceny wyników, 
branża powinna skupić się na kryteriach zarówno o dużej wadze, jak i nisko ocenianych punktach 
(na przykład technologie zarządzania środowiskowego i kryterium wiedzy). Uzyskane wyniki świad-
czyły o skuteczności zaproponowanego podejścia.




