
      Abstract - End-of-life electronic and electrical waste, 

referred to as e-waste, has recently formed the rapidest 

increasing group of waste streams worldwide. Having some 

well-designed plans for managing this waste is essential. One 

of the most effective ways is to assess and select the most 

effective e-waste recycling programs. Since these plans 

require considering different aspects and criteria, applying 

multi-criteria decision-making method could provide 

practical results. Another important factor in this process is 

uncertainty that should be properly addressed. This paper 

presents a novel decision-making method to effectively assess 

e-waste recycling programs under uncertainty. The 

proposed model applies triangular interval type-2 fuzzy sets 

(TIT2FSs) to handle the uncertain environment of the 

process and extends the concept of preference selection index 

to type-2 fuzzy uncertainty to increase effectiveness of the 

process. Eventually, to present the applicability of the 

proposed model, an existing example from the literature is 

solved by the proposed model. 
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I.  INTRODUCTION 
 

 Nowadays, world’s greatest and fastest increasing 

industrial production sector is electronics industry. On the 

other hand, e-waste is recognized as a fast increasing 

waste stream and also known as a very serious challenge 

to sustainability. Therefore, it is obvious that the 

management of e-waste is one of the most important 

problems of the modern world [1, 2, 3]. Manufacturing 

and discarding more electronic products would simply 

cause more mining of row materials and more 

consumption of fossil fuel. It is obvious that these 

activities have their own direct and indirect environmental 

and health related issues. These processes are carried out 

despite the fact that a large part of the materials applied in 

electronics manufacturing end up in landfills or other 

dumping methods [3, 4]. 

A well accepted resolution in this sort of problem is 

applying recycling. Recycling as a well-known 

environmentally-friendly strategy is considered as the 

most appropriate plan to effectively deal with e-waste and 

minimize the negative impacts of e-waste on the 

environment [5]. The main reason of popularity of 

recycling e-waste is the fact that this approach has many 

benefits for organizations. For instance, recycling is cost 

effective since it can play an important role in reducing 

the costs of managing waste in firms. Moreover, it is able 

to diminish applying land for landfills in countries where 

landfilling is a very common approach of waste treatment. 

Therefore, this approach can reduce the negative effects 

of landfilling on the environment [6]. 

To reach the goals of being economically viable, 

environmentally friendly, and eventually socially 

responsible firms should apply formal procedures to 

assess different aspects of the performance of existing e-

waste recycling programs while considering interest of 

different stakeholders [7]. To do this, an important factor 

that needs appropriate consideration is uncertainty. 

Uncertainty is known as one of the most vital factors 

in any manufacturing related decision-making process. 

For instance, the process of determining the time of 

replacing an old product by a new one through reviewing 

the demand forecast of the old product has various 

uncertainties. Moreover, there are many complex 

production questions that have to be addressed by 

considering uncertainty. For instance how long old 

products should be obtained in the market even if a new 

product has been released, or when is the right time to 

switch from an old product to a new one. Therefore, since 

e-waste recycling programs are related to manufacturing 

processes, it is necessary to consider uncertainty in 

assessing e-waste recycling plans [8, 9]. A number of 

researchers have applied fuzzy sets to handle the 

uncertainty of this decision-making process. 

Lin et al. [10] developed a model based on the 

Analytic Hierarchy Process (AHP) to assess the 

possibilities and determine the priority of new mandatory 

recycled waste, from alternative waste appliances. 

Achillas et al. [11] developed a methodology to find the 

optimal location of Units of Treatment and Recycling. 

The proposed method addressed economic and social 

criteria, to consider both local acceptance and financial 

viability in the process. Kim et al. [12] developed an 

integrated model that applied Delphi and the analytic 

hierarchical process (AHP) to assess the performance of 

the recycling programs under uncertain environments. 

The Delphi method was employed to identify the proper 

assessment criteria to effectively address the interest of 

various stakeholders. Moreover, AHP was applied to 

distinguish the relative importance of the evaluation 

criteria in addition to the performance rating of alternative 

recycling plans. Using the Delphi method, however, 

increases the amount of time required in the method to 

identify the evaluation criteria. Li and Tee [13] proposed 

a mixed integer multi-objective programming model to 

address the problem of assessing e-waste recycling 
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programs. The proposed approach adequately considered 

the economic, environmental and health perspectives of 

the e-waste recycling program. It also addressed both 

objective and subjective data. This approach despite its 

novelties, lacked the ability of enabling the decision 

maker to define priorities among the objectives. Wibowo 

and Deng [7] developed an interactive fuzzy multi-criteria 

decision making process to evaluate alternative e-waste 

recycling programs while considering corporate 

sustainability performance. 

It can be concluded from the above that a number of 

decision making methods have been proposed to handle e-

waste program selection problems. Considering 

uncertainty is a vital part of any method that can be 

applied in real world problems. Classic fuzzy set theory 

has been used to deal with uncertain environments. 

Through the years, necessity for improving fuzzy sets 

theory arose as it was more applied in real-world 

situations [14, 15]. Therefore, it is more effective to apply 

membership in a set with ‘‘a grade of membership’’ 

instead of the conventional approach of ‘‘all or none 

membership’’ under real world conditions. Type-2 FSs 

are known as fuzzy sets that possess fuzzy membership 

functions (MFs) that are characterized as ‘‘membership of 

membership’’. In type-2 FSs, dissimilar to type-1 FSs, 

each element possess membership value that is denoted 

by fuzzy set in [0, 1], instead of a crisp number in [0, 1] 

[16, 17]. Despite all these positive points, unfortunately 

T2FSs are still new to this important decision-making 

problem. 

To present a more effective model that overcomes the 

shortcomings of classic fuzzy sets in handling the 

uncertain environment of manufacturing, this paper 

presents a new model of decision making under 

uncertainty to select the best e-waste recycling program. 

To address uncertainty, triangular interval type-2 fuzzy 

sets (TIT2FSs) were applied to develop a novel 

preference selection index model. This approach has the 

merits of type-2 fuzzy sets and avoids its complications in 

calculations. 

The remaining of this paper is organized as follows: in 

section II the recycling program evaluation model is 

presented. An example from the literature is solved by the 

presented approach in section III and section IV includes 

the conclusion remarks of the paper. 

 

II.  METHODOLOGY 
 

 The main problem that is addressed in this paper is 

evaluating e-waste recycling programs. This section 

presents a TIT2F Preference Selection Index (TIT2F-PSI) 

model to handle the complex problem of e-waste recycling 

program selection. In the introduced model, since 

performance ratings of candidate programs are uncertain 

and unknown, they are described by using the concept of 

the IT2FSs. 
The concept of linguistic variable is very common in 

reasonably describing too complex or ill-defined 
environments [18]. Furthermore, expressing a 

phenomenon by applying the traditional linguistic 
approach is not clear enough since its presentation is based 
on the traditional fuzzy sets [19-23].Consequently, this 
paper considers performance rating as linguistic variables 
and then converts them into TIT2FSs, which are able to 
model uncertainty with more flexibility.  Consequently, a 
nine-scale linguistic term based on the TIT2FSs is 
presented in Table I. For the purpose of illustration, visual 

representation of a TIT2FN denoted as  is presented in 
Fig 1. In this figure, x denotes the value of the number 
while ( ) shows the membership degree. 

TABLE I 

A NINE-SCALE LINGUISTIC TERM 

Linguistic variable IT2F-Number 

Absolutely string (AS)  ((8,9,10; 1),(8.5,9,9.5;0.9)) 

Very strong (VS)  ((6,7,8;1),(6.5,7,7.5;0.9)) 

Fairly strong (FS)  ((4,5,6; 1),(4.5,5,5.5;0.9)) 

Slightly strong (SS) ((2,3,4; 1),(2.5,3,4.5;0.9)) 

Equal (E) ((1,1,1; 1),( 1,1,1;0.9)) 

Slightly weak (SW) ((0.25,,0.33,0.5;1),(0.22,,0.33,0.4;0.9)) 

Fairly weak (FW) ((0.17,0.2,0.25; 1),( 0.18,0.2,0.22;0.9)) 

Very weak (VW) ((0.13,0.14,0.17;1),(0.13,0.14,0.15;0.9)) 

Absolutely weak (AW) ((0.1,0.11,0.13;1),( 0.11,0.11,0.12;0.9)) 

 

 
Fig. 1. A triangular interval type-2 fuzzy set 

 

 is presented as follows: = ,  = , , ; , , , ;  

(1) 

Dissimilar to other multi-attribute decision-making 

(MADM) methods, including TOPSIS, ELECTRE, SAW 

and VIKOR, the developed method does not require the 

provision of the weights of conflicting criteria. In this 

method, linguistic variables are used to indicate the 

performance rating of potential alternatives versus the 

selected criteria. Therefore, the objective is to compute 

some values based on uncertain parameters of alternative 

ratings so that those values could be used to rank the 

alternatives. 

In an MADM problem with m possible candidates 

denoted as , , …,  and n criteria denoted as , , 

…, a TIT2F decision matrix is denoted as =
× . It is obvious that  shows the performance of 

alternative with respect to criterion . In this developed 

group decision making process with t experts, the 
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performance rating of candidates versus each criterion is 

presented as: = 1 + +⋯+  
(1) 

To address this important decision-making process, after 

careful review of the literature, four relevant evaluation 

criteria were identified that comprehensively addressed 

the issue of e-waste recycling program evaluation. These 

criteria include environmental aspects ( ),  social 

aspects( ), economic sustainability( ), and eventually, 

technical feasibility( ) . To illustrate further, a visual 

presentation of criteria is presented in Fig 2. 
 

Economic 

sustainability

Environmental 

aspects

Social aspects

Technical 

feasibility

E-waste recycling program 

evaluation

 
Fig. 2. Evaluation criteria of the problem 

 

 

Steps of the proposed TIT2F-PSI method are introduced 

as follows: 

1. Considering =, , ; , , , ;  the 

normalized performance rating is obtained as follows: = / 3, / 3,/ 3; , / 3,/ 3, / 3; , 
(2) 

= 1,2, … , ,   = / 2 , / 2 ,/ 2 ; , / 2 ,/ 2 , / 2 ; , 
(3) 

= 1,2, … , ,   = max ,   = min ,   

where B denotes benefit and C denotes cost. As a result, 

the normalized matrix = ×  is calculated. 

The objective of the above-mentioned step is to make sure 

that the range of numbers fall within [0, 1]. 

2. Calculate TIT2F-preference variation (TIT2FPV) by 
the following Eq.: TIT2FPV
= , , ; ,, , ;
− , , ; ,, , ;  

(4) 

where = , , ; ,, , ;  is 

the mean of TIT2F-normalized criterion jand is computed 

as follows: 

= 1 ( , , ; ,, , ;  

(5) 

 

3. Calculate the TIT2F-overall preference (TIT2FOP) 

for each criterion. Calculating TIT2FOP requires 

determining TIT2F-deviation (TIT2FD) in the 

TIT2FPV. TIT2FD is obtained as follows: 

2 = 1 − , 1 − , 1− ; , 1− , 1 − , 1− ;  

(6) 

Therefore, TIT2FOPis determined as follows: 2

=

1 − , 1 − , 1 − ;
, 1 − , 1 − , 1 − ;

∑
1 − , 1 − , 1 − ;

, 1 − , 1 − , 1 − ;

(7) 

 

4. TIT2F-preference selection index (TIT2FPSI) is 
calculated as follows: 
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2= , , ; ,, , ;
× 2 , 2 , 2 ; 2 ,2 , 2 , 2 ; 2

(8) 

 

5. The candidates are ranked in decreasing order 

of	 . . To put differently, the candidate with 
the highest value is ranked first, and a candidate with 
the lowest value is ranked the last. 

 

III. APPLICATION EXAMPLE 

 

In order to display model’s effectiveness in finding 

the best e-waste recycling program, an existing example 

in the literature [7] is presented and solved in this section.  

In Sri Lanka as a result of general consumption of 

primary products, the production of e-waste has increased. 

In other words, a large number of old televisions, 

computers, mobile phones and refrigerators have been left 

unusable, especially in the last few years. As a result, the 

volume of e-waste stream in the country has increased. 

To face this problem, the government has planned an 

e-waste management policy in the country. Due to this 

new plan, an organization that manufactures integrated 

circuit substrates is trying to select the most suitable e-

waste recycling program to diminish the negative 

environmental impact of e-waste and synchronously 

enhance its business performance. 

The process of assessing and selecting e-waste 

recycling program often involves different departments in 

an organization. Consequently, such an important 

decision making process has to be made while 

considering a cross-functional group of decision makers 

with different aspects and judgments who also represent 

different departments of the firm. In this problem, a team 

of experts that included three decision makers from 

different departments of production ( ), purchasing ( ) 

and corporate development ( ) was initiated. 

The formed group of experts has proposed several 

potential e-waste recycling programs by means of a 

thorough research. Consequently, four alternatives are 

proposed. These alternative e-waste recycling programs 

are as follows: Recovery of metals, plastic and other 

materials from lithium based batteries ( ), recovery of 

metals and plastic from e-waste ( ), recovery of precious 

metals and other recyclable materials such as metals, 

plastic from e-waste ( ) and recovery of precious metals 

from e-waste ( ).The existing data is adopted and 

changed into the nine-scale linguistic variable presented 

in this paper. Table II presents the adopted data. 

 

 

 

TABLE II 

ADOPTED DATA FROM THE EXISTING LITERATURE [7] 

Alternative Decision 

Maker 

Criteria 

 

 E SS VS E 

SS SS SS SS 

E E VS VS 

 SW E E E 

FS VW E FS 

E E SW AS 

 SW FS E SW 

FS SW SW E 

FS VW E FS 

 SS FW VS SS 

SS SS E SS 

SS E SS E 

 

The following steps were taken to rank the candidate 

alternatives and select the best scenario. 

1. The TIT2FNs described in Table I are applied to 

convert linguistic variables of Table II into type-

2 fuzzy numbers. The resulting numbers are 

normalized to fall in range of [0, 1]. 

2. Eq. (4) is used to compute TIT2F-preference 

variation for each criteria. 

3. Eq. (6) is applied to compute the TIT2F-

deviation of each criterion and then Eq. (7) is 

used to determine the TIT2F-overall preference 

of each criterion. 

4. To reach an understanding of the alternatives, 

TIT2F-preference selection index of each 

alternative is computed by the means of Eq. (8).  

5. The results obtained in step 4 are ordered and the 

final ranking of the candidate recycling programs 

is achieved. 

In order to display the validation of the proposed 

decision-making approach, the final results achieved from 

the presented method are compared with the results of the 

existing literature [7] in Table III. It can be concluded that 

the outcome verifies the introduced method. Furthermore, 

the proposed approach could be better than the existing 

methods since it is based on the concept of type-2 fuzzy 

sets and consequently is able to explain and calculate 

uncertainty better and with more flexibility. This 

enhancement is shown in the calculations and also in the 

defined linguistic variables. This approach, despite 

increasing complexity of calculations, provides the 

experts with more power and flexibility in expressing 

uncertainty. 

 
TABLE III 

  RANKED SCENARIOS  

Alternatives Ranking byproposed 

method 

Ranking results 

by Ref. [7] 

4 4 

 3 3 

1 1 

 2 2 
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IV. CONCLUSIONS 

The increasing rate of electronic and electrical waste 

makes having some well-developed plans to deal with this 

increasing volume of waste very important. One of the 

most acceptable ways that not only avoids unnecessary 

landfilling but decreases the efforts of mining and energy 

consumption is recycling. In other words, more and more 

e-waste is produced on a daily basis and this volume of 

waste cannot be all landfilled due to legislation 

restrictions and environmental impacts. Therefore, firms 

face different recycling programs to deal with e-waste. 

Sometimes firms have to review their recycling program 

and evaluate the candidate plans to find the most effective 

solution. Since this subject is a recent and new problem 

and this manufacturing decision-making process takes 

place in uncertain environment, this paper introduces a 

modern approach of assessing recycling programs under 

uncertainty. To model the highly uncertain environment 

of manufacturing, triangular interval type-2 fuzzy sets 

(TIT2FSs)are employed in this process. Moreover, a 

TIT2F preference index is developed in this paper. To 

display the applicability of the presented model, an 

existing example from the literature is adopted and 

solved. The algorithm is illustrated step by step for the 

example and the results are presented. To verify the 

model, the results are compared with the existing results 

in the literature. Finally, the advantages of the presented 

model in comparison with similar studies on the issue of 

e-waste recycling program selection are pointed out. For 

future studies, developing an intelligent decision support 

system to address this issue could provide a pragmatic 

subject. 
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