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 Pressure from users and by government for recycling electronic waste (e-waste) has 

resulted in efforts to take back end of life (EoL) electronic products. This is because of 

the hazardous contents in these products. Legislations aimed at forcing manufacturers 

to take responsibility for their products at EoL has eitheimportance or been adopted or 
is impending in many countries such as Iran. This emphasises the f methods for 

management of e-waste. In addition to environmental issues, recovering of EoL 

electronic products will result in social and economical benefits. In this paper a multi 
objective mathematical model based on sustainable development aspects has been 

developed to select the best EoL alternatives for recovering e-waste component. To 

solve the model, multi-objective genetic algorithm tool was investigated and a case 
study with data from industry was used to validate the model. 
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INTRODUCTION 

 

 There are variety of  electronic products  such as computers, printers, televisions, refrigerators, mobile 

phones, music players, medical equipments and so on which are considerate as e-waste at their EoL. The 

increasing importance of recovering and the related issues of sustainable development (SD) have prompted a 

discussion on the future of electronic scrap.  A number of forecasting assumptions was applied which predict 

that total waste electrical and electronic equipment (WEEE) will grow between 2.5% and 2.7% annually [19]. 

The UNEP (united nations environment programme) estimates that the world produces up to 50 million tons of 

e-waste per year. This growth of e-waste is due to some factors such as both increasing population, electronic 

product ownership and the decrease in the product life cycle, changes in consumer attitude and radical advances 

in technology. Even though recycling the WEEE has economical and social benefits, e-waste contains myriad 

toxic substances, such unfettered growth poses a serious threat to the environment and human health. That is 

why we should look for exploring the way to emphasize the strategies for EoL alternative selection. To tackle 

this problem, various initiatives have been undertaken directing electrical and electric equipment (EEE) 

manufacturers toward an integrated approach aimed at the development and management of products in an 

environmentally friendly way, by recycling WEEE at the EoL phase [17].Within this perspective some 

legislations such as WEEE directives, extended producer responsibility (EPR) and restrictions of hazardous 

substances (RoHS) have forced producer to take responsibility of their products at their EoL. European union 

had approved its directives 2002/96/EC [13] and 2002/95/EC [14] regarding WEEE. RoHS banned use of 

hazardous substances such as lead, cadmium, chromium, mercury, polybrominated biphenyls (PBB) and 

polybrominated diphenyl ethers (PBDE) in EEE [30].  

  EPR motivates manufacturers to manage their products at their own expenses and meet specified EOL 

product recovery targets. The ultimate goal of EPR is sustainable development through environmentally 

responsible product development and product recovery [29].  

  Large companies in countries all over the world are responding to these legislations. Consequently WEEE 

management has been a field interested by both politician and scientists. There is an increased interest from 

producers, consumers and authorities for the products management at the EoL phaset [6]. Over next 10 years in 

Iran sales of computers will rise rapidly. If there is no action to be taken for recycling the large amount of 

hazardous in electronic products, there will be serious consequences for the environment [22]. Iran is on the way 
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to prepare legislations about WEEE, so every EEE producer in Iran will have to reform and set up its 

organization according to this regulations and take responsibility for its e-waste. The following definitions for 

recovery alternatives are used in this paper:   

 Reuse implies that items are used by a second customer without prior repair operations or as originally 

designed. Refurbishing is the process of restoring components to a functional and/or satisfactory state to the 

original specification, using methods such as resurfacing, repainting, etc. Remanufacturing is the process of 

bringing an assembly to a like-new condition through replacing and rebuilding component parts at least to their 

current specification. Recycling is the process of taking a component material and processing it to make the 

same material or useful degraded material [21]. Recovering value from products, social and environmental 

impacts are influent factors in selection of the best alternative for EoL. Each alternative for treating a WEEE at 

its EoL has its consequences from a economical, social and environmental point of view. For EoL alternative 

selection a systematic management tool is essential to effectively maximize economical and social impacts and 

at the same time minimize the environmental impacts. In order to offer a decision making support tool to assist 

manufactures on the decision making for the selecting best alternative for EoL alternative selection for their 

product, a MOMM is developed. To calculate the social criterion in multi objective mathematical model, 

analytical hierarchy process (AHP, Saaty 1980) approach is used. The model also can be used in recycling all 

kinds of electromechanical scraps as well. To solve the MOMM, a multi objective genetic algorithm is applied 

to optimize product EOL decisions. With the developed model only those components that do not have any 

economic value and are not harmful for environment end up in landfills, while the majority of the components 

are reused, refurbished, remanufactured and recycled. The reminder of this paper is organized as follows. 

Section 2 gives an overview of the related literature on management of e-waste. Section 3 develops a model to 

select the best alternative for recovering a electronic product. The application of the developed methodology is 

demonstrated employing a real-world case study namely computer in section 4. Section 5 provides the results 

and the relevant discussions. Finally, Section 6 concludes the paper and lists future studies. 

 

2. Literature: 

 There are a lot of research categories on WEEE such as the scope of the nation, WEEE and its management 

in the reverse logistic concept, especially recycling and its technical procedures, WEEE regulations, e-waste 

management applications and optimization of key facts of different types of e-waste management. A few 

authors presented the papers in the multi-criteria decision aid based evaluation of EoL strategy for EEE by 

dealing with social impacts.  

 Abu Baker and Rahimifard [1] used environmental and economical assessment (namely Eco2) to select an 

alternative for recycling from two available alternatives for a refrigerator. Eco2 assessment was based on 

environmental and economical indicators. Bufardi et al. [6] propose an multi-criteria decision-aid approach to 

evaluate some available alternatives for recycling a vacuum cleaner. The ELECTREIII (Roy 1978) based 

evaluation considers economical and environmental impacts as the main criteria for EoL alternative selection. 

The output of the model is ranked alternatives which were predefined by authors. Gherghe et al. [15] employ a 

fuzzy multi criteria decision aid to use EoL alternative selection in design phase of a product. Shokohyar et al. 

[35] proposed a model to integrate service and product EoL management. Social impacts have not been 

considered in this work. Dhouib and Elloumi [11] proposed a new multi-criteria approach for management a 

product at its EoL phase. Qualitative and quantitative criteria have been considered in this paper. They ranked 

some available alternatives for recovering a personal computer (PC) at its EoL phase. Moreover, Chan [8] 

considered the selection of EoL alternative as a multi-criteria decision analysis that uses gray rational analysis to 

solve the problem at the material level of a product. Khetriwal et al. [24] introduce the concept of EPR and its 

application at EoL phase for WEEE. In parallel, Bereketli et al. [5] developed a liner programming technique 

for evaluation of WEEE at EoL phase in fuzzy environment. The problem was considered as a multi attribute 

group decision making with preference information on EoL alternatives. A few EoL alternatives , , are 

considered in this paper. Kuo [25] investigates recycling and disassembly of e-waste at EoL phase. Perti net 

analysis (PNA) is employed to solve the WEEE disassembly problem. The PNA based evaluation considers 

environmental impact and costs as the main criteria for the best scenario of disassembly process. Furthermore, a 

multi-criteria matrix methodology to assist manufacturers on their decision-making for selecting the optimal 

EoL alternatives was developed by Iakovou et al. [20]. The residual value, environmental burden, weight, 

quantity and ease of disassembly of each component have been considered as criteria in this methodology. 

Another method is provided by Behdad et al. [4] to consider disassembly and EoL problems simultaneously. To 

what level of disassembly a product should be disassembled and for that particular disassembly sequence, which 

EoL alternative is appropriate, are two outputs of the developed model. However limited EoL alternatives and 

only economical aspect was considered in this work. 

 Further characteristics of reviewed literatures are summarized and compared in Table 1. 
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Table 1: Summarized literature review on EoL alternative selection. 

Methodolog

y 
EoL 

alternative 

for 

Each part 

Criteria WEEE EoL alternatives Research 

Work Economic
al 

Environmental Social Disposal RC RM RU/
RF 

Linker 
Software 

                  Ishii et al 
(1994) 

EoL design                   Rose et al 

(2001) 
ELECTREI

II 
                  Buffardi et 

al (2004) 
Gray 

rational 
analysis 

                  Chan (2008) 

PROMPTH

EEII 
                  Dhouib & 

Elloumi 

(2011) 
Mathematic

al model 
                  Lee et al 

(2001) 
Eco2 

methodolog
y 

                  Abu 

Bakar& 
Rahimifard 

(2008) 
Mathematic

al model 
                  Shokohyar 

and 

Mansour 

(2012) 
Perti net 

analysis 
                  Kuo (2013) 

Mathematic

al model 
                  Current 

research 
 

 Evaluating a product with 12 parts and 6 EoL alternatives of this paper requires considering 6
12

 possible 

solutions. Comparing all of these solutions would not be possible in feasible time. Therefore MOGAII is 

adopted to select EoL alternatives. This paper develops a MOMM that considers social, environmental and 

economical impacts. Also most alternatives to recover EoL products are considered. 

 

3. Problem definition: 

  According to EPR and other legislations, manufacturers and importers are responsible for taking back their 

product at EoL phase [29]. To recover the EoL personal computers (PCs), this paper focuses selecting the 

appropriate EoL alternatives for each part of a PC with respect to environmental, social and economical criteria. 

Six alternatives for recovery are available: reusing (RU), refurbishing (RF), remanufacturing (RM), recycling 

(RC), incineration (IN) and land filling (LF) [18]. Each alternative has its own consequences from 

environmental, economical and social points of view. Four indicators for social impacts are considered in this 

paper as mentioned in literature [7,12,2]. These indicators are employment, damage to workers, local 

development and product risk.  

The objectives of the model are: 

Maximizing the total benefits of a product recovery during its EoL phase. 

Minimizing the environmental impacts of a product recovery during its EoL phase. 

Maximizing the social benefits of  recovering a product during its EoL phase. 

 With respect to important concerns of developing countries such as Iran and consulting with the panel of 

experts, four criteria in social consideration are finally chosen. Each EoL alternative has its social consequences 

from employment, damage to worker, local development and product risk of view.  

 

3.1. The mathematical model:  

 This section presents the model. Indices parameters and decision variables are listed as bellow: 

 

Indices And Parameters: 

N:  Number of parts 

I: Index set of product parts   i=1,2,...,n 

j: Index set of EoL alternatives  j=1,2,...,6  (j=1 for RU, j=2 for RF, j=3 for RM, j=4 for RC, j=5 for IN and j=6 

for LF) 

EoL recovery gain for part i at EoL alternative j 

 Environmental impact for selecting EoL alternative j for part i 

Social impact for selecting EoL alternative j for part i 

 Assembly cost 
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Disassembly cost 

=Remanufacturing cost of the part i 

Recycling cost of part i 

Take back cost 

=Landfill cost of the part i 

=Incineration cost of the part i 

New material purchase cost of part i 

=EoL recovery cost for part i at EoL alternative j 

 Environmental impacts of product take back 

 Environmental impacts of disassembly 

 Environmental impacts of assembly 

= Environmental impacts of remanufacturing part i 

 Environmental impacts of recycling part i 

= Environmental impacts of land filling part i 

= Environmental impacts of incineration of part i 

 Environmental impacts of replacing part i 

=Normalized weight of employment 

=Employment score of EoL alternative j for part i 

=Normalized weight of working condition 

=Damage score of EoL alternative j for part i 

=Normalized weight of local development 

=Local development score of EoL alternative  j for part i 

=Normalized weight of product risk 

=Product risk score of EoL alternative j for part i 

 

Variables: 

 are decision variables (in case study j=1,...,6 and i=1,...,12) 

=1 if alternative j is selected for recovering part i, otherwise 0 

 

Three Objective Functions: 

 The economical objective function with respect to notations is: 

Max =                    (1) 

Where: 

= +                                  (2) 

=                                                              (3) 

=                                                   (4) 

=                                                  (5) 

=  +                                                    (6) 

= +                                    (7) 

 

And the environmental objective function is: 

Min =                                 (8) 

Where: 

= +                                 (9) 

=                                                           (10) 

=                                                 (11) 

=                                               (12) 



805                                                                        Abbas Raad et al, 2014 

Advances in Environmental Biology, 8(10) June 2014, Pages: 801-811 

=                                                 (13) 

= +                                 (14) 

 

Finally the social objective function is: 

Max = +N                     (15) 

 

The constraints are as below: 

For each part only one EoL alternative can be selected 

+             (16) 

Binary variables should be restricted to ‘0’ or ‘1’ 

=0,1                                                (17) 

 

3.2. Solution method: 

 The NSGAII algorithm [9] is adopted  to find the different pareto-optimal solution for the above multi-

objective mixed integer nonlinear programming. This algorithm has been used in similar literature in the field of 

EoL alternative selection. The following sections describe in details how the multi objective genetic algorithm 

has been implemented. 

 

Representation: 

 In the GA algorithm, to solve the problem, each segment can have a number of binary genes. EoL 

alternatives for each part are represented with six binary gens. Number ‘1’ devotes the selected EoL alternative 

and number ‘0’ means no alternative is selected. In each segment only one gene has value of ‘1’. i.e. only one 

EoL alternative should be selected for each part of product. Segment 12×6 represents the EoL alternatives for 12 

parts. Fig.1 shows an example for representation and its corresponding chromosome. 

 

 
 

Fig. 1: Chromosome representation for GA algorithm. 

 

 In this example first six gens of the chromosome belong to part 1. The 2rd gene with value of ‘1’ indicates 

that part 1 should be reused. Similarly part 2 should be remanufactured.  

 

Fitness Function: 

 In multi-objective optimization the key point is how to consider the fitness value of the chromosome . The 

fitness value of each chromosome shows how good it is based upon its achievement of objectives. Each 

chromosome has three fitness values with respect to economical, environmental and social objective function. A 

chromosome specifies the EoL alternative which can be transformed to benefit, environmental and social 

objective functions with Eqs. (1), (8) and (15). 

  For instance the chromosome shown in Fig.1 can be considered as economical, environmental and social 

objective functions, shown in Fig.2. 

 

Crossover Operator: 

 The segment based crossover operator is applied to generate new chromosome from the population [2,3]. 

This operator is based on uniform crossover, i.e. each segment of offspring is randomly selected with equal 

chance among the segments of parents. ‘1’ value in gene means that the selected segment of parents will transfer 

their genetic materials to each other while ‘0’ means otherwise. The operator creates two offsprings (Fig.3).  
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Fig. 2: Fitness function example. 

 

 
Fig. 3: Crossover operation. 

 

Mutation Operator: 

 Similar to crossover operator, segment-based mutation has been applied based on the binary segment. This 

operator randomly selects two gens from the corresponding segment and exchanges their places. Fig. 4 is an 

example. 

 
 

Fig. 4: Mutation operation. 

 

Selection Mechanism: 

 Initial population is randomly generated and pareto-optimal set is created by non-dominated sorting on the 

initial population. None-dominated sorting creates a number of fronts of none-dominated solution in which the 

first front includes solutions that cannot be dominated by other solutions. To build a new population the GA 

algorithm starts from the first front and selects solutions until the number of selected solutions equals to the 

population size. If the number of solutions in the first front be less than the population size, the algorithm goes 

through the other fronts to choose the new solutions. If there are more than one alternative to choose for new 

population, the crowding distance measure will be applied [9]. In each iteration pareto optimal frontier is 

updated by the new individuals obtained with the genetic algorithm. 

 

Terminating the algorithm: 

 Terminating condition limits the total number of iterations. In this paper the terminating condition will be 

set to a predefined number. 

 

4. Illustrative example: 

 A PC (Pentium  IV ABA PC) was selected to be used in the developed model. The data come from the PC 

market in Iran. There are over 1 million scrap computer in Iran. The scrap computers and its growth is shown in 

Fig.5 [22]. 

 The Data have been provided by field engineers of the recovery centres that provide six EoL alternatives 

[27].  Table 2 lists the parts of the computer and possible EoL alternatives for each part.                    
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Fig. 5: Scrap PC in Iran. 

 
Table 2: Computer parts and EoL alternatives. 

Part Monitor Floppy drive Keyboard Hard-drive CD-rom Mother board 

EoL alternative RU-LF RU-RC-LF RU-RF-RM-RC-IN-LF RC-LF RF-RC-LF RC-LF 

Part Power supply Sound card Video card Modem Cables Housing 

EoL alternative RU-IN-LF RU-RC-LF RC-LF RU-RF-RC-LF RU-RC-IN-LF RU-RM-RC-LF 

 

 Sample input data for a keyboard is shown in Table 3. 

 
Table 3: Economical value ($) of each EoL alternative for keyboard. 

RU RF RM RC IN LF 

4.73 4.12 3.59 4.33 0.85 0.22 

 

 AHP approach was adopted based on experts’ opinions, to estimate the social impacts of each EoL 

alternative. The hierarchy of decision maker for social impacts of given EoL alternative is shown in Fig. 6.  

 
 

Fig. 6: Hierarchy of social impacts of given EoL alternative. 

 

 Continuous scale from 1 to 12 has been chosen for pair-wise comparisons based on Expert Choice software 

This scale is for higher precision of comparisons. Two samples of comparisons matrices are shown in Tables 4 

and 5. Each number with its corresponding row and column, shows the relative importance of the issue in the 

row compare to the issue in the column. These comparisons have been made by individuals in the panel of 

experts. The mean results have been given in this paper.  

 
Table 4: Comparisons of the relative importance of criteria. 

 Employment Damage to work Product risk Local  development 

Employment - 8.00 8.00 4.5 

Damage to work - - 2.00 0.4 

Product risk - - - 0.3 

Local development - - - - 

 

Table 5: Comparisons of the relative importance of EoL alternatives with respect to local development. 

 RU RF RM RC IN LF 

RU - 1.7 2.0 1.5 4.3 5.0 

RF - - 2.5 2.3 0.3 0.2 

RM - - - 3.0 3.0 4.0 

RC - - - - 4.2 4.7 

IN - - - - - 1.2 

LF - - - - - - 

 

 The relative weight of social criterion is shown in Table 6.  

 
Table 6: Weight of social criterion 

Criteria Wight 

Employment 58.6% 

Damage to workers 10.3% 

Local development 23.7% 

Product risk 7.4% 
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 Table 7 summarizes the social impacts of each EoL alternative for a keyboard.  

 
Table 7: Social impacts of each EoL alternative for a keyboard. 

EoL alternative Social impact(×100) 

RU 3.0 

RF 4.0 

RM 3.6 

RC 3.8 

IN 2.2 

LF 2.0 

 

 To calculate the environmental impacts of each EoL alternative, Simapro software [37] has been used. 

Simapro is a well-known, internationally accepted tool that has been used in vast majority of life cycle 

assessment studies [16,28]. In this paper Simapro v6.0, PhD version, has been used. The weight and material 

type of each part of product and processes required to perform each EoL alternative are as input data for 

environmental impacts calculation. By applying these data also Simapro global database, the environmental 

impacts are calculated (See the below procedure).  

 A procedure for calculation of environmental impact by Simapro 

Input data include: 

-material type 

-weight of product and parts 

-eol alternatives 

       2)  Impacts calculation for alternatives based on: 

-greenhouse effect 

-acidification 

 -energy                                                      

-ozone layer depletion 

-pesticides                                                   

-solids 

-summer smog                                           

-winter smog 

-heavy metals                                              

-eutrophication 

-carcinogens 

       3) Normalization of the impacts from previous step 

       4) Converting the normalized number into an eco-point unit 

 

As an example, sample result for a keyboard is shown in Table 8. 

 
Table 8: Environmental impacts (mille point) of each EoL alternative for a keyboard. 

EoL alternative RU RF RM RC IN LF 

Environmental impacts 0.2 7.08 7.88 5.72 9.06 12.22 

 

5. Results and relevent discussions: 

 To solve the example problem, MOGA has been applied. After number of preliminary experiments, 

crossover rate, mutation rate and population size are set at 0.6, 0.1 and 100 respectively. The algorithm was 

stopped after 130 generations and 20 different solutions were found. These solutions are listed in Table 9.  

 These solutions correspond to the decision maker’s preferences. For more explanation at first the problem is 

solved with only one of three objective functions. The optimal results for each function (f*i) are calculated. 

Considering only the economical function in the model, the objective function value for economical, 

environmental and social functions are 490.2, 452.1 and 215 respectively. If only environmental function is 

considered, the objective function value for economical, environmental and social functions are 492.3, 450.0 

and 206 respectively. For only social objective function, the amounts of economical, environmental and social 

functions are 501.7, 502.7 and 286 respectively. 

 The weighted percent deviation (WPD) between a parteo-optimal (i.e.  that is jth objective function value 

for solution i) and f*i is calculated according to Eq.18 (Dehghanian and Mansour) 

                               (18) 

 

 There Wj is the weight of each function and is defined by decision maker and represents the importance of 

each objective function. Since different objective functions have different units, the distances have been 
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normalized via dividing by the optimal single objective function value. WPD has been calculated based on 0.7 

for economical, 0.2 for environmental and 0.1 for social objective function. The calculated WPDs for the 

solutions are shown in Table 10. 

 
Table 9: Pareto-optimal solutions of the case study. 

Solution number Economical value Environmental value Social objective 

1 503.1 460.1 219 

2 518.8 460.8 241 

3 513.5 507.3 259 

4 484.7 518.1 280 

5 513.7 506.6 260 

6 516.4 501.3 253 

7 517.7 500.2 230 

8 515.2 507.8 256 

9 519.3 505.4 229 

10 503.3 510.6 281 

11 491.3 452.1 215 

12 510.2 457.3 200 

13 502.8 502.7 286 

14 499.8 453.4 240 

15 500.2 452.1 210 

16 493.4 450.0 206 

17 494.6 449.3 190 

18 492.7 509.4 270 

19 518.4 462.1 221 

20 492.8 461.3 246 
 

Table 10: Weighted pareto-optimal solutions of the case study. 

Solution number 1 2 3 4 5 6 7 8 9 10 

WPD 3.97 4.08 4.48 4.68 4.29 4.44 4.49 4.59 4.50 4.69 

Solution number 11 12 13 14 15 16 17 18 19 20 

WPD 3.94 4.29 4.27 4.56 4.59 4.55 8.66 8.10 9.18 7.28 

 

 WPD gives a good analysis of the pareto-optimal solution. As much as WPD below, as that amount the 

agreement between decision maker’s preferences will be more. The stakeholder can select the pareto-optimal 

solution based on his/her preferences about each objective function defined by WPD. Since profit objective 

value in solution11 equals to ideal value and the weight of the profit is the highest, and its WPD is lowest, this 

solution seems to be the best solution in pareto-optimal solutions. For this solution EoL alternative decision is 

listed in Table 11. 

 
Table 11: Eol alternative for a pareto-optimal solution. 

Part Monitor Floppy drive Keyboard Hard-drive CD-rom Mother board 

EoL alternative RF RC RM RC RC RC 

Part Power supply Sound card Video card Modem Cables Housing 

EoL alternative IN RC RC RU IN LF 

 

6. Conclusion: 

 The aim of this paper was to develop a multi objective mathematical model for evaluation and selection of 

an end of life (EoL) alternative for electronic products. In other words, the research resulted in a decision 

support tool to recover EoL electrical and electronic products based on sustainable development (SD) aspects. 

Regarding the concept of SD the objectives of the developed model were (1) maximizing the total benefit of 

processing the E-waste, (2) minimizing the total environmental impacts of all activities associated with EoL 

alternative selection, (3) maximizing the social benefits for recovering. Environmental impacts of each EoL 

alternative were quantified using Simapro software. Also analytical hierarchy process methodology was used to 

obtain the social impacts. Multi objective genetic algorithm was applied to reach pareto-optimal solutions. To 

provide good inside of the solutions, the concept of weighted percent deviation was introduced. A case study of 

personal computer was made to illustrate the application of the model. For future work considering the level of 

disassembly with EoL alternative selection is recommended as integrated model. The output of this model can 

be an input for the network design of waste from electrical and electronic equipment. Also social impacts can be 

calculated with other tools. 
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