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Abstract

:

Minimizing the impact of electronic waste (e-waste) on the environment through designing an effective reverse supply chain (RSC) is attracting the attention of both industry and academia. To obtain this goal, this study strives to develop an e-waste RSC model where the input parameters are fuzzy and risk factors are considered. The problem is then solved through crisp transformation and decision-makers are given the right to choose solutions based on their satisfaction. The result shows that the proposed model provides a practical and satisfactory solution to compromise between the level of satisfaction of constraints and the objective value. This solution includes strategic and operational decisions such as the optimal locations of facilities (i.e., disassembly, repairing, recycling facilities) and the flow quantities in the RSC.
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1. Introduction


The latest technological advances have considerably shortened the lifetime of electronic products. Currently, obsolete or old electronics are rapidly being replaced by new models with more advanced functions and attractive designs [1]. This has led to electronic waste (e-waste) being one of the world’s fastest-growing wastes and it is estimated to increase to 52.2 million tonnes (mt) of e-waste in 2021 [2]. Current statistics show that China is the world’s top e-waste producer, having generated 10.1 million tonness of e-waste in 2019. These numbers for Africa, America, Asia, and Europe are 2.9 mt, 13.1 mt, 24.9 mt, and 12.9 mt, respectively. Values of raw materials which can be extracted from e-waste are 3.2 billion, 14.2 billion, 26.4 billion, and 12.9 billion regarding Africa, America, Asia, and Europe, respectively. The data have shown that e-waste is a valuable resource and has a crucial impact on the economy [3]. The mismanagement of e-waste can lead to serious effects for the environment and humans [4,5]. For instance, a large amount of e-waste in Guiyu, China, which is normally processed with manual methods and improper techniques, resulted in significant impacts on soil, water, and human health [6]. However, e-waste also comprises approximately 60 different types of metals including some valuable metals such as gold, copper, aluminum, silver, steel, and iron [7]. To diminish the significant impact of e-waste and recover valuable raw materials, a reverse supply chain (RSC) operation is considered as an effective approach [8,9]. RSC is a set of different activities which aims to reuse or recycle a returned/used product from end-users or dispose of it suitably [10]. Competitive advantages, customer loyalty, environmental regulations compliance, and cost reduction can be achieved through RSC operation [11,12,13,14,15].



RSC has been investigated by many scholars [16,17,18,19,20,21,22,23,24,25,26,27,28]. However, most research considers parameters in RSC that are deterministic or known in advance, whereas the RSC system is normally known as a dynamic operation with a high level of uncertain data such as return rate, relevant costs, capacity, etc. [23,29,30,31,32,33]. To handle these imprecise data, stochastic techniques have been utilized [34,35,36,37]. However, using a stochastic method normally causes two main issues. Firstly, in some practical situations, collecting historical data is not enough to be used for uncertain parameters so it is quite a challenge to obtain the exact random distributions for these parameters. Secondly, a stochastic approach, used in previous studies, is normally used through different scenarios for modelling the uncertainties which might cause heavy computational burdens [38]. In this regard, to cope with the difficulties of stochastic methods, the fuzzy approach has been considered as a potential solution since it can solve imprecise data and different types of uncertainties at the same time with high computational efficiency [39]. A few studies [40,41,42,43,44,45] applied the fuzzy method to cope with supply chain management problems. Liang [42] proposed an interactive fuzzy multi-objective linear programming (FMOLP) to solve transportation problems with the minimization of the total distribution costs as well as the delivery time. FMOLP is the method that was developed to solve the multiple fuzzy linear programming by integrating the satisfaction of the decision-maker through the auxiliary variable L. If the solution is L = 1, then each objective is fully satisfied; if 0 < L < 1, then all of the objectives are satisfied at the level of L, and if L = 0, then none of the objectives are satisfied.



Furthermore, a supply chain system involves various activities across many organizations including suppliers, producers, retailers, and customers and due to this fact, there might be a high degree of risks involved across the supply chain [46,47]. According to Kumar et al. [48], risks in a supply chain operation can be considered as a potential variation from the initial plan, which can cause non-value-added activities at different stages. In supply chain risk management, the probability is defined as a measure of how often an unexpected event results in a potential loss while impact indicates the importance of the loss to the company [49]. Studies about risks in forward supply chains including demand risks, transportation risks, supply risks, delay risks, information risks, etc., were conducted by some researchers [50,51,52,53]. Note that risks are included in some forward supply chains but are rarely examined in RSC models.



According to the literature, existing models are insufficient to represent a practical e-waste RSC. To overcome this gap, this study aims to propose a multi-product, multi-tier RSC model for e-waste with risk costs incorporated. Risk factors in RSC models can lead to a significant impact on the entire RSC cost [54]. Risks normally occur during treatment processes and shipping activities due to many types of dangerous substances in e-waste [55,56]. In addition, most input data (e.g., all costs involved, the capacity of centers, return rate, risk factors, etc.) in the proposed model are considered as fuzzy in nature, which can handle uncertain parameters in real situations. The proposed model aims to minimize the total cost including collection, set-up, processing, shipping, disposal, and risk costs as well as the profit obtained from selling recovery materials and used items. Furthermore, the proposed model also applies an interactive fuzzy solution which can generate a practical and satisfactory solution to balance the conflict between minimizing the objective value and improving the degree of satisfaction constraints. This research will aid managers in the decision-making process particularly in selecting the optimal locations and the flow of materials. Compared to existing research, this proposed model suggests the actual total cost of the RSC network, which is closer to the reality as risks and uncertainties are simultaneously considered.



The body of this paper is organized as follows. The description of the problem is presented in Section 2, whereas the mathematical model is elaborated in Section 3. The proposed solution approach is reported in Section 4. In Section 5, an example with three scenarios is used to show the usefulness of the proposed model. Lastly, conclusions and some future directions are detailed in Section 6.




2. Problem Description


The quantity of e-waste was nearly 50 million tons in 2018 [57], which has led to serious impacts on the environment and public health. With the designing of an e-waste RSC model, e-waste is classified and treated in proper centers which can recover raw materials and dispose of hazardous materials properly. Figure 1 presents a generic RSC network for e-waste, including four stages:



At the first stage, the end-of-life (EoL) products or discarded products from customers are gathered at collection centers (C). The customers can come from private households, company, retailers, etc., and they are able to drop-off their EoL products at collection centers. According to Yuksel [58], there are five common collection models used such as drop-off events, permanent collection points, curbside collection programs, retail collection, and non-profit collection. For example, curbside collection is a popular method to collect e-waste since it is regular, convenient, and available in urban areas to handle bulky waste for residents. On the other hand, drop-off events (one day or some days) can be a common way to collect e-waste, especially from non-urban areas where residents may not have easy to access to collection points. At the collection centers, inspection and sorting are conducted. These products are then transferred to dismantling centers (D) to dismantle them into different components and materials. Items in good condition are directly sent to secondary markets (S), whereas unrecoverable components or toxic waste are delivered to a landfill site (L) for special treatment. Ferrous metals and plastics are sent to recycling centers (R) to be recycled, while non-working parts are transported to repairing centers (E). Lastly, recyclable substances and renewable parts are transferred to main markets (M) and secondary markets, respectively. Note that after processing at the main market, the materials can be returned to the forward supply chain.



Currently, the flow from (C) to (L) is usually under the operations of companies. Due to the imposing of regulations in several areas, for example, Europe and Japan, companies also must be in charge of handling their end-of-life products. For convenience purposes, users will return their end-of-life products at some specific locations or to company agents. The agents will wait until the quantities reach a certain level, then send them to the collection centers (C).



From the company’s perspective, the most challenging issue when designing the RSC is the problem of facility location. This would be one of the strategic variables. These facilities will serve to the end of the planning horizon. In this RSC model, the returned products, cost parameters, the capacity of centers, and a fraction of components reused or recycled are major sources of uncertainties. Strategic solutions must take account of these uncertainties. As a result, it is really challenging for decision-makers to determine a proper solution for this problem. In order to consider the effects of uncertainties in these parameters, fuzzy mixed integer programming approach is adopted in this proposed RSC framework to model and handle uncertainties in the e-waste RSC model. An interactive fuzzy approach is employed to create a balance between the objective value and the satisfaction of constraints of managers. This can support them to achieve the desired solution, while satisfying the company’s constraints.




3. A Developed Mathematical Model


To establish an e-waste RSC model with uncertain parameters and risk factors, some assumptions are made in this research and are listed as below:




	-

	
The location of collection centers, the landfill site, and secondary and main markets are known in advance.




	-

	
The transportation cost is calculated depending on the product/part types and the distance travelled.




	-

	
The size of dismantling, repairing, and recycling centers is limited.




	-

	
Pessimistic and optimistic values for all imprecise parameters are identified as 10% less and more of the most likely value adopted from Özceylan and Paksoy [29].









The indices, decision variables, and parameters used in the formulation are listed below:



Indices:



	c
	set of collection centers, c = 1,…, C;



	d
	set of possible locations of dismantling centers, d = 1,…, D;



	e
	set of possible locations of repairing centers, e = 1,…, E;



	r
	set of possible locations of recycling centers, r = 1,…, R;



	s
	set of secondary markets, s = 1,…, S;



	m
	set of main markets, m = 1,…, M;



	l
	set of landfill site, l = 1,…, L;



	p
	set of used products, p = 1,…, P;



	u
	set of reusable parts, u = 1,..., U;



	w
	set of renewable parts, w = 1,…, W;



	i
	set of recycling materials, i = 1,…, I;



	h
	set of disposal parts, h = 1,…, H.








Parameters:



	
      T p  ˜   p   

	
unit transportation cost of used product p ϵ P;




	
      T u  ˜   u   

	
unit transportation cost of reused component u ϵ U;




	
      T w  ˜   w   

	
unit transportation cost of renewable component w ϵ W;




	
      T i  ˜   i   

	
unit transportation cost of recycling material i ϵ I;




	
      T h  ˜   h   

	
unit transportation cost of disposal item h ϵ H;




	
      O d  ˜    p d    

	
unit processing cost of used product p at dismantling center d;




	
      O e  ˜    w e    

	
unit processing cost of renewable component w at repairing center e;




	
      O r  ˜    i r    

	
unit processing cost of recycling material i at recycling center r;




	
    D ˜  h   

	
unit disposal cost of disposal item h;




	
      C L  ˜   p   

	
Unit collection cost of used product p at collection area;




	
      S d  ˜   d   

	
set-up cost of dismantling center d;




	
      S e  ˜   e   

	
set-up cost of repairing center e;




	
  S   r ˜  r   

	
set-up cost of recycling center r;




	
      P u  ˜   u   

	
selling price per unit of reusable component u;




	
      P w  ˜   w   

	
selling price per unit of renewable component w;




	
      P i  ˜   i   

	
selling price per unit of recycling material i;




	
  B  1  c d    

	
distance c–d;




	
  B  2  d s    

	
distance d–s;




	
  B  3  d e    

	
distance d–e;




	
  B  4  d r    

	
distance d–r;




	
  B  5  d l    

	
distance d–l;




	
  B  6  e s    

	
distance e–s;




	
  B  7  r m    

	
distance r–m;




	
  B  8  r l    

	
distance r–l;




	
    A ˜   p c    

	
the amount of used product p at collection center c;




	
      ε 1  ˜    u p    

	
the average unit of reused item u obtained from the used product p;




	
      ε 2  ˜    w p    

	
the average unit of renewable item w obtained from the used product p;




	
      ε 3  ˜    i p    

	
the average unit of recycling material i obtained from the used product p;




	
      ε 4  ˜    h p    

	
the average unit of disposal item h obtained from the used product p;




	
    β ˜  h   

	
the average fraction of disposal item h obtained from recycling center;




	
    β ˜  i   

	
the average fraction of recycling material i obtained at recycling center;




	
      N u  ˜    u s    

	
maximum demand for reused item u at secondary market s;




	
      N w  ˜    w s    

	
maximum demand for renewable component w at secondary market s;




	
      N i  ˜    i m    

	
maximum demand for recycling material i at main market m;




	
      K d  ˜    p d    

	
maximum capacity of used product p at dismantling center d;




	
      K e  ˜    w e    

	
maximum capacity of renewable item w at repairing center e;




	
      K r  ˜    i r    

	
maximum capacity of recycling material i at recycling center r;




	
      K l  ˜    h l    

	
maximum capacity of disposal item h at landfill site l;




	
      P 1  ˜   d   

	
the possibility of an unexpected event occurred at dismantling center d;




	
      P 2  ˜   e   

	
the possibility of an unexpected event occurred at repairing center e;




	
      P 3  ˜   r   

	
the possibility of an unexpected event occurred at recycling center r;




	
      P 4  ˜    c d    

	
the possibility of an unexpected event occurred on the way c–d;




	
      P 5  ˜    d s    

	
the possibility of an unexpected event occurred on the way d–s;




	
      P 6  ˜    d e    

	
the possibility of an unexpected event occurred on the way d–e;




	
      P 7  ˜    d r    

	
the possibility of an unexpected event occurred on the way d–r;




	
      P 8  ˜    d l    

	
the possibility of an unexpected event occurred on the way d–l;




	
      P 9  ˜    e s    

	
the possibility of an unexpected event occurred on the way e–s;




	
      P 10  ˜    r m    

	
the possibility of an unexpected event occurred on the way r–m;




	
      P 11  ˜    r l    

	
the possibility of an unexpected event occurred on the way r–l;




	
      I 1  ˜   d   

	
the impact of an unexpected event occurred at dismantling center d;




	
      I 2  ˜   e   

	
the impact of an unexpected event occurred at repairing center e;




	
      I 3  ˜   r   

	
the impact of an unexpected event occurred at recycling center r;




	
      I 4  ˜    c d    

	
the impact of an unexpected event occurred on the way c–d;




	
      I 5  ˜    d s    

	
the impact of an unexpected event occurred on the way d–s;




	
      I 6  ˜    d e    

	
the impact of an unexpected event occurred on the way d–e;




	
      I 7  ˜    d r    

	
the impact of an unexpected event occurred on the way d–r;




	
      I 8  ˜    d l    

	
the impact of an unexpected event occurred on the way d–l;




	
      I 9  ˜    e s    

	
the impact of an unexpected event occurred on the way e–s;




	
      I 10  ˜    r m    

	
the impact of an unexpected event occurred on the way r–m;




	
      I 11  ˜    r l    

	
the impact of an unexpected event occurred on the way r–l.




	
Note that symbols with a tilde (~) denote uncertain parameters.









Based on the four-tier RSC network, the main goal of the developed model is to suggest a mathematical model to minimize the overall cost through the entire RSC system. Total cost includes the sum of collection costs, set-up costs, processing costs, transportation costs, disposal costs, and risk costs and minus the profit obtained from selling used items and recovery materials (as seen in Equation (1)). The explanations and mathematical formulations of these components are presented in Equations (2)–(8).



Objective function


Total cost (Z) = collection costs (T1) + set-up costs (T2) + processing costs (T3) + transportation costs (T4) + disposal costs (T5) + risk costs (T6) − profit received from selling recovery materials and used items (P)



(1)







Collection costs (T1) are to collect EoL products from consumers, end-users, or retailers, which can be described in Equation (2).


  T 1 =   ∑   c = 1  C    ∑   d = 1  D    ∑   p = 1  P  Q  1  c d p   ×     C L  ˜   p     



(2)







Note that       C L  ˜   p    is an uncertain parameter because it is challenging to estimate the collection cost exactly, which depends on the quality and volume of return products.



Set-up costs (T2) are the cost for building dismantling, recycling, and repairing centers, which can be calculated using Equation (3).


  T 2 =     ∑   d = 1  D   X d  ×     S d  ˜   d  +   ∑   e = 1  E   X e  ×     S e  ˜   e  +   ∑   r = 1  R   X r  ×     S r  ˜   r       



(3)







Processing costs at the treatment centers can be defined as Equation (4).


  T 3   =     ∑   c = 1  C    ∑   d = 1  D    ∑   p = 1  P  Q  1  c d p   ×     O d  ˜    p d   +   ∑   d = 1  D    ∑   e = 1  E    ∑   w = 1  W  Q  3  d e w   ×     O e  ˜    w e   +   ∑   d = 1  D    ∑   r = 1  R    ∑   i = 1  I  Q  4  d r i   ×     O r  ˜    i r    



(4)







Transportation costs for shipping different types of parts from one center to another center are presented in Equation (5).


   T 4 =   ∑   c = 1  C    ∑   d = 1  D    ∑   p = 1  P  Q  1  c d p   × B  1  c d   ×     T p  ˜   p  +   ∑   d = 1  D    ∑   s = 1  S    ∑   u = 1  U  Q  2  d s u   × B  2  d s   ×     T u  ˜   u       +   ∑   d = 1  D    ∑   e = 1  E    ∑   w = 1  W  Q  3  d e w   × B  3  d e   ×     T w  ˜   w  +   ∑   d = 1  D    ∑   r = 1  R    ∑   i = 1  I  Q  4  d r i   × B  4  d r      ×     T i  ˜   i  +   ∑   d = 1  D    ∑   l = 1  L    ∑   h = 1  H  Q  5  d l h   × B  5  d l   ×     T h  ˜   h  +   ∑   e = 1  E    ∑   s = 1  S    ∑   w = 1  W  Q  6  e s w      × B  6  e s   ×     T w  ˜   w  +   ∑   r = 1  R    ∑   m = 1  M    ∑   i = 1  I  Q  7  r m i   × B  7  r m   ×     T i  ˜   i     +   ∑   r = 1  R    ∑   l = 1  L    ∑   h = 1  H  Q  8  r l h   × B  8  r l   ×     T h  ˜   h    



(5)







The disposal costs for toxic substances can be found by Equation (6).


  T 5 =  (    ∑   d = 1  D    ∑   l = 1  L    ∑   h = 1  H  Q  5  d l h   +   ∑   r = 1  R    ∑   l = 1  L    ∑   h = 1  H  Q  8  r l h    )  ×   D ˜  h     



(6)







Risk costs (T6) are the cost incurred from the likelihood of any disruptive occurrences that might have an influence on the part of processing costs at treatment centers and transportation costs. In a supply chain system, the risk score is calculated by multiplying the probability and the loss of occurrence [59]. In this study, the first three terms of risk costs in Equation (7) represent the risk resulting from unexpected events such as accidents, technological issues, or less manpower during the treatment of EoL products or parts at dismantling, repairing, and recycling centers. The rest of Equation (7) presents the risk during transportation activities within an RSC network.


     T 6   =   ∑   c = 1  C    ∑   d = 1  D    ∑   p = 1  P  Q  1  c d p   ×     O d  ˜    p d   ×       P 1  ˜   d  ×     I 1  ˜   d    M a x  (      P 1  ˜   d  ×     I 1  ˜   d   )          +   ∑   d = 1  D    ∑   e = 1  E    ∑   w = 1  W  Q  3  d e w   ×     O e  ˜    w e   ×       P 2  ˜   e    ×     I 2  ˜   e    M a x  (      P 2  ˜   e  ×     I 2  ˜   e   )           +   ∑   d = 1  D    ∑   r = 1  R    ∑   i = 1  I  Q  4  d r i   ×     O r  ˜    i r   ×       P 3  ˜   r  ×     I 3  ˜   r    M a x  (      P 3  ˜   r  ×     I 3  ˜   r   )           +   ∑   c = 1  C    ∑   d = 1  D    ∑   p = 1  P  Q  1  c d p   × B  1  c d   ×     T p  ˜   p  ×       P 4  ˜    c d   ×     I 4  ˜    c d     M a x  (      P 4  ˜    c d   ×     I 4  ˜    c d    )           +   ∑   d = 1  D    ∑   s = 1  S    ∑   u = 1  U  Q  2  d s u   × B  2  d s   ×     T u  ˜   u  ×       P 5  ˜    d s   ×     I 5  ˜    d s     M a x  (      P 5  ˜    d s   ×     I 5  ˜    d s    )           +   ∑   d = 1  D    ∑   e = 1  E    ∑   w = 1  W  Q  3  d e w   × B  3  d e   ×     T w  ˜   w  ×       P 6  ˜    d e   ×     I 6  ˜    d e     M a x  (      P 6  ˜    d e   ×     I 6  ˜    d e    )           +     ∑   d = 1  D    ∑   r = 1  R    ∑   i = 1  I  Q  4  d r i   × B  4  d r   ×     T i  ˜   i  ×       P 7  ˜    d r   ×     I 7  ˜    d r     M a x  (      P 7  ˜    d r   ×     I 7  ˜    d r    )                 +   ∑   d = 1  D    ∑   l = 1  L    ∑   h = 1  H  Q  5  d l h   × B  5  d l   ×     T h  ˜   h  ×       P 8  ˜    d l   ×     I 8  ˜    d l     M a x  (      P 8  ˜    d l   ×     I 8  ˜    d l    )           +   ∑   e = 1  E    ∑   s = 1  S    ∑   w = 1  W  Q  6  e s w   × B  6  e s   ×     T w  ˜   w  ×       P 9  ˜    e s   ×     I 9  ˜    e s     M a x  (      P 9  ˜    e s   ×     I 9  ˜    e s    )           +   ∑   r = 1  R    ∑   m = 1  M    ∑   i = 1  I  Q  7  r m i   × B  7  r m   ×     T i  ˜   i  ×       P 10  ˜    r m   ×     I 10  ˜    r m     M a x  (      P 10  ˜    r m   ×     I 10  ˜    r m    )           +   ∑   r = 1  R    ∑   l = 1  L    ∑   h = 1  H  Q  8  r l h   × B  8  r l   ×     T h  ˜   h  ×       P 11  ˜    r l   ×     I 11  ˜    r l     M a x  (      P 11  ˜    r l   ×     I 11  ˜    r l    )         



(7)







Profit from selling used items and recovery materials can be calculated using Equation (8).


  P =   ∑   d = 1  D    ∑   s = 1  S    ∑   u = 1  U  Q  2  d s u   ×     P u  ˜   u  +   ∑   e = 1  E    ∑   s = 1  S    ∑   w = 1  W  Q  6  e s w   ×     P w  ˜   w  +   ∑   r = 1  R    ∑   m = 1  M    ∑   i = 1  I  Q  7  r m i   ×     P i  ˜   i   



(8)







Subject to


    ∑   d = 1  D  Q  1  c d p   =   A ˜   p c    



(9)






    ∑   p = 1  P   (      ε 1  ˜    u p   ×   ∑   c = 1  C  Q  1  c d p    )  =   ∑   s = 1  S  Q  2  d s u     , ∀   d , u  



(10)






    ∑   p = 1  P   (      ε 2  ˜    w p   ×   ∑   c = 1  C  Q  1  c d p    )  =   ∑   e = 1  E  Q  3  d e w   , ∀ d , w  



(11)






    ∑   p = 1  P   (      ε 3  ˜    i p   ×   ∑   c = 1  C  Q  1  c d p    )  =   ∑   r = 1  R  Q  4  d r i     , ∀ d , i  



(12)






    ∑   p = 1  P   (      ε 4  ˜    h p   ×   ∑   c = 1  C  Q  1  c d p    )  =   ∑   l = 1  L  Q  5  d l h   , ∀ d , h  



(13)






    ∑   d = 1  D  Q  3  d e w   =   ∑   s = 1  S  Q  6  e s w   , ∀ e , w  



(14)






    ∑   m = 1  M  Q  7  r m i   =  (    β ˜  i  ×   ∑   d = 1  D  Q  4  d r i    )  ,   ∀ i , r  



(15)






    ∑   l = 1  L  Q  8  r l h   =  (    β ˜  h  ×   ∑   d = 1  D    ∑   i = 1  I  Q  4  d r i    )  , ∀ r , h  



(16)






    ∑   c = 1  C  Q  1  c d p   ≤  X d  ×     K d  ˜    d p   ,   ∀ d , p  



(17)






    ∑   d = 1  D  Q  3  d e w   ≤  X e  ×     K e  ˜    w e   , ∀ e , w  



(18)






    ∑   d = 1  D  Q  4  d r i   ≤  X r  ×     K r  ˜    i r   , ∀ i , r  



(19)






    ∑   d = 1  D  Q  5  d l h   +   ∑   r = 1  R  Q  8  r l h   ≤     K l  ˜    i r   , ∀ l , h  



(20)






    ∑   d = 1  D  Q  2  d s u   ≤     N u  ˜    u s   , ∀ u , s  



(21)






    ∑   e = 1  E  Q  6  e s w   ≤     N w  ˜    w s   , ∀ w , s  



(22)






    ∑   r = 1  R  Q  7  r m i   ≤     N i  ˜    i m   , ∀ i , m  



(23)






   X d  ,  X e  ,  X r  :   b i n a r y    



(24)






  Q  1  c d p   , Q  2  d s u   , Q  3  d e w   , Q  4  d r i   , Q  5  d l h   , Q  6  e s w   , Q  7  r m i   , Q  8  r l h   ≥ 0  



(25)







Constraint (9) is to make sure that all used products are picked up at collection centers. Constraints (10)–(13) represent the results of disassembly processes at dismantling centers. In other words, a returned product at a dismantling center is broken down into different components or materials through a mix of manual and automated process, which are delivered to appropriate centers (e.g., repairing centers, recycling centers, secondary markets, and landfill sites). Constraint (10) stipulates that the flow of directly reusable components at dismantling centers is equal to the incoming flow of these components at secondary markets. Constraint (11) indicates that the flow of faulty components at dismantling centers is equal to the incoming flow of these components at repairing centers. Constraint (12) ensures that the flow of recycling materials at dismantling centers is equal to the incoming flow of these materials at recycling centers. Constraint (13) makes sure that the flow of disposal items at dismantling centers is equal to the incoming flow of these items at landfill sites.



Constraints (14)–(16) ensure flow balance between different centers. Constraint (14) implies that the flow of repaired components is equal to the incoming flow of these components to secondary markets. Constraints (15) and (16) make sure that the flow of recyclable components multiplied by operation efficiency (    β ˜  i   ,     β ˜  h   ) at recycling centers is equal to the incoming flow at main markets and the landfill site, respectively. Constraints (17)–(20) represent the capacity restrictions of different centers. Constraint (17) guarantees that the number of used products is not greater than the maximum capacity of dismantling centers. Constraint (18) shows that the number of faulty components is not greater than the maximum capacity of repairing centers. Constraint (19) ensures that the number of recycling materials does not exceed the maximum capacity of recycling centers. Constraint (20) shows that the number of disposal items does not exceed the maximum capacity of landfill sites.



Constraints (21)–(23) indicate that the number of used items, recovery materials, and renewable components is not greater than the need for secondary and main markets. Constraints (24) and (25) present binary and integer variables, respectively.




4. Proposed Approach


This section demonstrates how fuzzy mixed integer programming (FMILP) is constructed to deal with risk and uncertain factors in the e-waste RSC. In the real world, most input parameters are normally decided through historical data and experts’ knowledge, which is a key challenge in an RSC network design [30]. The reason is that for some practical applications, there is not adequate historical data and it is difficult for decision-makers to determine these parameters exactly in RSC operations. Thus, some studies adopted a stochastic program based on different scenarios to address the issue, which leads to heavy computation [23].



The input data of the RSC for e-waste are considered as unknown parameters (i.e., the number of returns, fixed cost, transportation cost, disposal cost, risk cost, and the capability of centers) because RSC is recognized as a dynamic system with a lot of uncertain factors involved. In most existing research, these parameters are assumed as deterministic and known in advance. This is not true in real-life applications, which always affects the performance of the RSC network. Therefore, the proposed model aims to consider these parameters by triangular fuzzy numbers. To handle these uncertain parameters, an FMILP is adopted. There are two main steps for applying the solution approach. In the first step, the FMILP model is transformed into an auxiliary model [60]. The second step is to implement an interactive fuzzy approach to find the optimal solution.



4.1. Converting the FMILP Model to the Auxiliary Crisp Model


Jiménez et al.’s approach can be effectively applied several kinds of fuzzy numbers such as trapezoidal, triangular, and either linear or nonlinear problems. In addition, this method is generally superior to address fuzzy linear problems because it still maintains the linearity of the original model.



As the first step, it is assumed that a triangular fuzzy number    a ˜    =  (   a 1  ,  a 2  ,  a 3   )    is given, where    a 1    represents the pessimistic value,    a 2    is the most likely value, and    a 3     presents the optimistic value of the triangular fuzzy number.



The triangular membership function of   a ˜   can be described as below:


   μ  a ˜    ( x )  =  {       f a   ( x )  =   x −  a 1     a 2  −  a 1    ,   if    a 1  ≤ x ≤  a 2        1               if   x =  a 2         g a   ( x )  =    a 3  − x    a 3  −  a 2      if    a 2  ≤ x ≤  a 3        0      otherwise         



(26)







Based on Heilpern’s [61] approach,   E I  (  a ˜  )    is considered as the expected interval of a triangular number      a ˜   , and the expected value of a triangular number   a ˜   is denoted as   E V  (  a ˜  )    can be computed in Equations (27) and (28).


  E I  (  a ˜  )  =  [   E 1 a  ,  E 2 a   ]  =  [    ∫  0 1   f a  − 1    ( x )  d x ,   ∫  0 1   g a  − 1    ( x )  d x  ]  =  [   1 2   (   a 1  +  a 2   )  ,  1 2   (   a 2  +  a 3   )   ]   



(27)






  E V  (  a ˜  )  =    E 1 a  +  E  2    a   2  =    a 1  + 2  a 2  +  a 3   4   



(28)







According to [60], if there are two fuzzy numbers   a ˜   and   b ˜  , and   a ˜   is bigger than   b ˜  , the membership function    μ M      can be defined by:


   μ M   (   a ˜  ,  b ˜   )  =  {      0     if    E 2  a     −  E 1 b    < 0          E 2 a  −  E 1 b     E 2 a  −  E 1 b  −  (   E 1 a  −  E 2 b   )        if   0 ∈  [   E 1 a  −  E 2 b  ,  E 2 a  −  E 1 b   ]        1     if    E 1 a  −  E 2 b  > 0        



(29)







In this case,    μ M   (   a ˜  ,  b ˜   )    ≥   α   which indicates that   b ˜   is less than    a ˜      at least in a degree α. When   a ˜   and     b    ˜    are indifferent in a degree α, it is noted    α 2  ≤  μ M   (   a ˜    ,     b  ˜     )  ≤ 1 −  α 2    [62]. Hence, a fuzzy model can be presented as follows:


   Min    w =   c ˜  T  x  











Subject to


       a ˜  i  x ≥   b ˜  i  ,   i = 1 , … , k        a ˜  i  x =   b ˜  i    ,   i = k + 1 , … n       x ≥ 0      



(30)




where     c ˜  T    is a fuzzy vector.



According to Equations (29) and (30), the two above constraints     a ˜  i  x     ≥   b ˜  i    and     a ˜  i  x =   b ˜  i    can be converted into the equivalent constraints, respectively, in Equations (31) and (32).


     E 2   a i  x   −  E 1   b i       E 2   a i  x   −  E 1   a i  x   +  E 2   b i    −  E 1   b i      ≥ α ,   i = 1 , … , k  



(31)






   α 2  ≤    E 2   a i  x      E 2   a i  x   −  E 1   a i  x   +  E 2   b i    −  E 1   b i      ≤ 1 −  α 2  ,   i = k + 1 , … , n  



(32)







According to [60], with various feasible solutions of x, the feasible solution    x 0     is selected based on an α-acceptable optimal solution of the model of Equation (30) in the case that Equation (33) is achieved:


    c ˜  T  x   ≥      1 2      c ˜  T   x 0     



(33)







Finally, the fuzzy model in Equation (30) can be converted into a crisp α-parametric model as follows:


      Min    E V    (  c ˜  )   T  x       [   (  1 − α  )   E 2   a i    + α  E 1   a i     ]  x ≥ α  E 2   b i    +  (  1 − α  )   E 1   b i    , i = 1 , … , k        [   (  1 −  α 2   )   E 2   a i    +  α 2   E 1   a i     ]  x ≥  α 2   E 2   b i    +  (  1 −  α 2   )   E 1   b i    ,   i = k + 1 , … , n        [   α 2   E 2   a i    +  (  1 −  α 2   )   E 1   a i     ]  x ≤    (  1 −  α 2   )   E 2   b i    +  α 2   E 1   b i    ,   i = k + 1 , … , n      



(34)







Next, an interactive fuzzy approach in the following section is presented to deal with the crisp model.




4.2. Interactive Fuzzy


To obtain the optimal objective function value, the decision-maker (DM) has to balance the two contrary elements: to enhance the objective function value and to improve the satisfaction of constraints. To be specific, if the satisfaction of constraints is at a higher level, the feasible solution is small, and as a result, the optimal value of the objective function is worse [30]. To address this issue, an interactive method [60] aims to find the optimal solution.



Assume that    x 0   (   α m   )    will be    α m    which is an acceptable optimal solution, where     α =  α m   . The objective values with corresponding fuzzy numbers can be computed by using Equation (34) as     z ˜  0   (   α m   )  =   c ˜  T   x 0   (   α m   )   . The discrete values of    α m    in the set F is presented as below:


  F =  {   α m  =  α 0  + 0.1 m  |  m = 0 , 1 , … ,     1 −  α 0    0.1    }    ⊂  [  0 , 1  ]   



(35)




where    α 0    is the minimum feasibility degree and α is an arbitrary value selected by DM,     α 0  ≤ α ≤ 1  .



There are 11 scales of α with the different linguistic degrees of the DM in the fuzzy process, shown in Table 1 [30].



Once different values of     z ˜  0   (   α m   )    are determined, the DM will calculate a value goal in between   G _   and   G ¯  , which are the minimum and maximum values, respectively. The DM is totally satisfied as   z =  G _   , whilst he/she is totally dissatisfied as   z =  G ¯   . The membership function of   G ˜   shown as    μ  G ˜    ( z )    and the degree of satisfaction of the fuzzy goal   G ˜   by each     z ˜  0   (   α m   )    are, respectively, computed using Equations (36) and (37):


   μ  G ˜    ( z )  =  {      1       z ≤  G _          z −  G ¯     G _  −  G ¯          0     z ≥  G ¯           G _    < z <  G ¯   



(36)






   X  G ˜    (    z ˜  0   ( α )   )  =     ∫   − ∞   + ∞    μ    z ˜  0   ( α )       ( z )  .  μ  G ˜    ( z )  d z     ∫   − ∞   + ∞    μ    z ˜  0   ( α )       ( z )  d z    



(37)







Finally, a balancing solution with different    α m      between the level of satisfaction and the feasibility level of constraints is computed by:


   μ  H ˜    (   x 0   (   α m   )   )  =  α m  ∗  X  G ˜    (    z ˜  0   (   α m        )   )     



(38)







Note that * is defined as a t-norm (the minimum value). The optimal solution    x *    is calculated as:


   μ  H ˜    (   x *   )  =   max    α m  ∈ F    {   α m  ∗  X  G ˜    (    z ˜  0   (   α m   )   )   }     



(39)







Equation (39) aims to suggest the best solution for DM to be selected and it is the highest membership level.





5. An Illustrative Example


This section aims to use an illustrative example to validate the proposed FMILP model, which is a multi-product, multi-tier RSC considering risk costs and an uncertain environment.



A dataset is randomly generated in a reasonable manner and based on published papers [13,17,21,63,64]. A summary of these data is presented in Table A1, Appendix A. It is assumed that there are two types of used products [21] and the components of each product are shown in Table 2. The size of the proposed problem is provided in Table 3. The average percentage of recycling materials and disposal items generated from recycling centers is assumed as shown in Table 4, whereas the quantity of used products at the collection areas is given in Table 5. The distance between centers is assumed to be as presented in Table 6, whilst the unit transportation costs, processing costs, collection costs, disposal costs, and set-up costs are provided in Table 7, Table 8, Table 9 and Table 10. The profits from selling reusable, renewable, and recovery items are given in Table 11. The maximum capacities at centers are presented in Table 12 and Table 13. It is also assumed that the probability and the impact of accident occurrence at treatment centers and shipping activities are in the range of 1 (lowest) to 10 (highest) adopted from [50] and provided in Table 14 and Table 15. For example, the quantity of the used product     A ˜   11   =  (  288 ; 320 ; 352  )    in column 1 of Table 5 represents the pessimistic, most likely, and optimistic values of the used product that is received. The rest of the uncertain parameters also address this in the same way.



The possibility distributions of objective values are calculated for each discrete value    α m    in the set F = {0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1} (as seen in column 1 of Table 16). After calculating all objective values with these    α m    values by using CPLEX software, it is supposed that the decision-maker determines the value of   G _   and     G    ¯    as $167,544 USD (the minimum value in column 2 of Table 16) and $219,605 USD (the maximum value in column 2 of Table 16), respectively. In other words, the DM is absolutely satisfied with the objective value which is lower than $167,544 USD, while the DM does not accept the cost of more than $219,605 USD. Based on Equations (36)–(39) and the t-norm minimum, the compatibility index of each solution and the degree of balance of each solution are easily obtained. These results are shown in columns 3–4 of Table 16.



According to the results in Table 16, a satisfactory solution of the fuzzy problem is found at α = 0.7, which is the highest degree balance. With α = 0.7, the result shows that the total cost of the RSC model is in the possibility distributions ($170,505; 187,369; 210,821). These figures can assist DM in terms of the overall cost when designing an RSC network. In the optimistic case, the total cost can be $ 170,505 USD, whereas the figure can increase to $ 210,821 USD in the pessimistic situation. The overall cost in the most likely case is $187,369 USD.



After solving the proposed model by an optimal software, the result also indicates that two dismantling centers (d1, d2), one repairing center (e1), and two recycling centers (r1, r2) should be constructed. Table 16 presents the flow of materials and components transported within the RSC network. For example, the second row in column 2 of Table 17 (Q1111 = 34) indicates that there are 34 used products (p = 1) which are transferred from the collection center (c = 1) to the dismantling center (d = 1). Similarly, the last row of column 5 of Table 17 (Q4225 = 170) shows that 170 units of recycling material (I = 5) are transported from the dismantling center (d = 2) to the recycling center (r = 2). The rest of the figures can be addressed in the same way.



There are three scenarios to be considered in this study. The first scenario is that risk and uncertain factors are not considered in the proposed model while keeping the rest of the parameters as constant. The second scenario addresses the costs without incorporating uncertain parameters. The last scenario (the proposed model) is that risk costs and uncertain parameters are simultaneously incorporated in the model. The first scenario can be considered as the optimistic case where every factor works perfectly as expected and no risk occurs. The second case is less optimistic than the first case, but its consideration is still limited due to lack of uncertainty. The last scenario is the most comprehensive. Investigating all three cases will give us an overall insight of how strategy decisions, i.e., opening centers, will vary with different points of view. This insight is important since strategy decisions are not easy to change during an RSC operation planning horizon.



After solving these models with CPLEX software, the results show that the total cost of the first scenario is $ 171,906 USD, while that of the second case is $192,508 USD. The flow of materials and components of the 1st and 2nd scenarios are presented in Table 18 and Table 19, respectively. The figure of the third scenario is the possibility distributions (170,505; 187,369; 210,821). As can be seen, the total cost of the second scenario is slightly higher than the most likely case in the third scenario ($ 192,508 vs. $ 187,369). The likely explanation is that there is no interactive fuzzy solution approach considered to determine the optimal value to balance between the two conflicting issues: to enhance the objective value as well as to strengthen the degree of satisfaction of constraints. Furthermore, the total cost of the first scenario ($ 171,906 USD) is lower than the figure of the most likely case in the third scenario ($187,369 USD), since risk costs are not incorporated in the model. Although the total costs of the first and second scenarios can be lower and higher than that of the proposed model (third scenario), the first and second scenarios cannot represent real situations in designing an RSC network for e-waste.



Note that if the DM is not satisfied with the solution, the DM can refine the goal values of   G _   and   G ¯  . This change can still use the results obtained from the crisp α-parametric model. Thus, it normally does not increase the complexity of the whole process.




6. Conclusions and Further Work


The result indicates a stable solution for opening centers, i.e., two dismantling centers (d1, d2), one repairing center (e2), and two recycling centers (r1, r2) at α = 0.6,0.7 and 0.8, i.e., three cases which have the highest satisfaction degree. These decisions are classified as strategic decisions. In reality, strategy decisions are the most important decisions since they are very difficult to be changed. In contrast to strategy decisions are tactical planning decisions, i.e., the flow quantity between each pair of facilities. These decisions can be revised and corrected based on the realization of uncertain parameters. In this case, the values of strategy decisions are stable enough to apply. Furthermore, three scenarios with different configurations are also considered. Three scenarios also have three different configurations for opening repairing centers. The third and second scenarios require one repairing center each but at different locations, while the first scenario needs to open two repairing centers. The first scenario is an optimistic case, where there is no risk and the decision-maker overestimates the demands of the markets. The difference in strategy decisions between the second and the third scenarios can be explained as the results of not integrating the satisfaction of decision-makers into making the model.



Unlike forward supply chains, uncertainties and risks are challenging issues in RSC systems, which significantly affect the performance of RSC network design in real-world applications. To deal with the uncertainty of input data, an FMILP is proposed to find a satisfactory solution. The result of this research provides a practical solution. There are some vital contributions to the study. Firstly, the research simultaneously considered risk and uncertain factors for an e-waste RSC problem. Secondly, the fuzziness in most of the parameters including all related costs, capacity, risk, and the quantity of returned products was addressed in our model. Thirdly, three different scenarios were analyzed to provide useful insights for decision-makers to design an e-waste RSC network effectively. Lastly, the proposed method can provide a satisfactory solution, balancing two conflicting factors: the level of satisfaction of constraints and the objective value. In other words, if the level of satisfaction of constraints is high, the objective value would be worse.



Although FMLIP is a very effective tool to handle the uncertain parameters, the stability of the solutions is one of the most challenging issues in this approach. Unlike traditional linear programming, it is extremely difficult to conduct sensitivity analyses in FMILP due to the script transformation process. For future research, the simulation-based optimization approach should be considered to obtain a more stable solution. In this approach, the problem can be separated into two stages. In the first stage, strategy decisions relating to opening facilities are fixed and different realizations of uncertain parameters are created through simulation. With these realizations, tactical planning decisions, i.e., the flow quantity between each pair of facilities, can be optimized through solving the linear programming problem. This approach can help to obtain more robust solutions, especially for an important decision which cannot easily be corrected.
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Nomenclature


Decision variables:



	  Q  1  c d p    
	the volume of used product p sent from c to d;



	  Q  2  d s u    
	the volume of reused component u sent from d to s;



	  Q  3  d e w    
	the volume of renewable component w sent from d to e;



	  Q  4  d r i    
	the volume of recycling material i sent from d to r;



	  Q  5  d l h    
	the volume of disposal substance h sent from d to l;



	  Q  6  e s w    
	the volume of renewable component w sent from e to s;



	  Q  7  r m i    
	the volume of recycling material i sent from r to m;



	  Q  8  r l h    
	the volume of disposal materials h sent from r to l;



	   X d   
	   {  0 , 1  }    variable,    X d    = 1 if a dismantling center is built at location d,    X d  = 0    otherwise;



	   X e   
	   {  0 , 1  }    variable,    X e    = 1 if a repairing center is built at location e,    X e    = 0 otherwise;



	   X r   
	   {  0 , 1  }    variable,    X r    = 1 if a recycling center is built at location r,    X r    = 0 otherwise.










Appendix A


In this study, a dataset is randomly generated in a reasonable manner and is based on published papers [13,17,21,22,50,63,64]. A summary of these data is presented in Table A1 as below:
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Table A1. Referenced data based on published papers.






Table A1. Referenced data based on published papers.











	Parameters
	Quantity
	Units of Measurement
	References





	Used product
	2–5
	units
	[17,21]



	Components (reuse parts, recycling materials, etc.)
	1–10
	units
	[17,63]



	Distance from site to site (i.e., collection center to dismantling center)
	6–200
	km
	[13,17,21]



	Costs (transportation, recycling, processing costs per unit)
	0.1–10
	USD
	[13,22,63]



	Fixed facility costs
	100–2000
	USD
	[22,64]



	Risk
	1–10
	
	[50]
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Figure 1. The generic e-waste reverse supply chain (RSC) network. 






Figure 1. The generic e-waste reverse supply chain (RSC) network.



[image: Applsci 11 01946 g001]







[image: Table] 





Table 1. Eleven scales of α with different linguistic levels of decision maker (DM).
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	α Values
	Different Linguistic Levels of DM





	α = 0
	Solution is not accepted



	α = 0.1
	Solution is not practically accepted



	α = 0.2
	Solution is almost not accepted



	α= 0.3
	Solution is very not accepted



	α = 0.4
	Solution is quite not accepted



	α = 0.5
	Solution is not accepted



	α = 0.6
	Solution is quite accepted



	α = 0.7
	Solution is very accepted



	α = 0.8
	Solution is almost accepted



	α = 0.9
	Solution is practically accepted



	α = 1
	Solution is completely accepted
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Table 2. Components of each product.






Table 2. Components of each product.










	
	1st Used Product (Unit)
	2nd Used Product (Unit)





	Reuse components
	1
	1



	Renewable components
	1
	1



	Recycling materials
	3
	2



	Disposal items
	4
	3
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Table 3. The size for centers, products, and components.
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	C
	D
	E
	R
	S
	M
	L
	P
	U
	W
	I
	H





	2
	2
	2
	2
	2
	2
	1
	2
	2
	2
	5
	7
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Table 4. The average percentage of recycling materials and disposal items generated from recycling centers.
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	      β ˜  i     
	      β ˜  h     





	(0.78,0.8,0.82)
	(0.18,0.2,0.22)
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Table 5. The amount of used products at collection sites (unit).
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	      A ˜   1 c      
	      A ˜   2 c      





	c = 1
	(288,320,352)
	(252,280,308)



	c = 2
	(333,370,407)
	(297,330,363)
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Table 6. Distance between centers (km).






Table 6. Distance between centers (km).





	Dist.
	C1
	C2
	E1
	E2
	R1
	R2
	L1
	S1
	S2
	Dist.
	S1
	S2
	Dist.
	M1
	M2
	L1





	D1
	18
	20
	34
	36
	39
	37
	23
	22
	24
	E1
	23
	26
	R1
	23
	27
	24



	D2
	22
	26
	25
	26
	40
	42
	29
	23
	25
	E2
	24
	24
	R2
	25
	28
	26










[image: Table] 





Table 7. The unit transportation cost (us dollar).






Table 7. The unit transportation cost (us dollar).





	
Products

	
Reusable Items

	
Renewable Items






	
       T p  ˜   1    

	
       T p  ˜   2    

	
       T u  ˜   1    

	
       T u  ˜   2    

	
       T w  ˜   1    

	
       T w  ˜   2    




	
(1.08,1.2,1.32)

	
(0.9,1,1.1)

	
(0.63,0.7,0.77)

	
(0.72,0.8,0.88)

	
(0.45,0.5,0.55)

	
(0.36,0.4,0.44)




	
Recycling materials




	
       T i  ˜   1    

	
       T i  ˜   2    

	
       T i  ˜   3    

	
       T i  ˜   4    

	
       T i  ˜   5    

	




	
(0.27,0.3,0.33)

	
(0.27,0.3,0.33)

	
(0.18,0.2,0.22)

	
(0.18,0.2,0.22)

	
(0.24,0.3,0.33)

	




	
Disposal items




	
       T h  ˜   1    

	
       T h  ˜   2    

	
       T h  ˜   3    

	
       T h  ˜   4    

	
       T h  ˜   5    

	
       T h  ˜   6    




	
(0.36,0.4,0.44)

	
(0.36,0.4,0.44)

	
(0.27,0.3,0.33)

	
(0.45,0.5,0.55)

	
(0.18,0.2,0.22)

	
(0.36,0.4,0.44)




	
       T h  ˜   7    

	

	

	

	

	




	
(0.18,0.2,0.22)
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Table 8. Collection and disposal costs per unit (us dollar).
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Collection Cost




	
       C L  ˜   1    

	
       C L  ˜   2    




	
(1.8,2,2.2)

	
(0.9,1,1.1)




	
Disposal Cost




	
     D ˜  1    

	
     D ˜  2    

	
     D ˜  3    

	
     D ˜  4    

	
     D ˜  5    




	
(1.26,1.4,1.54)

	
(1.08,1.2,1.32)

	
(1.8,2,2.2)

	
(0.9,1,1.1)

	
(1.26,1.4,1.54)




	
     D ˜  6    

	
     D ˜  7    




	
(1.08,1.2,1.32)

	
(1.17,1.3,1.43)
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Table 9. Processing cost of dismantling, repairing, and recycling centers (us dollar).
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Used Products

	

	
Reusable Items






	

	
       O d  ˜    1 d     

	
       O d  ˜    2 d     

	

	
       O e  ˜    1 e     

	
       O e  ˜    2 e     




	
d = 1

	
(4.5,5,5.5)

	
(4.5,5,5.5)

	
e = 1

	
(1.8,2,2.2)

	
(2.7,3,3.3)




	
d = 2

	
(3.6,4,4.4)

	
(2.7,3,3.3)

	
e = 2

	
(3.6,4,4.4)

	
(2.7,3,3.3)




	

	
Recycling Materials




	

	
       O r  ˜    1 r     

	
       O r  ˜    2 r     

	
       O r  ˜    3 r     

	
         O r  ˜    4 r     

	
       O r  ˜    5 r     




	
r = 1

	
(2.7,3,3.3)

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
(0.9,1,1.1)

	
(1.8,2,2.2)




	
r = 2

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
(2.7,3,3.3)

	
(1.8,2,2.2)

	
(2.7,3,3.3)











[image: Table] 





Table 10. Set up cost for constructing dismantling, repairing, and recycling centers (us dollar).
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	No
	        S d  ˜   d     
	        S e  ˜   e     
	        S r  ˜   r     





	1
	(1260,1400,1540)
	(1215,1350,1485)
	(1170,1300,1430)



	2
	(378,1300,462)
	(1242,1380,1518)
	(1206,1340,1474)
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Table 11. Profit from selling reusable, renewable, recovery items per unit (us dollar).
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	       P u  ˜   1    
	       P u  ˜   2    
	       P w  ˜   1    
	       P w  ˜   2    
	



	(2.7,3,3.3)
	(3.6,4,4.4)
	(1.8,2,2.2)
	(2.7,3,3.3)
	



	       P i  ˜   1    
	       P i  ˜   2    
	       P i  ˜   3    
	       P i  ˜   4    
	       P i  ˜   5    



	(2.7,3,3.3)
	(3.6,4,4.4)
	(1.8,2,2.2)
	(1.8, 2, 2.2)
	(2.7,3,3.3)
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Table 12. Maximum capacity at dismantling, repairing, and recycling centers (unit).






Table 12. Maximum capacity at dismantling, repairing, and recycling centers (unit).













	
	       K d  ˜    1 d     
	       K d  ˜    2 d     
	
	       K e  ˜    1 e     
	       K e  ˜    2 e     



	d = 1
	(450,500,550)
	(540,600,660)
	e = 1
	(810,900,990)
	(990,1100,1210)



	d = 2
	(360,400,440)
	(450,500,550)
	e = 2
	(1080,1200,1320)
	(900,1000,1100)



	
	       K r  ˜    1 r     
	       K r  ˜    2 r     
	       K r  ˜    3 r     
	       K r  ˜    4 r     
	       K r  ˜    5 r     



	r = 1
	(360,400,440)
	(540,600,660)
	(450,500,550)
	(540,600,660)
	(630,700,770)



	r = 2
	(360,400,440)
	(270,300,330)
	(450,500,550)
	(360,400,440)
	(450,500,550)



	
	       K l  ˜    1 l     
	       K l  ˜    2 l     
	       K l  ˜    3 l     
	       K l  ˜    4 l     
	       K l  ˜    5 l     



	l = 1
	(900,1000,1100)
	(990,1100,1210)
	(720,800,880)
	(810,900,990)
	(1080,1200,1320)



	
	       K l  ˜    6 l     
	       K l  ˜    7 l     
	
	
	



	l = 1
	(1260,1400,1540)
	(1080,1200,1320)
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Table 13. Maximum demand at secondary and main markets (unit).
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	       N u  ˜    1 s     
	       N u  ˜    2 s     
	       N w  ˜    1 s     
	       N w  ˜    2 s     
	



	s = 1
	(630,700,770)
	(810, 900,990)
	(1080,1200,1320)
	(1350,1500,1650)
	



	s = 2
	(900,1000,1100)
	(297,330,363)
	(1170,1300,1430)
	(900,1000,1100)
	



	
	       N i  ˜    1 m     
	       N i  ˜    2 m     
	       N i  ˜    3 m     
	       N i  ˜    4 m     
	       N i  ˜    5 m     



	m = 1
	(1260,1400,1540)
	(1350,1500,1650)
	(1170,1300,1430)
	(720,800,880)
	(900,1000,1100)



	m = 2
	(1080,1200,1320)
	(990,1100,1210)
	(1260,1400,1540)
	(1350,1500,1650)
	(1080,1200,1320)
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Table 14. Probability of accident occurrence and the impact at dismantling, repairing, and recycling centers.






Table 14. Probability of accident occurrence and the impact at dismantling, repairing, and recycling centers.





	

	
Probability




	

	
Dismantling Centers

	

	
Repairing Centers






	

	
       P 1  ˜    1 d     

	
       P 2  ˜    2 d     

	

	
       P 1  ˜    1 e     

	
       P 2  ˜    2 e     




	
d = 1

	
(2.7,3,3.3)

	
(3.6,4,4.4)

	
e = 1

	
(3.6,4,4.4)

	
(3.6,4,4.4)




	
d = 2

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
e = 2

	
(1.8,2,2.2)

	
(1.8,2,2.2)




	

	
Recycling centers




	

	
       P 3  ˜    1 r     

	
       P 3  ˜    2 r     

	
       P 3  ˜    3 r     

	
       P 3  ˜    4 r     

	
       P 3  ˜    5 r     




	
r = 1

	
(2.7,3,3.3)

	
(3.6,4,4.4)

	
(3.6,4,4.4)

	
(4.5,5,5.5)

	
(3.6,4,4.4)




	
r = 2

	
(1.8,2,2.2)

	
(2.7,3,3.3)

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
(1.8,2,2.2)




	

	
Impact




	

	
Dismantling centers

	

	
Repairing centers




	

	
       I 1  ˜    1 d     

	
       I 1  ˜    2 d     

	

	
       I 2  ˜    1 e     

	
       I 2  ˜    2 e     




	
d = 1

	
(2.7,3,3.3)

	
(3.6,4,4.4)

	
e = 1

	
(3.6,4,4.4)

	
(3.6,4,4.4)




	
d = 2

	
(4.5,5,5.5)

	
(4.5,5,5.5)

	
e = 2

	
(2.7,3,3.3)

	
(1.8,2,2.2)




	

	
Recycling facilities




	

	
       I 3  ˜    1 r     

	
       I 3  ˜    2 r     

	
       I 3  ˜    3 r     

	
       I 3  ˜    4 r     

	
       I 3  ˜    5 r     




	
r = 1

	
(5.4,6,6.6)

	
(5.4,6,6.6)

	
(6.3,7,7.7)

	
(4.5,5,5.5)

	
(5.4,6,6.6)




	
r = 2

	
(2.7,3,3.3)

	
(3.6,4,4.4)

	
(4.5,5,5.5)

	
(2.7,3,3.3)

	
(3.6,4,4.4)
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Table 15. Probability of accident occurrence and the impact of shipping between sites.
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Probability

	
Impact






	
route c-d

	
       P 4  ˜    1 d     

	
       P 4  ˜    2 d     

	
       I 4  ˜    1 d     

	
       I 4  ˜    2 d     




	
d = 1

	
(2.7,3,3.3)

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
(2.7,3,3.3)




	
d = 2

	
(2.7,3,3.3)

	
(2.7,3,3.3)

	
(1.8,2,2.2)

	
(2.7,3,3.3)




	
route d-s

	
       P 5  ˜    1 s     

	
       P 5  ˜    2 s     

	
       I 5  ˜    1 s     

	
       I 5  ˜    2 s     




	
s = 1

	
(2.7,3,3.3)

	
(2.7,3,3.3)

	
(2.7,3,3.3)

	
(2.7,3,3.3)




	
s = 2

	
(1.8,2,2.2)

	
(2.7,3,3.3)

	
(3.6,4,4.4)

	
(3.6,4,4.4)




	
route d-e

	
       P 6  ˜    1 e     

	
       P 6  ˜    2 e     

	
       I 6  ˜    1 e     

	
       I 6  ˜    2 e     




	
e = 1

	
(3.6,4,4.4)

	
(3.6,4,4.4)

	
(3.6,4,4.4)

	
(1.8,2,2.2)




	
e = 2

	
(2.7,3,3.3)

	
(2.7,3,3.3)

	
(2.7,3,3.3)

	
(1.8,2,2.2)




	
route d-r

	
       P 7  ˜    1 r     

	
       P 7  ˜    2 r     

	
       I 7  ˜    1 r     

	
       I 7  ˜    2 r     




	
r = 1

	
(3.6,4,4.4)

	
(3.6,4,4.4)

	
(3.6,4,4.4)

	
(3.6,4,4.4)




	
r = 2

	
(2.7,3,3.3)

	
(2.7,3,3.3)

	
(3.6,4,4.4)

	
(2.7,3,3.3)




	
route d-l

	
       P 8  ˜    1 l     

	
       P 8  ˜    2 l     

	
       I 8  ˜    1 l     

	
       I 8  ˜    2 l     




	
l = 1

	
(5.4,6,6.6)

	
(6.3,7,7.7)

	
(6.3,7,7.7)

	
(5.4,6,6.6)




	
route e-s

	
       P 9  ˜    1 s     

	
       P 9  ˜    2 s     

	
       I 9  ˜    1 s     

	
       I 9  ˜    2 s     




	
s = 1

	
(3.6,4,4.4)

	
(2.7,3,3.3)

	
(3.6,4,4.4)

	
(2.7,3,3.3)




	
s = 2

	
(2.7,3,3.3)

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
(1.8,2,2.2)




	
route r-m

	
       P 10  ˜    1 m     

	
       P 10  ˜    2 m     

	
       I 10  ˜    1 m     

	
       I 10  ˜    2 m     




	
m = 1

	
(1.8,2,2.2)

	
(2.7,3,3.3)

	
(1.8,2,2.2)

	
(1.8,2,2.2)




	
m = 2

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
(1.8,2,2.2)

	
(1.8,2,2.2)




	
route d-g

	
       P 11  ˜    1 l     

	
       P 11  ˜    2 l     

	
       I 11  ˜    1 l     

	
       I 11  ˜    2 l     




	
l = 1

	
(4.5,5,5.5)

	
(2.7,3,3.3)

	
(5.4,6,6.6)

	
(3.6,4,4.4)
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Table 16. α-acceptable optimal solutions.






Table 16. α-acceptable optimal solutions.





	Feasibility Degree
	Possibility Distributions of Objective Value
	Compatibility Index of Each Solution
	Degree of Balance of Each Solution





	0.4
	(167,544; 182,128; 204,809)
	0.720
	0.4



	0.5
	(169,254; 183,972; 207888)
	0.684
	0.5



	0.6
	(169,864; 185,644; 208,663)
	0.652
	0.6



	0.7
	(170,505; 187,369; 210,821)
	0.619
	0.619



	0.8
	(173,029; 189,103; 211,795)
	0.586
	0.586



	0.9
	(175,816; 191,104; 214,036)
	0.547
	0.547



	1
	(176,262; 192,636; 219,605)
	0.518
	0.518
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Table 17. The flow of materials and components within the network at α = 0.7 (3rd scenario).






Table 17. The flow of materials and components within the network at α = 0.7 (3rd scenario).
















	No
	    Q  1  c d p      
	    Q  2  d s u      
	    Q  3  d e w      
	    Q  4  d r i      
	    Q  5  d l h      
	    Q  6  e s w      
	    Q  7  r m i      
	    Q  8  r l h      





	111
	34
	392
	
	0
	0
	
	219
	55



	112
	0
	320
	
	98
	0
	
	296
	74



	121
	282
	
	392
	392
	
	
	
	



	122
	276
	
	320
	294
	
	
	
	



	211
	364
	277
	
	277
	0
	
	309
	77



	212
	325
	272
	
	277
	0
	
	232
	58



	221
	0
	
	277
	
	
	669
	
	



	222
	0
	
	272
	
	
	592
	
	



	113
	
	
	
	213
	0
	
	386
	97



	114
	
	
	
	316
	0
	
	463
	116



	115
	
	
	
	0
	0
	
	80
	20



	116
	
	
	
	
	392
	
	
	



	117
	
	
	
	
	320
	
	
	



	123
	
	
	
	179
	
	
	
	



	124
	
	
	
	
	
	
	
	



	125
	
	
	
	320
	
	
	
	



	213
	
	
	
	277
	0
	
	141
	35



	214
	
	
	
	272
	0
	
	
	



	215
	
	
	
	102
	0
	
	386
	97



	216
	
	
	
	
	277
	
	
	



	217
	
	
	
	
	272
	
	
	



	225
	
	
	
	170
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Table 18. The flow of materials and components (1st scenario).






Table 18. The flow of materials and components (1st scenario).
















	No
	    Q  1  c d p      
	    Q  2  d s u      
	    Q  3  d e w      
	    Q  4  d r i      
	    Q  5  d l h      
	    Q  6  e s w      
	    Q  7  r m i      
	    Q  8  r l h      





	111
	130
	500
	500
	100
	0
	690
	232
	58



	112
	0
	330
	330
	410
	0
	610
	480
	120



	121
	190
	0
	0
	400
	
	0
	
	



	122
	280
	0
	0
	90
	
	0
	
	



	211
	370
	190
	190
	190
	0
	0
	320
	80



	212
	330
	280
	280
	190
	0
	0
	72
	18



	221
	0
	0
	0
	
	
	0
	152
	



	222
	0
	0
	0
	
	
	0
	
	



	113
	
	
	
	310
	0
	
	400
	100



	114
	
	
	
	320
	0
	
	480
	120



	115
	
	
	
	0
	0
	
	224
	56



	116
	
	
	
	
	500
	
	
	



	117
	
	
	
	
	330
	
	
	



	123
	
	
	
	190
	
	
	
	



	124
	
	
	
	10
	
	
	
	



	125
	
	
	
	330
	
	
	
	



	213
	
	
	
	280
	0
	
	152
	38



	214
	
	
	
	280
	0
	
	
	



	215
	
	
	
	
	
	
	264
	66



	216
	
	
	
	
	190
	
	
	



	217
	
	
	
	
	280
	
	
	



	225
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Table 19. The flow of materials and components (2nd scenario).






Table 19. The flow of materials and components (2nd scenario).
















	No
	    Q  1  c d p      
	    Q  2  d s u      
	    Q  3  d e w      
	    Q  4  d r i      
	    Q  5  d l h      
	    Q  6  e s w      
	    Q  7  r m i      
	    Q  8  r l h      





	111
	30
	400
	
	0
	0
	0
	232
	58



	112
	0
	330
	
	100
	0
	0
	312
	78



	121
	290
	0
	400
	400
	
	0
	
	



	122
	280
	0
	330
	300
	
	0
	
	



	211
	370
	0
	290
	290
	0
	0
	320
	80



	212
	330
	0
	280
	290
	0
	690
	240
	60



	221
	0
	290
	0
	
	
	0
	
	



	222
	0
	280
	0
	
	
	610
	
	



	113
	
	
	
	210
	0
	
	400
	100



	114
	
	
	
	320
	0
	
	480
	120



	115
	
	
	
	0
	0
	
	88
	



	116
	
	
	
	
	440
	
	
	



	117
	
	
	
	
	330
	
	
	



	123
	
	
	
	190
	
	
	
	



	124
	
	
	
	
	
	
	
	



	125
	
	
	
	330
	
	
	
	



	213
	
	
	
	290
	0
	
	152
	38



	214
	
	
	
	290
	0
	
	
	



	215
	
	
	
	110
	0
	
	400
	100



	216
	
	
	
	
	290
	
	
	



	217
	
	
	
	
	280
	
	
	



	225
	
	
	
	170
	
	
	
	







Note: No shows the number of center, material, or part.
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