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ABSTRACT. Substituting woody products with wood plastic composite (WPC) products has attracted many interests in recent years. 

This article seeks to provide an approach to construct a reliable network of closed loop supply chain (CLSC) facilities for WPC industry. 

The WPC products could be thoroughly collected and recycled and used as raw material for producing new products. In this paper, a 

mathematical model has been developed that involves deciding direct and reverse flows in the supply chain. The proposed model is 

mixed Integer linear Programming (MILP) one which minimizes total costs including opening facilities, production, distribution, collec- 

tion and recycling costs in the forward and reverse sides of the CLSC. The proposed model is applied in a real case of production WPC 

doors. Sensitivity analysis is performed to evaluate the behavior of the model respect to the changes of the important parameters. The 

acquired results confirm the applicability of the proposed MILP model in designing real CLSCs. 
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1. Introduction 

With the rise of global market competition, supply chain 

management has become one of the most important issues for 

organizations. Supply chain management involves all process-

es of manufacturing and supplying goods, from raw materials 

to final customers. In other words, the whole supply chain from 

extraction of materials to the end of the useful life of the prod-

uct. Issues such as product diversity, short life cycle of prod-

ucts, outsourcing, business globalization and rapid growth in 

information technology have increased the complexity of sup-

ply chain management (Lee, 2002). 

In the classical definition of supply chain management, it 

is considered as a line by moving goods from suppliers to man-

ufacturers, and going to wholesalers and retailers and it takes 

all the way to reach consumers through these distribution chan-

nels. Todays, due to environmental, social and economic ad-

vantages and also governmental lows, companies consider 

collection and recycling the used products besides production 

of new products. Therefore, traditional supply chains have 

changed to closed loop supply chains (CLSC) (Cruz-Rivera 

and Ertel, 2009). The concept of closed loop supply chain de-

sign is presented with concepts such as product recycling, re-

cycling, or reuse of products. In universal, the closed loop sup-

ply chain consists the determination of the number of collection 

centers, the determination of the location and capacity of the  
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collection centers, the retrieval and reuse of stored inventory at 

each site (Kara et al., 2010). 

Cutting too much trees in today’s world quickly destroys 

animals and plant species and drains land from oxygen sources. 

One of the solutions to this problem is the invention of com-

posite wood. Composite wood is a wood substitute; it is made 

of broad-leaved waste and polymeric materials. This new ma-

terial has the appearance and quality of many rare wooden 

species, while it is environmentally friendly. It should be noted 

that the manufacturer of wood plastic composite doors annually 

prevents the destruction of three million trees. In addition, com-

posite doors have many advantages that can be anti-corrosion 

resistance, high strength, anti-flammability, and superb facade 

of composite doors (Moyes, 2000). The WPC products could 

be thoroughly recycled and used as raw material in producing 

new WPC products. Therefore, designing the network of CLSC 

is critical in this area. This attempt will reduce the total costs of 

the CLSC network and will improve the commerciality of WPC 

industry. 

By producing WPC products, the amount trees cut for pro-

ducing different products are remarkably reduced. Therefore, 

because of the importance of wood plastic composites, in terms 

of environmental protection, the design of closed-loop supply 

chain network for WPC industry is very important. Iran is cat-

egorized as arid and semi-arid areas and decreasing cutting 

trees in highly supported by government and practitioners. In 

this paper, we have designed the CLSC network of WPC indus-

try in Iran. The raw materials used to make WPC doors include: 

Wood flour and Polymer materials (such as polypropylene). 

Wood flour used in this product can be purchased or wood 

waste can be used as raw material. In this study, the waste ma-



N. Doustmohammadi and R. Babazadeh / Journal of Environmental Informatics 35(2) 94-102 (2020) 

95 

 

 

terials consist of waste from the same product in the production 

line of the plant or goods delivered to the hybrid distribution-

collection centers after being used. 

The products manufactured in the hybrid manufacturing-

recycling centers are two types: Composite doors and windows, 

which is used for building applications and has a resin like plas-

tic and properties such as wood and more solid than ordinary 

wood. Therefore, in this research two type of raw materials and 

two type of final products are considered. 

In this research, a mixed-integer linear programming 

(MILP) model is developed to construct the CLSC network for 

WPC industry. The proposed model is aimed to minimize the 

total costs including production, transportation, collection, and 

recy-cling costs subject to various constraints including the 

number of factories to be built and limitations of the number of 

goods after use as waste and restrictions related to the storage 

capacity of the products and related waste, and demand 

satisfaction constraint. The proposed model is applied in a real 

case in Iran.  

To the best of our knowledge, there is no research paper in 

the literature addressing the design of CLSC for WPC industry. 

The goal of this research is to find the optimum number and lo-

cations of WPC production and recycling centers, distribution 

and collection centers and optimum material flow transported 

in forward and reverse sides of the CLSC network.  

This paper will be constructed by the following sections. 

In the next section, the literature review is presented. In Section 

3, the problem is described and formulated through developing 

a MILP model. Section 4 describe the case study and the results 

of application. Section 5 presents conclusion and some man-

agerial implications. 

2. Literature Review 

One of the first models presented in supply chain man-

agement is a model that Hansmann and Hess (1960) developed, 

which introduced a model based on linear programming ap-

proach using linear cost of decision variables. Then, Van 

Lanzenauer (1970) developed the model of Hansmann and 

Hess for multistage and multi-product manufacturing systems 

and made decisions with regard to capacity constraints. 

Govindan et al. (2015) presented a comprehensive review in 

the area of reverse logistics and closed-loop supply chains to 

explore future researches. They investigated different struc- 

tures and models developed for CLSCs optimization.  

In connection with the closed loop supply chain man-

agement, Fleischmann et al. (2001) provided a general model 

for designing these types of networks. They considered direct 

and reverse flows as part of the definition of the distribution 

and recovery network in an optimal mode. They also used 

MILP technique to model the problems that exist in traditional 

warehouses. Fleischmann et al. (2003) developed a model of 

inventory control and simulation in an integrated CLSC, and, 

in order to measure their operational capability, they provided 

other alternatives as a source of spare parts that could better 

serve the purpose of network services. Chen and Lee (2004) 

provided a production and distribution planning model that is 

multi-stage, and multi-product. They developed a two-stage 

fuzzy decision-making method for comparing suppliers in the 

supply chain. 

In a study on closed loop supply chain, Beamon and 

Fernandes (2004) presented a model in which a model for the 

production of original equipment was proposed that could be 

used to produce both new products and recycled products. Sheu 

et al. (2005) in their research on closed loop supply chain pres-

ented a multi-objective optimization model that aims to maxi-

mize net profit and minimize environmental impacts for direct 

supply chain and reverse supply chain.  

Uster et al. (2007) developed a direct supply chain loop 

chain to determine the collection and retrieval centers. All di-

rect and reverse currents were optimized in this design. Listes 

(2007) proposed a model in which the direct supply chain and 

the reverse supply chain were taken as a packet. He used the 

branching and boundary method to analyze the model to solve 

problems of very large size. Ramudhin et al. (2010) studied the 

supply chain, consisting of suppliers, contractors, manufactur-

ers, distribution centers, and customers. In this paper, a com-

plex integer programming was proposed to design the supply 

chain network. Their paper has two objective functions based 

on optimization of total costs and greenhouse gas emissions. 

Paksoy et al. (2010) presented a mathematical model to 

design a closed loop supply chain network with the aim of op-

timizing total costs and the cost of carbon emissions. Paksoy et 

al. (2011) in another study, examine the operational and envi-

ronmental performance, in particular the operations related to 

the transportation of operations, in the closed loop. It also mod-

els the supply chain with linear programming method.  

Chaaban et al. (2012) studied a closed loop supply chain 

network consisting of suppliers, production centers, recycling 

centers, and customer centers. In this paper, to design a sustain- 

able supply chain, two objective functions including minimiza- 

tion of the usual supply chain costs, and the cost of greenhouse 

gas emissions are optimized. In another study by Özkır and 

Başlıgil (2013), the proposed model consists of three objective 

functions. The first objective function is to maximize the level 

of satisfaction with business. The second goal is to maximize 

customer satisfaction, and ultimately the third objective func- 

tion is to maximize the entire profit function in the closed loop 

supply chain. The purpose of the proposed model is to find the 

optimal location of the facilities in the CLSC and determine the 

optimal amount of transport, production, and optimal purchase 

value. Talaei et al. (2016) in a study on a CLSC proposed a 

MILP model that aims to minimize total costs. The objective of 

the supply chain is to determine the locations of the sites to the 

cen-ters of production and reconstruction, distribution and col-

lection centers. They have applied their proposed model in an 

electronic industry. Hassanzadeh Amin et al. (2017) have stu- 

died the CLSC for recycling tires. The objective function of the 

model is the type of maximization of profit. This model in-

cludes several types of products, raw material suppliers, facto-

ries, retailers, and markets for satisfying the demands. Also, to 

calculate net present value, the decision tree method is used for 

sources with uncertainty. 
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3. Description of the Proposed Model 

The proposed model for designing CLSC network for 

WPC industry is a model for a multi-site, multi-layer network, 

single period and several products. Figure 1 shows the pro-

posed closed loop supply chain structure. In this figure, straight 

lines represent the flow of goods, and dash lines represent the 

reverse flow of materials for collection and recycling purpose. 

According to Pishvaee et al. (2009), constructing hybrid man-

ufacturing and recycling or hybrid distribution and collection 

centers in CLSCs will remarkably reduce total construction 

costs. It should be noted that this idea is suitable for industries 

that hybrid centers are technologically possible to handling the 

products. In WPC industry, it is possible to utilize hybrid cen-

ters in different echelons of the CLSC network. Therefore, we 

consider hybrid centers for manufacturing-recycling activities 

as well as hybrid centers for distribution-collection activities.  

 

 
 

Figure 1. The structure of the considered CLSC network. 

 

In the considered CLSC network for WPC industry, raw 

materials are purchased from suppliers and are converted to 

finished products at hybrid manufacturing-recycling centers. It 

should be noted that in any production process, usually some 

waste occurs during the process of converting raw material into 

final products. The advantage of this type of production (WPC 

products) is that all waste generated during the production pro-

cess can be re-introduced as a raw material into the cycle. The 

products manufactured at the factories are sent to the hybrid 

distribution-collection centers, and from these centers, the 

customer’s request is sent to different areas of the customers. 

The used products are collected from customers. Also, it is 

assumed that other WPC products may be collected from cus-

tomers. The used WPC products are purchased from customers 

or substituted with new WPC products at hybrid distribution-

collection centers. The collected products are shipped to hybrid 

manufacturing-recycling centers and after crumbling are used 

as raw material. 

The main strategic decisions taken by the proposed model 

include determination of the number and location of facilities 

in different echelons of the CLSC network. Also, the optimal 

values of raw material purchasing, production, transportation, 

and collection amounts are determined as tactical decisions. 

The main assumptions that have been considered in con-

structing the mathematical model include the following: 

• All parameters of the proposed model are considered to be 

deterministic. 

• Transportation is carried out for the delivery of products 

to customers and the collection of products and other 

transports are available only by a mode of transportation. 

• Some used WPC products are purchased at a reasonable 

price. 

• All facilities in different layers have limited capacity. 

• The production of new products and the recovery of de-

fective products are handled in hybrid manufacturing-

recycling centers. 

• Distribution of new products and collection of recycled 

products are carried out at hybrid distribution-collection 

centers. 

• The distribution of new products as well as the collection 

of used products is carried out by hybrid distribution-

collection centers and the customer can not directly buy 

from existing factories. 

• Demand is estimated according to the population of 

provinces. 

• There are two types of customers for purchasing used 

products. Customers which have purchased our products 

(first group) and customers that have not purchased our 

products (second group). 

• The capacities of suppliers are assumed to be infinite.  

In the following the indices, parameters and variables used 

in the proposed model are described. 

 

Indices 

P  Set of WPC products (p = 1, …, P) 

S  Set of supply center (s = 1, …, S) 

F  Set of raw material (f = 1, …, F) 

I Set of hybrid manufacturing-recycling centers (i = 1, 

…, I) 

J  Set of hybrid distribution-collection centers (j = 1, …, 

J) 

K  Set of customer zones (k = 1, …, K) 

 

Parameters 

ej Fixed cost of opening hybrid at location j 

gi Fixed cost of opening hybrid manufacturing-recyc-

ling center at location i 

cab Transportation cost from location a to location b; 

from a to b 

apj Sorting cost of product p in hybrid distribution-col-

lection center j 

lpi Production cost of product p in hybrid manufactur-

ing-recycling center i 

dpk Demand of product p for consumer zone k 

αfp Conversion ratio of raw materials f to product p  

φfp Conversion ratio of collected used product to raw ma-

terial f 

βpi Waste percent of product p at hybrid manufacturing-

recycling center i  

γpk Return percentage of recoverable product p collected 

from the first group of customer k 

 

 

Raw material 

suppliers 

Hybrid 

manufacturing-rec

ycling centers 

Hybrid 

distribution-colle

ction centers 

Customer 

centers 

Forward material flow Reverse material flow 
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ηpk Return percentage of recoverable product p collected 

from the second group of customer k  

BIpi Recycling capacity of hybrid manufacturing-recyc-

ling center i for product p  

AIpi Production capacity of hybrid manufacturing-recyc-

ling center i for product p  

AJpi Storage capacity of hybrid distribution-collection 

center j for product p  

BJpi Storage capacity of hybrid distribution-collection 

center j for the used product p  

kxpk Cost of purchasing a product p from customer zone k  

Rcpi Cost of recycling the product p at the hybrid manu-

facturing-recycling center i  

 

Decision variables 

xj 1, If the hybrid distribution-collection center j is 

opened; 0, Otherwise  

yi 1, If the hybrid manufacturing-recycling center i is 

opened; 0 Otherwise  

wpjk Transported amount of product p from hybrid distri-

bution-collection center j to customer zone k  

upkj Transported amount of product p from the first group 

of customer zone k to the hybrid distribution-collec-

tion center j  

u′pkj Transported amount of product p from the second 

group of customer zone k to hybrid distribution-col-

lection center j  

bfsi Transported amount of raw material f from supply 

center s to hybrid manufacturing-recycling center i  

qpij Transported amount of product p from hybrid man-

ufacturing-recycling center i to hybrid distribution-

collection center j  

vpji Transported amount of product p from hybrid distri-

bution-collection center j to hybrid manufacturing-re-

cycling center i  

bxfi Required amount of raw material f in hybrid manu-

facturing-recycling center i  

 

The proposed MILP model:  

 

   

  

 

1 1 1 1 1

1 1 1 1 1 1

1 1 1

1 1 1 1 1

I J F S I

i i j j si fsi

i j f s i

P I J P J K

pi ij pij pj jk pjk

p i j p j k

P K J

pkj pkj pj kj pk

p k j

P J I P J

pji ji pi pi pij pi

p j i p j

Min Z g y e x c b

l c q a c w

u u a c kx

v c Rc q Rc

    

     

  

    

  

   

   

  

  

 



 

(1) 

 

1

,
J

pjk pk

j

w d p k


     (2) 

1 1

,
I K

pij pjk

k k

q w p k
 

      (3) 

 

1 1

1
,

J P

fi pij

j p fp

bx q f i
 

 


  (4) 

 

1 1 1 1 1

,
S P J P J

fi fsi f pji pi pij

s p j p j

bx b v q i f 
    

        (5) 

 

 
1 1

,
K I

pkj pkj pji

k i

u u v p j
 

      (6) 

 

1

,
J

pkj pk pk

j

u d k p


    (7) 

 

1

,
J

pkj pk pk

j

u d k p


     (8) 

 

1 1

,
J J

pji pi pij pi i

j j

v q BI y i p
 

      (9) 

 

1

,
J

pij pi i

j

q AI y i p


    (10) 

 

1

,
I

pij pj j

i

q AJ x p j


    (11) 

 

 
1

,
K

pkj pkj pj j

k

u u BJ x p j


     (12) 

 

, , , , 0 , , , , ,pjk pkj pkj fsi pijw u u b q i j p s f k     (13) 

 

 , 0,1 ,j ix y i j    (14) 

 

In the objective function (1), the goal is minimizing total 

costs, including the fixed cost of opening hybrid manufactur-

ing-recycling centers, the fixed cost of establishing hybrid dis-

tribution-collection centers, cost of recycling the products, cost 

of purchasing a product from a customer for recycling, raw ma-

terial purchasing costs, transportation and processing costs of 

forward and reverse material flow. Limitation (2) states that the 

amount of goods carried from hybrid distribution-collection 

centers to customer areas should be large or equal to the de-

mand of that customer area. Limitation (3) indicates that the 

amount of products carried from hybrid manufacturing-recyc-

ling centers to hybrid distribution-collection centers is equal to 

the amount of products carried from hybrid distribution-col-

lection centers to the customer’s areas. 

Limitation (4) indicates the balance between raw materials 

in hybrid manufacturing-recycling centers and the quantities of 

goods carried from these facilities to hybrid distribution-col- 
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lection centers. Constraint (5) ensures that the amount of re-

turned goods from the hybrid distribution-collection centers 

along with the number of waste products produced in the hy-

brid manufacturing-recycling centers, as well as the amount of 

raw material carried from the suppliers to the hybrid manu-

facturing-recycling centers must be equal to the amount of re-

quired raw material. Limitation (6) refers to the amount of 

goods carried from customer areas to hybrid distribution-col-

lection centers, which should be equal to the amount of goods 

carried from hybrid distribution-collection centers to the hybrid 

manufacturing-recycling centers. 

Constraints (7) and (8) show that some percentage of used 

products are collected from the first and second groups of cus-

tomers, respectively. Limitation (9) indicates recycling capac-

ity of hybrid manufacturing-recycling centers for the collected 

products. Constraint (10) shows production capacity of hybrid 

manufacturing-recycling centers for the new products. Limi-

tations (11) and (12) indicate the storage capacity of the new 

products and collected products in hybrid distribution-collec-

tion centers, respectively. If a facility is not established its cor-

responding binary variable will be zero and therefore the re-

lated capacity would be zero. Constraints (13) and (14) consi- 

der non-negativity and bi-nary conditions for the decision vari- 

ables. 

4. Computational Results and Discussions 

4.1. Data Collection 

The used data have been gathered through referring to pre-

vious feasibility studies conducted in Iran, WPC manufacturing 

and transportation companies. After gathering data to show 

them in a summary form, the ranges of some parameters are 

shown. Due to space limitation all data are not presented here, 

but they could be provided upon to request. The most important 

data have been presented in Supplementary Material. 

The demand for the country is 188,700 tons of products, 

which is presented in Table S1 for each product and each prov-

ince (see Supplementary Material). It should be noted that the 

weight of each door is 80 kg and the weight of each window is 

40 kg. The figures presented in this table are based on 

feasibility studies conducted by the Ministry of Industry, 

Mining and Trade of Iran (http://www.mimt.gov.ir/). The fixed 

costs of establishing the WPC plants and distribution and 

collection centers are shown in Tables S2 and S3 (see Supple-

mentary Material). 

Distance among different provinces of Iran is provided by 

Ministry of Roads & Urban Development (http://mrud.ir). Dis-

tance are used to calculated transportation costs. Tables S4 and 

S5 summarizes the ranges of different parameters used in solv-

ing the model (see Supplementary Material). Note that the pa-

rameters cab shows the transportation costs between locations 

a and b. These parameters have different values and to show 

them in a summary form, their ranges are reported. 

According to the MILP structure of the proposed model, 

the CPLEX solver of the GAMS optimization software is used 

to solve the model. 

The number of suppliers of raw materials in this study is 

considered to be five. In this research, all provinces of Iran have 

been evaluated, which includes 31 provinces, to determine the 

optimal locations for establishing hybrid manufacturing-recyc-

ling centers and hybrid distribution-collection centers through-

out Iran.  

In general, the purpose of this research is to determine the 

number and location of the facilities in the CLSC network, as 

well as the amount of production and required raw material, 

and transportation, so that the objective function of the model 

is minimized and the existing limitations are not compromised. 

After solving the model in the software, the optimum 

value obtained for the objective function is approximately 

23,090,557 million Rials. According to the achieved results, 

five provinces including: Western Azerbaijan, Kohkiluyer and 

Boyer Ahmad, Golestan, Gilan, Mazandaran and Yazd are se-

lected for opening hybrid manufacturing-recycling centers. 

Also, solving the model shows that the twelve provinces indi-

cated in Table 1 and Figure 2 are optimum locations for estab-

lishing hybrid distribution-collection centers. 

 

Table 1. The Best Locations for Opening Hybrid Distribution-

collection Centers 

Row Province Row Province 

1 Western 

Azerbaijan 

7 Kohkiluyer and Boyer 

Ahmad 

2 Ilam 8 Golestan 

3 Bushehr 9 Gilan 

4 Chahar Mahal 

Bakhtiari 

10 Lorestan 

5 southern Khorasan 11 Mazandaran 

6 Kerman 12 Yazd 

 

  
 

Figure 2. Locations for opening manufacturing-recycling cen- 

ter & distribution-collection centers. 

 

As it is shown in Table 1 and Figure 2 the proposed model 

prefers to open more distribution-collection centers than man-  
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Table 2. Production Rate at Selected Factories 

Row Province Window Door 

1 Western Azerbaijan 344,000 258,000 

2 Kohkiluyer and Boyer Ahmad 352,000 264,000 

3 Golestan 271,000 203,250 

4 Gilan 320,000 240,000 

5 Mazandaran 328,000 246,000 

6 Yazd 272,000 204,000 

 

Table 3. The Optimum Amount of Required Raw Material (Tons) 

Row Province Wood Flour Polymer materials 

1 Western Azerbaijan 20,100 17,116 

2 Kohkiluyer and Boyer Ahmad 21,243 16,839 

3 Golestan 16,948 12,370 

4 Gilan 19,522 15,098 

5 Mazandaran 20,137 15,349 

6 Yazd 16,842 12,585 

 
Table 4. The Amount of Raw Material Obtained from Recycled Materials 

Row Province Wood Flour(Tons) 

1 Western Azerbaijan 1,926 

2 Kohkiluyer and Boyer Ahmad 3,286 

3 Golestan 3,686 

4 Gilan 3,397 

5 Mazandaran 3,728 

6 Yazd 3,371 

 

ufacturing-recycling centers. These results could be explained 

due to lower opening costs distribution-collection centers and 

decreasing transportation costs. Also, the amount of demand in 

different provinces has a great impact on the locations of 

facilities.  

In Iran, population density is higher in the north and north-

west of the country. Therefore, most of the established plants 

are located in these areas. These provinces have been selected 

because of their proper capacity for storage of products and 

waste, as well as their proximity to provinces that have higher 

demand. West Azarbaijan province has been selected because 

of its considerable demand, as well as because of its location 

between the two provinces of East Azarbaijan and Kurdistan 

(which are more in demand than the surrounding provinces). 

Therefore, it can easily eliminate the demand of the surround-

ing provinces, with transportation costs and lower construction 

costs. The three provinces of Golestan, Gilan and Mazandaran 

are selected because of their proximity to the province of 

Tehran (the most populous province of Iran with the highest 

demand). These provinces themselves are in high demand and 

have a lower fixed cost, which has a high storage capacity com-

pared to the surrounding provinces. Finally, Yazd province, 

which is located between the two densely populated areas of 

Isfahan and Khorasan Razavi, can respond to their demand by 

cost. Therefore, the established locations are justified.   

About the selection of distribution and collection centers 

to reduce shipping costs, the model chooses the construction of 

distribution and collection centers in the same provinces where 

the plants were built. Where the capacity of the distribution and 

collection centers is not met by the amount of demand or the 

amount of waste purchased, it chooses the provinces around the 

factory with lower costs and good capacity. 

Table 2 shows the production rate of each product in the 

factories. It should be noted that, as noted earlier, the weight of 

each door is 0.08 tons and the weight of each window is 0.04 

tons. So, each ton contains a total of 17.5 doors and windows. 

According to Table 2, a total of 1,887,000 windows (or 

75,480 tons) and 1,415,250 doors (or 113,220 tons) are prod-

uced, which is equal to the demand for this product. 

Another important decision taken by the proposed model 

is the required raw materials. Table 3 illustrates the amount of 

raw materials required in opened hybrid manufacturing-recyc-

ling centers for satisfying the demand of final products.  

According to Table 3, total amount wood floor and poly-

mer material required for producing doors and windows are 

114,792 and 89,357 tons, respectively. Table 4 illustrates the 

amount of raw material obtained from recycling the used 

products. 

About the raw materials used in the production of prod-

ucts, it should be added that 19,394 tons of the wood flour is 

supplied from recycling the used products. This amount consti-

tutes about 17 percent of total wood flour required for produc-

ing the products.   

Table 5 shows the share of different costs in the objective 

function, like the fixed cost of building a factory and the cost  
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  Table 5. Different Costs in the Objective Function 

Cost Value (Million Rials) 

Fixed cost of opening WPC manufacturing 1,022,854 

Fix cost of WPC distribution-collection center 123,295 

Production cost 18,870,000 

Sorting cost for products 1,320,900 

Sorting cost for waste 396,270 

Recycling cost 467,976 

Buying waste cost 622,710 

Transportation cost (forward flow( 241,128 

Transportation cost (reverse flow) 25,424 

  

 Table 6. Locations and Objective Function Changes of Facilities under Demand (D) Changes  

 0.80 × D 0.90 × D 0.95 × D 1 × D 1.05 × D 1.10× D 1.20 × D 

Objective function 18,481,590 20,842,048 21,956,006 23,090,557 24,260,470 25,429,317 27,724,004 

wpc manufacturing-

recycling centers 

3,23,24, 

27,31 

2,3,9,24, 

27,31 

2,3,9,24, 

27,31 

2,23,24, 

25,27,31 

2,5,23, 

24,25,27 

2,3,9,24, 

26,27,31 

1,2,21,23, 

24,25,27 

wpc distribution-

collection center 

3,7,10,21, 

23,24,25, 

26,27,31 

2,9,10,21, 

23,24,25, 

26,27,31 

2,6,9,10,21, 

23,24,25, 

26,27,31 

2,6,7,9,10,21

,23,24,25, 

26,27,31 

2,6,7,9,10,12

,18,20,23,24, 

25,26,27,31 

2,3,9,10,21, 

22,23,24,25, 

26,27,31 

2,6,7,9,10,15,

18,20,21,22,2

3,24,25,27,31 

 
  Table 7. Locations and Objective Function Changes of Facilities under Transportation Cost (C) Changes 

 0.80 × C 0.90 × C 0.95 × C 1 × C 1.05 × C 1.10× C 1.20 ×C 

Objective function  23,035,372 23,062,973 23,076,774 23,090,557 23,103,475 23,116,389 23,142,218 

wpc manufacturing-

recycling centers 

2,3,9, 

24,27,31 

2,3,9, 

24,27,31 

2,3,9, 

24,27,31 

2,23,24, 

25,27,31 

2,23,24, 

25,27,31 

2,23,24, 

25,27,31 

2,23,24, 

25,27,31 

wpc distribution-

collection center 

2,7,9,10, 

15,21,23, 

24,25,26, 

27,31 

2,7,9,10, 

15,21,23, 

24,25,26, 

27,31 

2,7,9,10, 

15,21,23, 

24,25,26, 

27,31 

2,6,7,9, 

10,21,23, 

24,25,26, 

27,31 

2,7,9,10, 

20,21,23, 

24,25,26, 

27,31 

2,7,9,10, 

20,21,23, 

24,25,26, 

27,31 

2,7,9,10, 

20,21,23, 

24,25,26, 

27,31 

 
 Table 8. Objective Function Changes under Production Cost (L) Changes 

 0.80 ×L 0.90 × L 0.95 ×L 1 × L 1.05 × L 1.10× L 1.20 × L 

Objective function 19,316,557 21,203,557 22,147,057 23,090,557 24,034,057 24,977,557 26,864,557 

 

of building distribution and collection centers, production and 

transportation costs and so on. 

Therefore, the total recycling cost is 1,512,380 million 

Rials, which includes sorting cost for waste, recycling cost, 

buying waste cost and transportation cost (reverse flow). 

It should be noted that the producing cost is the highest 

possible cost, can be reduced by adopting suitable policies such 

as lean production techniques. For example, by encouraging 

customers to sell their useless doors and windows, the need to 

buy raw wood flour is significantly reduced. 

 

4.2. Sensitivity Analysis 

In the next step, the sensitivity analysis is carried out on 

the most important parameters of the proposed model to eval-

uate the behavior of the model respect to changes of these pa-

rameters. 

Figure 3 shows changes of the objective function from the 

value of 20% lower to 20% greater than nominal value of re-

lated parameters. Table 6 shows the locations that are selected 

in the event of an increase and decrease in demand. By chang- 

ing this parameter, the selected optimized locations change in 

some places. As demand increases, the capacity of some se- 

lected locations no longer responds to that demand. Therefore, 

places that have more capacity replace some places, or are 

added to previous locations. Also, by reducing demand, the ca- 

pacity of some locations selected by the model is greater than 

the capacity required. Therefore, sites that simultaneously re- 

duce the objective function and also respond to the existing 

demand is selected. Therefore, the sensitivity of the model to 

the demand parameter is very high and it is better to consider 

the uncertainty of demand parameter in the future. 

Table 7 shows the variation of the transportation cost and 

its impact on the objective function and the selected locations. 

As can be seen, the increase and decrease of this parameter does 

not have a significant effect on the value of the objective func-

tion. By increasing the transportation cost, the locations select-

ed for the factory construction will not change. But the dis-

tribution and collection center changes from Ilam province to 

Kurdistan province. With this change, the cost of transportation 
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from factory to distribution and collection centers is reduced, 

but other shipping costs are rising. If this change did not occur, 

transportation costs would rise further. By reducing transport-

tation costs, locations 23 and 25 will change to locations 3 and 

9 to build the plant. And the 6th place for the construction of 

the distribution and collection centers will change to the 15th 

place. With these changes, the cost of transportation of raw ma- 
terials from the supplier to the factory increases, but the total 

transportation costs are reduced in advance. If that does not 

change the location, it will not be reduced to this size. 

 

  
 

Figure 3. Sensitivity analysis on important parameters. 

 

Table 8 show the amount of changes in the objective fun- 

ction by increasing and decreasing production cost parameter. 

By changing this parameter, the selected locations do not 

change for factories and distribution and collection centers.  

According to Figure 3 and Tables 6, 7, and 8 among these 

three parameters, the most important parameter is demand, 

since in addition to the very high impact on the objective 

function, it is also effective in the number of optimal locations. 

Although transportation cost affects to the factory and distri- 

bution and collection centers locations, its impact on the ob-

jective function is very low. Therefore, the cost of post-demand 

production has the greatest impact on target performance. 

Finally, the shipping cost parameter has the least effect on the 

objective function. 

5. Conclusion 

Considering the importance of WPC products in environ-

mental protection, in this research, a mixed-integer linear pro-

gramming (MILP) model is proposed to construct the CLSC 

network for WPC industry. Choosing the location of facilities 

and distribution centers, as well as the amount of transport be-

tween different locations, are the most important decisions in 

CLSC management. The proposed model is aimed to minimize 

the total costs including production, transportation, collection, 

and recycling costs subject to various real limitations. The goal 

of this research is to optimize strategic decisions such as the 

number and locations of WPC production and recycling cen-

ters, distribution and collection centers as well as tactical deci-

sions such as the required raw material, production, distribu-

tion-collection amounts in the forward and reverse sides of the 

proposed CLSC network. After solving the model, six prov-

inces including Western Azerbaijan, Kohkiluyer and Boyer 

Ahmad, Golestan, Gilan, Mazandaran and Yazd have been se-

lected for the construction of WPC manufacturing and recyc-

ling centers, and 12 provinces have been selected for the con-

struction of distribution and collection centers. Also, the op-

timum material flow is determined with the structure of the 

CLSC network. Finally, sensitivity analysis is performed to 

evaluate the behavior of the model with respect to changes of 

important parameters. The results show that the model is sen-

sitive to changes in demand and shipping costs, and it is better 

to consider demand uncertainty and shipping costs in future 

studies. 

Among the issues that can be studied as future research, 

studying the model under uncertainty and using fuzzy theory or 

stochastic programming methods is an efficient future research. 

The proposed model could be developed for multi-period con-

dition and different modes of transportation can be added to the 

model. Also, two objective functions for the problem can be 

defined, one of which is the type of maximization of social wel-

fare, and the other is to minimize environmental impact. 
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