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Abstract 

In recent years, economic growth and an increasing population have led to increased consump-

tion of numerous amounts of assembly products and material resources all over the world. As the 

result, material shortages have become a serious global problem. To circulate materials from end-

of-life (EOL) assembly products, manufacturers have to design reverse supply chain networks 

for EOL products. The reverse supply chain includes transportation of the EOL products from 

collection centers to recovery and/or disposal facilities. There are costs involved in recycling, 

transporting the EOL products and opening facilities. In addition, the EOL product statuses differ 

by user situation, and the recycling rate and cost of each product and part are dependent on the 

statuses. To design a reverse supply chain network, a decision maker (DM) decides the transpor-

tation route, the number of products on each route, and the production volumes at each facility to 

minimize the total cost while maximizing the recycling rate of the whole network. However, the 

relationship between the recycling rate and the total cost becomes a tradeoff. Therefore, the DM 

has to solve these issues simultaneously. On the other hand, Linear Physical Programming (LPP) 

is one of the effective methods for solving multi-objective problems. It allows the DM to express 

desirable ranges for each criterion. One of the most significant advantages of using LPP is that 

the DM does not need to specify the mathematical weights for each criterion. This study designs 

a bi-objective reverse supply chain network to collect and recycle the EOL assembly products 

using LPP. First, based on our previous study, the reverse supply chain network is modeled to 

transport the EOL products from collection centers to recycling facilities depending on the EOL 

product status, which includes the possible recycling cost and rate. Next, the reverse supply chain 

network is formulated using LPP to minimize the total cost while maintaining the recycling rate 

of the whole network. Third, a case study is conducted and the results obtained by the LPP and 

the integer programming from our previous study are compared. Finally, the sensitivity analysis 

for facility cost and the effect of changing the preference ranges of objective functions are inves-

tigated. 
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1 Introduction 

In recent years, global consumption of numerous amounts of assembly products and materials 

resources has increased due to economic growth and an increasing population. The shortage of 

materials is one of the most important problems around the world [1]. To develop a sustainable 

society, a reverse supply chain is needed for material recovery [1][2]. The reverse supply chain 

is a network that spans users/collection centers to recovery facilities. The End-Of-Life (EOL) 

products flow through the network; and become recovered materials through recycling at recov-

ery facilities [3][4]. To increase the amount of recovered materials, the reverse supply chain is 

designed for the numerous EOL products that are recyclable, thereby increasing the recycling 

rate. On the other hand, constructing such a network is costly due to opening facilities, recycling, 

transportation, and final disposal of EOL products. In general, the relationship between the recy-

cling rate and costs becomes a trade-off and it is difficult to design a reverse supply chain that 

satisfies both cost saving and maintains recycling rates. However, manufacturers desire lower 

costs but higher recycling rates for the reverse supply chain network. Therefore, the design of 

such a network is a bi-objective problem regarding costs and recycling rates, and it is not easy to 

obtain a solution that satisfies both objectives simultaneously. In addition, the goals are depend-

ent on the DM but the DM generally struggles to decide these. However, if the goals are ranges, 

the burden of the DM would decrease. Furthermore, the DM needs to decide the weights for each 

objective. Linear physical programming (LPP) [5] [6] [7] is a well-known method used to solve 

multi-objective problems. It allows the DM to express their preferences as ranges for each crite-

rion. A significant advantage of using this method is that weights allocation do not need to be 

specified for each criterion. The DM can therefore reflect their preferences in a more flexible and 

realistic manner [5]. 

Pati et al. [8] examined recent studies where the reverse supply chain generates profit [9] [10] 

[11]. Alshamsi and Diabat [9] considered production quantity and location for inspection centers 

and remanufacturing facilities with mixed-integer programming. In addition, other studies dis-

cussed the low-cost reverse supply chain networks of waste paper [10] and recycled sand from 

demolition waste [11]. Their studies focused on profit maximization of the entire reverse supply 

chain network. However, they have not analyzed materials recovered from inside EOL products. 

Ijuin et al. [12][13][14] designed the reverse supply chain network for total cost and average 

recycling rate using the ε-constraint method and analyzed recovered materials. However, the ob-

jective function of these studies is the minimization of cost, and the recycling rate is treated as an 

ε constraint in the integer programming. Thus, the solution to satisfy the balance between the 

recycling rate and cost is not discussed using the LPP. To collect the recovered materials eco-

nomically, this study proposes a design method of a reverse supply chain network for total cost 

and average recycling rate using LPP under different statuses of the EOL products.  

The rest of this paper is organized as follows. Section 2 explains the model and the formulation 

of the reverse supply chain network for total costs and average recycling rate. Section 3 intro-

duces LPP procedure and applies LPP to the reverse supply chain. Section 4 sets a design exam-

ple for EOL products with different statuses and candidate recycling and disposal facilities to 

illustrate an effectiveness of the proposed method of the reverse supply chain. In addition, desired 

values of total costs and average recycling rate are divided to six ranges for LPP. Section 5 dis-

cusses the results of the reverse supply chain network by LPP and compares the results by an ε 

constraint in Ijuin et al. [12]. Section 6 investigates sensitivity analysis of the fixed opening cost 
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at recycling facility, and effects of changed preferences ranges by a DM on the designing reverse 

supply chain network. Finally, section 7 summarizes this paper and outlines future research. 

2 Modeling of reverse supply chain 

This section explains the reverse supply chain model by integer programming [15] based on 

[12][13][14]. 

2.1   Modeling of the reverse supply chain network 

The variables and parameters of the mathematical formulation are listed as follows. 

i)Indices 

i : Objective function belonged to soft classes (i=1, ..., NSC) 

s : Ranges (s=2, …, 5) 

k : Status for the EOL products (k=1, …, K) 

g : Collection centers (g=1, …, G) 

j : Recycling and disposal facilities (j=1, …, J) 

ii)Parameters 

K : Number of the status of EOL products 

G : Number of collection centers 

J : Number of recycling and disposal facilities 

M : Very large number (big M) 

�̃�𝑖𝑠
+, �̃�𝑖𝑠

− : Positive/negative deviation weight of the sth range of objective i 

𝑡𝑖𝑠
+, 𝑡𝑖𝑠

− : Positive/negative limit to the sth range of objective i 

RCkj : Recycling/Disposal cost for EOL products with the status k at facility j 

LCgj : Transportation cost from collection center g to facility j 

FCj : The fixed opening cost at facility j 

Rkj : The possible recycling rate of status k at facility j 

QSkg : Number of EOL products with status k at collection center g 

Bkj : Available capacity of status k at facility j 

Cj : Total production capacity at facility j 

NSC : Number of soft classes 
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iii)Variables 

mkgj : Number of the products with status k transported from collection center g to 

facility j 

uj : Binary value; 1 if facility j is opened, else 0 

𝑑𝑖𝑠
+ , 𝑑𝑖𝑠

− : Positive/negative deviation variable from the sth range limit of objective i 

QDkj : Number of processed EOL products with status k at facility j 

TC : Total cost of reverse supply chain 

AR : Average recycling rate of the whole network 

Figure 1: Model of the reverse supply chain network with EOL product status 

Figure 1 shows the reverse supply chain network for EOL products based on previous research 

[12]. In collection center g, each EOL product has status k. The status k determines possible re-

cycling rate Rkj and recycling cost RCkj, and these are calculated using the recyclability evaluation 

method (REM) [16]. The recycling rate shows percentage of the recyclable materials out of the 

total weight [17]. All EOL products with status k are transported from collection center g to the 

appropriate recycling facility j or disposal facility J with transportation cost LCgj. When an EOL 

product is transported to recycling facility j, the recovered materials based on status k are obtained. 

On the other hand, when the EOL product is transported to disposal facility J, the EOL product 

is disposed of. 

Recycling facility j=1

Recycling cost: RCk,1

Number of processable EOL

product with status k: Bk,1

Total production capacity: C1

Facility opening cost: FC1

……

・
・
・

Transportation cost from collection 

center g to facility j :LCgj

Recycling facility j=J-1

Recycling cost: RCk,J-1

Number of processable EOL

product with status k: Bk,J-1

Total production capacity: CJ-1

Facility opening cost: FCJ-1

Disposal facility j=J

Disposal cost: RCk,J

Number of processable EOL

product with status k: Bk,J

Total production capacity: CJ

Facility opening cost: FCJ

EOL product with status k=1
・
・
・

EOL product with status k=K

Collection center g = 1

EOL product with status k=1
・
・
・

EOL product with status k=K

Collection center g = G

・
・
・
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The total costs of the whole network TC is the sum of recycling and transporting EOL products 

and the costs associated with opening facilities. The average recycling rate of the whole reverse 

supply chain AR is the average recycling rate per EOL product in the revers supply chain. There-

fore, when recycling facility j processes the EOL products, the average recycling rate AR in-

creases based on each status k of the EOL products. However, when disposal facility J processes 

the EOL products, the average recycling rate AR does not increase.  

The model determines the appropriate quantities of EOL products to be transported from the 

collection center to the recycling and/or disposal facilities while satisfying two criteria: minimiz-

ing the total costs TC and maximizing the average recycling rate of the whole network AR.  

2.2   Formulation of the reverse supply chain network 

This study applies LPP [5] to the design method of the reverse supply network [12] [13] [14]. 

The total costs TC is the sum of recycling and transporting EOL products and the cost associated 

with opening facilities. The recycling and transportation costs are dependent on the number of 

transported EOL products. The facility cost is required to open the recycling or disposal facilities. 

Therefore, total costs TC is obtained as Eq. (1). 

𝑇𝐶 = ∑ ∑ ∑ (𝑅𝐶𝑘𝑗 + 𝐿𝐶𝑔𝑗)
𝐽
𝑗=1

𝐺
𝑔=1 𝑚𝑘𝑔𝑗

𝐾
𝑘=1 +∑ 𝐹𝐶𝑗𝑢𝑗 → 𝑀𝑖𝑛𝐽

𝑗=1  (1) 

On the other hand, the average recycling rate of the whole network AR, which is the processing 

rate for EOL products at the recycling facilities compared to all collected EOL products at col-

lection centers, and is obtained as Eq. (2). 

𝐴𝑅 =
∑  ∑ 𝑅𝑘𝑗𝑄𝐷𝑘𝑗

𝐽−1
𝑗=1

𝐾
𝑘=1

∑  𝐺
𝑔=1 ∑ 𝑄𝑆𝑘𝑔

𝐾
𝑘=1

→ 𝑀𝑎𝑥 (2) 

As in our previous study [12], other constraints are defined using integer programming [15]: 

∑𝑚𝑘𝑔𝑗

𝐽

𝑗=1

= 𝑄𝑆𝑘𝑔 𝑘 = 1,… , 𝐾  𝑔 = 1,… , 𝐺 (3) 

∑𝑚𝑘𝑔𝑗

𝐺

𝑔=1

= 𝑄𝐷𝑘𝑗  𝑘 = 1,… , 𝐾   𝑗 = 1,… , 𝐽 (4) 

𝑄𝐷𝑘𝑗 ≤ 𝐵𝑘𝑗 𝑘 = 1,… , 𝐾   𝑗 = 1,… , 𝐽 (5) 

∑𝑄𝐷𝑘𝑗

𝐾

𝑘=1

≤ 𝐶𝑗  𝑗 = 1,… , 𝐽 (6) 

∑𝑄𝐷𝑘𝑗

𝐾

𝑘=1

≤ 𝑀𝑢𝑗  𝑗 = 1,… , 𝐽 (7) 

𝑢𝑗 = {0, 1} 𝑗 = 1,… , 𝐽 (8) 

𝑚𝑘𝑔𝑗, 𝑄𝐷𝑘𝑗 ≥ 0 𝑘 = 1,… , 𝐾  𝑔 = 1,… . , 𝐺  𝑗 = 1,… , 𝐽 (9) 
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𝑚𝑘𝑔𝑗, 𝑄𝐷𝑘𝑗  are integers. (10) 

Equation (3) means that the total number of EOL products at the collection centers must be equal 

to the total number of EOL product transported. Equation (4) ensures that the total number of the 

transported EOL products must be equal to the total number of processed products at each recy-

cling and/or disposal facility. Equation (5) means that the number of the EOL products with status 

k processed in facility j is equal to or less than the production capacity Bkj based on status k at 

facility j. Equation (6) means that the total amount of processed EOL products should be less than 

the total production capacity Cj at facility j. Equation (7) ensures that the only opened facility j 

can receive the transported EOL product. Equation (8) enforces the binary restrictions. Equations 

(9) and (10) enforce the non-negativity and integer restrictions.

3 LPP Procedure 

3.1   Overview 

Figure 2: Procedure of solving multi-objective problem using LPP 

Figure 2 shows a procedure of solving multi-objective problem using LPP [5]. Step 1 assigns one 

class from 4 types of hard or soft classes for each criterion. These classes refer to the sharpness 

of the preference. Step 2 defines the limit ti1 through ti5 of the range for each criterion. Each range 

is set based on preferences of the DM. Step 3 generates the mathematical weights by using the 

LPP Weight algorithm (LPPW) [5]. Step 4 formulates and solves the reverse supply chain model 

using the LPP objective function. An aggregate objective function consisted of multiplied devia-

tion variables dis by weights �̃�𝑖𝑠 is minimized to find a satisfied solution to reflect preferences of 

the DM.  

Step 1: Assign one class for each objective function 

from 4 soft and hard classes

Step 2: Set targets of each objective function

Step 3: Calculate the mathematical weights for each 

range based on LPP weight algorithm

Step 4: Formulate and solve the multi-objective 

problem using LPP
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3.2   Step 1: Assign one class for each objective function from 4 soft or hard classes 

There are 4 classes in the LPP [5]. Each class consists of two subclasses: hard and soft [5]. Both 

subclasses are referred to as the sharpness of the preference and are characterized by four classes. 

In the case of hard classes, there are four classes: must be smaller (1H), must be larger (2H), must 

be equal (3H), and must be in range (4H) [5][6]. In addition, the hard classes are defined by only 

two ranges: acceptable and unacceptable. 

Similar to the treatment of the hard class, there are also four types of soft classes based on DM 

preferences: smaller is better (1S), larger is better (2S), value is better (3S), and range is better 

(4S) [5][6]. In addition, each soft class has six different types of desirability ranges [5], and each 

range is defined by limits tis of objective i based on preferences of DM. Figure 3 shows soft 

classes functions for LPP [5]. The DM needs to specify a preference structure for each criterion 

to calculate weight by LPP [5]. 

When the DM designs the reverse supply chain network, the total costs TC and average recycling 

rate AR should be minimized and maximized, respectively. Therefore, one objective function re-

garding total costs TC belongs to 1S soft class (“smaller is better”) and the function regarding 

average recycling rate AR belongs to 2S soft class (“larger is better”). The number of soft classes 

NSC is set as 2. 

Figure 3: LPP soft class functions [5] 
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3.3   Step 2: Set targets of each objective function 

Regarding each objective function that belongs to a soft class, each range between the limit tis 

and tis-1 (s=2,3,4,5) means the DM’s preference level. Ranges between these limits are named 

“ideal,” “desirable,” “tolerable,” “undesirable,” “highly undesirable,” and “unacceptable.” The 

“ideal” is a range that is in the most desirable range among all ranges. The “desirable” and toler-

able” are acceptable ranges. The “undesirable” and “highly undesirable” are ranges that, while 

still acceptable are not desirable. The “unacceptable” is a range of values that is not permitted for 

each objective. 

3.4   Step 3: Calculate the mathematical weight for each range 

Section 3.4 calculates the weight to reflect the range outlined in section 3.3. Each objective func-

tion has the deviation weights �̃�𝑖𝑠
+ or �̃�𝑖𝑠

− for each range, which represent the weights of the sth

range of objective i [5]. LPP has heuristic rule that is known as the one vs others criteria-rule 

(OVO rule) [5]. This rule means that LPP operates to improve the worst criterion, even if other 

criteria become worse. The quantities of the deviation weights w+
is and w-

is are not decided by 

the DM but are calculated based on LPP weight algorithm with OVO rule [5]. Therefore, 

DM is relieved from weight allocation processes to reflect his or her preferences for each 

criterion. The aggregate objective function is formulated to minimize the positive/negative de-

viation valuables for each objective function. 

3.5   Step 4: Formulate and solve the multi-objective problem using LPP 

To solve the two objectives obtained as Eqs. (1) and (2) using LPP, the aggregate objective func-

tion [5] is obtained as Eq. (11). Equation (11) means the whole objective function minimizes the 

sum of the deviation weights �̃�𝑖𝑠
+/�̃�𝑖𝑠

− and the deviation variables d+
is/d

-
is.

∑

𝑁𝑆𝐶

𝑖=1

∑(�̃�𝑖𝑠
+

5

𝑠=2

𝑑𝑖𝑠
+ + �̃�𝑖𝑠

−𝑑𝑖𝑠
−) → 𝑚𝑖𝑛  (11) 

The first objective of this model is related to the total costs TC of the whole reverse supply chain. 

This objective belongs to class 1S (“smaller is better”). Therefore, the first objective is transposed 

as constraints (12) and (13). By minimizing sth deviation variable d+
1S in Eq. (12), total costs TC 

tries to reach ideal range t+
1s. Equation (13) means that the total costs TC is lower than the limit 

of the unacceptable t+
15. 

𝑇𝐶 − 𝑑1,𝑠
+ ≤ 𝑡1,𝑠−1

+ 𝑠 = 2,… ,5 (12) 

𝑇𝐶 ≤ 𝑡1,5
+

(13) 
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The second objective function is related to the average recycling rate of the whole reverse supply 

chain network AR. This objective belongs to class 2S (“larger is better”). Therefore, the second 

objective is obtained as (14) and (15). Similar to (12), the average recycling rate AR tries to reach 

ideal range by minimizing sth variable d+
2s. Equation (15) means that the average recycling rate 

AR is higher than the limit of the unacceptable t+
25. Equation (16) enforces the non-negativity 

restrictions. 

𝐴𝑅 + 𝑑2,𝑠
− ≥ 𝑡2,𝑠−1

− 𝑠 = 2,… ,5 (14) 

𝐴𝑅 ≥ 𝑡2,5
−

(15) 

𝑑𝑖𝑠
+ , 𝑑𝑖𝑠

− ≥ 0 𝑖 = 1,… ,𝑁𝑆𝐶, 𝑠 = 2,… ,5 (16) 

4 Example problem 

4.1   EOL product example 

To validate the proposed design with LPP, this study uses the same example from previous 

study [12] on the product and the reverse supply chain network. The vacuum cleaner used as 

the product example has 23 parts and four disassembly scenarios based on Igarashi et al. [18]. 

Table 1 lists the statuses of EOL products in the case of vacuum cleaner obtained from 4 

disassembly scenarios [18]. The required number of disassembly stations depends on the 

EOL product status as shown in table 1. Additionally, the recycling rate and cost of the EOL 

product depend on the 4 disassembly scenarios. According to Akahori et al. [17], the recy-

cling cost includes disassembly, processing, and disposal costs. The recycling cost is calcu-

lated based on disassembly time by the REM developed by Hitachi Ltd. [16].  

Table 1: Product status based on the Igarashi disassembly scenario: case of a vacuum 

cleaner [18] 

EOL product

status: k
Scenario

Required number of

stations for recycling

1 All parts disassembled 8

2 Recycling rate maximum 8

3 Recycling cost minimum 1

4 Recycling rate and cost coexistence 3
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4.2   Recycling and disposal facilities example 

This subsection prepares an example of the reverse supply chain network for locations (dis-

tances), production capacities, and the number of recycling work stations at recycling or 

disposal facilities, and explains the processable statuses of EOL product for each recycling 

facility. As listed in table 1, there are different statues of the EOL products. With respect to 

the recycling and disposal facilities, there are 3 recycling facilities with different number of 

stations and 1 disposal facility in the reverse supply chain. Table 2 shows the number of 

stations for recycling, production capacity for each recycling or disposal facility, and fixed 

opening cost. The processable statuses of the EOL products at each recycling facility are 

determined based on the number of stations as shown in tables 1 and 2. For example, when 

a EOL product with status 1 has the “all parts disassembled” scenario, only recycling facility 

1 with 8 disassembly stations is available to be recycled the EOL product with status 1.  

With respect to each recycling rate and cost of the different EOL product statuses, table 3 

shows recycling rate, cost and number of processable production capacity for each status. As 

each recycling facility has different processable statues of the EOL products, the recycling 

rate at recycling facility j Rkj depends on the status of EOL product and recycling facilities. 

Similar to the recycling rate Rkj, the recycling cost RCkj depends on the status and recycling 

facilities. For example, since the status 1 “all the disassembled parts” can be recycled at only 

recycling facility 1, the recycling cost of status 1 at facility 1 RC11 is 402.17 while the recy-

cling rate of status 1 at facility 1 R11 is 95.48%. 

The maximal production capacity of EOL product at facility j in table 2 is represented as the 

total number of production capacity Cj. On the other hand, production capacity for each status 

k in table 3, Bkj, means the processible number of EOL products with status k at the recycling 

facility j. Thus, the sum of EOL products with status k (∑ 𝐵𝑘𝑗
𝐾
𝑘=1 ) is equal to or less than

total production capacity Cj for each recycling facility. The transportation cost from collec-

tion center to recycling/disposal facility are set based on the distance between them as shown 

in table 4. 

Table 2: Number of stations for recycling, production capacity, and fixed opening cost for 

each facility: case of a vacuum cleaner [12] 

Recycling/Disposal

facility:  j

Number of

 stations for

recycling

Number of

 production capacity:

 C ｊ   [units]

Fixed opening cost

at facility j :

FC ｊ

Recycling facility (j  = 1) 8 12,000 800,000

Recycling facility (j  = 2) 3 12,000 400,000

Recycling facility (j  = 3) 1 12,000 100,000

Disposal facility (j  = 4) - 100,000 0
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Table 3: Recycling rate, cost and number of processable production capacity for each status 

Table 4: Transportation cost from collection center to recycling/disposal facility: case of a 

vacuum cleaner [12] 

i  = 1 i  = 2

Recycling facility (j  = 1) 351.0 433.0

Recycling facility (j  = 2) 47.5 189.5

Recycling facility (j  = 3) 204.5 9.5

Disposal facility (j  = 4) 73.0 189.0

Recycling/Disposal

facility j

Collection center i

Recycling/Disposal

facility:  j

EOL product status: k

Recycling

cost

RC kj

Recycling

rate

 R ｋｊ  [% ]

Number of

processable EOL

product with status k

at facility j : B kj

Recycling

cost

RC kj

Recycling

rate

 R ｋｊ  [% ]

Number of

processable EOL

product with status k

at facility j : B kj

Recycling

cost

RC kj

Recycling

rate

 R ｋｊ [% ]

Number of

processable EOL

product with status k

at facility j : B kj

Recycling

cost

RC kj

Recycling

rate

 R ｋｊ [% ]

Number of

processable EOL

product with status k

at facility j : B kj

1 402.17 95.48 12,000 0 0 0 0 0 0 0 0 100,000

2 383.76 95.48 12,000 0 0 0 0 0 0 0 0 100,000

3 36.51 13.10 12,000 36.51 13.10 12,000 36.51 13.10 12,000 0 0 100,000

4 152.65 64.02 12,000 152.65 64.02 12,000 0 0 0 0 0 100,000

Recycling facility (j  = 1) Recycling facility (j  = 2) Recycling facility (j  = 3) Disposal facility (j  = 4)
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4.3   Set LPP preference 

In the soft classes in LPP [5][6][7], a DM needs to set five limits 𝑡𝑖𝑠
+, 𝑡𝑖𝑠

− based on his/her

preferences to define six different desirability ranges. Thus, this study provides the range of 

each objective function as listed in Table 5. Table 5 lists preferences with the limit 𝑡𝑖𝑠
+, 𝑡𝑖𝑠

−,

which represents the total costs TC or the average recycling rate AR of the whole network.  

Table 5: Preference table of LPP 

5 The result of reverse supply chain network by LPP 

5.1 LPP weights parameters 

Table 6 lists the mathematical weights w+
is and w-

is calculated by LPP weight algorithm. The 

calculated mathematical weights reflect to the preferences of the DM in table 5. The objective 

function of the total costs TC belongs to class 1S (“smaller is better”). In contrast to the total 

costs TC, another objective function of the average recycling rate AR belongs to the class 2S 

(“larger is better”). By using the weight as shown in table 6, LPP can find one solution to 

reflect the preferences of DM. 

Table 6: Mathematical weights calculated by LPP weight algorithm for the total costs TC 

and average recycling rate AR 

5.2 Total cost and recycling rate 

Table 7 shows the results of value and aspiration level of each objective. The aspiration levels 

mean which preference levels correspond to the obtained value of the objective using LPP. 

From Table 7, the total costs TC becomes 7,999,960, which corresponds to the “tolerable” 

range. In addition, the average recycling rate AR becomes 38.77%, which corresponds to the 

“tolerable” range. However, the total costs TC is very close to an undesirable level 

(>8,000,000). Therefore, it is observed that the higher priority is given to maximizing the 

recycling rate AR than to minimizing the total costs TC. One of the reasons for this is that as 

the average recycling rate AR becomes higher, the average recycling rate per unit of the total 

cost (= the average recycling rate/total cost) is improved. If both objective functions are at 

Preference level Total costs: TC Average recycling rate: AR

Ideal ≤3,000,000 ≥60%

Desirable (3,000,000, 5,500,000] [47.5%, 60%)

Tolerable (5,500,000, 8,000,000] [35%, 47.5%)

Undesirable (8,000,000, 10,500,000] [22.5%, 35%)

Highly Undesirable (10,500,000, 12,000,000] [10%, 22.5%)

Unacceptable >12,000,000 <10%

Objective function

Total costs (TC )

Averagre recycling rate (AR )

Calculated LPP weight

�̃�1,2
+ = 0.0160 �̃�1, 

+ = 0.0150 �̃�1, 
+ = 0.0292 �̃�1,5

+ = 0.1345

�̃�2,2
− = 3077 �̃�2,

− = 3390 �̃�2,
− = 5114 �̃�2,5

− = 12758
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the same level, it is considered that the higher priority is given to maximizing the recycling 

rate rather than to minimizing the total costs TC in the numerical experiments. 

Table 7: Results of value and aspiration level of each objective 

Table 8: Results of the number of transported EOL products from the collection center to 

the recycling/disposal facility: case of the vacuum cleaner 

Table 8 shows the results of the number of transported EOL products from the collection 

center to the recycling/disposal facility in the case of a vacuum cleaner. For example, it was 

found that 3,000 units of the EOL products with status 1 at the collection center 1 was trans-

ported to the disposal facility. Additionally, the recycling facility 2 received 9,000 units of 

the EOL products from both collection centers 1 and 2. It is observed that all recycling facil-

ities 1, 2, and 3 were opened, even though the additional fixed opening costs was required 

for each recycling facility. Moreover, the recycling facility 2 was still available to receive 

more 3,000 units of the EOL products since the total capacity of the recycling center 2 was 

12,000 units. However, all EOL products with status 3 at collection center 2 were transported 

to the recycling facility 3. Then, the additional fixed opening cost for the recycling facility 3 

such as 100,000 was required. The reason why the recycling facility 3 was opened was that 

there were the difference of transporting costs from the collection center 2 to recycling facil-

ities 2 and 3 as shown in table 4. The transport cost between the collection center 2 and the 

recycling facility 3 is by 95% lower than one between the collection center 2 and the recy-

cling facility 2. Therefore, by transporting all EOL product with the status 3 at the collection 

center 2 to the recycling facility 3 instead of recycling facility 2, the total costs TC in the 

reverse supply chain could be saved by 75%. 

Objective function Value Aspiration level

Total costs (TC ) 7,999,960 Tolerable

Averagre recycling rate (AR ) 38.77% Tolerable

Recycling

facility (j  = 1)

Recycling

facility (j  = 2)

Recycling

facility (j  = 3)

Disposal facility

(j  = 4)

1 0 0 0 3,000

2 0 0 0 3,000

3 0 3,000 0 0

4 0 3,000 0 0

1 1,900 0 0 1,100

2 3,000 0 0 0

3 0 0 3,000 0

4 0 3,000 0 0

EOL

product

status: k

Recycling/Disposal facility:  j
Collection

 center : i

1

2
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5.3   LPP vs ε constraint method 

Figure 4: Behaviors of total costs TC and average recycling rate AR using LPP with ε con-

straint method 

This section compares the results by LPP and by ε constraint method [12] to validate the total 

costs TC and average recycling rate AR by LPP. The ε-constraint method prioritizes a primary 

objective while expressing other objectives as constraints to solve multi-objective problems 

[2]. By changing values of constraints related to non-prioritized objectives, the Pareto front 

is approximated [2]. Ijuin et al. [12] applied the ε-constraint method to designing the reverse 

supply chain network to obtain Pareto optimal solutions for the total costs TC and average of 

recycling rate AR.  

Figure 4 shows the behaviors of the total costs TC and average recycling rate AR solved using 

LPP and ε constraints method [12]. The vertical axis represents the total costs TC, while the 

horizontal axis means the average recycling rate AR. The circles connected by the blue line 

in Fig.4 represent the results of ε constraint method in [12], while the orange triangle indi-

cates the result of LPP. Pareto frontier for the total costs TC vs the average recycling rate AR 

of the whole network AR can be observed in Fig. 4. The resulted value by LPP was located 

on the blue line between solutions with 30% and 40% average recycling rates AR. Thus, LPP 

could obtain one solution to satisfy desirable levels for the total costs TC and average recy-

cling rate simultaneously with lower runs than that by ε constraint method. 
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6 Effect by recycling facility cost and different ranges of objec-

tive functions 

6.1   Fluctuation of facility cost at recycling facility 

This study has investigated the reverse supply chain to increase the recycling rate with the 

cost opening facilities, transportation and recycling EOL products. Regarding decision mak-

ing for a reverse supply chain configuration, the opening recycling facility cost is one of the 

most important factors. This is because if a facility is built at once, the manufacturers cannot 

easily change the location. Therefore, the opening facility costs have significant impacts in 

terms of designing the reverse supply chain network. On the other hand, the preference 

ranges set by a DM are also an important factor since mathematical weights to construct the 

reverse supply chain with LPP are calculated based on the preference ranges of the DM. For 

example, if the DM wants to decrease costs further, they may decide to introduce an extreme 

lower cost range that maintains a recycling rate. Thus, section 6.1 conducts sensitivity anal-

ysis of opening cost for recycling facilities to examine the effect of opening recycling facility 

costs on the reverse supply chain configuration. Section 6.2 investigates the total costs TC 

and average recycling rate AR under different preference ranges. 

Figure 5: Behaviors of total costs TC and average recycling rate AR for recycling facility 
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In the sensitivity analysis of the opening cost for recycling facilities, the opening costs at 

recycling facility are assumed to set as half, double, five, and 10 times higher than the that 

of initial input data (see table 2) in the numerical experiment at section 5. Figure 5 shows 

total costs TC breakdown and average recycling rate AR of the sensitivity analysis of the 

opening cost at recycling facility. The baseline refers the results conducted in the section 5 

using the initial input data. At Fig. 5, green bar represents to total recycling cost, red bar 

indicates total transportation costs, and gray bar shows total facility cost. Since the opening 

cost for the disposal facility is assumed to be 0, the total disposal cost is not appeared in any 

scenarios in Fig 5. The green line represents the average recycling rate AR.  

Compared the case of half facility cost with the baseline, the average recycling rate AR in the 

case of half facility cost was 4% higher than that of the baseline, even though the total costs 

TC was the almost same within 1%. Therefore, the half of facility costs did not contribute 

reduction of the total cost TC; however, it could increase the average recycling rate AR.  

In the cases of double and 5 times higher facility costs, the total opening cost at the recycling 

facility increased 2 and 1.9 times respectively, and the average recycling rate AR decreased 

by 3.8% and 19.5%, respectively. In the case of 10 times higher facility cost, the total costs 

TC increased by 1.6% from the baseline. Moreover, the average recycling rate AR in the case 

of 10 times higher facility cost was the same as that in the case of 5 times higher facility one. 

From the Fig. 5, it was observed that the total costs TC increased within 10% from that of 

baseline among half, double and 10 times higher facility cost. 
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6.2 Fluctuation of facility cost at recycling facility 

Sections 6.2 investigates the effect of different ranges on the reverse supply chain configu-

ration for the average recycling rate AR and total costs TC. It assumes the following three 

scenarios: Cost oriented Recycling oriented, and Recycling and cost coexistence. Table 9 

presents the changed ranges of average recycling rate AR and the total costs TC. Based on 

the changed total costs TC and/or average recycling rate AR ranges, LPP weight were calcu-

lated for each scenario to design the reverse supply chain network using LPP. In the baseline, 

the range is obtained from Table 5. 

Table 9. Changed ranges of total costs TC and average recycling rate AR 

Figure 6 shows the average recycling rate AR and total costs TC among scenarios of cost-

oriented, recycling-oriented, recycling and cost coexistence and baseline. The blue circle 

represents the baseline. The orange triangle, red diamond, and green square represent sce-

narios of Cost-oriented, Recycling-oriented, and Recycling and cost coexistence, respec-

tively. In all scenarios, the total costs TC is obtained between 7,000,000 and 10,500,000, and 

the average recycling rate AR remains over 35%. The highest average recycling rate AR 

among the 4 scenarios was the recycling-oriented one as shown in Fig. 6. Additionally, the 

lowest total costs TC among 4 scenarios was in the cost-oriented one. However, the solutions 

with higher average recycling rates AR such as 60% and lower total costs TC under 4,000,000 

obtained by ε constraint method as shown in Fig. 4 were not found in the changed prefer-

ences ranges by LPP. Therefore, even though LPP would not find total costs TC minimum 

and average recycling rate AR maximum solutions, LPP can seek solutions to satisfy desira-

bility for the total costs TC and average recycling rate AR at once run.  

Scenarios for

changing ranges
Preference level Total cost: TC Average recycling rate: AR

Ideal ≤3,000,000 ≥60%

Desirable (3,000,000, 3,500,000] [47.5%, 60%)

Tolerable (3,500,000, 5,000,000)] [35%, 47.5%)

Undesirable (5,000,000, 7,500,000] [22.5%, 35%)

Highly Undesirable (7,500,000, 12,000,000] [10%, 22.5%)

Unacceptable >12,000,000 <10%

Ideal ≤3,000,000 ≥65%

Desirable (3,000,000, 5,500,000] [60%, 65%)

Tolerable (5,500,000, 8,000,000] [51%, 60%)

Undesirable (8,000,000, 10,500,000] [38%, 51%)

Highly Undesirable (10,500,000, 12,000,000] [20%, 38%)

Unacceptable >12,000,000 >20%

Ideal ≤3,000,000 ≥65%

Desirable (3,000,000, 3,500,000] [60%, 65%)

Tolerable (3,500,000, 5,000,000)] [51%, 60%)

Undesirable (5,000,000, 7,500,000] [38%, 51%)

Highly Undesirable (7,500,000, 12,000,000] [20%, 38%)

Unacceptable >12,000,000 >20%

Recycling-

oriented

Cost-oriented

Recycling and

cost coexistence
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Figure 6: Total costs TC and average recycling rate AR with changed preference 

ranges of a DM. 

7 Conclusions 

This study modeled and formulated the reverse supply chain network with LPP in terms of 

total costs TC and average recycling rate AR. The result of LPP harmonized both the objective 

functions. The main conclusions of this paper are as follows: 

・ Using the LPP, the greater priority was given to maximize the recycling rate than to min-

imize the total costs TC in the numerical experiments.

・ The case was found in the numerical experiments that an additional recycling facility was

opened with the fixed opening cost to save the total costs TC in the reverse supply chain,

even though other recycling facilities had still capacity to receive the EOL products.

・By comparing LPP with ε constraint method, LPP finds a satisfied solution with the total

costs TC and average recycling rate AR based on the preferences of the DM with lower num-

ber of experimental trials.

・When the fixed opening cost at recycling facility cost was lower, the average recycling

rate AR was improved. On the other hand, when the fixed opening costs at recycling facility

cost are higher, fewer facilities were opened then the average recycling rate AR became lower.

・In contrast to ε constraint method, LPP would not find total costs TC minimum and average

recycling rate AR maximum solutions, even though the preference ranges of the DM was set

as recycling or cost-oriented scenarios. However, LPP could seek solutions to satisfy desira-

bility for the total costs TC and average recycling rate AR at once run.

Future work should consider increasing the number of objective functions such as recovered 

materials and integrating a mixed collection for multiple types of products. 
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