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Abstract. In this paper, a closed-loop supply chain (CLSC) model with
part and module inventory centers is proposed and optimized. Part sup-
plier, module assembler, manufacturer, distribution center and retailer
in forward logistics (FL) and customer, collection center, recovery cen-
ter, secondary market and waste disposal center in reverse logistics (RL)
are taken into consideration for constructing the proposed CLSC model.
Especially, for the reuses of recovered part and module, part and module
inventory centers are also considered. The proposed CLSC model is rep-
resented by a mathematical formulation, which is to minimize the sum
of various costs resulting from each stage of FL and RL under satisfying
various constraints. The mathematical formulation is implemented by
an adaptive hybrid genetic algorithm (a-HGA) approach. In numerical
experiment, various scales of the proposed CLSC model are presented
and the performance of the a-HGA approach are compared with those
of several conventional approaches. In conclusion, the efficiency of the
proposed CLSC model and the a-HGA approach are proved.

Keywords: Closed-loop supply chain · Part and module inventory cen-
ters · Forward and reverse logistics · Adaptive hybrid genetic algorithm

1 Introduction

Closed-loop supply chain (CLSC) model is generally consisted of forward logis-
tics (FL) and reverse logistics (RL). For FL, part supplier, manufacturer, distri-
bution center and retailer are considered. For RL, customer, collection center,
recovery (remanufacturing or refurbishing) center, secondary (used) market and
waste disposal center are taken into consideration. In general, the objective for
implementing the CLSC model can be divided into two aspects as follows:

• Constructing various facilities which can be used in FL and RL stages and
considered in real-world situation.

• Optimizing the CLSC model.
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There are many conventional studies considering the above two aspects in
the CLSC model [1–4,7,10,12].

For constructing various facilities, Fleischmann et al. [4] proposed the CLSC
model with three activities of product production, resale and waste disposal in
customer, reused market and disposer market, respectively. Amin and Zhang
[1] proposed the CLSC model with reuse activity. For the reuse activity, they
considered the new part from supplier as well as the reusable part from refur-
bishing center so that all parts are used for producing product at manufacturer
in FL. Wang and Hsu [12] suggested the CLSC model with reuse activity, that is,
recycler in RL classifies the returned product into reusable and unusable mate-
rials, respectively. The reusable materials are then reused at manufacturer in
FL and unusable materials are disposed in landfill area. Similar to Wang and
Hsu [12], Chen et al. [3] also suggested the CLSC model with various reuse
activities. In this CLSC model, recycling center collects the returned product
from customer and then classifies them into reusable and unusable products.
The reusable product is reused at retailer in FL and the unusable product is dis-
assembled into reusable and unusable materials. The reusable material is reused
at manufacturer and the unusable material is treated at waste disposal plant
in RL.

For optimizing the CLSC model, Amin and Zhang [1] and Wang and Hsu
[12] minimized the total costs resulting from each stage of FL and RL. However,
Chen et al. [3] maximized the total profit consisting of total revenue and total
cost.

Although, the conventional studies mentioned above considered various activ-
ities of each facilities in FL and RL, they do not explained exactly how to use
the reusable part (or material) for the facilities in FL. Therefore, in this paper,
we propose a new CLSC model with two inventory centers (part and module
inventory centers) so that the reusable part (or material) is exactly and effec-
tively used for the facilities in FL. In Sects. 2 and 3, the proposed CLSC model
is represented by a mathematical formulation, which is to minimize the sum
of various costs resulting from each stage of FL and RL under satisfying vari-
ous constraints. The mathematical formulation is implemented by an adaptive
hybrid genetic algorithm (a-HGA) approach in Sect. 4. In Sect. 5 for numerical
experiment, various scales of the proposed CLSC model are presented and the
performance of the a-HGA approach are compared with those of several con-
ventional approaches. Finally, in Sect. 6, as a conclusion, the efficiencies of the
proposed CLSC model and the a-HGA approach are proved.

2 Proposed CLSC Model with Two Inventory Centers

The proposed CLSC model is consisted of part suppliers in areas 1, 2, 3 and 4,
module assembler, product manufacturer, distribution center and retailer for FL
and customer, collection center, recovery center, secondary market and waste
disposal center in RL and two inventory centers (part and module inventory
centers). Its conceptual structure is shown in Fig. 1.



1032 Y. Yun et al.

Fig. 1. Conceptual structure of the proposed CLSC model

The difference between the proposed CLSC model and the conventional
CLSC models [1,3,12] is that the former considers two inventory centers and
the latter does not taken into account them. The detailed logistics are as fol-
lows. Each part supplier at areas 1, 2, 3, and 4 respectively produces new part
types 1, 2, 3, and 4 and then send them to part inventory center. Also, each
module assembler assembles new module types 1 and 2 and then send them to
module inventory center. Recovery center checks the returned product from col-
lection center and then classifies them into recovered modules (recovered module
types 1 and 2) and recovered parts (recovered part types 1, 2, 3, and 4). Each
recovered part and module are sent to part and module inventory centers, respec-
tively. Each inventory center has a function that new part and module in FL and
recovered part and module in RL can be used for respectively assembling and
producing module and product in module assembler and product manufacturer
in FL. The recovered product and unrecovered module at recovery center are
sent to secondary market and waste disposal center so that they are resold and
land filled, respectively.

3 Mathematical Formulation

First, some assumptions are presented.

• Only single product is produced.
• The numbers of facility at each stage are already known.
• Among all facilities at each stage, only one facility should be opened.
• Fixed cost for operating each facility are different and already known.
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• Unit handling cost considered at same stage is the same and already known.
• Unit transportation cost considered between each facility are different and

already known.
• All products from customer are returned to collection center.
• The qualities of recovered part and module at recovery center are identical

with those of new part and module.

Under considering the above assumption, the mathematical formulation for
the CLSC model is proposed. Some indexes, parameters and decision variables
are defined.

Index Set:
a : index of part supplier; a ∈ A;
p : index of area of part supplier; p ∈ P ;
b : index of module assembler; b ∈ B;
m : index of area of module assembler; m ∈ M ;
v : index of part inventory center; v ∈ V ;
g : index of module inventory center; g ∈ G;
d : index of product manufacturer ; d ∈ D;
e : index of distribution center; e ∈ E;
y : index of retailer/customer; y ∈ Y ;
j : index of collection center; j ∈ J ;
z : index of recovery center; z ∈ Z;
i : index of secondary market; i ∈ I;
k : index of waste disposal center; s ∈ S.

Parameters:
BSap : fixed cost at part supplier a of area p;
BIv : fixed cost at part inventory center v;
BMbm : fixed cost at module assembler b of area m;
BVg : fixed cost at module inventory center g;
BPd : fixed cost at product manufacturer d;
BDe : fixed cost at distribution center e;
BCj : fixed cost at collection center j;
BRz : fixed cost at recovery center z;
LSap : unit handling cost at part supplier a of area p;
LIv : unit handling cost at part inventory center v;
LMbm : unit handling cost at module assembler b of area m;
LVg : unit handling cost at module inventory center g;
LPd : unit handling cost at product manufacturer d;
LDe : unit handling cost at distribution center e;
LCj : unit handling cost at collection center j;
LRz : unit handling cost at recovery center z;
TSIapv : unit transportation cost from part supplier a of area p to part inventory
center v;
TIMvbm : unit transportation cost from part inventory center v to module assem-
bler b of area m;
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TMVbm : unit transportation cost from module assembler b of area m to module
inventory center g;
TVPgd : unit transportation cost from module inventory center g to product
manufacturer d;
TPDde : unit transportation cost from product manufacturer d to distribution
center e;
TDTey : unit transportation cost from distribution center e to retailer/customer
y;
TTCyj : unit transportation cost from retailer/customer y to collection center
j;
TCVjz : unit transportation cost from collection center j to recovery center z;
TVUzk : unit transportation cost from recovery center z to secondary market k;
TVIzv : unit transportation cost from recovery center z to part inventory center
v;
TVVzg : unit transportation cost from recovery center z to module inventory
center g;
TUWzk : unit transportation cost from recovery center z to waste disposal center
k;

Decision Variables:
iiv : handling capacity at part inventory center v;
imbm : handling capacity at module assembler o of area e;
ivg : handling capacity at module inventory center g;
ipd : handling capacity at product manufacturer d;
ide : handling capacity at distribution center e;
iry : handling capacity at retailer/customer y;
icj : handling capacity at collection center j;
ivz : handling capacity at recover center z;
iui : handling capacity at secondary market i;
iwk : handling capacity at waste disposal center k

psap =
{

1, if part supplier p of area a is opened
0, otherwise

piv =
{

1, if part inventory center v is opened
0, otherwise;

pmbm =
{

1, if module assembler b of area m is opened
0, otherwise;

pvg =
{

1, if module inventory center g is opened
0, otherwise;

ppd =
{

1, if product manufacturer d is opened
0, otherwise;

pde =
{

1, if distribution center e is opened
0, otherwise;

pcj =
{

1, if distribution center j is opened
0, otherwise;
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prz =
{

1, if distribution center z is opened
0, otherwise.

Objective function and constraints are as follows:
Minimize Total Cost (TC)

TC =
∑

p

∑

a

(BSappsap) +
∑

v

(BIv × piv) +
∑

b

∑

m

(BMbm × pmbm) ,

+
∑

g

(Bvg × pvg) +
∑

d

(BPd × ppd) +
∑

e

(BDe × pde) +
∑

j

(BCj × pcj)

+
∑

z

(BRz × prz) +
∑

a

∑

p

(LSpa × ispa × pspa) +
∑

v

(LIv × iiv × piv)

+
∑

m

∑

b

(LMbm×imbm×pmbm)+
∑

g

(LVv×ivg×pvg)+
∑

d

(LPd×ipd × ppd)

+
∑

e

(LDe×ide×pde)+
∑

j

(LCj×icj × pcj)+
∑

z

(LRz×irz×prz) (1)

+
∑

p

∑

a

∑

v

(TSIapv×ispa×pspa × piv)+
∑

v

∑

m

∑

b

(TIMvbm×iiv×piv×pmbm)

+
∑

m

∑

b

∑

g

(TMVeoc×imbm×pmbm×pvg)+
∑

g

∑

d

(TVPgd×ivg×pvg×pdd)

+
∑

d

∑

e

(TPDde × pd × ppd × pde) +
∑

e

∑

y

(TDTey × ide × pde)

+
∑

y

∑

j

(TTCj × icj × pcj) +
∑

j

∑

z

(TCVjz × irz × prz × pvj)

+
∑

z

∑

v

(TVIzv × irz × prz × piv) +
∑

z

∑

g

(TVVzg × irz × prz × pvg)

+
∑

z

∑

i

(TVUzi × irz × prz) +
∑

z

∑

k

(TVWzk × irz × prz).

s. t.
∑

p

psap = 1, ∀p ∈ P, (2)

∑

v

piv, (3)

∑

m

pmbm = 1, ∀m ∈ B, (4)

∑

g

pvg = 1, (5)

∑

d

ppd = 1, (6)

∑

e

pde = 1, (7)

∑

j

pcj = 1, (8)

∑

z

rz = 1, (9)
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∑

ap

(isap × psap) −
∑

v

(iiv × piv) ≤ 0 ∀p ∈ P, (10)

∑

v

(iiv × piv) −
∑

bm

(imbm × pmbm) ≤ 0 ∀b ∈ B, (11)

∑

bm

(imbm × pmbm) −
∑

g

(ivg × pvg) ≤ 0 ∀b ∈ B, (12)

∑

g

(ivg × pvg) −
∑

d

(ipd × ppd) = 0, (13)

∑

d

(ipd × ppd) −
∑

e

(ide × pde) = 0, (14)

∑

e

(ide × pde) −
∑

y

qry = 0, (15)

∑

y

qry −
∑

j

(icj × pcj) = 0, (16)

∑

j

(icj × pcj) −
∑

z

(irz × prz) ≥ 0, (17)

∑

v

(iiv × piv) − a1%
∑

z

(irz × prz) ≥ 0, (18)

∑

g

(ivg × pvg) − a2%
∑

z

(irz × prz) ≥ 0, (19)

∑

i

pui − a3%
∑

z

(irz × prz) ≥ 0, (20)

∑

k

pwk − a4%
∑

z

(irz × prz) ≥ 0, (21)

psap = {0, 1} , a ∈ A, ∀p ∈ P, (22)
piv = {0, 1} , ∀i ∈ I, (23)
pmbm = {0, 1} , ∀n ∈ M, b ∈ B, (24)
pvg = {0, 1} , ∀g ∈ G, (25)
ppd = {0, 1} , ∀d ∈ D, (26)
pde = {0, 1} , ∀e ∈ E, (27)
pcj = {0, 1} , ∀j ∈ J, (28)
prz = {0, 1} , ∀z ∈ Z, (29)
psap, piv, pmbm, ppd, pde, pcy, przpui, pwk ≥ 0, ∀p ∈ P, ∀a ∈ A, ∀v ∈ V,

∀m ∈ M, ∀b ∈ B, ∀d ∈ D, ∀e ∈ E, ∀y ∈ Y, ∀z ∈ Z, ∀i ∈ I, ∀k ∈ K,

∀j ∈ J.

(30)

The objective function of Eq. (1) is to minimize the total sum of fixed costs,
handling costs and transportation costs. Equations (2)–(9) means that only one
facility is opened at each stage. Equation (10) implies that the sum of the han-
dling capacity at each supplier in areas 1, 2, 3 and 4 is the same or greater than
that of the module inventory center. The same meaning is considered in Eqs.
(11)–(17). Equation (18) implies that the sum of the recovered products at each
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recovery center is the same or greater than that of the recoverable products with
a1% at each collection center. Equation (19) restricts that the sum of the han-
dling capacity at all part inventory center is the same or greater than that of the
recoverable product with a2% at all recovery centers. Equations (20)–(21) indi-
cate the same meanings of the Eqs. (18) and (19). Equations (22)–(29) restrict
the variables to integers 0 and 1. Equation (30) means non-negativity.

4 A-HGA Approach

The mathematical formulation is implemented using the a-HGA approach. The
a-HGA approach is a hybrid approach with adaptive scheme. For the hybrid app-
roach, conventional GA and Cuckoo search (CS) are used and for the adaptive
scheme, Srinivas and Patnaik’s approach [11] is used. Using the hybrid approach
can achieve a better improvement of solution rather than using a single app-
roach does. By using the adaptive scheme, the rates of crossover and mutation
operators used in GA are automatically regulated. The detailed implementation
procedure [5,6,8] is as follows.

Step 1. GA approach
Step 1.1. Representation 0–1 bit representation scheme is used for

effectively representing opening/closing decision of all facil-
ities at each stage.

Step 1.2. Selection Elitist selection strategy in enlarged sampling
space is used

Step 1.3. Crossover Two-point crossover operator (2X) is used.
Step 1.4. Mutation Random mutation operator is used.
Step 1.5. Reproduce offspring

Step 2. CS approach Apply Levy flight scheme [8] to the offspring of GA and
produce new solution.

Step 3. Adaptive scheme Apply the adaptive scheme used in Srinivas and Pat-
naik [11] to regulate crossover and mutation rates.

Step 4. Termination condition If pre-determined stop condition is satisfied,
then stop all Steps, otherwise go to Step. 1.2.

5 Numerical Experiments

In numerical experiment, three scales of the proposed CLSC model are presented.
Each scale has various sizes of part suppliers in areas 1, 2, 3 and 4, par inventory
center, module assembler in area 1 and 2, module inventory center, product
manufacturer, distribution center and retailer in FL and customer, collection
center, recovery center, secondary market, and waste disposal center in RL.
The detailed sizes of each scale are showed in Table 1. For each scale, 1,500
products are produced in FL and handled in RL. The rates at recovery center for
handling the returned products from collection center are as follows: α1 = 60%,
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Table 1. Various scales of the proposed CLSC model

Scale Part Part Module Module Product Distri- Retalier/ Collect- Recovery Second- Waste

supplier inventory assembler inventory manufa- bution customer ion center ary disposal

center center cturer center center market center

1 2 3 4 1 2

1 4 4 4 4 1 3 3 1 4 3 10 4 3 10 1

2 12 12 12 12 2 8 8 2 12 8 15 12 8 15 2

3 23 23 23 23 3 20 20 3 23 20 25 20 20 25 3

Table 2. Each approach for comparison

Approach Description

GA Conventional GA [5]

HGA Conventional HGA by Kanagaraj et al. [6]

a-HGA Proposed approach in this paper

Lingo Conventional optimization solver by Lindo Systems [8]

Table 3. Measures of performance comparison

Measure Description

Best solution Best value of the objective functions under satisfying all
constraints

Average solution Averaged values of the objective functions under satisfying all
constraints

Average time Average value of the CPU time (Sec.) used for running each
approach

Percentage difference The difference of the best solutions of GA, HGA and a-HGA
when compared with that of Lingo

α2 = 20%, α3 = 15% and α4 = 5%, for recoverable products, parts, modules
and unrecoverable modules, respectively.

To prove the efficiency of the a-HGA approach, two conventional approaches
(GA, HGA) and Lingo [9] as a benchmark are used and they are summarized in
Table 2. The performances of each approach are compared using various measures
of performance as shown in Table 3.

All approaches ran on a same computation environment (IBM compatible
PC 1.3 Ghz processor-Intel core I5−1600 CPU, 4 GB RAM, OS-X EI) and pro-
grammed by MATLAB version R2014a. The parameter settings for GA, HGA
and a-HGA are as follows: For each scale, total number of generations is 1,000,
the population size is 20, the crossover and mutation rates are 0.5 and 0.3 respec-
tively. Total 30 trials were independently done for eliminating the randomness in
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Table 4. Computation results of each approach

Best solution Average
iteration

Average
solution

Average
time

Percentage
diff.

Scale 1 GA 149,789 15 150,754 8.1 −7.41%

HGA 149,789 17 150,520 8.30 −7.41%

a-HGA 149,789 21 149,789 138.50 −7.41%

LINGO 161,777 - - - 0.00%

Scale 2 GA 149,868 35 152,381 8.33 −10.12%

HGA 149,852 42 152,679 8.83 −10.13%

a-HGA 149,765 54 151,616 193.70 −10.18%

LINGO 166,747 - - - 0.00%

Scale 3 GA 151,572 53 153,919 9.00 −9.31%

HGA 149,943 54 153,610 9.07 −10.27%

a-HGA 149,895 42 153,365 313.30 −10.30%

LINGO 167,103 - - - 0.00%

the search processes of the GA, HGA and a-HGA. Table 4 shows the computation
results by GA, HGA, a-HGA and Lingo.

In the scale 1 of Table 4, the a-HGA including the GA and HGA has the same
re-sult and their performances are greater than that of Lingo in terms of the
best solution and percentage difference. In terms of the average solution, the a-
HGA shows the best performance compared with the GA and HGA. However, in
terms of the average time, the a-HGA shows the worst performance and the GA
is the best performer. In scale 2, the performance of the a-HGA is more efficient
than the GA and HGA in terms of the best solution and average solution. The
difference in terms of the percentage difference means that the a-HGA is 0.05%
and 0.06% advantageous compared with the HGA and GA. However, in terms
of the average time, the a-HGA is the slowest and the GA is the quickest.

Similar results are also shown in the scale 3, that is, the a-HGA shows the
best performances in terms of the best solution, average solution and percentage
difference when compared with the GA, HGA and Lingo. However, the search
speed of the a-HGA is about thirty times slower than those of the GA and HGA.

Figure 2 shows the convergence behaviors of GA, HGA and a-HGA until the
generation number is reached to 200.

In Fig. 2, all approaches show rapid and various convergence behaviors during
initial generations. However, after about 50 generations, each approach does not
show any more convergence behaviors and the a-HGA shows to be more efficient
behaviors than the GA and HGA.

The result of the detailed material flows in the a-HGA for the scale 3 is shown
in Fig. 3. The opened facilities at each stage are displayed as white-coloured
boxes. The 975 new parts in each area are produced and then sent to part inven-
tory center. The recovery center recovers the quality of the returned products
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Fig. 2. Convergence behaviors of GA, HGA and a-HGA

Fig. 3. Detailed material flows and facility numbers opened at each stage

and then sent 225 recovered parts to part inventory center. Part inventory center
stores 975 new parts and 225 recovered parts. Total 1,200 parts (= 975+225) are
shipped to module assembler. Module assembler assembles 1,200 parts and pro-
duces 1,200 new modules. Recovery center recovers the quality of the returned
products and then sent 300 recovered modules to module inventory center. Mod-
ule inventory center stores 1,200 new modules and 300 recovered modules. Total
1,500 modules are sent to product manufacturer for producing 1,500 products.
1500 products are sent to each retailer via distribution center. In RL, 1,500 prod-
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ucts from all customers are returned to recovery center through collection center.
900 recovered products (= 60% × 1, 500) of all returned products are resold at
secondary markets. 75 unrecovered parts (= 5%×1, 500) of all returned products
are sent to waste disposal center.

Based on the results of Table 4, Figs. 2 and 3, we can reach the following
conclusions.

• The proposed CLSC model can represent the detailed material flows at each
stage and effectively handle the recovered part and module by using two
inventory centers, when compared with the conventional models of Amin and
Zhang [1], Wang and Hsu [12], and Chen et al. [3].

• The a-HGA approach shows to be more efficient in many measures of per-
formance than the GA, HGA and Lingo, which implies that the former can
explore whole search space rather than the latter do.

• The search speed of the a-HGA is significantly slower than those of the GA
and HGA, since the former has an adaptive scheme to regulate crossover and
mutation operators and the search structure requires many times.

6 Conclusion

In this paper, we have proposed a new type of the CLSC model. The proposed
CLC model has part suppliers at areas 1, 2, 3, and 4, module assembler, product
manufacturer, distribution center and retailer for FL and customer, collection
center, recovery center, secondary market and waste disposal center for RL.
Especially, for effectively handling recovered part and module, two inventory
centers (part and module inventory centers) have been used.

The proposed CLSC model has been represented by a mathematical formula-
tion, which is to minimize the sum of handling cost, fixed cost and transportation
cost resulting from each stage of FL and RL under satisfying various constraints.
The mathematical formulation has been implemented by the a-HGA approach.
The a-HGA approach is a hybrid algorithm with GA and CS approach. Also,
using an adaptive scheme, the rates of crossover and mutation operators are
automatically regulated in a-HGA approach. The a-HGA approach has been
implemented in various scales of the proposed CLSC model to compare its per-
formance with those of GA, HGA and Lingo. The experimental results have
shown that the a-HGA approach is more efficient in terms of various measures
of performance than the GA, HGA and Lingo. However, since the search speed
of the a-HGA approach is significantly slower than those of the others, a room
for improvement is still left in the a-HGA approach.
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