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Abstract

Nowadays, researches pay more attention to environmental concerns
consisted of various communities. This study proposes a multi-echelon,
multi-period closed-loop supply chain (CLSC). A comprehensive model
considers the selection of selection of technology and environmental effects.
The supply chain is under a build-to-order (BTQO) environment. So, there is
not a final product inventory. Also, the returned products disassembled into
reused components. The bi-objective mixed-integer linear problem is solved
by a Benders decomposition algorithm by validating some numerical
experiments. The convergence is also shown in the property.

Keywords: Green supply chain, closed-loop supply chain, technology,
build-to-order, Benders decomposition algorithm

1- Introduction

In recent years, researchers noticed to supply chain models as an essential issue for success in
business processes and enhance customer satisfaction (Salehi et al., 2019). On the other hand,
pollution reduction and people's livelihood are the other issues paying more attention because of
government awareness for environmental aspects. So, green manufacturing, logistic reverse,
remanufacturing, and waste management as a subset of green supply chain management (GSCM) are
important issues for researchers and manufacturers (Sadegi Rad and Nahavandi, 2018).
Environmental effects are the important issue considering in GSCM that way, in which all of the
processes (i.e., procurement, production, and distribution) should be done in an environmentally
friendly manner (Ma et al., 2016).

A traditional supply chain pays attention to forward logistics from raw materials to final products;
however, due to return products and their benefits for the environment, government and
manufacturers, firms are focusing not only forward logistics but also reverse logistics (i.e.,
remanufacturing the return products), which named a closed-loop supply chain (CLSC) (Jabbarzadeh
et al., 2018). Collecting, using and recovery returned products make the CLSC valuable (Schankel et
al., 2019). According to Zhen et al. (2019), an effective CLSC tries to minimize the supply chain cost
by considering environmental protection. Well-designed CLSC provides services leading to customer
satisfaction, cost reduction, and protection environment simultaneously. A build-to-order (BTO)
strategy is a production system with the aim of satisfying customers.
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In BTO, production activities begin when the orders received from customers, in which before
orders reception, none of the production activities is done (Laimazloumian et al. 2013). According to
the CLSC literature, issues such as the supply chain network design (Mardan et al. 2019), CO,
emission control (Yousefi and Ebadi, 2018), capacity constraint (Dominguez et al., 2018), product
design (Liu et al. 2019), return quality levels (Yavari and Geraeli, 2019) and social factors
(Hassanpour et al., 2019; Wan and Hong, 2019; Wang et al., 2019) were studied; however, a
production strategy (e.g., BTO) did not consider. Khalafi et Al. (2019) studied returned perishable
food in a CLSC with a case study in a milk and yogurt industry. Shaharudin et al. (2018) examined
some hypotheses in Malaysia investigating green capability and product returns in a CLSC. Shimada
and Van Wassenhove (2019) considered home appliance recycling law and its impact on a CLSC.
They studied the electric home appliance industry of Japan and used the extended procedure
responsibility plan. Gaur and Mani (2018) presented a conceptual framework, which studied major
menace and chances for an organization engaged in a CLSC operation.

Few studies have considered the BTO in a green supply chain (Ebrahimi and Tavakkoli, 2020).
Most of the studies in the BTO are a conceptual framework; few of them are studied quantitatively
and mathematically. Mathematical studies (e.g., Ebrahimi et al (2018)) have considered a bi-objective
BTO supply chain problem to maximize the total profit and customer’s utility, whose demand was
dependent on the customer’s utility. In the other study, a scenario-based multi-objective BTO problem
was presented, in which a return policy and outsourcing were considered (Ebrahimi et al. 2019).

To help the managers, this paper focuses on optimization research to formulate a bi-objective
mixed-integer programming (MIP) model to minimize negative environmental impacts (i.e., pollution
of the technology and vehicles) and minimizing the supply chain cost under a BTO environment. The
novel green CLSC is considered in a BTO environment. Also, the product’s shortage is a new issue in
the CLSC considered in this paper. Furthermore, choosing the technology and considering the
environmental impact of the technology are investigated in our new integrated model. Finally, the
benders decomposition algorithm (BDA) is used to efficiently solve the presented model by validating
some numerical experiments. The results show the enterprise practice advantages of an integrated
model.

The organization of this study is as follows. The related literature is reviewed in section 2. The
developed model (i.e., definition and formulation) is illustrated in section 3. The presented model is
solved by the Benders decomposition algorithm in section 4. The results are shown and analyzed in
section 5.

2- Problem description and formulation

The structure of the CLSC under this research is shown in figure 1, in which new products are
produced in a production center. Since our model is in the BTO environment, all of the final products
are sent to their customers. Returned products are gathered in a separation center. All of the returned
products are disassembled into components or modals, and then each of the components that has
enough quality will be transferred to a production center or plant. The technology impact and
transportation effect on the environment are considered. The distance between suppliers and
manufacturers (i.e., production center or plant), manufacturers and customers, customers and
separation centers, separation centers, and manufacturers is deterministic; however, there are several
vehicles, in which each of them has its cost and effect on the environment.

2-1- Notations
The following notations are used to model the given problem.

Indices:

r Index of the raw materials
n Index of the component

p Index of the final product
s Index of the suppliers
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Parameters:
Dpp,c,t
Crr,s,t
Cpm,p,t
Cnn,m,o,t
Chpmt
Cvmm,c,v,t
Cvss,m,v,t
Cdgp,

Cvdc,d,v,t
Cvnd,m,v,t
Yn,r

Hpn
LSs,m
me,c
de,d
Ldmg
Puv,
Puo,
€om,t

grr

gnn

9Py
Tnn,m,o
TPpm

Td,q

Hreme
Hng e
Hd, 4,
Wei,
Mrs, s,
Mriy e
Mni, . ¢
Mdi, 4,
Mnm,, ,
Mpm, .
Mpdy
Sat
RR

p.C

Index of the manufacturer
Index of the customers

Index of the technology
Index of the vehicle

Index of the separation centre
Index of the time

Demand of product p for customer c in period t

Cost of raw material r from supplier s in period t

Cost of producing product p in manufacturer m in period t

Cost of producing component n in manufacturer m in period t

Shortage cost of product p for manufacturer m in period t

Transportation cost of vehicle v from manufacturer m to customer c in period t
Transportation cost of vehicle v from supplier s to manufacturer m in period t
Cost of disassembling or separating of the return product p in separation centre d in
period t

Transportation cost of vehicle v from customer c to separation centre d in period t
Transportation cost of vehicle v from separation centre d to manufacturer m in period t
Amount of raw material r required in component n

Amount of component n required in product p

Distance between supplier s and manufacturer m

Distance between manufacturer m and customer ¢

Distance between customer ¢ and separation centre d

Distance between separation centre d and manufacturer m

Environmental damage of vehicle v for each kilometre

Environmental damage of technology o for manufacturer m

Cost of technology o for manufacturer m in period t

Weight of each raw material r

Weight of each component n

Weight of each product p

Required time for producing each component n in manufacturer m

Required time for producing each product p in manufacturer m

Required time for disassembling or separating of the return product p in separation
centre d

Inventory cost of raw material r in manufacturer m in period t

Inventory cost of component n in manufacturer m in period t

Inventory cost of product p in separation centre d in period t

Maximum capacity of vehicle v

Maximum capacity of supplier s for providing raw material r in period t
Maximum inventory capacity of manufacturer m for raw material r in t period
Maximum inventory capacity of manufacturer m for component n in period t
Maximum inventory capacity of separation centre d for product p in period t
Maximum capacity of manufacturer m for fabricating component in period t
Maximum capacity of manufacturer m for producing products in period t
Maximum capacity of separation centre d in period t

Minimal allowable demand fulfilment rate of product p for customer ¢

Average rate of return product
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Variables:

Q trr,s,m,v,t

an,m,o,t
Q tpp,m,c,v,t

Qrpp,m,c,d,v,t
Rpc,p,d,v,t

Nity ¢
Ning, .,
Nid, 4,
Bp,m,t
Xnn,m,o,t

X trr,s,m,v,t

X tpp,m,c,v,t
Xtdpp,m,c,d,v,t

X tdp.C.d.v.t

Average rate of good components after disassembling the product

Quantity of raw material r transferred from supplier s to manufacturer m by vehicle v in
period t

Quantity of component n fabricated by technology o in manufacturer m in period t
Quantity of product p transferred from manufacturer m to customer c¢ by vehicle v in
period t

Quantity of returned product p from customer c disassembled in separation centre d,
transferred to manufacturer m by vehicle v in period t

Quantity of product p returned from customer ¢ to separation centre d by vehicle v in
period t

Inventory of raw material r in manufacturer m in period t

Inventory of component n in manufacturer m in period t

Inventory of returned product p in separation centre d in period t

Shortage of product p in manufacturer m in period t

1 if component n produced in manufacturer m by technology o in period t

1 if raw material r transferred from supplier s to manufacturer m by vehicle v in period t
1 if product p transferred from manufacturer m to customer c by vehicle v in period t

1 if returned product p from customer ¢ disassembled in separation centre d, transferred
to manufacturer m by vehicle v in period t

1 if product p returned from customer ¢ to separation centre d by vehicle v in period t

2-2- Mathematical model

T
t

v ¢ P N R M S (1)
Z Z Z Z Z Z Z Crr,s,t . Qtrr,s,m,v,t + Cvss,m,v,t- Lss,m- Xtrr,s,m,v,t
v ¢ p n r m s

+ HY e Nity e + Cly o 62 QMymeo,e + Hyme- Nity i e + CPmp e~ QtDpmycv e
+ Cvmm,c,v,t' me,c-tip,m,c,v,t + Cdd,p,t- Qrpp,m,c,d,u,t + Hdp,d,t- Nidp,d,t

+ Cvd; gy Ldc g Xtdy o gpr + CONG e LAM G 1. XEADY 1 c g ot

+ eomt-XNnmor + Chypme-Bpmi

ud @

c P N R
MinZz, = Z Z Z Z Z Z Z Z Puv,.Lsg . XtV g1 ¢ + Puv,. Lm,, . tip‘m‘c‘,,‘t
t p n s

r m

3
Dpp,c,t =< Z Z Qtpp,m,c,v,t ( )

m v

Bym: < (1—Sat,.).Dpye. (4)
5

z Z Qtpp,m,c,v,t + Bp,m,t = Dpp,c,t + Bp,m,t—l ®)

m v

6
z Z Rpc,p,d,v,t > RR. Dpp,c,t ( )

d v

7
z Z Rpc,p,d,v,t < Dpp,c,t ( )
d v
. . 8
N”'r,m,t = Nlrr,m,t—l + Z Z Qtrr,s,m,v,t - Z Z Ynr- an,m,o,t ( )
s v n o
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9
Nin nmt _Nlnnmt'l'Zanmot Z.u'pn ZZQtppmcvt ( )

1
Nldpdt+1 _N"dpdt'l'zszcpdvt ZZZQrppmcdvt ( O)

11
ZZQtrr,s,m,v,t S1\47"5r,s,t ( )
m

v
z Z an,m,o,t' Tnn,m,o S Mnmm,t (12)

n o
13
z Z Z Qtpp,m,c,v,t' Tpp,m < Mpmm,t ( )
p ¢ v
14
Z Z Z Z Qrpp,m,c,d,v,t . po,d < Mpdd,t ( )
c m v d

Z Qtrr,s,m,v,t' g < Weiv (15)
T
, 1

Z Qtpp,m,c,v,t'gpp < Welv ( 6)

; 17
Z Rpc,p,d,v,t- gpp < Welv ( )
14
Z Z Z QrPpmedave - (1= RS). tyn. gy < Wei, (18)
c p
Qtrrsmvt—Mblg Xtrrsmvt (19)
Qtpp,m,c,v,t = Mblg- tip,m,c,v,t (20)
an,m,o,t = Mbig- Xnn,m,o,t (21)
Rpc,p,d,v,t <M. Xtdp,c,d,v,t (22)
Qrpp,m,c,d,v,t <M. Xtdpp,m,c,d,v,t (23)
Ning e < Mniy (24)
Nity e < M1y, (25)
Nidy 4, < Mdiy, g, (26)
Z Xnn,m,o,t <1 (27)
]
Qtrr,s,m,v,t: an,m,o,t: Qtpp,m,c,v,t: Nirr,m,t: Ninn,m,ti Nidp,d,t! Rpc,p,d,u,t (28)

Qrpp,m,c,d,v,t' Bp,m,t 20
Xnn,m,o,t: Xtrr,s,m,v,t: tip,m,c,v,t: Xtdpp,m,c,d,v,t' Xtdp,c,d,v,t = 0' 1

The first objective function minimizes the total cost consisting of raw materials cost, component
cost, product cost, shortage cost, and technology cost. The second objective function minimizes the
environmental damage involving the transportation and technology environmental effects. The
required quantity transferred to customers is stated in equation (3). The amount of permissible
backordered products is shown in equation (4). Equation (5) shows the relationship between the
volume of products delivered to each customer and the demand of each customer and the amount of
backordered products. The restriction of the quantity of returned products is illustrated in equations
(6) and (7). Inventory balance restriction of raw materials and components and returned product is
stated in equations (8) — (10), respectively. The maximum capacity for supplying raw materials,
fabricating components, producing final products, and separating of returned products are mentioned
in equations (11) — (14), respectively. Equations (15) — (17) state the maximum capacity of vehicles to
transfer raw materials, final products, and returned products, respectively. Transferring of component
n, which achieved after disassembling, is shown in equation (18).

There is raw material r supplied from supplier s if and only if the raw material r transferred from
supplier s (i.e., equation (19)). Also, there is final product p in customer c if and only if the product p
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transferred to customer c (equation 20). Equation (21) stated there is a quantity of component n
(expect of inventory) if and only if the component n fabricated in manufacturer m by technology o.
There is a quantity of returned product p if and only if product p returned from customer c¢ to
separation center d by vehicle v in period t (i.e., equation (22)). Returned product p from customer c
disassembled in separation center d, if and only if transferred to manufacturer m by vehicle v in period
t (i.e., equation (23)). Equations (24) — (26) are determined the maximum inventory capacity of raw
materials and components and returned product. The component n should be fabricated only one
technology which stated in equation (27).

3- Solution algorithm

The utility function method (Howang et al. 1980 and Pishvaee et al. 2014) is applied to convert the
proposed bi-objective CLSC problem to a single objective model. The developed CLSC problem in a
BTO environment organizes a large-sized problem. If the problem size increases, the computational
time will be enhanced exponentially. The mixed-integer linear problem will be separated into a small-
sized mode; so the Benders decomposition algorithm (BDA) is suitable for this model. In the BDA,
the hard variables should be determined. The binary variables are considered the hared variables and
fixed in this model. By fixing the hard variables, the sub-problem (SP) will be determined and
following that the dual sub-problem (DSP) and master problem (MP) must be formulated. In this
model, the DSP is the upper bound for the original problem as stated bellow:

max DSP Zzpzczt ZczrznZsZmZthDpp,c,t Dot Welv Z3smue —Wely Z4y et — (29)
Mnmy, . Z7 e — MMy ¢ 28 — MNiy - Z9%me — MTip . 210, 0, — (1 —

Saty.).Dppee-Z13,0e — M. Xl g ot 2141 s mne —

M. Xm0z Z150 mor —MXtDpmevi- 216y m cvr + RR.DPy . Z17,,

—DPp - Z18p r — Mdiy 4. 220, 41 — M. XEADy e g 221y meane — M- Xty gt 222 camt —
Mpdy . 2234 — Weiy,. 2244 e — Weiy,. Z25. 4 ¢ + WL (CUSg e XT3 gyt LSs m +

Cvmup cvt- XtPpmevt- LM + €ome- XMpmor +

CVd g peLdeq- Xty o g COMup ey e LAM g 1 XEAD 1 e 3.00) FW 2. (PUV,. (LS. XET gt +

LM o XtPpmemse + Ldc g Xty o qpr + LdMy 1. XtAPy m cant) + PUOG - Xy o)

s.t.

Zzp,c,t - Z4m,c,v,t' gpp + Z Z6n,m,t -:up,n - Z ZZ6n,m,t -/'Lp,n - ZSm,t- Tpp,m + lep,c,t - Zlep,c,t (30)
n
- Zl6pmcvt <wl. Cpmpt

_Z?’smvt grr_ZSTmt+ZZSTmt Zl4’rsmvt <wl. Crrst (31)

Sramt=ZSrmt+1 — ZLSr e + ZZ5rmprr — Z10p e S WLHT y (32)

33
zzsrmt Ynr — n,m,t _ZZZSr,m,t-yn,r +ZZ6n,m,t _Tnn,m,o-Z7m,t _lenmot <wl. Cnnmot ( )
T
Z6n,m,t Z6n,m,t+1 ZZ6n,m,t + ZZ6n,m,t+1 - Zgn mt = < Wl Hnn m,t (34)
- z 26, (1= RS).ftpn + Z19, 4 + Z 226, - (1 = RS). 1y — 2219, 4, (35)
n
~Z21¢ pamue — Z23q,- Tdpq — Z Z24g mye- (1= RS). fp - gty < w1.Cdy
n

212y 00 — 22120 v —Z13,, . < W1 Cbp’m’t (36)
217 —Z18, 0t —Z19, 40 + 2219 4r — 222 pavt — 225040 9Pp < 0 (37)
2194t =219 q41—2219, 4 + ZZ19, g 141 — 220, 4, < W1 Hdp at (38)
The master problem defined below is the lower bound of the objective function.
Min MP = Zt Zr Zn Zp Zs Zm Zc Zv Zd Zo wl. (Cvss,m,v,t -Xtrr,s,m,v,t- Lss,m + (39)
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Cvmm,c,v,t'tip,m,c,v,t' me,c + eo,m,t'Xnn,m,o,t + Cvdc,d,v,t' de,d'Xtdp,c,d,v,t +

Lss,m' Xtrr,s,m,v,t + me,c- tip,m,c,v,t )

+
+Ld; 4. X tdp_c_d_v_t + Ldmgy,,. X tdpp,m,c,d,v,t

CvMyp ey e LAM g . XEADp 11 ¢ a.00)F W2. (PUD,,. (

Puo, . Xy o) +T

s.t.
, 40
r> Z Z Z Z Z Z Z Z Z Z DPy e Z2pec — Wely. Z35 e (40)
14 c t c r n s m v t

—Wely. Z4m ot — MPMup . 28t — MMy 29t — My 1. 210, —

(1—Saty).-DPpcr-Z13pcr — M XtTy gy o214 g e — M XNy 0. Z15, 00
—M. XtDp et Z16p mevs + RR-DPDy ot Z17, ot — DDy . Z18,,
—M.XtdPpmcawt-Z2Lpmean:e — M- Xtdycape-Z22p caps — Mpdae. 2234,
—Wei,. 224 g mve — Wein. 225,41

Zp Zc Zt Zc Zr Zn Zs Zm Zv Zt Dpp,c,t' Zzp,c,t - Weiv- Z3s,m,v,t - Weiv- Z4m,c,v,t - Mnmm,t- Z7m,t - (41)
MpMyy .. 28, e — M0y it 29 e — My 1. 210, — (1= Sat, ). Dpy e Z13, 0 —

M. X1 - 214 st — M- XN o0-Z15 0 o =M. XtPpm cve- 21640 i + RR.DPp ot 217, 0
—DPp - Z18p r — Mdiy 4. 220, 4r — M. XADy e amt- 221y mcane

—M.Xtdy g0t Z22p cane — MPdas. 2234, — Weiy. 2244 e — Weiy. 225, 4, < 0

ann,m,o,t S 1 (42)
o

4- Computational results

Although there are several approaches to solve mixed-integer bi-objective models, exact methods
are suitable. Our problem is presented by a mixed-integer linear model and can be divided into sub-
problems. Then, we use the Benders decomposition algorithm (BDA). The GAMS software using by
CPLEX solver is applied to solve the model performed with a Pentium CPU 2117U @ 1.80 GHz
computer.

Table 1. Implementing the BDA

Size of the problem BDA
rxnXpxsxmxsxdxoXxvxt Lower bound Upper bound
3X2X1X1Xx1x1x1x1x1x1 353137.643 353137.643
3X2X1X1X1Xx1x1x1x2x1 556284.318 556284.318
2X2X1X1X1X1Xx2Xx1x2x1 630134.808 630134.808
3X2X1X1X1X1Xx2Xx1x2x1 1010515.261 1010515.261
2X2X1X1X2X1Xx2Xx1x2x1 1266103.126 1266103.126
2X2X1X1X2X2X2Xx1x2x%x1 2538973.701 2538973.701
4X3X1X1X2X2X2Xx1x2x1 8023462.901 8023462.901
E5X3X1X1X2X2X2Xx1x2x%x1 13053250 13053250
5X4X2X1X2x2x2x1x2x1 1828356.923 1828356.923
5X4X3X2X2X2X2X1x2x%x1 236985300 236985300
6X4X3X1X2X2X2X1x2x%x1 400422700 400422700

Different size problems are randomly generated to implement the BDA. Table 1 shows the upper
and lower bounds for different size problems by setting w; = 0.3,w, = 0.7. As demonstrated in the
sample instants, the BDA can be useful for different size problems. The convergence of the upper and
lower bounds is shown in figure 1. It is reasonable, in which the trend of the lower bound is ascending
and the upper bond has irregular changes. The values of upper and lower bounds in each iteration are
detailed in table 2.
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Table 2. Upper and lower bounds in the BDA

Iteration | Lower bound Upper bound
1 -34267.8151919989 42427.8222627205
2 -31190.2657730436 978111.942775472
3 -30778.9832491514 467636.460381835
4 -30778.9832491514 595379.686329431
5 -28112.7163540883 454170.638077462
6 -25731.8751807304 333606.428215466
7 -25731.8751807304 459217.746145883
8 -23065.6082856673 389653.417106419
9 -22654.3257617752 1003494.26225401
10 -17398.1063383262 326041.872343223
11 325013.020962277 325013.020962277
1200000
1000000
800000 -
600000 Lower bound
400000 N Upper bound
200000 - f—
0 L L L L L L L T
-200000 1234567891011

Fig. 1. Convergence of upper and lower bounds

5- Conclusions

This study considered a new bi-objective CLSC problem in a BTO environment, which presented in
a mixed-integer linear programming (MILP) model. The chosen technology and its effect on the
environment were considered. This bi-objective model aimed at minimizing the cost and
environmental effect simultaneously. Since it was a BTO problem, there was no inventory of the final
product. Also, since the model is in a BTO environment, the returned products from customers
disassembled in the separation centre, and the components are transferred to the plants to
remanufacture. The presented model has decomposed a structure; thus, the BDA was used to solve the
problem. The extension of our study can be found in using the queue theory or game theory in the
model. Also, double Benders decomposition is another suggestion for future study.
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