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Abstract

Today, the research on the closed-loop supply chain network design with sustainability and resiliency criteria is a very active
research topic. This paper provides a new closed-loop supply chain under uncertainty with the use of resiliency, sustainability,
and reliability dimensions among the first studies. To model this problem, a two-stage stochastic programming approach is used.
To create robust solutions against uncertainty, a conditional value at risk criterion is contributed. The proposed model aims to
minimize the total cost, environmental pollution, and energy consumption while maximizing the job opportunities as the social
factor. In addition to the sustainability goals, the energy consumption is considered to be the last objective to be minimized. To
show the applicability of the proposed model, an automobile assembler industry is applied. To solve the model, the Lp-metric
method is employed to transform this multi-objective model into a single objective one. Since this closed-loop supply chain
model is complex and NP-hard, a Lagrangian relaxation method with fix-and-optimize heuristic is employed to find the upper
and lower bounds for the model via different random test problems. With an extensive analysis, the proposed model shows an
improvement to the total cost, CO, emissions, job opportunities and energy consumption.

Keywords Closed-loop supply chain - Reliability - Resilience - Risk management - Robust optimization - Sustainability

Introduction and literature review

One of the purposes of designing a closed-loop supply chain
Responsible Editor: Philippe Garrigues (CLSC) is to form a network, launching and operating the
material flow between the chain centres so that the economic,
environmental, and social goals of the beneficiaries are simul-
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earthquake is among the recent developments which have been
added to the supply chain by researchers (Khalilpourazari and
Mohammadi 2016; Torabi et al. 2016). In addition to the reli-
ability, sustainability, and resiliency dimensions, the energy con-
sumption is rarely contributed in the literature. An energy-
efficient SCN is useful to be reliable and sustainable (Fang and
Xijao 2013; Mari et al. 2016; Ghomi-Auvili et al. 2017; Golshahi-
Roudbaneh et al. 2017). Therefore, the present study contributes
to the literature by designing a robust optimization model for
sustainable and resilient CLSC network design by considering
conditional value at risk (CVaR).

The literature of CLSC management is very old, and there
are many studies with an introduction to the resiliency, reli-
ability, and sustainability (Kleindorfer and Saad 2005; Klibi
etal. 2010; Pishvaee et al. 2014; Hajiaghaei-Keshteli and Fard
2019; Abdi et al. 2020). For example, a reliable CLSC is
suggested by Torabi et al. (2016), which can be used where
the facilities have disruption. The innovation in this model is
related to using stochastic p-robust optimization approach in
facing disruption in the facility (Fathollahi-Fard et al. 2020d,
2020e). In addition, the proposed model includes both partial
and complete disruption in the facility capacity and is
modelled as fuzzy. The results of the study indicated that
considering disruption increases the costs and optimizes the
system against disturbance. Talaei et al. (2016) defined a bi-
objective SCN model with the consideration of reverse logis-
tics and CO, emissions. A reliable and resilient CLSC under-
supply risk is designed by Ghomi-Avili et al. (2017). They
focused on the strategic inventory levels to improve the resil-
iency. In addition, they considered the financial risk to make
reliable decisions in a CLSC network.

The quality levels for the products and considering the
product complexity is another active topic in the CLSC man-
agement. For example, Tavakkoli-Moghaddam et al. (2015)
proposed a location-routing problem with time windows and
earliness and tardiness costs. They considered a multi-echelon
SCN with supplier selection, facility location and allocation,
routing of transportation systems, and different quality levels
of the products. A fuzzy possibilistic approach was employed
to address the uncertainty. Mari et al. (2014) designed a
sustainable and resilient SCN in the textile industry. They
contributed to the sustainability with the consideration of
CO, emissions and the resiliency with the possibility of
disruptions in the facilities. In another study, Amin and Baki
(2017) developed an optimization model for the CLSC man-
agement containing global factors such as exchange rate and
customs duties. They applied a case study of electronic prod-
ucts to focus on the recycling and reusing of e-wastes.
Furthermore, Amin et al. (2017) among the first study applied
a CLSC for the tire industry. They also considered the demand
uncertainty with the use of fuzzy logic. With a contribution to
the supply chain resiliency, Nezhadroshan et al. (2020) devel-
oped a resilient humanitarian supply chain network design

@ Springer

problem. Their multi-objective optimization model a
scenario-based robust-possibilistic programming method op-
timizes the total cost, the total time, and resilience level of
facilities, simultaneously.

Recently, the sustainable CLSC management is very
active, and many researchers have applied this issue in
different industries. For example, Sahebjamnia et al. (2018)
designed a resilient CLSC in the tire industry. Their model is
developed for economic, environmental, and social goals.
They employed four hybrid methods including red deer algo-
rithm (RDA) and simulated annealing (SA) algorithm, genetic
algorithm (GA) and water wave optimization (WWO) algo-
rithm, WWO and tabu search (TS) algorithms, and RDA and
WWO algorithm for solving the model. They indicated that
GA and WWO algorithm are more efficient. Recently,
Fathollahi-Fard et al. (2020a) based on the ReCiPe database
optimize a sustainable water supply and wastewater collection
system for a case study of Urmia Lake in Iran. They used a
social engineering optimizer (SEO) to solve their case study.
In another study, they employed an adaptive Lagrangian
relaxation-based algorithm to address a resilient water supply
chain system (Fathollahi-Fard et al. 2020b).

To assess the literature gaps and the contributions of this
research to fill them, Table 1 provided a survey on the CLSC
management. The papers are classified by eight criteria.
Table 1 evaluates the kind of CLSC, the resilience measures,
disruption, uncertainty, risk, objective(s) and the industry ap-
plication, and finally the solution method. As can be identified
from Table 1, the following findings are observed:

* No study has considered a sustainable, resilient, and reli-
able CLSC with CVaR risk condition.

+ Sustainability objectives including economic, environ-
mental, and social goals in addition to the energy con-
sumption are simultaneously considered only by this
paper.

* Car manufacturing industry as an application of CLSC
option is rarely contributed in the literature.

Generally, this study fills the aforementioned literature
gaps. In Section 2, the proposed problem is explained and
formulated. In addition, the basic models and the solution
approach are introduced. Section 3 does the computational
analyses with simulation tests and sensitivity analyses for
our case study. Section 4 finally concludes the main findings
and future research directions.

Model formulation

Various studies have been performed to design the CLSC
network. The main literature gap revealed that there is still
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Method

Industry

Uncertainty Risk Objectives

Disruption

Resilience

Kind of
CLSC

Table 1 (continued)

Reference

@ Springer

Numerical

example
Water and

SEO

Economic, environmental,

Stochastic

Scenario

Sustainable

Fathollahi-Fard et al.

wastewater

and social
Economic and environmental Dairy

(2020b)
(Yavari and Zaker 2020) Sustainable

CS

Stochastic

Disruption

Reserving extra capacity, keeping

company

emergency stock, lateral

and

transhipment, intermediate facility
Reserving extra capacity, keeping

resilient
Resilient

AEC

Numerical

Economic, travel time, and

Robust-possibilistic —

Scenario

Nezhadroshan et al.

example

resiliency

emergency stock, and resilience

levels of facilities

Capacity

(2020)

Car CS

Economic, environmental,

Stochastic CVaR

Partial

Sustainable,

The present study

NEOS

manufactur-
ing industry

energy, and social

disruption

resilient,
and

reliable

*NA not applicable, DR downside risk, VI variability index, WGP weighted goal programming, CS commercial solver, MH RDA and SA algorithm, GA and WWO algorithm, AEC augmented epsilon

constraint

an opportunity to integrate a sustainable, reliable, and resilient
CLSC network with the use of robust optimization to control
demand variations, resilient, and risk-averse rates. The present
study aims to investigate the car manufacturing industry.
Considering the initiation of manufacturing old and new cars
in Iran, this paper designs a CLSC to meet the sustainability
dimensions including financial, environmental, energy, and
social requirements. A graphical justification of the proposed
problem is given in Fig. 1. Then, the research methodology in
this paper is provided in Fig. 2.

The model aims at minimizing the costs, environmental
pollutant emissions, and energy consumption as well as max-
imizing the employment rate, which is one of the social wel-
fare indexes. We consider the disruption risk of each scenario
and whether it is robust against demand variation. Further, this
model applies cumulative energy demand (CED), guidelines
for social life cycle assessment of products (GSLCAP), and
ReCiPe solutions to assess the effects on the sustainability
dimensions. The demands of the final customers in the pro-
posed model have various scenarios to show the strategic de-
cisions in the proposed model.

Robust optimization concept proposed by Mulvey et al.
(1995) is applied in the present study to achieve common
business uncertainty and existing disruptions. Moreover, our
approach includes minimizing the sum of the weighted aver-
age and standard deviation of an objective function, i.e. costs,
environmental goal, energy, employment, and a fine related to
not satisfying a key limitation, i.e. demand. Offering flexibil-
ity and adding to the supply and production capacities are
considered the resilience strategy used to face with losing
capacities of suppliers and factories resulting from distur-
bances (Torabi et al. 2016). Further, we involved a flexible
capacity facility depending on the scenario, and we used an
availability parameter to represent a reliable facility with dis-
ruption (Zhang et al. 2014).

A scenario-based stochastic programming developed by
Mulvey et al. (1995) is as follows (Egs. (1), (2), (3), and (4)):

Minc"x+d” (1)
Such that:

Ax=b, 2)

Bx+Cy=e, (3)

x,y=0 (4)

Assuming that the variable y is dependent on the scenario,
and for each scenarios € {2, the modelling is as follows. The
objective function is the mathematical expectation and abso-
lute deviation from the objective function of the target func-
tion for each scenario (Egs. (5), (6), (7), (8), (9), (10), and
(1D):
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Mino(x,y,) + wp(zs) (5)
Such that:
N N
O'(x,ys) = %psl—‘s + BZ:]pS Iy~ glpSFS , VseQ (6)
p(Zs) = 2 PslZslvsen (7)
FS = CT.X'+ dT R} Vsel? (8)
A_x = b, VSE\Q (9)
Bx+Cy,+z,=e, Vs (10)
X,0,20, Vsef (11)

Since CVaR has a unique feature and brilliant performance,
the present study adds a risk measure to the model in the
network design of the closed-loop supply chain as follows
(Sorokin et al. 2013) (Egs. (12), (13), and (14)).

1
f(aanrx) = 77+EE{’”“X{Z(X7W)_7770}} (14)
Since the solution scenario in the model is based on the
scenario analysis approach, considering previous studies, the
following rewrite for designing and planning the supply chain
can be used (Noyan 2012) (Eq. 15).

Mino(x,y,) + wp(zs) + ACVaR(x, y,) (15)

Such that:
Constraints (A—6) to (A—11)

In mathematical optimization, nonlinear functions or
components within can be linearized to apply a linear
solving method such as the linearization method
(Fathollahi-Fard et al. 2020c¢). Since the proposed model
includes the absolute value function and max type func-
tions and it is nonlinear, the common operational re-
search methods are used to linearize the objective func-

) tion by removing the absolute value function until
,’!3{3 E(f(x, w) + ACVaR(f (x, w)) (12) obtaining an optimal and global solution (Hill and
Ravindran 1975).
CVaR,(Z) = mi]gf(a, 7,X) (13) avindran )
ne
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Fig. 2 Research methodology
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We can compare the proposed model with Model 2 as
follows:

Model 2. Base model (without robustness, resilience,
availability, and risk measure)

minobj, =Y ps Ty, (32)

minobj, =Y psIy,, (33)

minobj; = Y yps I y5, (34)

maXObj4 = Zslps/Fsl47 (35)
Such that:

2a0dr .o >dem, o, Nr,p,t, s (36)

prm,, = prdg = prr, = prc. = prk, = pre, = 1,

CapS,,.y = CapSyy Vs, pot,s
CapM,,,,.¢ = CapM VYm,p, t,,sl
CapD,,y = CapDgy Vd,p,t,s
CapR,,y = CapRy,  Vr,p,t, s
CapC . =CapCqy Ve,p,t, s

CapK,,y = CapKy  Vk,p,t,s
CapE

epts

= CapEept VEJ?J,S/
(37)

As can be seen, objective functions (32), (33), and (34)
include minimizing the expected value for cost, environment,
and energy. Equation (35) is to consider the employment to
create more job opportunities. Equation (36) is the demand
satisfaction. Equation (37) ignores the resiliency and reliabil-
ity for the capacity of facilities. All the above terms attempt to
optimize the objective functions in the average scenario case.

In addition, our model can be compared with the mean
absolute deviation (MAD) as follows:

Model 3. Risk model with MAD

Lo —2ypy T’ s’1|
+Speken (55,5 e |)
+AMEypy [T =Zepy T ), (38)
minobjy = Sypy Loy + BE oy | T Tem Tyl
+ epoka (52 S e )

+ A (Zs’ps’ ) ) (39)

minObjl = Zs’psl Fs’l + 6zs/ps/

erts/

Fs'27zs/ps’ FS/Z

I’IliIlObj3 = Zs'psl Fs’3 =+ ﬁzs’ps’ Fs’3_zs'ps’ Fs’3|

+ WZS/p s ks/3 (ZerZt erts/ )

+ )‘(Zslps/ FS/:;_ZS/pS, FS/3 )7 (40)
maXObj4 = ZS,pS, I‘x’4_ﬁ2s/px’ ’Fs"4_25"pAvI Fs/4| (41)

_WZS’P s ks/4 (ZerZt Zypts' )

_)\(ZS’PS’ ’Fs'4_zslps/ Fs/4|)7

As can be seen, objective functions (38), (39), and (40)
include minimizing the expected value for cost, environment,
and energy and added MAD measure to them. The objective
function (41) includes maximizing the expected value for the
employment and adds the MAD measure to them.

Vm,d,r c ke Model 4. Risk model with VaR:

minobj, = Yupe Iy + BEope | Tor-Sepe Ty,
Tk (ST e |) + M), (42)
Lyy=2gpg I s’2|

+ epks (S8 e |) + M), (43)

Fs’3izs'ps’ Fs'3|

N

I’IliIlObjz = Zslpsl FS,2 + ﬂZs’ps’

3\l

minobj; =Y ps Iy + BYypy

+Tepks (ST, % e |) + M), (44)
maxobj, = YypyL'vs=BYypy |F Ja 2Pyl s’4| (45)
Fpekea (52T ey | ) A,
Such that:
inf nuZO,F(Fsru)Zoz, ueU{1,...4} (46)

Constraint (5)—(33).

As can be seen, objective functions (42), (43), and (44)
include minimizing the expected value for cost, environment,
and energy and added VaR measure to them. The objective
function (45) includes maximizing the expected value for the
employment and add VaR measure to them. Constraint (46)
shows VaR constraint.

In this research, we have four objective functions, and because
of more than two objectives and for reducing solution time instead
of using posterior methods, it is better to use Lp-metric as follows:

) »ip

zZ;{—ming;
oty [ (g 7 47
min Zl—l[ (maxzimmzi)] ( )
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COST co2 Energy Employment
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Model Model Maodel Mode!
Fig. 3 Comparing the proposed model with the base model, MAD model, and VaR model
Table 2 Comparing the proposed
model with the risk model Objective Min Z, Min Z, Min Z; Max Z,4 Min Lp-
metric
The Cost 71470.14 174731.64 78459.12 176760.32 76688.59
opti- (Tdollar)
mal Pollutant 1989597.2 1250941 1317174.2 1734074.6 1285769.7
value (COy)(C-
of Ton)
pro- Energy (Mj) 2274555.6 1953758.2 1591575.2 2358201.8 1594682.2
pqsed Employ. 1749 4399 2100 4505 2141
objec- (Per)
tive
func-
tion
The Cost 71357.8 171286.39 76899.32 173265.9 76589.9
opti- (Tdollar)
mal Pollutant 1901777.2 1217249.6 1258753.3 1650207.1 1251038.2
value (COy)(C-
of base Ton)
model Energy (Mj) 2181635.3 1882470.3 1556561 2263490.8 1559701.1
(model  Employ. 1788 4499 2150 4520 2151
2) (Per)
Avg. gap 1.7% 1.6% 1.6% 2.7% 1.2%
The Cost 71398.586 171306.116 76921.354 173295.300 76611.968
opti- (Tdollar)
mal Pollutant 1952035.871  1249601.765  1292331.566  1701579.045  1284397.488
value (COy)(C-
of Ton)
MAD Energy (Mj) 2231425.590 1916445179  1589903.064  2313426.428  1593005.739
model Employ. 1784.791 4489.099 2143.154 4510.370 2143.704
(model (Per)
3)
Avg. gap 0.5% 0.5% 0.5% 1.4% 0.05%
The Cost 71470.057 171477.457 76998.314 173468.648 76688.619
opti- (Tdollar)
mal Pollutant 1954075.592  1250908.704  1293683.407  1703371.669  1285741.007
value (COy)(C-
of VaR Ton)
model Energy (Mj) 2233745.832  1918421.837  1591552.059  2315828.354  1594657.770
(model Employ. 1786.569 4493.571 2145.284 4514.862 2145.834
4 (Per)
Avg. gap 0.4% 0.4% 0.4% 1.3% 0.1%

@ Springer

*Avg. GAP=average (proposed objy- obj, model)/objy



Environ Sci Pollut Res

Table 3 Weight variations versus

objectives W, W, W3 W, Cost (Tdollar)  Pollutant (CO,) (CTon)  Energy (Mj)  Employ. (Person)
0 033 033 033 78143.63 1285793 1594659 2141.56
0.5 0.16 0.16 0.16 76688.59 1285770 1594682 2141.56
1 0 0 0 71470.15 1989597 2274556 1749.06
033 0 033 033 76689.36 1316802 1591633 2141.56
0.16 0.5 0.16 0.16  79603.18 1274957 1612078 2214.48
0 1 0 0 174731.6 1250941 1953758 4399.22
033 033 0 0.33  81873.39 1270004 1672336 2340.66
0.16 0.16 0.5 0.16  76688.97 1289052 1592359 2141.56
0 0 1 0 78459.12 1317174 1591575 2100.21
033 033 033 0 76688.59 1285770 1594682 2100.75
0.16 0.16 0.16 0.5 76688.59 1285770 1594682 2141.56
0 0 0 1 176760.3 1734075 2358202 4505.85
025 025 025 025 76688.59 1285769.68 1594682.21 2141.55
Such that: Results
4= fiX1,X2,. Xa), i=1,2,.0m, (48) Considering various car manufacturing companies in Iran, a
giX1, X2, Xy)Sby j=1,2,.m. (49) suitable CLSC should be designed, which includes the collec-
tion, repairing, and disassembling centres, and the steps of the
reverse chain should be appropriately redesigned. The case
=7
£,
= LEGEND
{
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West Kurdistan horasan Retailer
e bt Tehran
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Kermanshah Markazi, 207 Iil
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Loresta )
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Fig. 4 Map of the case study
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Fig. 5 (a) Analyses on the cost objective. (b) Analyses on the environmental objective. (¢) Analyses on the energy objective. (d) Analyses on the

employment objective

study is based on information about a car and manufacturing

Fig. 6 (a) Variation of A for the

cost objective. (b) Variation of A
for the environmental objective.

(¢) Variation of \ for the energy
objective. (d) Variation of A for

the employment objective
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Fig. 7 (a) Variations of (3 for the
cost objective. (b) Variations of 3

Beta sensitivity analysis

Beta sensitivity analysis

for th . 1 objecti 76900 1450000
or the environmental objective. — 76850 1400000
(c) Variations of 3 (the Z 76800 £ 1350000
- . 2 =
importance factor. ofivanance) 2 76750 1300000
versus energy objective. (d) = 76700 $' 1250000
ats 5 & 76650 S
Variations of (3 (the importance S © 1200000
factor of variance) versus 76600
o 76550 1150000
employment objective 0.050.10.150.20.250.30.350.40.450.5 0.050.10.150.20.250.30.350.40.450.5
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@ (b)
Beta sensitivity analysis Beta sensitivity analysis
1800000 2160
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E;J 1600000 & 2120
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5 g 2100
1400000 2 1080
0.050.10.150.20.250.30.350.40.450.5 g 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 0.45 0.5
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(©) d

manufacturing company, including suppliers, manufacturing
centres, distribution centres, retailing and collection, repairing,
and recycling centres. The main manufacturing centre of this
company is in Semnan, Iran. Figure 3 addresses the closed-
loop supply chain for computing 2.4. EIA based on ReCiPe
2008, energy impact assessment based on CED, and SIA
based on GSLCAP.

Fig. 8 (a) Variations of «
(confidence level) versus cost

Alpha sensitivity analysis

Results of the global criterion

The results are given in Table 2 and Figs. 3 and 4. Generally,
we have three scenario demands with pessimistic, optimistic,
and possibilistic. The amounts of the parameters
are estimated, where weights are equal to 0.25. The value of
the gap between the proposed and base model is 1.2% accord-
ing to the objective of Lp-metric, as shown in Table 2 and Fig.
3, and gap amount of robust objective function and MAD and

Alpha sensitivity analysis

objective. (b) Variations of « ~ 76688.6 1285800
(confidence level) versus é: ;222:?? g 1285750
environmental objective. (c) = ’ = 1285700
- < 76688.54 g
Variations of « (confidence level) 2 76688.52 s 1285650
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versus employment objectives 707 07 07T Mot ot oo 5 > d O EN DD GO
TP FEITNVTIFFE >
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Fig. 9 (a) Variations of

Analysis of the availability probability

Analysis of the availability probability

pravailability probability versus sensitivity sensitivity
cost objective. (b) Variations of
P L. 200000 1290000
pravailability probability versus o = 1285000
environmental objective. (¢) = 150000 H
L S S & 1280000
Variations of pravailability £ 100000 ) 1275000
robability versus ener; 5 3
probabriity hesy g 50000 S 1270000
objective. (d) Variations of o 0 1263000
pravailability probability versus o
L. AN D QIO DN D > P o O DA PO DD >H
employment objective NN N N A N NN NN NN NN N N NN NN
Availability probability Availability probability
(@) (b)
Analysis of the availability probability Analysis of the availability probability
sensitivity sensitivity
1900000 5000
1850000 s
= 1800000 % 4000
= 1750000 &
< 1700000 < 3000
$0 1650000 g
S 1600000 £ 2000
= 1550000 2 1000
1500000 g-'
1450000 E

O D IO NN D P>H P
SRR IORO A ARG

Q7 Q7 QO

Availability probability

(c)

VaR model objective with considering risk is 0.05% and 0.1%
in Lp-metric objective (Table 3 and Fig. 3).

The proposed model is linked with the reality of the hosting
(domestic) country, i.e. Iran, and the type of business which it
runs although the model is complex, due to the presence of
resilience, availability, risk measure, and robustness, for SCN
design. The location and flow material are illustrated in Fig. 4.

Sensitivity analysis

The results of the variation in the W; model’s objective
weights, the parameters « and A, the CVaR criterion, and
the parameter 3 in the robustness coefficient are presented in
Table 3 and Fig. 5a—d. As can be seen, by increasing the
importance of the cost objective, the cost decreases, the pol-
lutants and energy increase, and employment decreases

Table 4 Medium and large-scale problems

0.860.870.880.89 0.9 0.910.920.930.940.950.96
Availability probability

@

(Table 3 and Fig. 5a). Also, increasing the importance of the
environmental objective leads to an increase in the value of
cost, energy, and employment and a decrease in the pollutants
as shown in Table 3 and Fig. 5b. Furthermore, Table 3 and
Fig. 5c indicate that when the importance of the energy objec-
tive increases, the cost, energy, and employment decrease and
the pollutant level raises. Finally, the importance of employ-
ment objective has a direct relationship with the values of cost,
pollutant level, energy, and employment level, as presented in
Table 3 and Fig. 5d.

The parameter ) is CVaR index and fluctuates between 0
and 0.01. By increasing the \ value of the cost, the amounts of
pollution and energy consumption increase, and the employ-
ment decrease, so more attention is paid to the risks (see Fig.
6a—d). The parameter (3 is the important factor of the variation
variance, ranging from 0 to 0.5. Increasing [ leads to an

Problem |S] 5 [M] 5 |D| | R|  |C| | K] * |E| % |Sc|  |P| | T] % |S| Variable Binary variable Free variable Linear variable Constraint
P1 3HFHFHFHF AT AT HT ] 2289 21 41 2227 2264

P2 HEAFAFLEAFLFLFLRLHRART 6829 28 41 6760 6797

P3 SHSHSHSHGHSHSHSHS 5] 16241 35 41 16165 16952

P4 THETHFTHTHTETHTHTETT*5S 101359 49 61 101249 121886
P35 10*#10*10*10*10*10*10%*10*10%*10%*3 249151 70 41 249040 375077
P6 10%#10%10%10%12%12%12%12%12*12%*4 577331 76 51 577204 843363
P7 100*4*100*100*100*100*100%*100%7*3*3 3245185 604 41 3244540 63107681
P8 15#15%15%15%15%15%15%15%15%15*5 2075855 105 61 2075689 4303246
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Table 5

Results of the Lagrangian solutions, i.e. upper bound and lower bound with the exact method

Prob. Lower bound

Proposed model

Upper bound GAP; GAP, GAP;

LP-Relax0<X<1 Time Lagrangian relaxation Time Main model ~ Time Fix-and-optimize  Time

(A) GAMS (B) GAMS (O) GAMS (D) GAMS
P1 10862.2 2.0 68789.66 56.84 76688.9 8.40 81881.7 39.6 —86% —10% 7%
P2 157209 3.8 77178.747 574.57  90009.1 93.7 972742 1869 —83% —14% 8%
P3 213074 11.3 87176.36 7183.44 1118133 10829 1138924 2247  81% 22% 2%
P4 44956.5 843.1 104501.87 12358.22 *127011.4 *3705.6 156705.7 56783 —65% —18% 23%
P5 745854 2967.0 130325.23 162358  *165745.4 *28810 200551.9 23220.3 —55% —21% 21%

*#Solved by NEOS Server, GAP;= (A-C)/C, GAP,= (B-C)/C, GAP5= (D-C)/C

increase in the value of the cost, amounts of pollution, and
energy consumption and a decrease in employment, so risks
are paid more attention to in these cases (see Fig. 7a—d). The
parameter « is considered the confidence level, ranging be-
tween 0.5 and 0.95. By increasing the value of «, the amounts
of cost, pollution, and energy consumption increase up to a
point and then remain constant. Further, the employment trend
drops and then remains constant (Fig. 8a—d). The value of the
availability probability (pr), which is assumed to be identical
for all the scenarios and facilities, fluctuates between 0.5 and
0.96. Figure 9 a—d illustrate that increasing the availability
probability leads to a decrease in the amounts of financial,

Fig. 10 Lagrangian relaxation

energy, and social goals to a point and then fixed. Further,
pollution increases and then remains constant.

In addition to the above analyses, the results of the medium
and large-scale test problems are given in Table 4.

Objective functions (50), (51), (52), and (53) are Lagrangian
relaxation of cost, EIA, CED, and SIA based on objective (1) to
(4). Lagrangian relaxation and steps of the proposed model are as
follow (Fig. 10). Results of solving P1 problem are shown in Fig.
11a—d. These figures show that when iterations of algorithm
continue, the convergence of Lagrangian relaxation happens in
all objectives. When the scale of the model is increased, the time
of solution is increased too (Table 5).

Lowerbound=- :
Infinite Objective Fun N('nmprove=
Hpbenboin SRS >Lower bound? WA,
Number © =0/2
Lagrange multiple
o) L
A4 Lower bound=Lag Objective
Fun
Solve Lagrange
> Model Ij
Gamma=Ld,y,
Step size=0*(Upper bound-Lower bound)/
No Y Gamma?®,
 Z— Upper bound=min(Upper bound,main <
Objective Fun),
u_priveous=u,
s u=max(0,u+Stepsize*Gamma),

u_priveous|<e=0.01 ?
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Fig. 11 (a) Lagrangian relaxation algorithm for cost. (b) Lagrangian relaxation algorithm for CO2. (¢) Lagrangian relaxation algorithm for energy. (d)

Lagrangian relaxation algorithm for employment

minLRobj, = obj, + %%, >vud, g Ld, . (50)

minLRobj, = obj, + 3,3, % >yvd, . Ld, ., (51)

minLRobj; = obj; + 3,3, %> wd, ¢ Ld, . (52)

maxLRobj, = 0bjy + 3,5, %S¢ ¥t L. (53)
Such that:

Ld,,y =~Y40dr g +dem, o +2,,0, Vr.p.ts (54)

ud, ¢ vd, o, wd,, o, vd, 0 >0 Vr.p,t, s (55)

Constraints (5)to (15)and (17)to (32)

Finally, the solutions found by the Lagrangian relaxation
algorithm in comparison with the optimal results from the
GAMS software are given in Table 5.
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Conclusion

Vital and global issues such as designing the supply chains,
considering environmental and social welfare, and lowering
energy consumption in the chain have attracted a lot of atten-
tion in recent years. The management of the sustainable closed-
loop supply chain has recently gained much importance.
According to the governmental laws and legislation, the issues
of environmental impact, employment opportunities, and en-
ergy consumption, and customer and beneficiary expectations
should be considered in the supply chain management and are
regarded as major factors between competitors.

This paper provided a new closed-loop supply chain under
uncertainty with the use of resiliency, sustainability, and reli-
ability dimensions among the first studies. To model this
problem, a two-stage stochastic programming approach was
used. To create robust solutions against uncertainty, a condi-
tional value at risk criterion was contributed. The proposed
model minimizes the total cost and environmental pollution
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and maximizes the job opportunities as the social factor. To
solve the model, the Lp-metric method was employed to trans-
form this multi-objective model into a single objective one.
Since this closed-loop supply chain model was complex and
NP-hard, a Lagrangian relaxation method with fix-and-
optimize heuristic was employed to find the upper and lower
bounds for the model via different random test problems. With
an extensive analysis, the proposed model shows an improve-
ment to the total cost, CO, emissions, job opportunities, and
energy consumption.

The present study proposed to solve an optimization model
for closed-loop supply chain using fix-and-optimize and
Lagrangian relaxation of using objectives causing a lower
bound and an upper bound to be obtained for the model.
This type of modelling applies to both automotive supply
chain and the design of other supply chain networks.
Without a doubt, the proposed solution algorithm is successful
to address the proposed problem. However, it is highly rec-
ommended to use recent advances in metaheuristics for solv-
ing the proposed model for future works.

Author contribution Dr. Muhammad Salman Shabbir: conceptualiza-
tion, formal analysis, investigation, methodology, software, validation,
original draft, visualization, and review and editing

Dr. Arshad Mahmood: supervision; project admiration, and review
and editing

Roy Setiawan: supervision and review and editing

Dr. Chairun Nasirin: supervision and review and editing

Rusdiyanto Rusdiyanto: review and editing

Gazali Gazali: review and editing

Dr. Mohd Anuar Arshad: review and editing

Dr. Shahid Khan: review and editing

Fatima Batool: review and editing

Data availability The authors declare that the data are not available and
can be presented upon the request of the readers.

Declarations

Ethics approval The authors declare that there is no conflict of interest.
Consent to participate The authors declare that they agree with the
participation of the journal.

Consent for publication The authors declare that they agree with the
publication of this paper in this journal.

Conflict of interest The authors declare no competing interests.

References

Abdi A, Abdi A, Akbarpour N, Amiri AS, Hajiaghaei-Keshteli M (2020)
Innovative approaches to design and address green supply chain
network with simultaneous pick-up and split delivery. J Clean
Prod 250:119437

Amin SH, Baki F (2017) A facility location model for global closed-loop
supply chain network design. Appl Math Model 41:316-330
Amin SH, Zhang G, Akhtar P (2017) Effects of uncertainty on a tire
closed-loop supply chain network. Expert Syst Appl 73:82-91
Behzadi G, O’Sullivan M, Olsen T, Zhang A (2018) Allocation flexibility
for agribusiness supply chains under market demand disruption. Int
J Prod Res 56(10):3524-3546

Brandenburg M (2015) Low carbon supply chain configuration for a new
product—a goal programming approach. Int J Prod Res 53(21):6588—
6610

Brandenburg M (2017) A hybrid approach to configure eco-efficient
supply chains under consideration of performance and risk aspects.
Omega 70:58-76

Cardoso SR, Barbosa-Povoa AP, Relvas S (2016) Integrating financial
risk measures into the design and planning of closed-loop supply
chains. Comput Chem Eng 85:105-123

Fang H, Xiao R (2013) Resilient closed—loop supply chain network de-
sign based on patent protection. Int J Comput Appl Technol 48(1):
49-57

Fathollahi-Fard AM, Ahmadi A, Mirzapour Al-e-Hashem SMJ (2020a)
Sustainable closed-loop supply chain network for an integrated wa-
ter supply and wastewater collection system under uncertainty. J
Environ Manag 275:111277

Fathollahi-Fard AM, Hajiaghaei-Keshteli M, Tian G, Li Z (2020b) An
adaptive Lagrangian relaxation-based algorithm for a coordinated
water supply and wastewater collection network design problem.
Inf Sci 512:1335-1359. https://doi.org/10.1016/;.ins.2019.10.062

Fathollahi-Fard AM, Hajiaghaei-Keshteli M, Tavakkoli-Moghaddam R
(2020c) Red deer algorithm (RDA): a new nature-inspired meta-
heuristic. Soft Comput 24:14637-14665. https://doi.org/10.1007/
s00500-020-04812-z

Fathollahi-Fard AM, Ahmadi A, Goodarzian F, Cheikhrouhou N (2020d)
A bi-objective home healthcare routing and scheduling problem
considering patients’ satisfaction in a fuzzy environment. Appl
Soft Comput 93:106385. https://doi.org/10.1016/j.as0c.2020.
106385

Fathollahi-Fard AM, Hajiaghaei-Keshteli M, Mirjalili S (2020¢) A set of
efficient heuristics for a home healthcare problem. Neural Comput
& Applic 32(10):6185-6205

Ghomi-Avili M, Tavakkoli-Moghaddam R, Jalali G, Jabbarzadeh A
(2017) A network design model for a resilient closed-loop supply
chain with lateral transshipment. In J Eng-Trans C: Aspects 30(3):
374-383

Golshahi-Roudbaneh A, Hajiaghaei-Keshteli M, Paydar MM (2017)
Developing a lower bound and strong heuristics for a truck sched-
uling problem in a cross-docking center. Knowl-Based Syst 129:17—
38

Hajiaghaei-Keshteli M, Fard AMF (2019) Sustainable closed-loop supply
chain network design with discount supposition. Neural Comput &
Applic 31(9):5343-5377

Hill TW, Ravindran A (1975) On programming with absolute-value func-
tions. J Optim Theory Appl 17(1-2):181-183

Khalilpourazari S, Mohammadi M (2016) Optimization of closed-loop
supply chain network design: a water cycle algorithm approach.
Paper presented at the 2016 12th International Conference on
Industrial Engineering (ICIE).

Kleindorfer PR, Saad GH (2005) Managing disruption risks in supply
chains. Prod Oper Manag 14(1):53-68

Klibi W, Martel A, Guitouni A (2010) The design of robust value-
creating supply chain networks: a critical review. Eur J Oper Res
203(2):283-293

Liu X, Tian G, Fathollahi-Fard AM, Mojtahed M (2020) Evaluation of
ship’s green degree using a novel hybrid approach combining group
fuzzy entropy and cloud technique for the order of preference by
similarity to the ideal solution theory. Clean Techn Environ Policy
22:493-512. https://doi.org/10.1007/s10098-019-01798-7

@ Springer


https://doi.org/10.1016/j.ins.2019.10.062
https://doi.org/10.1007/s00500-020-04812-z
https://doi.org/10.1007/s00500-020-04812-z
https://doi.org/10.1016/j.asoc.2020.106385
https://doi.org/10.1016/j.asoc.2020.106385
https://doi.org/10.1007/s10098-019-01798-7

Environ Sci Pollut Res

Mari S, Lee Y, Memon M (2014) Sustainable and resilient supply chain
network design under disruption risks. Sustainability 6(10):6666—
6686

Mari S, Lee Y, Memon M (2016) Sustainable and resilient garment sup-
ply chain network design with fuzzy multi-objectives under uncer-
tainty. Sustainability 8(10):1038

Meixell MJ, Gargeya VB (2005) Global supply chain design: a literature
review and critique. Transp ResPart E: Logistics and Transportation
Review 41(6):531-550

Melo MT, Nickel S, Saldanha-Da-Gama F (2009) Facility location and
supply chain management—a review. Eur J Oper Res 196(2):401—
412

Mulvey JM, Vanderbei RJ, Zenios SA (1995) Robust optimization of
large-scale systems. Oper Res 43(2):264-281

Nezhadroshan AM, Fathollahi-Fard AM, Hajiaghaei-Keshteli M (2020)
A scenario-based possibilistic-stochastic programming approach to
address the resilient humanitarian logistics considering travel time
and resilience levels of facilities. Int J Syst Sci: Operations &
Logistics, 1-27, https://doi.org/10.1080/23302674.2020.1769766.

Noyan N (2012) Risk-averse two-stage stochastic programming with an
application to disaster management. Comput Oper Res 39(3):541—
559

Pishvaee M, Razmi J, Torabi S (2014) An accelerated Benders decom-
position algorithm for sustainable supply chain network design un-
der uncertainty: a case study of medical needle and syringe supply
chain. Transp ResPart E: Logistics and Transportation Review 67:
14-38

Prakash S, Soni G, Rathore APS (2017) Embedding risk in closed-loop
supply chain network design: Case of a hospital furniture manufac-
turer. J Model Manag 12(3):551-574

Prakash S, Kumar S, Soni G, Jain V, Rathore APS (2018) Closed-loop
supply chain network design and modelling under risks and demand
uncertainty: an integrated robust optimization approach. Ann Oper
Res 1-28.

Sahebjamnia N, Fathollahi-Fard AM, Hajiaghaei-Keshteli M (2018)
Sustainable tire closed-loop supply chain network design: Hybrid
metaheuristic algorithms for large-scale networks. J Clean Prod 196:
273-296

Soleimani H, Govindan K (2014) Reverse logistics network design and
planning utilizing conditional value at risk. Eur J Oper Res 237(2):
487497

@ Springer

Sorokin A, Boginski V, Nahapetyan A, Pardalos PM (2013)
Computational risk management techniques for fixed charge net-
work flow problems with uncertain arc failures. J] Comb Optim
25(1):99-122

Subulan K, Baykasoglu A, Ozsoydan FB, Tasan AS, Selim H (2015) A
case-oriented approach to a lead/acid battery closed-loop supply
chain network design under risk and uncertainty. J Manuf Syst 37:
340-361

Talaei M, Moghaddam BF, Pishvaee MS, Bozorgi-Amiri A,
Gholamnejad S (2016) A robust fuzzy optimization model for
carbon-efficient closed-loop supply chain network design problem:
a numerical illustration in electronics industry. J Clean Prod 113:
662-673

Tavakkoli-Moghaddam R, Sadri S, Pourmohammad-Zia N, Mohammadi
M (2015) A hybrid fuzzy approach for the closed-loop supply chain
network design under uncertainty. J Intell Fuzzy Syst 28(6):2811—
2826

Torabi S, Namdar J, Hatefi S, Jolai F (2016) An enhanced possibilistic
programming approach for reliable closed-loop supply chain net-
work design. Int J Prod Res 54(5):1358-1387

Yavari M, Zaker H (2020) Designing a resilient-green closed loop supply
chain network for perishable products by considering disruption in
both supply chain and power networks. Comput Chem Eng 134:
106680

Yu H, Dai H, Tian G, Wu B, Xie Y, Zhu Y, Zhang T, Fathollahi-Fard
AM, He Q, Tang H (2021) Key technology and application analysis
of quick coding for recovery of retired energy vehicle battery.
Renew Sust Energ Rev 135:110129. https://doi.org/10.1016/j.rser.
2020.110129

Zhang JL, Li YP, Huang GH (2014) A robust simulation—optimization
modeling system for effluent trading—a case study of nonpoint
source pollution control. Environ Sci Pollut Res 21(7):5036-5053

Zhang C, Tian G, Fathollahi-Fard AM, Li Z (2020) Interval-valued
intuitionistic uncertain linguistic cloud Petri net and its application
in risk assessment for subway fire accident. IEEE Trans Autom Sci
Eng. https://doi.org/10.1109/TASE.2020.3014907

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1080/23302674.2020.1769766
https://doi.org/10.1016/j.rser.2020.110129
https://doi.org/10.1016/j.rser.2020.110129
https://doi.org/10.1109/TASE.2020.3014907



