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Abstract
Governments and customers are forcing the papeufaetarers to become
more sustainable. Accordingly, there still existsgap in the quantitative
modeling of these issues. In this paper, this gapcovered through
simultaneously considering economical, environnleatad social impacts in
the paper closed-loop supply chain network desitine proposed multi-
objective, multi-echelon, multi-product and singleriod model is composed of
suppliers, plants, regional wholesalers, retailetsstomer zones, collection
sites, centralized collection points, recyclingiliies, energy recovery and
disposal centers.The objectives considered aremization of total cost;
environmental benefit through maximizing coveradecalected waste paper
by opened centralized collection centers; and miasition of the social impact
of the network in a way that would prefer the ldmatof facilities in the less
populated regions.The proposed model is appliedrtdllustrative example
designed utilizing real data of the paper industrizast Azerbaijan of Iran and
interactive fuzzy goal programming approach is usedolve the developed
model. Sensitivity analysis of the proposed modelaiso performed by
considering key parameters.
Keywords: Closed-loop supply chain, multi-objective prograimgy location
model, paper recovery

1- Introduction
The increasing consumption of paper imposessskee pressure on the forests and the environment.

Paper as a strategic product, 85% of which is preddrom natural forests, covers higha large prior
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of household, administrative and commercial wadt®vever, high amounts of waste paper aredisposed
all over the word causing health hazard and enmiertal damages instead of being recovered. The
design of an effective collection and recovery syswithout damaging the environment is affected by
facilities’ location decisions which are strategiherefore, the strategic planning problem is alufor

the paper industry and a recent review by Govinelaal. (2015a) emphasized the lack of the multi-
objective closed loop supply chain (CLSC) netwoesign models.Sustainability is an increasingly
important topic in multi-objective supply chain negement areas as companies respond to pressures
from stakeholders, consumers, management, govetahiegislation, global competition and profit and
non-profit organizations dedicated to environmergatl social impacts of industry (Ageron et al.,
2011).Climate change, resource depletion, and hurealth problems are leading to a point of no retur
(Cardoso et al., 2013). Sustainable supply chainagement (SSCM) is defined as the consideration all
three dimensions of sustainable development,danomic, environmental and socialin the management
of information, material and capital flow (Seuriagd Miiller, 2008).The literature related to theaaoé
sustainable network design lacks the simultaneounsideration of triple bottom lines of sustainabili
The balance between the addressed lines offeralermpewhich can be attributed to the complexity of
modeling social impacts and to some extent enviemal aspects.Based on the aforementioned
considerations,the aim of this research is to agvalnew mixed integer linear programming modelksfor
multi-objective, multi-echelon, multi-product anthgle period CLSC which simultaneously considers
economic, environmental and social aspects fop#per industry. In the proposed model, minimization
of the total cost of CLSC which consists of fixetéstment costs, production costs, transportatctse
purchasing costs regarding materials and waster papiéection costs, sortingcosts, recycling coats}
disposal cost; environmental benefitthrough maxingizcoverage of collected waste paper by opened
centralized collection centers; and finally maxiatian ofthe social impact of the network in a whgtt
would preferthe location of facilities in the lepspulated regions are introduced as the objective
functions. Furthermore, the proposed model is adpio an illustrative example designed utilizinglre
data of the paper industry in East Azerbaijanoh led interactive fuzzy goal programming (IFGP)
approach is used to solve the developed model.@$teof the paper has the following structure. k& th
Section 2, the background literature is presertedection 3, the developed model is characteritte@P
approach is given in section 4. Then in sectiormfplication of the proposed model to an example
problem inspired by East Azerbaijan of Iran is d&ged and a sensitivity analysis of key paramésers
done. Finally, conclusions are given along withftitere work directions in section 6.

2- Literaturereview

Despite the fact that the area of sustainaligityonsidered quite new, interest in SSCM haseised
rapidly over recent years (Ageron et al., 2011). iAcreasing number of papers on sustainability and
SSCM were published in different researches regdpth. Linton et al., 2007; Bai and Sarkis, 2010;
Tseng et al., 2012; Govindan et al., 2014; Esfahi#@dl6; Raut et al., 2017; Silva and Gouveia, 2017
Sgarbossa and Russo, 2017). A systematic revie®SafM is published by Teuteberg and Wittstruck
(2010). Erol et al. (2011) introduced a fuzzy maliteria framework to evaluate sustainability
performance of a grocery retailers supply chaifuinkish.The designof sustainable supply chains unde
emissions trading schemes proposed by Chaabah€2&t12). Seuring (2013) has reviewed in detail 36
papers which have utilized quantitative modelsS&CM among more than 500 papers published until
2010. Govidnan et al. (2015b) applied a novel H/boptimization approach to design a
sustainableforward supply chain network under uag&y. The very few published papers about SSCM
focus on three demotions of suitability and mostetéted surveyed papers focus on greenness atid cos
effectiveness of networks (e.g.Cruz and Matsyp2089; Pishvaee et al., 2012).

The study of the literature on supply chain mekndesign reveals that an increasing number ofaisod
confronting with forward and reverse logistics. @aolan et al. (2015a) analyzed and categorized afset
382 papers published in the area of reverse logisthd CLSC.Recent studies of CLSC have started to
take environmental impacts of sustainability intc@unt (Krikke et al., 2003; Fonseca et al., 2010;
Kannan et al., 2012; Amin and Zhang, 2013; Garg.e2015). Although,the very few works that exist
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CLSCare focused social aspects as wellas economic emvironmental aspects (Dehghanian and
Mansour, 2009;Devika et al., 2014).Among differersearches about SSCM, our paper is about
sustainable closed loop network design which aitreoasidering the three dimensions of sustaingbilit
in the design phase. This is a new approach tleMssen embed economic, environmental, and social
issues into closed loop during the design processdbane et al2012).Therefore, this paper considers
both forward and reverse flows of the supply chagether with their mutual interactions simultarggu

in an integrated model in order to design a suabdénclose loop supply chain for the paper induBtrg
users of this study can be the managers of thergagastry, thelogistics service providers and the
government.

3- Model development
3-1- Problem description and assumptions

Paper as a key product requires an optimal Ch&@ork design. The scheme of the paper CLSC
network structure is depicted in figure. 1. In tbeward supply chain, different types of new papes
transported to the wholesalers to meet the papderde demands. Furthermore, recycled paper igpship
from recycling facilities to the wholesalers to méee secondary market requirements. In the reverse
chain, collection centers collect waste paper fromstomer zones and supply it to the centralized
collection points, where the sorting for waste papeurs. Based on the sorting process, the apptepr
paper is shipped to the recycling facilities ordsébr energy recovery while contaminated paper is
transported to the disposal sites. Incineratiowaste paper with the production of steam for hgatin
electric power production is an accepted methoghefrgy recovery. Waste paper can be categorized int
eleven easily identifiable types of paper. Of theven components, newspaper has the highest dalorif
value while glossy paper has the lowest calorifitue. Card board and white office paper are apatspr
for recycling while colored office paper and oilapgers are suitable for incineration.Furthermore,
centralized collection points can be consideredaatemporary storage area for the waste paper.

Appropriate processing technologies need to ballegtat each recycling facility location, depergdon

the type of the input materials and the requiremémt the output materials. The proposed mathemiatic

model will be developed based on the following agstions:

» There are two different points for wholesalers tp@y demands. One is achieving them from
different manufacturers; and the other is acquitiregn by recycling from the recycling facilities.

» Cost parameters at all stages of the CLSC networkal vary and inventory and shortages holding
are not authorized.Backordering levels and invgname not considered in the scope of strategic
planning since they are generally taken into acta@uractical and/or operational levels of CLSC
planning.

e Transportation lead times between the stages arememtioned because of the single period
consideration which is a basic characteristic i@tsgic planning problems.

3-2- Indicesand sets

index of paper types/ P

index of recycled paper typgs LP’

index of virgin pulps/.LV

index of new paper manufacturerd

index of potential regional wholesalavsa\W
index of paper dealers and retailkfsK
index of initial collection centeljs/2J

index of centralized collection pointsL
index of potential recycling facilities”R
index of potential recycling technologiesH

T, ©

x~s —<

5 = — —
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Figure 1. Presentation of the paper CLSC network

3-3- Model parameters

fixed se-up cost of regional wholesalw

fixed se-up cost o centralized collection poin

fixed se-up cost of recycling facilitr

fixed se-up cost of recycling facilitr using technologh

production cost of paper tyjp in each new paper manufacturer (in terms of mopetait per
kilogram)

transportation cost of per kilogram paper tp (in terms of monetary unit per kilomete
transportation cost of per kilogram recycled pappep’ (in terms of monetary unit p
kilometer)

transportation cost of per kilogram wasteer typep (in terms of monetary unit pi
kilometer)

purchasing cost of virgin pulp typv from vendorm for manufacturei (in terms of monetar
unit per kilogram)
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RGom
CGy
SGy
DIC,

DE 1,

recycling cost ofwaste papt type pin recycling facilityr using technoloc h (in terms ol
monetary unit per kilogram)

collection costs of waste paftype pthrough the initial collection centj (in terms of
monetary unit per kilogram)

sorting costs of waste paptype p through thecentralized collection poiil (in terms of
monetary unit per kilogram)

disposal cost of waste paftypep (in terms of monetary unit per kilogra

demand of paper dealk for paper typep (in terms of kilograrr

demand of paper dealk for paper typep’ (in terms  kilogram)

sales priceof waste paper typp to energy recovery center (in terms of monetary i
kilogram)

returned volume of waste paper typ to the initial collection centg (in terms of kilogram)
binary parameter which is equal to 1, if the distahetween the colléon centejj andthe
centralized collection poiris within the maximum acceptable distance andltergtise
fraction of waste paper typ shipped froncentralized collection point to recycling, ene
recovery and disposal sites, respectively notiagicthd, +7,=1.

fraction of waste paper typ satisfying the quality specifications for recyclipgpcess
amount of virgin pulp typv to produce paper tyfp (in terms of kilograrr

capaity of regional wholesalew for forward flows of pape¢

production capacity of new paper manufacti for paper typep

capacity of centralized collection pol for reverse flow of waste paj

recycling capacity of technoloch at recycling facilityr for waste paper tygp

supply capacity of vendor m for virgin pulp tyv

the distance between new paper manufaci and regional wholesalw

the distance between regional wholesw and paper dealk

the distance between initial collection cerj and centralized collection poil

the distance between centralized collection gl and recycling facilityr

the distance between recycling facilr and regional wholesalw

thedistance between centralized collection pl and energy recovelb

the distance between centralized collection gl and disposal sitd

the distance between recycling facilr and disposal sitd

maximum allowable distance frorrgiven regional wholesaler to a paper dealer for papet
distribution

maximum allowable distance from a collection cetea centralized collection point f
waste paper collection

the number of job opportunities created duringldstamert of regional wholesalew

the number of job opportunities created duringld&hment of centralized collection pol
the number of job opportunities created duringldi&hment of recycling centr
Regional inde in establishing area of regional wholesaw

Regional index in establishing arof centralized collection poill

Regional inde»in establishing area of recycling cerr

an arbitrary big positive numk

maximum number copened centralized collection poi

3-4- Decision variables

Wi,
L

1, if a regional wholesaler is opened at locaw; 0, otherwis
1, if a centralized collection point is openedaaiationl; 0, otherwis
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Him 1, if a technologh is activated at icycling locationr; 0, otherwis

R 1, if a recycling facility is opened at locatir; O, otherwis
Qpi production quantity of paper tyjp in paper manufacturd (in terms of kilogran
Xk guantity of paper typp shipped to paper dealk from new paper manufacturd via regional

wholesaler w(in terms of kilogram)
X2y rwix guantity of pape typep’ shipped to paper dealk from recycling facilityr via regional
wholesalem (in terms of kilogram)

X3oib guantity of waste paper typp shipped to energy recovery cerb from centralizec
collection centek(in terms of kilogram)

X451 guantity of waste paper typp shipped to disposal sid from centralized collection cent
[(in terms of kilogram)

X8 quantity of waste paper typp shipped to threcycling facilityrfrom centralized collectio
cented(in terms of kilogram)

X6ord guantity of waste paper typp shipped to the disposal sd from recycling facilty r(in terms
of kilogram)

QPumi amount of virgin pulp v purchased from venm by new paper manufacturi (in terms ol
kilogram)

REpm recycling quantity of waste paper typ using technologh at recycling facilityr(in terms of
kilogram)

Yk 1, if regional wholesalew serves paper dealk for meeting its demand in the forward chz
0, otherwise

Y3, 1, if collection centej is allocated to centralized collection pcl; 0, otherwis

3-5- Objective functions
As mentioned earlier, three conflicting objeesvfunctions are considered in the formulationhef t
problem which are: (1) total costs, (2) total eamimental benefit and (3) total social impact.

3-5-1- First objective: total cost

The first objective function is to minimize thetal CLSC costs which is the summation of fixed
opening costs (FOC), purchasing costs (PUC), ptimtucosts (PC), transportation costs (TC)collectio
costs (CC), sortingcosts (SC), recycling costs (REGposal costs (DC) minus revenue obtained from
selling collected waste papers to energy recovenyers. Equation (1) gives the objective functisritee
sum of its addressed components. Equations (2)g¥8)the details of each component.

Min Z1 = FOC + PUC + PC +TC +CC +SC + REC + DC - RE\ (2)
FOC =)f, W, +> f.L+>f.R+>>f H, (2)
wiw 0L rOR MR HIH
PUC =2 > YQR,.PUC,, (3)
viv mOM 0Ol
PC =>.>Q,.PRC, (4)
pOP 0l
TC=)> 3> X1, TC.(dl, +d2, )+ > > > X2, TCL .(d5 + d2 )
pOP 0l wOW kOK p'OP' rOR wOW KIK
222X 3,TC2d g+ > X4, TC2d7 3> > X5TC2d4
pOP 10L bOB pOP 10L dOD pOP I0L rOR
2.2.2.X §,TC 2d8,
pOP rOR dOD (5)
CC=> > >Y1.RE (TR .4 )+ CC) (6)

pOP jOJ I0L
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SC=>>> VY1 .RE.SG (7)

pOP jOJ 10L

REC=Y Y 3 RAL,.RG, (8)
pOP rOR HIH
DC =) > > X4,DIC, +> > > X6 DIC, (9)
pOP 10L dOD pOP R dJD
REV :ZZZ Xgplb'SE (10)

pOP 10L bOB

3-5-2- Second objective: total environmental benefit

The second objective function is environmentdiiénhrough maximizingcoverage of collected waste
paper by opened centralized collection centersepsesented in equation (11). This would increase
wastepaper recovery and the recovery of the wagterpconserves the natural resources, consumes less
energy and decreases the environmental pollutibis dbjective is based on maximal coverage problem
in the case of limited financial resources. Dawrial. (2011) defined this problem to investigdie t
location of facilities on a network in order to nmakze the covered population. For covering a
population, at least one facility must be openethiwia predefined distance of it.

MaxZ2='> > Y1 .RE (11)

pOP jOJ 10L

3-5-3- Third objective: total social impact

The third objective function is to maximize thacial impact of the network in a way that wouléfpr
the location of facilities in the less populatedioms as represented in equation (12).This wouletldg
theseinland regions, move people away from the pmymrated areas, homogenize the ecological
footprint of the population and improve access ublig service facilities. Therefore, regional index
establishing area of facilities is introduced thgbwlividing population density of the division(&pbythe
population density of the region (city). Regionatiéx~ O represents an overpopulated region while
regional index> 1 indicates an under populatedoregivhen compared to the population density of
division. The bigger regional index, the less pafed the region is.So, when deciding on facility
locations, the proposed model choosesless populaggahs to installfacilities.

MaxZ3 =D u, 4, W, +Y. 24 L+ ey F (12)
wOw 1oL OR

Constraints are given as in equations (13)-(37).

DY, SMW, Ow

wk

kOK (13)
2V, =1 Ok (14)
3L, <N (15)
1L

Yi,<g., 0Oj0l (16)
YY1 <1 O (17)
[In 8

2.2 >V, (DE, + DEL )<Wcap.W O w (18)

pOP pTOP' KIK
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>.X1, =DE.Y, OpOwlk (19)

io

> .X2,,=DEL.Y, Op'Owik (20)
rorR

¥ x1,<Q, Op0i (21)
wiOW kOK

Q, < Prcap, Op,Oi (22)
d2,Y, < DMAX Owk (23)
d3,Y1 < DMAX1 Oj[l (24)
D RE,.Y1 < Ccapr. | O pO | (25)
jo

>X3,=¢.> RE,.YL Opdl (26)
bOB jod

D X4,=6.RE .Yl OpQl (27)
dob joo

> X5, =71, RE,.Y1l OpQl (28)
rrR jod

DRE, =0, X5,  OpOr (29)
hOH 10

D RE, < H,.Recap, O r[h (30)
pOP

Y ¥x2,.. <>RE, OpOpdr (31)
wiW kOK HIH

D X6,,=(10,)), X5, Opdr (32)
ddD 10

2 H, =R Or (33)
hOH

D QP <Vcap, Ovom (34)
iol

ZQF\)/ml = ZQpl'IT\-/p Uv D I (35)
mOM papP

W, . L R, H,.Y, Y1 0(0,1) (36)
All other varibles are continuous (37)

According to constraint (13), if a regional whsdler is opened, it may serve to any dealer aileetin
other words, there may be an outgoing flow (distitn operation) from this wholesaler to the desaler
Constraint (14) ensures that a paper dealer igressito a single regional wholesaler for forwamhflof
newly produced paper. In other words, demandsep#per dealers must be satisfied by a singlemabio
wholesaler. Constraint (15) gives an upper boumdHe number of centralized collection points to be
opened.Constraint (16) determines which papernstare covered within the acceptable service distan
Service means the collection of waste papers frbe ihitial collection centers. If no centralized
collection centre is located, the right hand sitléhat constraint will be zero and forces the gfjual to
zero.Constraint (17) guarantees that a paper tiolfecenter may be assigned to at most a single
centralized collection point for waste paper resur@ince these assignments may be impossible kecaus
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of the logic of maximal covering problerdl is used in that constraint set.Constraint (18)its the
amount of newly produced and recycled paper shipipedigh the regional wholesaler to its capacity of
performing forward flows. Constraint (19) and (20)sure that the demands of paper dealers for newly
produced and recycled paper to be satisfied. Cainstf21) guarantees that the outgoing flows from a
new paper manufacturer cannot exceed the producti@mtity at that manufacturer. Constraint (22)
ensures that the production quantity of each pgger not to exceed the production capacity of the n
paper manufacturers. Constraint (23) guaranteets eheh regional wholesaler to be located within
acceptable proximity of paper dealers. Constr&i#} (hakes sure that each collection centre to tetdol
within acceptable proximity of centralized collectipoint. Capacities ofcentralized collection cee
restricted by Constraint (25Constraint (26) to (28ensure that the sum of the waste paper taken from a
centralized collection point to recycling facilgsieenergy recovery centers and disposal sites do no
exceed the amount of waste paper available ateh&atized collection center.Constraint (29) repnés
that the input rate of waste paper is satisfiethleyquality specifications for recycling processcérding

to constraint (30), the recycling quantity of egaper type not to be over the recycling capacitthef
different technologies of recycling center. Coristrg31) guarantees that the outgoing flows from a
recycling center cannot exceed the recycling qtiaatieach recycling center. Constraint (32) regmées

the flow of non-recyclable waste paper from reayglifacilities to disposal centers. Constrai@8)
guarantees that each opened facility location kastly one technology in use at each time. Congtrai
(34) gives the capacity constraint for vendors. £E@int (35) gives the authorized share of virgifpgan
order to satisfy quality conditions for paper typ€snstraint (36) represents the binary variableh as
opening decisions for the facilities (regional wasalers, centralized collection points and recyclin
facilities) and activating decisions for the teclwgies at recycling facilities; assignment decisidar
allocating paper dealers to the regional wholesadd collection centers to the centralized cabect
points. Constraint (37) ensures the non-negatofityther variables.

4-|FGP approach

To solve the proposed multi-objective problefGP method is used. IFGP was first introduced by
Ferrao et al. (2008) and applied to multi-objectivensportation problems in order to determine the
preferred compromise solutions.In IFGP, three comlynoused approaches namely interactive
programming, goal programming and fuzzy programnang incorporated in order to generate more
efficient method which reflects the advantagesliofh@se approaches.The most important advantage of
IFGP from the perspective ofa decision maker (D84antrolling the search direction during the solut
phase by updating both nadir solution and aspmmd#éwel of each goal in order to provide other ioyati
solutions. In the last iteration, the accepted tgmiuby the DM represents the preferred compromise
solution and this solution is perceived as a maalistic one. The steps of IFGP method can be
summarized as follows:

Step 1 Solve the proposed mu-objective mixerinteger linear programmingmodel for ec
objective separately. I&ll the solutions are the same, select one of theman optimal
compromise solution and go to Step 7. Otherwisdpdsatep 2.

Step 2: Determire the range of each objective function over thdciefit set by calculating tr
optimal and nadirsolutions for each objective fimtt The optimal solutions, i.e.,

(Zlopllmal , Xlopnma\)’ (Z 2opumal X zopuma\) and (Z 3opumal X 30puma\ ), are Obtained from Step 1 by

solving each objective function separately; thesolation for each objective function can be
obtained from equations (38) to (40).

Zlnadir = max (Z1 (Xzoplimal )and z ()s(oplimal ) (38)
Zznad\r - mln (22 (Xlop:imal ) and ZZ ()gopnmal ): (39)
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Z3nadir - m|n (23 (Xloplimal ) and 23 ()soplimal ) (40)

Step 3: Identify a linear membership function facle objective function using equations (41)-(48y
also the initial aspiration level.

1 it z< Z™
Z nadir _ Z
) =T i 2 <z, < (42
1 T4
0 if 22 Z%
l |f ZZ Z 2optima\
Z B Z e B nadir optimal
luz(x) - Z Opfimal - 2Z nadir If ZZ ’ < Zz < ZZ e (42)
2 2
0 If Zs Z 2naldw
1 |f 322 Z 3oplima\
Z _ Z nadir )
ﬂs(X) - Opzmaj 3 — |f Z3nad\r < Z3 < Zaopllmal
z,m-z, (43)
O |f 3ZS Z 3nachr

whereu, (x) denotes the satisfaction degree of theh-th objective function.

Step 4: Solve the equivalent crisp mixed-integeal giwogramming formulation of the fuzzy mixed-
integer goalprogramming using (44)-(49).

Max A (44)
s.t.

B <u, (x) h=1,2,..,H (45)
Z,(x)-d" +d" =G h=1,2,.., H (46)
X € Q(X) (47)
g 0[0.1] (48)
d", d" >0 (49)

In this model, the aim is to reach the maximums§attion level, namelp-value, in suc a
way that the constraints can be satisfied notiady €& is the aspiration level of the
objective function an@(x) represents the feasible area concerning the eamstiof the
equivalent crisp model.

Step 5: Present the solion to the DM. If the DM accepts it, go to Ste; otherwise, go to Step

Step 6 Evaluate each objective function of the solutionnfparenadir solutionof each objectivi
with the new valueof the objective function. If thew value is better than theadir
solution consider this as a nemadirsolutiongtherwise, keep the old one as is. Repeat this
processitimes and go to Step 3.

Step 7 Stop
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5- Model implementation

In order to observe the performance of the pgedanodel, a case study whose data originatedtfiem
paper industry in East Azerbaijan of Iran is stddieghe CLSC network involves two paper plants, ¢hre
vendors to supply virgin pulps, four potential mwal wholesalers, twenty five paper dealers, fivgall
collection centers, four potential sites for celieal return points, two potential sites for papsrycling
facilities, two potential recycling technologiesieoenergy recovery center and six sites for didpbsar
types of papers including glossy, printing and gt kraft, and fluting, together with four typeswvirgin
pulps and two types of recycled papers are coraiddParameter intervals used in the case study are

given in table 1.

Table 1.Range of the values of the parameters.

Parameter

Range of values

Fixed setup cost of opening regional wholesalers (milliolR)
Fixed set-up cost of opening centralized collecpomts(million Rials)
Fixed set-up cost of opening recycling facilit{gsllion Rials)

Fixed set-up cost of opening recycling facilitiesing technologies (million

Rials)

Production cost (Rials/kg)

Transportation cost for newly produced paper (Riatskg))
Transportation cost for waste paper (Rials/kmxkg)
Transportation cost for recycled paper (Rials/kmyxkg
Purchasing cost of waste paper from waste ven&ads(kg)
Purchasing cost of virgin pulps from vendors (Rial}

Selling price of waste paper to waste customeral$Rig)
Selling price of waste paper to energy recoveryearefRials/kg)
Recycling cost using different technologies (Rkad$/
Collection cost (Rials/kg)

Sorting cost (Rials/kg)

Disposal cost (Rials/kg)

Demand forecasts of new paper dealers (kgs)

Demand forecasts of waste paper dealers (kgs)

Returned volume of per waste paper to the inititlection centers (kgs)
Production capacity of paper manufacturers (kgs)

Capacity of regional wholesalers (kgs)

Capacity of centralized collection points (kgs)

Recycling capacity of different technologies (kgs)

Capacity of virgin pulps (kgs)

Rate of satisfying the quality specifications fecycling
Recycling rate

Disposal rate

Energy recovery rate

Distances (km)

Maximum acceptable distances (km)

Maximum number of opened centralized collectiompmi

Job opportunities created during establishing ifeesl
Population density in establishing area of fa@it{people/ km)

3200-9800

1800-3500
5000-7000
2500-8000

9500-48000
1-3
32
1-3
1000-4000
1000-3000
1000-4000
500-2400
1000-5000
2000-4000
1000-2000
1000-3000
648200000
003800000
180000-2800000
008000-90000000
50000000-100000000
60000-117000000
20000000-250000000
160000000-180000000
80-90
52-70
10-15
20-40
0-260
70-120
4
90-130
6.73-15.76

We have solved the problem using the CPLEX sol¥&AMS commercial software version 23.6.5 on a
computer Intel(R), Core (TM) 2 Duo CPU P8400 @ 238z, and 3.00 GB of RAMfor each objective
separately. In this way, nadir and ideal solutifiogver and Upper bounds) to form fuzzy membership
functions are obtained separately. Tables 2 atids3rate the results
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Table 2. Results from solving each single objective model

Total costs Total environmental  Total social impact
(Zl) benefit (Zs)
(Z,)
Total value of the CLSC 6.767E9 1.160E7 1027
Number of opened paper recyclind 2 2
facilities
Number of opened regional wholesalers 3 4 4
Number of opened centralized retur2 4 3
points
Number of activated technologies 1 1 1
Table 3. Lower and upper bounds of each objective function
Goals Lower bound Upper bound
Total costs 6.767E9 3.915E10
Total environmental benefit 5.452E6 1.160E7
Total social impact 556 1027

After definition of the membership functions angbieation levels, the problem can be transformed int
an equivalent crisp auxiliary single objective nuxateger linear programming model as stated itigec
4. It is assumed that the DM is satisfied with hesat the end of iteration 3.Optimization respitsvided
by solving the auxiliary models are iteratively givin table 4.With this compromise solution, thoé¢he
regional wholesalers, three of the centralizedectibn points and one of the paper recycling faedi
with one type of technologies are opened.

Table 4.0ptimization results obtained from all iterations.

Iteration Auxiliary variable Total costs Total environmental Total social impact
B (Z,) benefit (Z,) (Z,)

1 0.65 1.628E10 7.593E6 746

2 0.32 9.374E9 8.121E6 802

3 0.01 8.964E9 8.854E6 851

In order to investigate the sensitivity of thegosed model and decision parameters of the tiolec
recovery system to variations of each fuzzy gdwd, groposed fuzzy multi-objective problem is reedlv
with different scenarios. In scenarios 1-4, theiatams of each fuzzy goal are analyzed changimg th
maximum number of opened centralized collectiomgiln scenarios 5-8, changing recycling capacity
of different technologies at recycling facilitiessanalyzed. In scenarios 9-12, returns of wagpensaare
investigated. Sensitivity analysis is applied terarios using the data given in table 5. Differamper
and lower bounds are obtained for each scenaridle vdonsidering each scenario. For this reason,
boundary values of the fuzzy goals vary. In otherds, since the max-min bounds of the fuzzy godls w
change in each scenario, membership functions dhmeilrevised for each scenario before performing
each scenario.Results of scenario analysis forl&mepus consideration of fuzzy objectives afteo tw
iterations are given by figure 2.

In scenarios 1-4, effects of the maximum numbepened centralized collection points are examined
According to figure 2, when the maximum number péed facilities increases, both total environment
benefit and social impact increase. Moreover, totst will not decrease too much due to operatimg o
more centralized collection point. In scenarios, Bifferent recycling capacities of technologies &aken
into account. It is clearly understood from figi@reéhat higher recycling capacities provide lowestsp
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higher significant social impact and equal envirenin benefit considering all fuzzy goals
simultaneously.

In scenarios 9-12, different returns of wastegpa are taken into account. It is understood fiigare 2
that higher returns provide lower cost, higher amicaf environment benefit and equal social impact
considering all fuzzy goals simultaneously.

In summary, DMs should increase the recyclimgpacities of technologies in order to decrease tuisi
and increase the total social impact. They mayeis®e the number of opened centralized collection
points in order to increase both total environmeanefit and social impact. Furthermore, they may
increase the returns of waste paper in order toedse total cost and increase total environmergftien

Table 5.Application data of different scenarios.

Scenario Item Scenario Item Scenario Item
N Recagm (kg) RE,; (kg)
Scenario 1 3 Scenario 5 10000000 Scenario 9 745000
Scenario 2 4 Scenario 6 16000000 Scenario 10 1192000
Scenario 3 5 Scenario 7 24000000 Scenario 11 1788000
Scenario 4 6 Scenario 8 30000000 Scenario 12 2235000
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Figure 2. Evaluating scenarios considering all the fuzzyigiganmultaneously

6-Conclusion and futureresearch
In this study, a new mixed integer linear progmsing model was developed for a multi-objective,
multi-echelon, multi-product and single period sirsible CLSC in the paper industry. The objectives
considered were minimization of total cost; envimremtal benefit through maximizing coverage of
collected waste paper by opened centralized c@lecenters; and maximization of the social impafct
the network in a way that would prefer the locatdriacilities in the less populated regions. Farthore
the proposed model was applied to an illustrativangle designed utilizing real data of the paper
industry in East Azerbaijan of Iran and IFGP apploaas used to solve the developed model.
From the case study, we can conclude that thpoged model improves all the three objectives of
sustainability and offers important managerialghss. DMs should increase the recycling capacifes
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technologies in order to decrease total cost aoctase the total social impact. They may increbse t
number of opened centralized collection points lideo to increase both total environment benefit and
social impact. Furthermore, they may increase ¢herms of waste paper in order to decrease totdl co
and increase total environment benefit.

Considering dynamic behavior of the network adl s the presence of uncertainty in some of the
parameters for instance levels of the demand ofar@wecycled papers, return quantities of waspempa
return rates and capacities of facilities can bedgaea for future studies. Integrating operational
decisions such as routing decisions or inventory adso be useful. Finally, solving the proposed eiod
using multi-objective meta-heuristic algorithmsdefinitely worth of consideration, especially fdret
large-sized instances of the problem.
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