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Abstract

Enhancing social and economic effects along with reducing environmental effect has gained significant
consideration in reverse logistics network design. Electronic waste management raises serious concerns
due to its increasing quantity and hazardous nature in global business. The developed modd is a multi-
objective reverse logistics network for electronic waste management, and the concept of the triple bottom
line approach has been considered in the proposed study. The suggested study makes a trade-off between
conflicting objectives. The research considers first customers, collection centers, distribution centers,
second customers and reprocessing centers consisting of return evaluation centers, recycling centers and
refurbishing centers. The carbon cap-and-trade policy has also been incorporated into the model. The
objective of the formulated model is to maximize the profit and minimize the carbon emissions as well as
maximizing the job opportunities in a reverse logistics network. To dea with the uncertainty,
neutrosophic optimization has been applied to avoid unredistic modeling. A related numerical example
has been performed and the results show that the transportation cost contributes to the mgjor fraction of
the total cost. The reprocessing at the return evaluation and recycling centers are the main source of
carbon emissions. Sensitivity analysis has aso been conducted to assess the application of the proposed
model. It shows that a drastic increase of 42.6% occurs in profit value when the per-unit carbon trading
price isincreased by 40% and vice-versa. Also, avariation is seen in the parameters like carbon emission
at recycling centers with a change in total emissions value and the average number of units processed by
one worker at return evaluation center with avariation in the number of job creation value.

Keywords. Sustainable reverse logistics, E-waste management; Carbon cap-and-trade; Socia uplift;
Neutrosophic approach
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the total cost. The reprocessing at the returnuati@in and recycling centers are the main source of
carbon emissions. Sensitivity analysis has alsom lseaducted to assess the application of the peabos
model. It shows that a drastic increase of 42.6%uiEcin profit value when the per-unit carbon tngdi
price is increased by 40% and vice-versa. Als@ration is seen in the parameters like carborssiom
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1 Introduction
The conservation of resources needs to be condiderederms of end-of-life electrical products,
electricity usage, technology usage, labor util@atemission of carbon dioxide and increased etzdt

waste. The need for resource conservation inredatproducts can be justified by the increasiengels
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of global climatic changes, e-waste and carbon soris. World Meteorological Organization reported
that 2015-2019 has been the warmest period witlinareased global climate change of 0.2% as
compared to the climate change in 2011-2015 (WMI92. One of the reasons behind this change was
the 20% increase in the level of carbon emissidabadly, which will eventually become 410 ppm of
carbon emissions at the end of 2019. However, égmnis®f carbon from transportation constitute atbun
25% of total carbon emissions. Similarly, the img®e in e-waste rationalizes the importance of ense
and recovery of the electrical products, for nolyaonservation purposes but also for creating st-co
saving option for the industry. Besides reuse a&ogvery operations, the recycling of electricaldurcts

is also important as the Waste Electrical and Ededat Equipment (WEEE) Ordinance for waste
management of electrical products and electronigpeaent, specifies that at least 75% of the elealtri
products need to be recycled to conserve the ressand to reduce the e-waste (Laner and Rechberger
2007). It was estimated that throughout the watdund 50 million tons of electrical waste is dispd-

off each year and only 20% of this waste from elegt products is recycled each year (Baldé et al.,
2017). Resource conservation also incorporates theangreenhouse emissions of carbon dioxide and
other pollutants should be reduced. The increasevimste has also shifted the interest of researche
toward reducing carbon usage and emissions whiahd deelp in reducing global warming (Xiao et al.,
2019). Emissions of carbon from transportation tituie around 25% of total carbon dioxide emissions
(Nanaki and Koroneos, 2016). When considering #edrfor reuse, recovery, and recycling operations,
the social perspective must be considered as inatrms of job creation. However, globally theeraf
unemployment was 5% which can be decreased irutbesfdue to a rise in the number of jobs created
worldwide (Kiihn, 2019). This shows that an increasahe implementation of reuse, recycling and
recovery operations will not only improve resoucomservation but will also lead to an increaseoin |

creation and a decrease in the unemployment raigalty.

Reverse logistic operations are playing a significqale in making the existing supply chains gredne
terms of reduction in environmental pollution ardtk timplementation of proper waste management
practices. The applicability of reverse logistiemtion is enhanced due to the option that is giwehe
customers to return products, that are either tigéeor are some end of life products with a rermagjn
warranty period. Similarly, firms are also shiftitigeir focus towards reverse logistics due to aqurre
environmental regulations, shorter product lifeegchnd more waste generation (O'Reilly and Kumar,
2016). The notion of reverse logistics is gainittgraion in both academia and practice, in termisavf
environmental and economic perspectives shoulsht@rporated to enhance the performance of reverse
logistic operations (John et al.,, 2017). Also, firrhave started realizing that the implementation of
reverse logistic operations has a potential foregaetng a huge amount of revenue or profit while
minimizing costs, to remain sustainable and cortipetin the market (Morgan et al., 2018). The uke o
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reverse logistics was also justified by Khor et @016) in terms of economic benefits of profit
maximization and growth in sales, that are assediabith the reuse, recovery, recycling and
remanufacturing strategies used in a reverse logistwork. All these options available for theatraent

of returned products are considered as agents wisrfmmance should remain as a cost-effectiveoapti
for the practical implementation of reverse logist{Pandian and Abdul-Kader, 2017). To reduce the
increasing electronic waste, it is crucial to fallproper recovery processes. For this purposergeve
logistics is applied for the recycling and refutrisent of the used returned product. Moreover, elait
waste recycling has to deal with the uncertaintsteel to the quality and quantity of the used regdr
product. Kilic et al. (2015) developed a reversgidtics network for electronic waste and considered
different sorts of recycling centers in the mod@imar et al. (2017) presented a study based on the
significance of recycling electronic wastes whilescribing the methods used for recycling in centers
Wang and Radovilsky (2017) designed a reverse tlogisnetwork model considering the cost
minimization, for optimally determine the locatiaf refurbishing facilities. Resmi and Fasila (2017)
presented a model for refurbishing industries bamedhe prediction system, to refurbish electronic

waste.

A reverse logistics network for electrical produdss designed in this research by formulating a
mathematical model consisting of three objectivadated to the economic uplift, environmental safety
and social welfare. As the proposed multi-objectivedel is based on the three objectives of théetrip
bottom line, so it will help in developing a sustdle reverse logistic network for electrical protdu
The major goal of formulating this multi-objectiv@odel is to develop the economic, social and
environmental strategies for managing reverse tiogactivities of collection, evaluation, reprociess
and transportation of the returned electrical potgluThe proposed reverse logistics network isntipéd

by using the neutrosophic optimization approachctvitan optimize a multi-objective network. This
research aims to expand the existing reverse logjiterature by developing a multi-objective rese
logistic network for the electrical products, bynsalering the effect of carbon cap-and-trade irfippro
maximization and environmental impact. The modalvjtes the total profit incurred in the reverse
logistics of electrical products, by incorporatitng revenue earned from selling the reprocesseihdec
hand electrical products and extra allowable emissbn credit basis in the trading market, andadted
costs of reprocessing and transportation. The enwiental and social aspects are also considered in
terms of the carbon emissions and the jobs crdaatéte collection, evaluation, recycling, refurbisp
and distribution centers and for transportatiomieen all these centers, respectively. In this reteghe
concept of having a separate return evaluationeceartd a reprocessing unit consisting of the return

evaluation, recycling and refurbishing centers, &as been incorporated in the model.



The structure of the paper is as follows: Sectigresents the Literature review. Section 3 provities
problem description, model assumptions, and natstibhe mathematical model formulation is given in
Section 4. Section 5 provides the solution methogipland numerical example. Results and discussion,
sensitivity analysis and managerial insights aes@nted in Section 6. Section 7 provides the csiuriy

limitations and future directions of this study.

2 Literaturereview

The demand for designing the reverse logistic netvio various industries, based on economic, social
and environmental sustainability, has shown ane@ing trend in the previous years. Basic awareness
and understanding about designing a reverse logisgtwork and making it sustainable with time is
needed. Reverse logistics is a process consisfimgahain of activities that starts from collectitiee
returned products from the consumers and ends wWiese returned products are reprocessed and are
ready to be sold again. To design a sustainabkrsevogistic network, the concept of triple botttme
introduced by Elkington (1997) needs to be adéwdss/hich focuses on achieving social wellbeing,
economic uplift, and environmental safety. Sarkisak (2010) highlighted that besides achieving
economic and environmental sustainability, the mflesocial indicators in designing and managing a
reverse logistic network should also be considdbevika et al. (2014) also focused on creatingpaad-

loop supply chain that is sustainable due to thesicleration of minimizing the cost and environménta
aspects and maximizing social welfare. Howevas iitnportant to consider the barriers that miginideir
while implementing a designed network for the reeetogistic operations. Prakash et al. (2015)
highlighted implementation barriers like coordioatiissues, unavailability of a proper system for
assessing returned products and customer beliefd #ie importance of reverse logistics. Furtheamor

Garg et al. (2016) highlighted barriers at thefiicial, regulatory and management levels.

The economic aspect of the triple bottom line apphofocuses on how fluctuations in various cost
elements can lead to an overall rise or declindénfinancial performance of a reverse logistiovuek.

Yu and Solvang (2017) considered the economic tigeof profit maximization for a reverse logistics
network, in which the cost elements included theedi cost of operations along with the cost of
transporting and processing the product. Govindaal.g2016) and Lee et al. (2015) also incorpatate
the economic aspect in reverse logistics by conisigi¢he fixed cost in terms of opening a facikitpng

with the cost incurred for transporting and prooesgshe returned product. Pourjavad and Mayorga
(2019) minimized the total cost of a closed-loopmy chain through minimization of the fixed codt o
building a facility, processing cost at a collenticenter and all the reprocessing centers, cost of
manufacturing and material, shortage cost, andréresportation cost between nodes. For sustaibabili

purposes, all these costs except the shortage a@stonsidered along with the costs of handlirg th



products and the savings made due to selling teusts for reuse or sending a product or any
component back to the manufacturing unit (Devikalgt2014). Galvez et al. (2015) designed a nétwor
for reverse logistic operations carried out for thenagement of waste for which they have focused on
the economic dimension by minimizing the cost ofibg or hiring a vehicle and then using that vehicl
for transportation purposes. Alshamsi and Diab&1{2 developed a reverse logistics network for
household appliances considering the economic asptata et al. (2015) designed a supply chain
network considering the economic sustainabilityerms of minimizing the total cost which includés t
fixed cost of building a facility, cost of materialost of transportation, human resource cost hadost

of recovering a product. Khademikia et al. (201&Yyaloped a hybrid model for predicting and managing
the wastewater treatment plant for preserving theirenmental standards along with achieving the

economic goal.

To gain sustainability through the triple bottomelj the effect of emission cost in the economic
dimension of total cost minimization needs to bdradsed. In a cap-and-trade policy, an organization
a supply chain is subjected to a minimum cap ftowalble carbon emissions that cannot be exceeded
(Drake et al., 2016). If this allowable amount éarbon is exceeded, then the organization haspti@no

to buy extra credits for carbon emissions whicH initrease the total costs. However, if the totabon
emitted by an organization is less than the alldevainount for carbon, then they have the optiosetb
the extra credit for carbon emissions in the trgdimarket which eventually minimizes the total cost
(Song et al., 2017). Sarkar et al. (2018a) and fiieal. (2019) have linked the total profitakjiliof a
firm to the amount of carbon emitted at varioussend@hang et al. (2018) used cap-and-trade paticy i
terms of the carbon emitted for determining thenogk level of quantities that should be produceoresi

in inventory and delivered to the customers. Bihgle(2015) redesigned a reverse logistic netvfork
managing the household waste of plastic materidéuthe policy of emission trading, to reduce ttalt
cost and the emissions during the transportatighreprocessing processes. They also included mgrad
cost of emissions in the total cost function. Twoat al. (2020) designed a reverse logistics né¢wor
based on eco-efficiency, with the goal of profitxingization for the demolition, construction and the
renovation industry. However, the concept of cag-made has also been used for a manufacturer svho i

capital constrained and wants to maximize profitraximizing the yield (Wang et al., 2017).

The environmental aspect of the triple bottom lpproach pertains to the reduction of greenhouse ga
emissions and resource conservation that affeetstivironmental performance of a reverse logistics
network. In this context, Kyere et al. (2018) dtatthat e-waste recycling causes substantial
environmental damages. Tiwari et al. (2018) haweeldped a model for green production. Yu, H. and

Solvang, W.D. (2016) presented a model considdnittp the economic and environmental objectives



and provided a trade-off between the operationat emd the environmental influences of a reverse
logistics system. Bing et al. (2014) developed\eerse logistics network considering the environrakent
aspect based on the reduction of carbon dioxidesan costs from the processing and the transpmrtat
of plastic waste products. Ahmed and Sarkar (2d&8¢loped a model that considers the cost of carbon
emissions at various phases of supply chain. Ewntbre, John et al. (2017) proposed a mathematical
model for a reverse logistics network design armduited the environmental impact of a reverse supply
chain decision while considering the emission césts transportation for the entire network. Sarkar

al. (2018b) formulated a supply chain model thatsiders the cost of carbon emissions related to the
transportation sector for cost minimization. Simila Rahimi and Ghezavati (2018) designed a
mathematical model while considering risk aversao incorporated the environmental impacts due to
the opening of the recycling facility, waste redéygl process and product transportation for a revers
logistics network. Gao (2019) developed a reveargestics network by proposing some hybrid proceagsin
units based on the restructuring of the existingsuior the forward logistics network. Yu and Satga
(2017) proposed a mathematical model for the ecamwatue improvement with the consideration of the
carbon emission requirement for the economic andr@mmental sustainability of the reverse logistics

network design.

To date, little attention has been paid to colleti consider the economic, environmental and $ocia
aspects of the triple bottom line approach, to watsl the performance of a reverse logistics network
Ramos et al. (2014) incorporated the social ohjedtn reverse logistics network design by aiming to
minimize the maximum driver’'s working hours. BaldaBatoglu (2018) proposed a reverse supply chain
model considering the social perspective in termhsworkforce balance to provide some work
opportunities regularly. Soleimani et al. (2017Vveleped a closed-loop supply chain network and
incorporated social responsibility while considgrioccupational accidents. Pedram et al. (2017)
proposed a mathematical model for a closed-looplgwghain to increase social responsibility relgtto

job opportunity creation due to the establishmehtthe facilities. Arampantzi and Minis (2017)
incorporated the social objective for designinguppdy chain network based on various social factors
including the creation of work opportunities, thevdlopment of the societal community and the
improvement of working conditions. Ahmed and Sar2@x19) incorporated the social dimension for the
development of the next-generation biofuel supphaie. Govindan et al. (2016) considered two
indicators for including social responsibility intp reverse logistics network design model. The firs
indicator is based on job creation that deals Withh the societal improvement and better working
conditions and the second indicator is based onwibkking days lost from the harm caused to the
employees due to poor working conditions. Rahind &hezavati (2018) also accounted for the social
objective while developing a sustainable reversgistics system in which they considered social
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wellbeing by including factors like fixed employmepportunities creation depending on the opening o
a recycling unit, variable employment opportunitisation based on capacity expansion and lost jobs

during work damages.

During the last decades, the Electrical and Eleatsolndustry has expanded significantly. Howettaig

has also considerably increased the amount ofretéctproduct waste because of the rapid techncdbgi
innovation and decreasing product lifecycles. hiis tegard, reverse logistics has become cruciahto
management and processing electronic product Wisstaia et al., 2019). The formulated model aitns a
minimization of the logistics cost. Kilic et al.q25) developed an optimized reverse logistic sydtam
the handling of waste from electrical and elecwopioducts. Dat et al. (2012) presented a reverse
logistics model that accounted for multiple costtéas including the collection cost, treatment cost
transportation cost and the income from returnestyet sales to minimize the processing cost of
different types of electrical and electronic pradud-urthermore, Darbari et al. (2017) developed a
reverse logistics network model for the electromturned products that focus on the minimization of
reverse logistics cost and the maximization of theovery facility’'s’ performance sustainability.
Similarly, Ayvaz et al. (2015) designed a reverggidtics system for the recycling of electrical and
electronic waste, along with the consideration wffip maximization. Yu, H. and Solvang, W. (2016)
designed a reverse logistics model for the eletrand electrical product waste management. Thesiod
considers both the economic and environmental fachy linking the carbon trading cost with the
objective of cost minimization. Accordingly, Zarlbeghnia et al. (2019) developed a forward and revers

logistics model for home appliances that consiagh the economic and environmental aspects.

Linear programming is an operations research methetds extensively used to solve practical protse
This method is based on the formulation of a limeathematical model, comprising of some objective
function and constraints (Uko et al., 2017). Thedir programming models require precise data leut th
data available for practical problems is extrenmglgrecise that alters the optimal results (Abdebsd

et al., 2019). Zadeh (1965) presented the notiofuzfy sets that considers truth membership functio
and is used to address the inexact and vague iafamm In addition, Turksen (1986) proposed thethe
of interval valued of a fuzzy set. Furthermore, etssov (1986) gave the concept of an intuitionistic
fuzzy set which is an extension of the fuzzy sae includes both the truth function and the falsit
function. Smarandache (1999) developed the neythiscset approach to deal with the uncertain,
inaccurate and ambiguous information presentedhéyeal-world problems. Accordingly, Das and Roy
(2015) also stated that the intuitionistic fuzzy cen deal with partial information but cannot aatiofor
the unreliable and uncertain information. The medphic set approach takes in to account all faufets

decision making and enables to present reality lireteer way. This approach is a simplification loé t



fuzzy set and the intuitionistic fuzzy set. The tnesophic set approach consists of the truth meshiyer
function, the indeterminacy membership function grelfalsity membership function for each elemént o
the set. Therefore, the indefinite, vague and ifiexpnformation can be assimilated precisely tigh
the neutrosophic sets (Deli, 2017; Deli and Suba, 2017).



Tablel

Literature contribution for reverse logistic netkalesign of electronic products

Author (s) Economic aspect Environmental Social aspect  Cap-and-trade E-waste Neutr osophic
aspect policy management approach

Elkington (1997 v v v

Smarandache (19¢ v

Sarkis et al. (201! v v v

Dat et al. (201: v v

Lee et al. (201* v

Galvez et al. (201! 4 4

Bing et al. (201¢ v v v

Ayvaz et al. (201t v v

Govindan et al. (201 v v v

Drake et al. (201( 4 4 4

Yu, H. and ‘olvang, W.D. v v

(2016)

Yu and Solvang (201 v v

Song et al. (201 v v v

Darbari et al. (201 v v

Deli andSubas, 2017: 4

Deli andSuba, 20171 v

Bal and Satoglu (201 v v v v

Rahimi and Ghezavati (201 v v v

Abdel-Basset et al., 20 v

Proposed Resear ch v v v v v v




After an in-depth analysis of the existing literatuelated to reverse logistics, triple bottom Jliaad
electrical products, a sustainable reverse logistietwork for electrical products is proposed. The
proposed network considers all the three aspectheotriple bottom line in the form of an economic
function of profit maximization, and the environnta&nfunction of carbon emission minimization and a
social impact maximization function. Second-harettlcal products are the end products of thisnseve
logistics network that are sold in the secondaryketaand will in return minimize the total cost and
carbon emission while maximizing the impact of meeelogistics on social welfare in terms of
employment creation. Limited research has beeniqusly conducted on designing a reverse logistics
network specifically for electrical products, catesiing all the three aspects of the triple bottdme |
approach. Also, there is limited research regardimgconsideration of cap-and-trade policy and fitow
will affect the economic condition of a firm by @ig the option to sell the extra allowable emissitm
other firms in the trading market and in returntiggtan additional amount in its revenue. The pemgb
model also incorporates a carbon cap constraintdiyng a maximum allowable limit on the carbon
emissions that can be emitted by a firm, which prasiously not given much attention. The socialeasp

is considered in terms of the number of jobs crkatethe collection, return evaluation, recycling,
refurbishing, and distribution centers and tranigiimn purposes, with respect to a worker’'s ability
process and the number of operators needed orrumie tespectively. Additionally, a return evalaati
center is introduced to categorize and grade alr¢iurned products collected by the regional ctife
centers, against a standard set of rules to mirithiz chances of error. Lastly, the proposed mioaela
consideration of having the return evaluation, céing and refurbishing centers at the same location
the form of a reprocessing unit, to minimize thesral transportation cost. In the end, the proposed
model with economic, social and environmental dibjes is optimized using the multi-objective

neutrosophic optimization approach and is solvenlgus case study.

3  Problem Description and Assumptions
This section provides a detailed problem descripéind the assumptions for the designed multi-olbgct

reverse logistics network.

3.1 Problem Description

A multi-objective mathematical model for the rewertogistic operations of electrical products is
presented, based on the concept of the triple fodlitee. The proposed model is solved under threia ma
objectives of environmental, economic and socidiftup find out an optimal solution value satigfig all
three objectives. The main objective of the modetoi propose a reverse logistic network to support
various decisions based on (1) inclusion of a reawaluation center for grading and categorizatibtine

returned products, (2) the same location of rewwaluation, recycling and refurbishing centers to
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minimize the transportation cost, (3) social uglifie to increase in the number of jobs createddoase
worker’s ability, (4) cap-and-trade policy is inporated to cut the carbon emissions and maximige th
profit and (5) use of the neutrosophic approachniatti-objective optimization of the proposed maodel
The problem definition of reverse logistics netwadidsign for electronic waste management is shown in
Fig. 1.

. Resource
_? | Scarcity

- Waste
= - __Generation

e

Inefficient _§ | Global Warming

Resource = SOLUTION
Management % | Unemployment

RECYCLE, REMANUFACTURE, RECOVERY

TRIPLE BOTTOM LINE
~ Minimum Waste

$~ | _ Minimum Carbon Emission
B 2 _ Conserved Resources

@ Employment Opportunities
goBSs '

Fig. 1. Reverse logistics network design for e-waste mameegt.

The proposed multi-objective reverse logistics meknfor electrical products is a single-period and
single-product model. The network structure forerse logistics of returned electrical productshigven
in Fig. 2. The proposed model consists of multilgers in the reverse logistic network, which are
collection centers, return evaluation centers, ¢lny centers, refurbishing centers, distributi@mters,
and second customers. In this reverse logistiosarkt it is assumed that the returned productssarg
to the collection centers by the first customegt ttan either be some retailer or the end custofft
collection, the returned products are sent to #tern evaluation center for sorting, categorizatiamd
grading of the products. The evaluated products them provided with one of the two possible
treatments; recycling or refurbishing. In the etitk recycled and refurbished products are senteo t

distribution center for selling purposes.
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Producer »  Distributor ‘@
Customers
I
|
Reprocessing Unit :
I Returned
I Product
I
Recycling Center }
Second . Return ¢ — | Collection
Customers = =| Distributor ¢ = Evaluation Center
Center
Refurbishing
Center /
Reverse
* = = | Logistics

Fig. 2. Network structure for reverse logistics of retutmdectrical products.

Four out of the seven layers are considered asghesiinit named the reprocessing unit, which aee th
return evaluation centers, recycling centers, afidribishing centers. Due to the presence of thase t
centers within a reprocessing unit, the overatigportation cost is minimized. Similarly, the copicef
having a single and separate return evaluatiorecénintroduced to enhance the ease of assessment
facilitate the grading and categorization of theeimeed products against some pre-defined standahds.

assumptions for the defined problem are present&g¢tion 3.2.

3.2 Modd Assumptions

The location of collection centers, reprocessing (neturn evaluation, recycling and refurbishing
centers) and distribution centers are known aretifix

The parameter values are deterministic.

The proposed model is a single-period and singbekyt.

The grading and categorization of the product balldone separately at the return evaluation center.

S

The return evaluation, recycling and refurbishiegters are considered as a single entity in tha for
of a reprocessing unit. Due to this consideratiba,transportation cost and carbon emission will be
minimized.

6. The location of the first customers and secondornsts are known due to the presence of regional
collection centers and distribution centers.
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7. The returned products can be recycled or recovatetifferent rates based on their grading and
categorization at the return evaluation center.

8. The recycled and recovered products can only be asl second-hand products in a secondary
market.

9. The reprocessing unit consisting of return evatimtrecycling, and refurbishing centers is assumed
to be one.

3.3 Notations
Sets

first customer; indexed by

second customers; indexed by
collection centers; indexed hy

return evaluation centers; indexed &y
recycling centers; indexed Ir
reprocessing centers; indexed by
refurbishing centers; indexed ky

distribution centers; indexed hy

T O < x o mOoOw m

product; indexed by

Decision Variables

prc amount of returned product sentthefirst customer to the collection cen
Qpce amount of returned product sent frthe collection center to the return evaluation ce
Qper amount of returned product sent frthereturn evaluation ceer to the recycling cent
amount of returned product sent frthereturn evaluation center to the refurbishing ce
Qpev
amount of recycled product sent fritherecycling center to the distributi cente
Qprd
amount of recovered product sent frtherefurbishing center to the distribution cel
vad

des amount of reprocessed product sent fthedistribution center to the second custo
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Parameters

Z
L

pce

pxd

fuel rate

pel-unit labor cost incurred during transportation frcthe collection center to retul
evaluation center

per-unit labor cost incurred during transportation frthe reprocessing center to distributi
center

transportation distance betwethe collection center and return evaluation ce
transportation distance betwethereprocessing center and distribution ce
capacity of vehicl

per-unit collection cost of the returned product at theemilbn cente

pel-unit return evaluation cost of the returned produchatreturn evaluation cen
pel-unit recycling cost of the returned product at the riogacente

per-unit refurbishing cost of the returned product at tHarteshing cente

pel-unit distribution cost of the reprocessed product attkibution cente

carbon emission indicator for transportatiorthe returned product frorthe collection cente
to the return evaluation center

carbon emission indicator for transportationthe reprocessed product from reproces:
center to the distribution center

carbon emission indicator thereturn evaluation cent
carbon emission indicator therecycling cente
carbon emission indicator therefurbishing centt

average number of units processed by one workéeatollection cent
average number of units processed by one workbeatturn evaluation cen
average number of units processed byworker at the recycling cen
average number of units processed by one workbeatfurbishing cent

average number of units processed by one workeeatistribution cent
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gce

gxd

number of operators required for each truck moviog the collection center to the rett
evaluation center
number of operators required for each truck movimmgn the reprocessing center to
distribution center

capacity of storing returned product at the coltectente

capacity of evaluating returned product at therreavaluation cent
capacity of recyclinreturned product at the recycling ce

capacity of refurbishing returned product at tHentgshing cente

capacity of handling reprocessed product at thteiloligion cente

expected demarfor the reprocessed product at the enthesecond custom

variable processing ct

transportation co

total profi

environmental impa

carbon emission frorthe processing of used produ
carbon emission from transportat

employment creatic

per-unit handling cost of product the collection cente
per-unit handling cost of product thereturn evaluation cent
per-unit handling cost of product therecycling cente
per-unit handling cost of product therefurbishing centt
per-unit handling cost of product thedistribution cente
pel-unit material cost to process productherecycling cente
pel-unit material cost to process product at refurbishimgen
pel-unit storage cost of product thecollection cente

pel-unit storage cost of product thereturnevaluation cent:
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Spd pel-unit storage cost of product thedistribution cente

ch per-unit labor cost athe collection cente

Lpe per-unit labor cost athe return evaluatioicente

|_pr per-unit labor cost ¢ the recycling cente

va pel-unit labor cost atherefurbishing cente

Lpd per-unit labor cost athedistribution cente

T carbon trading market pri

M maximum carbon emissions lir

RC revenue generated from selling extra allowable simis in the trading mark
RP revenue generated from sell the reprocessed products to second custc

4  Formulation of a mathematical model
The mathematical model formulation of the propossatel is described in this section. The model
comprises of three objectives are (1) maximizatériotal profit, (2) minimization of environmental

impact and (3) maximization of social impact.

4.1 Economic objective
The first objective of the proposed multi-objectieverse logistic network is profit maximizationhd
profit function consists of the revenue earned frealling reprocessed products and selling extra

allowable emissions in the trading market and &t s divided into two parts; variable processiogt

(VC) and transportation codC T) .

The variable processing cost is based on the aumtsred at the five centers; collection centeesiinn
evaluation centers, recycling centers, refurbishiegters, and distribution centers. At each of ghes
centers, different types of variable processingsase incurred based on the operations performed i
them. The composition of variable processing cbetah center is discussed as follows:

Equation (1) shows that the unit processing costah collection center consists of the per-upitagte

cost(Spc), per-unit handling cos(Hpc) and per-unit labor cost(ch) incurred during collection

operations.

Upe =2 2. (Spet Hpet Lo )@

pdP dIC
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Equation (2) shows that the unit processing cosiaah return evaluation center consists of theupér-

storage cos@Spe), per-unit handling cos(Hpe) and per-unit labor cost(Lpe) incurred during return

evaluation operations.
Upe=2 2. (Spet Hpet L) )2
pOP €l E

Equation (3) shows that the unit processing costah recycling center consists of the per-unidliag

cost(Hp,), per-unit labor cost (Lpr) and per-unit material co(swp,) incurred during recycling

operations.

Upr = 20 2 (Hpr + Ly +Wp,) (3)

pOP rOR

Equation (4) shows that the unit processing costaamth refurbishing center consists of the per-unit

handling cos@Hpv), per-unit labor cost (va) and per-unit material depv) incurred during

refurbishing operations.

Upvzzz(Hpv'H-pv"'Wp\) (4)
pOP OV

Equation (5) shows that the unit processing costiah distribution center consists of the per-situitage

cost(Spd), per-unit handling cos(H pd) and per-unit labor cost(Lpd) incurred during distribution

operations.

Upg =2, 2. (Spa+ Hpa* Lpd) )

pOP dOD

The total variable processing cost incurred afitreecenters is expressed in Equation (6) as fatow

VC=(2 2 2 UpeQued + (2 220 20 2 Und Qe Queald +(2 2 2 U pR pb+

pOPdIC & E f PE El RM M V b Pr Rd D )
(ZZZUpVQde)+(Z ZZUpGdeQ
pOP\IV d1D pPd DB S

The second part of the total cost is the transportaost that is incurred at only two points aswh in
Equation (7). Firstly, transportation cost is imear when the returned product is being sent froen th
collection center to the return evaluation cenBacondly, when the reprocessed product is sent tihhem
recycling and refurbishing centers to the distiifnutcenters for selling purposes. No cost is iredifior

transportation when the evaluated products are fsemt the return evaluation center to recycling and
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refurbishing centers because all the three cearerpresent at the same location. Similarly, atone-
transportation cost is incurred for sending repssed products from recycling and refurbishing asrie

the distribution center because all these centerbaated inside a reprocessing unit.

CT = Z z Z cheZtchpce + z z Z Z Z ZLde th (Qprd vad)

pOPIC & E I K X0 R¥ vVid D I

(6)

The revenue generated from selling reprocesseduptedshown in Equation (8), is calculated by

multiplying the average unit selling priolip with quantity supplied by distribution centergthe second

customerides.

RP= Z Z Z Ip Qods O

pOPdOD €S
Let (M) denote the maximum carbon cap set by the regylatathorities. If the carbon emissions do not

exceed the carbon cap, reverse logistics cantssil ¢arbon credits to the carbon trading markethls
model, the total carbon emissions should be lems &md equal to the maximum carbon cap. This only
allows the reverse logistics to sell the extra carbmissions and limits it from purchasing excesban
emissions. Revenue generated from selling extavalble emissions in the trading market is shown in

Equation (9).

DI 35 20 WD 353 23020 CHRL I
pOP dIC X X pPOCE E PPxXdD [pBrRvvdD
RC=T M- 2 Kpel X 22 Qpert 2 2 2 Qe+ 2 2 K2 D Y, Qat )
pUP &1E pPE ED R P Pe BV V T PrRrR Op Pr Rd D
Koy > Qpua
\pOPvOv — WPGOV@D |

The total profit function is expressed in Equatf@f) and (11) as follows:

MaxTP= RP+ RG VC& C 9)
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22 Coo 2, 20 2. Qpeet
pOP €IC X X @ PO CE E N
Cpxd z (Qprd + vad)
pOP O X &1 D mPORUVE D
MaxTP=3 > > 3, Qus+| T M- Zer(Z > Qopert > ZZQpe\)+ -
pOPAIDSI S pOP €1E P& ED B Pe BV V

R
Kpr Z Z Qprd +

(ZZZUchch+(ZZZ Z ZU pL(Q per Qpen*Q pé\)J’(ZZZ U FQ p)d+
pOP dIC & E PE EM R MV V pOP rOR dJ D B
(Z Z zupvavd)"’(z Z ZU de pdg

pOP\OV dJ D fPd D8 S

z Z z Zchetchpce + Z z z z z ZLdeth (Qprd vad)]

pOPdIC &l E p p PX XM Ry VI D p
(10)

4.2 Environmental |mpact

The second objective of the proposed multi-objectigverse logistic network is the minimization of

environmental impact. The environmental impact fiomEl) is divided into two parts; Carbon

emissions from transportati()Er) and Carbon emissions from the processing of usedupts(EP) .

Carbon emissions significantly contribute to enmimental changes that lead to global warming and
health impacts. In this model, carbon emissionatedl to transportation and used products are athlyz
to minimize the overall environmental impact. Eduat(12) shows the first part of the environmental
function which evaluates the carbon emission frbenttansportation of used products from the cabdect
center to return evaluation center and reprocegemlicts from the reprocessing unit to the distrdou

center. The carbon emission indica@b(represents the carbon emissions for transportireg it of

used product an@m represents the carbon emissions for transportimegumit of reprocessed products

depending on vehicle type and vehicle load.

ET= ZzchcxzzzQpce"'z Z Z Cpxdzzzz(Qprd"' vaa (11)

pOP d1C X0 X mPECE E P PX X@ D b Pr Rv \Od D

Equation (13) shows the second part of the envienal impact function which evaluates the carbon

emission for processing of used products at fountezs including return evaluation center, recycling
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center, and refurbishing center. The carbon emisgilicators Kpe, K o, K p represent the carbon

emissions for processing one unit of product ahéacility depending on processing time and tecbgyl

usage level.

EP=2 > Kpe(2 202 Quert 2 22 Qued + 20 2 Kpd 20 D) Qpuat

pOP é1E P P& EDR p Pe HVV (p Pr R Op Br Rd D (12)

Z Z vaZ Z Z vad

pOP OV mPOVd D
The environmental impact is expressed in Equatidi &s follows:

MinEl = ZZZCpCXZZZQpce+Z Z ZCpdeZZZ(Qprd’prvé +

pOP dIC XI X i PECE E P PX X@ D p PIr Rv \0d D

2 2 Kpe(2, 2, 2. Qpert 2, 2.2 Q)+ 2, 2 Kp), 2, D Qpua* (13)

pOP élE p P& EDR | Pe HVV p PIrR Op Br Rd D

ZZKpVZZZvad

pOP OV pJ POV D

4.3  Social Impact
For maximizing employment creation, Equation (1)ws that the model is considering job creation at
two levels; one at the facility level and the othethe transportation level. At the facility levglbs are
created at the collection, return evaluation, rioge refurbishing, and distribution centers. Thanber
of jobs created at each center or facility is daieed, based on the factors of the quantity being
processed at each center and the average numbeit®that can be processed by one worker. However,
at the transportation level, jobs are created wiatarned products are sent from collection to retur
evaluation center (reprocessing unit) and repreckpsoducts are sent from the reprocessing urthido

distribution centers. Here, the number of jobs te@#s determined, based on the factors of thetquan
being sent from one center to the next, numberpefrators required for each truck and the average
number of units that can be processed by one woHemce, by maximizing the employment creation at
these two levels, the unemployment rate can bandek;lresulting in a better lifestyle for the matjor

population.

vaxec- ¥ 33 % zzzz(qpe,+Qpeo+z§R§Qr

pPOPC& Edpc  p Pe EX RY V Ape r

INIPIEDIP YLD I ICREDID WD) % Sl B,

pOPVIVAID Qv mPd@ DS Spr B At as Elp Op PIx Xr I

(14)
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44 Consraints

The constraints of the formulated model are givelow.

441 Capacity Constraints
The capacity constraint in Equation (16) shows that quantity of returned producsent from the
collection center to the return evaluation cenkerudd be less than or equal to the processing dsfc
the product at the collection center.
D> D Quee< Bpe OcOC (15)
pOP &JE
The capacity constraint shows in Equation (17) thatsum of quantities of the evaluated prodizit
from the return evaluation center to the recycloegter and refurbishing center should be less dran
equal to the processing capacity of the produatraturn evaluation center.

DY Quert 2, Y. QpevS Bpe Oed E (16)

pdP rOR mPaV

The capacity constraint shows in Equation (18) that quantity of recycled productent from the
recycling center to the distribution center shooidless than or equal to the processing capacitiieof
product at the recycling center.
> > Qua < By Or0R 17)
pOP dO D
The capacity constraint in Equation (19) shows that quantity of refurbished producent from the
refurbishing center to the distribution center didue less than or equal to the processing capatitye
product at the refurbishing center.
D> D Qua<Bpy OvavV (18)
pOP ddD
The capacity constraint in Equation (20) shows thatsum of quantities of the reprocessed prosieiat

from the recycling center and refurbishing centethe distribution center should be less than oaktp

the processing capacity of the product at theitigion center.
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> Y Quat 2 Y Quas Bpg 0d0 D (19)
pOP rOR PV
442 Transshipment Constraints
The transshipment constraint for all collection teem in Equation (21), shows that the quantity of
returned product sent from the first customer ® dbllection center should be equal to the quantity
returned product sent from the collection centeh#return evaluation center.
2 2 Qoe =2 2 Quee DeoC (20)
pOP fOF P& E
The transshipment constraint for all return evatuatenters in Equation (22), shows that the qtaofi
returned product sent from the collection centethi return evaluation center should be equal ¢o th
guantity of evaluated product sent from the retesxaluation center to the recycling center and
refurbishing center.
ZZQpcezz ZQper+ZZQpev Oell E (21)
pOP dIC K PEHR o PuV
The transshipment constraint for all recycling eestin Equation (23), shows that the quantity of
evaluated product sent from the return evaluatemnter to the recycling center should be equal & th
guantity of recycled product sent from the recyglaenter to the distribution center.
ZZQperzz ZQprd OrdR (22)
pOP &l E mPd D
The transshipment constraint for all refurbishirepters in Equation (24), shows that the quantity of
evaluated product sent from the return evaluatemer to the refurbishing center should be equé#h¢o
guantity of refurbished product sent from the rbisining center to the distribution center.
22 Qev=2 2. Qpua bvOv (23)
pOP &l E i Pd D
The transshipment constraint for all distributioenters in Equation (25), shows that the quantity of
reprocessed product sent from the recycling ceamelr refurbishing center to the distribution center
should be equal to the quantity of reprocessedyamtogent from the distribution center to the second
customer.

2 2 Qua* 2 > Qua=2 ¥ Qpus 0dDD (24)

pOP rOR mPaV B PS S
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443 Demand Constraint

The demand constraint in Equation (26) shows thatquantity of reprocessed products sent from the
recycling center and refurbishing center to thérilistion center should be equal to the expectetahel

of second-hand reprocessed products generatedaftahe second customers.
ZZZQPrd+ZZZQde=EdpS gd] s

pOP rOR dI D APYVd D (25)
444 Carbon Cap Constraint

Equation (27) shows that the carbon cap constrsitite sum of the carbon emitted from transpontatio
from collection center to reprocessing center anthfreprocessing center to distribution center tned

carbon emitted from the processing of used prodatteeturn evaluation, recycling and refurbishing

center.

50 S T 0t £ X ¥ Coul T3 T (@t vaaj

2 22
pOP dIC X X B PECE E P PX X (p Pr Rv \Od D
2 Kpe(2 2 Qpe ADIDIDICFAEDIDI SN IDIP I I LA NN L (26)
pOP &l E P& ED R P Pe EvV b Pr R Op Pr Rd D
va Z pvd
pOP IV POV d D

Equation (28) shows that all the quantities takemlecision variables should be greater than orléqua

zero and integer.
prc’ Qpce’ Qpen Q pev Q prd Q pvd Q pdg 0 andimger (27)

5  Solution methodology

The neutrosophic set approach has been appliedabvdth the inconsistent, uncertain and imprecise
parameters in the proposed multi-objective lineagmmming problem for a reverse logistics netwdrk.
neutrosophic set is an approach in which each tbjg¢l X to a Z set that consists of a truth
membership functioR, indeterminacy membership functibn falsity membership functioA
consideringR, |, A as real standard. Uncertain programming has extdnseen applied to different
design and management problems. But previously ostfiods to deal with uncertain information did
not account for the indeterminate solutions. Indeibeacy provides latitude in the decision making
process as the objective function and decisiorabbgiacquire optimized indeterminate solutions. Whe
optimization is done through the neutrosophic apginothen the objective functions are converted to
neutrosophic fuzzy constraints. This refined andetiged neutrosophic model efficiently addresses th
uncertainty. The presented neutrosophic multi-abjedinear programming model is capable of treatin
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uncertain data that allows preventing impracticadeling. The flowchart for Neutrosophic optimizatio

is shown in Fig. 3. A computational algorithm fbetneutrosophic approach of optimization is shawn i
Table 2.

A 4

Solve first objective from H subject constraint

a

Determine h-1 using decision variable values froep 4

Repeat step 1 and step 2 for remaining h-1

\ 4

Determine the upper and lower bounc
R, I, Amembership function of each objective function

\ 4

Define theR, I, Amembership functic

\ 4

Develop Linear programming model based on Neutraisc
ontimizatior

Fig. 3. Flowchart for Neutrosophic optimization

Table?2

Computational framework for neutrosophic approach

Step ! | Select the first objective function from objectiveet H and solve it as a single objective function.

For computation of objective functions and decisianiables values will be subjected to constrain

Step : | Determine the values of the remaining objectivecfioms (h—1) based on the decision variable
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values from step

Step . | Repeat step 1 and step 2 to determine the valubg e&émaining objective functiol

() 08 () f, ) |
f,03) ,0¢) £,08) ... ... ... f,(¢)
£,03) £,(3) 508 .. .. . £, 0¢)
f, (<) L) RO £ )

Step < | Determine the upper and lower bound for t R, falsity A and indeterminac I membership o
each objective function

ul =max f,(x®}, 1R=min{ f(x%}, whee d=1,2,3...z

A_ T A_ R R I—1 R R I— 3
ut=ul, 12=18+tu =18, ul=1 Resw 1Y, 1 sl

Step ! | Define the trut R, falsity A and indeterminac I membership function

1 f,()<IR

RO ={ 270 Fet(hed
Z 0 Z f,(x)= u}
1 f,(x)<I}

1,(F,00) = % <t 0,
Z 0 Z f,(x)=u,
1 f,(x)<12

A= 20 A (<)
z 0 Z f,(x)=ud

Now develop a linear programming model basethe reutrosophic optimization moc
Step6| Max a-pf+y  suchthat R A B=2a, N X Rzy. &K {B<p
with a+g8+y<3 and a=zf3, a=y, wherea,[,y0[0,1]

9;(®»=h, x20, j=123..9

Max a-fg+y suchthat f( x+( §- Pas & £ (4 Dys 4
and f(R-(&L-D).8<1), for z=1,2,3,..k
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with a++y<3 and a= £, az=zy, wherea,5,y0[0,]1]
g;(®=h, x=0, [=123..9

5.1 Numerical Example
For analyzing the proposed model with the helphef suggested methodology, a numerical example is

considered in which some of the parameter valuesaken from existing literature related to reverse
logistics and electrical products. However, otharameters are assumed based on some standard values
and the general understanding of them. The nuneni@anple is based on reverse logistics of eledltric
products. To conduct the study at a comparativebdiom scale, the model consisted of ten first
customers in the form of either the original constsror the retailers for returning products, fagional
collection centers for collecting returned producteie return evaluation center for grading and
categorizing the returned products, one recycleger, one refurbishing center, four distributiemters,
and ten second customers in the form of eitheiileesaor original consumers to fulfill demand. The
reprocessing unit in this model consists of oneaurretevaluation, one recycling center and one
refurbishing center located at the same locatiorminimize total transportation cost. The quantity
flowing from one center to another is taken in tewhunits and one average unit of electrical potelis
equal to 0.07 tons. However, the average sellingegor electrical products is considered as $25804
calculating the revenue term. The demand fromitehdustomers is assumed to be 30, 16, 16, 24,24,
11, 29, 24 and 22 units respectively, making al tdésmand of 198 units or 13.86 tons. Similarly, the
capacities of the collection centers, return ewv@unacenter, recycling center, refurbishing cerded

distribution centers are assumed to of 250, 300, 100 and 300 units respectively.

The per-unit processing costs at the collectionarenrecycling center, and refurbishing centertaken
from the paper of Yu, H. and Solvang, W.D. (20I®&)e per-unit processing costs at the four collectio
centers, one recycling center, one refurbishingerene return evaluation center and four distidou
centers are shown in Table 1A of Appendix A. Tlems$portation cost is incurred at two ends; firsemwh
returned products are sent from four collectionteento one reprocessing unit and second when
reprocessed products are sent from one reprocesningo the four distribution centers. Both of $be
transportation costs are calculated by includincameters like fuel rate for a heavy-duty truck, the
distance between the centers, capacity of a trodkpar-unit labor cost being incurred. The valuesllo
these parameters are also shown in Table 2A of AgigeA. The carbon emission indicators for
recycling and refurbishing center are taken as dl Zamespectively (Yu, H. and Solvang, W.D., 2016)
while the carbon emission indicator for a returmleation center is assumed to be 2. The maximum

allowable emissions are taken as 100,943 tons iliger-unit carbon trading market price is taisn
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$22 (Bing et al.,, 2015). In the proposed modéhsjare being created at collection centers, return
evaluation center, recycling center, refurbishirgnter, distribution centers, transportation between
collection centers and reprocessing unit and betweprocessing unit and distribution centers. Jobs
created at various centers and for transportatiercalculated by including parameters like the ager
number of units processed by one worker at anyecenumber of operators required for each truck
during transportation and capacity of a truck udadng transportation. The average number of units
processed by one worker at four collection centate,return evaluation center, one recycling cemtier
respect to four distribution centers, and one t@fining center with respect to four distributiomiszs

are also shown in Table 3A of Appendix A. The ageraumber of units processed by one worker at four
distribution centers with respect to ten secondotuers are taken as 12, 7, 10, 8, 12, 4, 6, 9,8, @, 2,
7,14,11,9,6,5,3,5,7,5,9,4,7,9,8,%,8,5, 8,4, 9,5, 3, 7 and 9 units. The nunadfeperators
required for each truck during transportation bemvecollection centers and the reprocessing unit,
transportation between the reprocessing unit asddistribution centers, and capacity of a heavy-dut

truck are also shown in Table 2A of Appendix A.

6 Resultsand Discussion
The designed multi-objective reverse logistic moftel electrical products with social, economic and

environmental considerations of the triple bottame was solved using MATLAB Coding Tool and was
then optimized using Neutrosophic optimization téghe. When the model was solved, the optimal
value for total profit earned from reprocessing aeselling of the returned electrical products he t
second customers was $2063738.78. The environmehjettive in the model results in the optimal
value of total emissions was 989.90 tons, considetfie carbon emitted during both reprocessing and
transportation of the returned electrical produ@ise social objective in the model was based on the
number of jobs created at various processing cemed during the transportation of returned eleairi

products and resulted in an optimal value of d wita39 jobs.

In the model, the first customers in the form dhei retailers or consumers are supposed to réern
electrical products to the collection centers opegain various areas. Here, the first customers ar
denoted by “FC” while the collection centers araated by “CC”. The optimal quantities of the retenin
electrical product that are being sent from FC T@® 1, CC 2, CC 3 and CC 4 are 5, 5, 5 and 5 units
respectively. The optimal quantities of returnegteical products that are being sent from FC 2@1,

CC 2,CC 3and CC 4 are 5, 5, 5 and 5 units respéct The optimal quantities of the returned elieet
product that are being sent from FC 3to CC 1, CCQ 3 and CC 4 are 5, 5, 5 and 5 units respewgtivel
The optimal quantities of the returned electricgalduct that are being sent from FC 4 to CC 1, CCQ,

3 and CC 4 are 5, 5, 5 and 5 units respectivelg dptimal quantities of the returned electricalduat
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that are being sent from FC 5to CC 1, CC 2, Ci@@C 4 are 5, 5, 5 and 5 units respectively. The
optimal quantities of the returned electrical pratdinat are being sent from FC 6 to CC 1, CC 2,3CC
and CC 4 are 5, 5, 5 and 5 units respectively.dfiienal quantities of the returned electrical prctidinat
are being sent from FC 7 to CC 1, CC 2, CC 3 andi@te 5, 5, 5 and 5 units respectively. The ogtima
guantities of the returned electrical product #uat being sent from FC 8 to CC 1, CC 2, CC 3 and4CC
are 5, 5, 5 and 5 units respectively. The optinnangities of the returned electrical product ttratlaeing
sent from FC 9to CC 1, CC 2, CC 3 and CC 4 ak 5,and 4 units respectively. The optimal quastiti
of the returned electrical product that are bemgtsrom FC 1to CC 1, CC 2, CC3and CC4 are 5,5
and 4 units respectively. The optimal values fer gnantity of returned electrical products thatlzmg
sent from ten first customers that can either balezs or consumers, to four collection centeessirown

in Table 3.

Table3
Optimal quantities flowing from first customersdollection centers
Collection Collection Collection Collection
Center 1 Center 2 Center 3 Center 4
First Customer 1 5 5 5 5
First Customer 2 5 5 5 5
First Customer 3 5 5 5 5
First Customer 4 5 5 5 5
First Customer 5 5 5 5 5
First Customer 6 5 5 5 5
First Customer 7 5 5 5 5
First Customer 8 5 5 5 5
First Customer 9 5 5 5 4
Firs Customer 10 5 5 5 4

In the model, the returned electrical productsextéid at the collection centers are then senteoetturn
evaluation center for grading and categorizatiorppses. Here, the collection centers are denoted by
“CC” and the return evaluation center is denoted'Bg”. The optimal quantity of returned electrical
product that is being sent from CC 1 to EC 1 isub#s. The optimal quantity of returned electrical
product that is being sent from CC 2 to EC 1 isu#@s. The optimal quantity of returned electrical
product that is being sent from CC 3 to EC 1 isubfts. The optimal quantity of returned electrical
product that is being sent from CC 4 to EC 1 isudBs. The optimal values for the quantity of retd
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product that is being transported from four collattcenters to one return evaluation center arevshn
Table 4.

Table4

Optimal quantities flowing from collection centeesreturn evaluation center

Return Evaluation Center 1
Collection Center 1 52
Collection Center 2 46
Collection Center 3 52
Collection Center 4 48

In the model, some of the returned electrical potslthat were being evaluated at the return evaluat
center are then sent to the recycling center foyaleng purposes. Here, the return evaluation ceiste
denoted by “EC” while the recycling center is dexbby “RC”. The optimal value for the quantity of
evaluated product that is being sent from EC 1@olRor recycling purposes is 99 units. Howevemso

of the evaluated products are also sent for resbibg purposes to the refurbishing center in the
reprocessing unit. Here, the return evaluationereistdenoted by “EC” while the refurbishing center
denoted by “VC”. The optimal value for the quantitfiyevaluated product that is being transportethfro

one return evaluation center to one refurbishingezeis 99 units.

In the model, the returned electrical products #ratbeing recycled at the recycling center ara Heat

to the distribution centers for distributing themthe second customers. Here, the recycling ceéster
denoted by “RC” while the distribution centers demoted by “DC”. The optimal quantities of recycled
products that are being sent from RC 1 to DC 1, D®C 3 and DC 4 are 38, 26, 25 and 10 units
respectively. In the model, the returned electrpralducts that are being refurbished at the reshirbg
center are then sent to the distribution centersligtributing them to the second customers. Htre,
refurbishing center is denoted by “VC” while thestdibution centers are denoted by “DC”. The optimal
quantities of refurbished products that are beerg §om VC 1 to DC 1, DC 2, DC 3 and DC 4 are 41,
22, 13 and 23 units respectively.

In the end, the recycled and refurbished produets ® the distribution centers are sold to theosdc
customers that can either be retailers or consuafeiectrical products. Here, the distribution teeg are
denoted by “DC” while the second customers are ehby “SC”. The optimal quantities of reprocessed
product that are being purchased from DC 1 by S8C12, SC 3, SC 4, SC 5, SC 6, SC 7, SC 8, SC 9
and SC 10 are 22, 5, 16, 6, 5, 0, 0, 13, 13 anait® tespectively. The optimal quantities of ressed
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product that are being purchased from DC 2 by S8CL2, SC 3, SC 4, SC 5, SC 6, SC 7, SC 8, SC 9
and SC 10 are 5, 3,0, 5,9, 9, 7, 6, 2 and O uegpectively. The optimal quantities of reprocdsse
product that are being purchased from DC 3 by S8C12, SC 3, SC 4, SC 5, SC 6, SC 7, SC 8, SC 9
and SC 10 are 2, 4,0, 8, 0, 0, 4, 10, 0 and Jfentively. The optimal quantities of reprocessemtpct

that are being purchased from DC 4 by SC 1, SCC23,S5C 4, SC 5, SC 6, SC 7, SC 8, SC 9 and SC 10
are 1, 4,0,5,0, 3,0, 0, 9 and 12 units respelgti The optimal values for the quantity of reprssed
product that is being purchased from four distidoutenters by ten second customers are shownhle Ta

5.

Table5
Optimal quantities flowing from distribution cenéeio second customers

SC1 SC2 |SC3 |SC4 |SCS5 |SC6 |[SC7 |SC8 |SCY9 |SC10
DC1 22 5 16 6 5 0 0 13 13 0
DC 2 5 3 0 5 9 9 7 6 2 0
DC3 2 4 0 8 0 0 4 1C 0 10
DC 4 1 4 0 5 0 3 0 0 9 12

“DC” denotes distribution cente
“SC” denotes second customers

Based on the results of Table 5, it is importanhigghlight that SC 3 is only purchasing the repssesl
product from DC 1 and DC 2, which depicts thataktteer two distribution centers are located awaynfro
the vicinity of SC 3. So, SC 3 is fulfilling its dend from DC 1 and DC 2. Similarly, SC 5 is fulfitj its
demand by purchasing the reprocessed product freyn@C 1 and DC 2, SC 6 is fulfilling its demand
by purchasing the reprocessed product from only D@&nd DC 4, SC 7 is fulfilling its demand by
purchasing the reprocessed product from only DERRC 3, SC 8 is fulfilling its demand by purchagin
the reprocessed product from only DC 1, DC 2 and3D6C 9 is fulfilling its demand by purchasing the
reprocessed product from only DC 1, DC 2 and D@ SC 10 is fulfilling its demand by purchasing
the reprocessed product from only DC 3 and DC 4gbeon the criteria of nearest possible market

available for purchase

The total profit function consists of the revenemerated from selling the reprocessed productsrand
selling extra allowable emissions to the tradingketand all the costs incurred at all the centére
costs include processing costs at four collectiemters, one return evaluation, one recycling ce e
refurbishing center, and four distribution centeand the transportation costs incurred between four

collection centers and one reprocessing unit ardids: one reprocessing unit to four distribution
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centers. The total incurred cost is $83,813.02 thadtotal revenue earned from selling the repramkss
product and extra allowable emissions are $2,147885 The total incurred cost of $83,813.02 cosasist
of a major chunk of transportation cost incurred foansporting reprocessed products from one
reprocessing unit to four distribution centers, ebhvvalued to $34,771.36 i.e. 41% of total cost @alu
This huge chunk of cost needs to be minimized byptidg measures like proper route and capacity
planning and allocation. However, the processinghat four distribution centers has made the least
contribution to the total incurred cost, which weduto $2,138.37 i.e. 3% of total cost value. A
summarized detail about the costs incurred at warjgprocessing centers and during transportation is
shown in Fig. 4.

Processing Cost at
Return Evaluation
Center $3,564.00,

4% Processing Cost at

Recycling Center,
Transportation Cost $3,458.00, 4%
between Processing Cost at
Reprocessing Unit Refurbishing
and Distribution T Center, $2,579.20,
Centers, 3%
$34,771.36,41% — | Processmg Cost at

Distribution Center,
$2,138.37, 3%

Processing Cost at
Collection Cente
$5,518.74, 7%

Transportation Cost
between Collection
Centers and
Reprocessing Unit,
$31,783.35, 38%

. —

Total Cost ($)

Fig. 4. Cost incurred at various processing centers andgltnansportation

The social objective in the model is focused on lsmweial benefits are provided due to the creation o
jobs at various processing centers and in the piategtion sector. The processing centers wheregobs
being created in the reverse logistics networkelectrical products include the four collection tegs,
one return evaluation center, one recycling cerdeg refurbishing center, and the four distribution
centers. In the transportation sector, jobs aragbeieated at two different transportation nodethe
reverse logistics network. The first transportatjobs are created when the returned electrical yarsd

are sent from the collection center to the reprsiogsunit. While the second transportation jobs are
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created after the reprocessed electrical produetsent to the distribution centers for sellingnthe the
second customers. An in-depth analysis of the nicalezxample showed that the maximum number of
33 jobs each with an individual share of 24% armdereated during the transportation of returned
products; (1) from four collection centers to oeprocessing unit and (2) from one reprocessingtonit
four distribution centers. While the least numbéronly 11 jobs (8%) are being created during the
reprocessing of returned products at the refurbgskienter, which can be maximized in the futurénd
demand from second customers is increased. A sumedadetail about the jobs created at various
processing centers and during transportation is/sho Fig. 5.

Collection Centers,

Transportation 15, 11%

between
Reprocessing Uni\
and Distribution

Centers, 33, 24%

Return Evaluation

/ Center, 13, 9%

Recycling Center,
11, 8%

Refurbishing

Transportation Center, 11, 8%

between Collection____ ¥
Centers and
Reprocessing Unit,
33, 24%

Distribution

o Centers, 23,16%

Jobs Created (in numbers)

Fig. 5. Number of jobs created at various processing ceaied during transportation

The environmental objective consists of carbon eahitduring the reprocessing of the returned eteadtri
product at the return evaluation, recycling andintghing centers. Also, when the transportatiartase

is considered in the designed reverse logisticavorét transportation cost is incurred at two enttse

first transportation cost is incurred when the medd electrical products are sent from the colbecti
center to the reprocessing unit. While the secoadsportation cost is incurred after the reproaksse
electrical products are sent to the distributiontess for selling them to the second customers. The
reverse logistics network considered in the nuraéréxample has emitted a total of 989.90 tons of
carbon. An in-depth analysis shows that procesatrifje return evaluation center emits 396.00 tdns o
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carbon and processing at the recycling center e®8&20 tons of carbon, which are the maximum
amounts of carbon emitted in the considered numleezample. The reprocessing of the returned
electrical products at the refurbishing center sri28.40 tons of carbon. While transportation betwe
collection centers and reprocessing unit and betweprocessing unit and distribution centers endib0
tons of carbon each, which is the minimum amountcarbon emitted in the considered numerical
example. This shows that the transportation seleé comparatively good control over the carbon
emissions which can be due to the use of bettdcheshimproved infrastructure, good quality roaaisd
optimized route allocation. However, the large anmtoaf carbon emitted during the evaluation and
reprocessing of the returned electrical producexiag¢o be minimized in the future for both the exoit
and environmental growth of the reverse logistiesvork. A summarized detail about the carbon enhitte
at various processing centers and during trandpmitess shown in Fig. 6.

_450.00 396.00 395.20
@ 400.00

S 350.00
2 300,00
» 250.00 198.40
2 200.00
150.00
100.00
50.00 0.15 0.15
0.00

Transportation Transportation Processing at Processing at Processing at

Total Emi

between between Return Recycling Center Refurbishing
Collection Reprocessing  Evaluation Center
Centers and Unit and Center
Reprocessing Distribution
Unit Centers

Fig. 6. Amount of carbon emitted in the reverse logistitelectrical products

6.1 Sensitivity Analysis

A sensitivity analysis is performed on some majarameters used in the proposed multi-objective inode
for reverse logistics network design. By changimg talues of parameters by a certain percentage, th
the effect of that change on profit maximizationdtion, environmental impact minimization in therfo

of carbon emission reduction and on social impatimization in the form of number jobs created. The
percentage changes considered in the sensitivilysia are +20%, -20%, +40%, and -40% while the

parameters on which these changes are individaabyyzed are unit processing cost at return evaluat
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center, unit processing cost at recycling centeit,processing cost at refurbishing center, pet-cawibon
trading price, carbon emissions at the recyclingereand the average number of units processeéy o

worker at a return evaluation center. Table 6 shibwsensitivity analysis of the key parameters.

Table6

Sensitivity analysis of key parameters.

Per centage
Per centage ) Percentage
Per centage ) Changein )
Parameter Changein o Changein Jaobs
Change ) Emissions
Prafit ($) (number)
(tons)
20% -0.031¥% 0.000% 0.000¥%
Unit processing cost at
. -20% 0.035% 0.000% 0.000¥%
return evaluation
40% -0.066¥ 0.000% 0.000¥%
center
-40% 0.072% 0.000% 0.000¥%
20% -0.030¥% 0.000% 0.000¥%
Unit processing cost at -20% 0.008% 0.000% 0.000¥%
recycling center 40% -0.093% 0.000% 0.000%
-40% 0.070% 0.000% 0.000¥%
20% -0.022¥% 0.000% 0.000¥%
Unit processing cost at -20% 0.028% 0.000% 0.000¥%
refurbishing center 40% -0.047% 0.000% 0.000%
-40% 0.053% 0.000% 0.000¥%
20% 21.283Y% 0.000% 0.000¥%
Per-unit carbon -20% -21.306Y 0.000¥% 0.000¥%
trading price 40% 42.620% 0.000% 0.000%
-40% -42.6179 0.000% 0.000¥%
20% -0.084¥ 7.985Y% 0.000¥%
Carbon emission at -20% 0.087Y% -7.985Y% 0.000¥%
recycling center 40% -0.165% 15.969Y 0.000%
-40% 0.171% -15.969Y 0.000¥%
Average number of 20% 0.000% 0.000% -5.818%
units processed by -20% 0.000% 0.000% 8.968Y
each worker at return 40% 0.000% 0.000% -10.043Y
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evaluation center -40% 0.000% 0.000% 23.755Y

The positive change of 20% in the value of unitcpssing cost at return evaluation center parameter
shows a decrease in profit value by 0.031%. Thathegchange of 20% in the value of unit processing
cost at return evaluation center parameter showm@ease in profit value by 0.035%. The positive
change of 40% in the value of unit processing abséturn evaluation center parameter shows a agere

in profit value by 0.066%. The negative change @¥4in the value of unit processing cost at return
evaluation center parameter shows an increaseofit palue by 0.031%. The graphical representaiton

shown in Fig. 7.

11362.10
-649.34 |20
-20% | 713.00
1488.71
-40% [
1500 -1000 500 0 500 1000 1500

&

Change in profitin$
“>" shows a profit increasing trend an€+" shows a profit decreasing trend

Fig. 7. Profit change in $ due to a change in unit praogssost incurred at the return evaluation center

The positive change of 20% in the value of unitcessing cost at the recycling center parameter slaow
decrease in profit value by 0.030%. The negatiamgk of 20% in the value of unit processing cottat
recycling center parameter shows an increase ifit padue by 0.008%. The positive change of 40% in
the value of unit processing cost at the recyctiegter parameter shows a decrease in profit vafue b
0.093%. The negative change of 40% in the valuaurof processing cost at the recycling center

parameter shows an increase in profit value by@®@s shown in Fig. 8.
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Fig. 8. Profit change in $ due to a change in unit prdogssost incurred at the recycling center

The positive change of 20% in the value of unitcessing cost at the refurbishing center parameter
shows a decrease in profit value by 0.022%. Thathegchange of 20% in the value of unit processing
cost at the refurbishing center parameter showinamrase in profit value by 0.028%. The positive
change of 40% in the value of unit processing aebshe refurbishing center parameter shows a deerea
in profit value by 0.047%. The negative change 0%4in the value of unit processing cost at the

refurbishing center parameter shows an increapsoiit value by 0.053% as shown in Fig. 9.

-968.69
-452.68 [N20%N
-20% [N 579.34
-40% [ 1095.35
-1000 -500 0 500 1000 1500

A

Change in profit in $
“=>" shows a profit increasing trend ané" shows a profit decreasing trend
Fig. 9. Profit change in $ due to a change in unit prdogssost incurred at the refurbishing center
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The positive change of 20% in the value of they@t-carbon trading price parameter shows an iserea
in profit value by 21.283%. The negative chang@@¥o in the value of the per-unit carbon tradingri
parameter shows a decrease in profit value by B¥%38s shown in Fig 10. The positive change of 40%
in the value of the per-unit carbon trading prieegmeter shows an increase in profit value by 4262
The negative change of 40% in the value of theupérearbon trading price parameter shows a deereas
in profit value by 42.617%.

s0% s 79573.40
20% [ 439225.06
-439691.77 2%
879506, Z 0%

-1000000 -500000 0 500000 1000000

<&
<

Change in profit in $
“->" shows a profit increasing trend an€" shows a profit decreasing trend

Fig. 10. Profit change in $ due to a change in per-unib@arrading price

The positive change of 20% in the value of carbmissions at the recycling center parameter shows a
decrease in profit value by 0.084% as shown inlBigThe negative change of 20% in the value of

carbon emissions at the recycling center paranstews an increase in profit value by 0.087%. The

positive change of 40% in the value of carbon eimiss at the recycling center parameter shows a
decrease in profit value by 0.165%. The negativangk of 40% in the value of carbon emissions at the
recycling center parameter shows an increase fit pedue by 0.171%.
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Fig.11. Profit change in $ due to a change in the amolioaiton emitted at the recycling center

The positive change of 20% in the value of carbmissions at the recycling center parameter shows an
increase in total emissions value by 7.985%. Thgatiee change of 20% in the value of carbon
emissions at the recycling center parameter shodsceease in total emissions value by 7.985%. The
positive change of 40% in the value of carbon eimmssat the recycling center parameter shows an
increase in total emissions value by 15.969%. Tegative change of 40% in the value of carbon
emissions at the recycling center parameter showseceaease in total emissions value by 15.969% as

shown in Fig. 12.
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“->" shows an emission increasing trend af¢l' ‘shows an emission decreasing trend
Fig. 12. Emissions change in tons due to a change in tloeianof carbon emitted at the recycling center

The positive change of 20% in the value of the agyemumber of units processed by one worker at the
return evaluation center parameter shows a decredlse number of jobs creation value by 5.818%e Th
negative change of 20% in the value of the avenagaber of units processed by one worker at themetu
evaluation center parameter shows an increaseeimtimber of jobs creation value by 8.968%. The
positive change of 40% in the value of the averageber of units processed by one worker at themetu
evaluation center parameter shows a decrease inuimber of jobs creation value by 10.043%. The
negative change of 40% in the value of the avenagaber of units processed by one worker at themetu
evaluation center parameter shows an increaseeimiimber of jobs creation value by 23.755%. The

graphical representation is shown in Fig. 13.

-14.01
-8.12 2090
-20% [ 1251
<00 | 5: 13
-15 -5 5 15 25 35

A

Change in j5bs created in numbers

“->" shows a job increasing trend ané+™ shows a job decreasing trend

Fig. 13. Jobs change in numbers due to a change in thageveumber of units processed by each worker

at the return evaluation center

6.2 Managerial insights

This research provides significant insights forcgiteoners to implement a triple bottom line apprioan

a reverse logistics network for e-waste managemirg. optimized model indicates that triple bottom
line targets can be achieved by providing a susbdéntrade-off between the economic, environmental
and social objectives. The analysis of multipleapaeters presents useful guidelines for the indstri
managers pertaining to the reverse logistics sysiém model outcomes suggest that economic and

environmental benefits can be achieved by miningiziarbon emissions. This study provides outlines fo
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policymakers to analyze multiple aspects of revédoggstics system considering carbon cap-and-trade
policy. The model also creates job opportunities thill improve the social image of the organizatio
Therefore, the results of this model can help ioviging critical insights for designing a sustaileab
reverse logistics network. The implementation a$ tstudy will be beneficial for the decision-makers
dealing with the development of a reverse logisgicstem while maximizing economic and social impact

as well as minimizing environmental impact.

7 Conclusion

This research develops a multi-objective matherabtinodel for optimizing of a reverse logistics
network for electronic waste management basedetriphle bottom line approach. The model consiéts o
three objective functions including profit maximime, environmental effect minimization and social
effect maximization. The economic objective is coisgd of variable processing cost, transportation
cost, and revenue from selling carbon emissionitreahd reprocessed products. The environmental
objective represents the carbon emissions genefaiadthe reprocessing of returned products at the
return evaluation, recycling center and refurbightenter. Furthermore, the carbon emissions gesterat
during transporting products between collectionteento reprocessing unit and between reprocessing
unit to distribution centers were also includedadidition, a carbon constraint is also set to licaitbon
emissions. The social objective consists of thes joleated at each facility including collectioneznt
return evaluation center, recycling center, refhbig center, and distribution center. Moreovel jo
opportunities created at the transportation levetewalso incorporated. Additionally, a reprocessing
center is also introduced into a reverse logisystesm to accurately grade and categorize the return
products. The multi-objective linear programminghkdem was solved through the neutrosophic approach
to acquire optimized results. The results represetmtide-off between the three conflicting objessiv
The proposed model analysis provides insights tmsdm-makers for designing a reverse logistics
network design under the availability of vague @amg@recise information. The analysis determines the
optimal flow of quantities between different nodessource allocation and identifies main contribsitof
carbon emission in a reverse logistics networkelated numerical example and sensitivity analyssew
conducted to evaluate the validity of the propasediel.

The results shows that 41% of the total cost wasried during transporting reprocessed products fro
the reprocessing unit to the distribution centé&tds cost needs to be minimized by adopting measure
like proper route and capacity planning and aliocafThe environmental function in the model showed
total optimal value of 989.90 tons of carbon endifiethe reverse logistics network for returnedtleal
products. Out of which emits 396.00 tons of carisoemitted during processing at a return evaluation

center while 395.20 tons of carbon is emitted duprocessing at the recycling center, which need et
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minimized in the future. The social objective i timodel shows that new jobs are also arecreatdain
various processing centers and two transportationless The sensitivity analysis shows that
comparatively larger changes are shown in the patens like per-unit carbon trading price with the
change in profit value, carbon emission at recgclienters with the change in total emissions vahat
the average number of units processed by one waitkerturn evaluation center with the change in the
number of job creation value.

The research has various impacts on business gésaxwell as environmental and social resportsibili
The carbon cap-and-trade policy is a significamigien that should be taken into consideration thase
specified decision variables. The results reveat timtegrating carbon cap-and-trade policy with
economic aspect will improve the profitability agpmvith environmental performance. The managers
should consider the carbon emissions minimizatiotrade extra carbon credits in the market to reduc
the overall cost of a reverse logistics system. Trdstry managers should take reverse logistics
decisions based on the storage cost, handling ledity cost, and carbon emissions. The adjustrment i
these factors should result in a win-win situatieconomically and environmentally. The savings
generated from selling extra carbon emission csedithe market can be utilized to increase thensey
logistics performance by capitalizing it in envimental friendly technology to improve social
performance. Thus, the results of this study \aitlilitate the decision-makers by providing guidesirior

a reverse logistics system considering the triplédm line approach.

This research can be extended in the future tocowee the current limitations of the study and td ad

more value to the research by using real time dAtso researchers can extend the model by
incorporating the multi-period and multi-product asfuture extension. The comparison of results
obtained by using the neutrosophic approach, with @her optimization methodology can also be a

valuable work for future.
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Appendix A:

Table 1A
Data for processing of returned electrical prodaotlection, return evaluation, recycling, refurbigh and
distribution centers

Parameter Value
Collection cost at collection center 1 26.00 $/unit
Collection cost at collection center 2 31.00 $/unit
Collection cost at collection center 3 25.00 $/unit
Collection cost at collection center 4 30.00 $/unit
Return evaluation cost at return evaluation cehter 18.00 $/unit
Recycling cost at recycling center 1 35.00 $/unit
Refurbishing cost at refurbishing center 1 26.00 $/unit
Distribution cost at distribution center 1 10.00 $/unit
Distribution cost at distribution center 2 12.00 $/unit
Distribution cost at distribution center 3 9.00 $/unit
Distribution cost at distribution center 4 13.00 $/unit
Table 2A

Data for transportation of returned electrical prcts

Parameter Value
Fuel rate for a heavy-duty diesel truck 0.82 $/liter
Distance between collection center 1 and reproegssiit 632 km
Distance between collection center 2 and reproegssiit 418 km
Distance between collection center 3 and reproegssiit 469 km
Distance between collection center 4 and reproegssiit 345.5 km
Distance between reprocessing unit and distributérter 1 645 km
Distance between reprocessing unit and distributenter 2 455 km
Distance between reprocessing unit and distributenter 3 488 km
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Distance between reprocessing unit and distributenter 4 322 km
Capacity of heavy-duty truck 12 units or 0.84 tons
Labor cost for transportation 0.025 $/km

Number of operators required for each truck dutragsportation

2 operators/truck

Table 3A

Data for average processing capacity of a workeaeh center

Average number of units processed by one work#reatollection center 1

6 units/day

Average number of units processed by one work#reatollection center 2

8 units/day

Average number of units processed by one work#reatollection center 3

10 units/day

Average number of units processed by one work#reatollection center 4

12 units/day

Average number of units processed by one work#reateturn evaluation center 1 4 units/day
Average number of units processed by one workgreatecycling center 1 w.r.t 8 units/day
distribution center 1

Average number of units processed by one work#reatecycling center 1 w.r.t 9 units/day
distribution center 2

Average number of units processed by one workgreatecycling center 1 w.r.t 7 units/day
distribution center 3

Average number of units processed by one workgreatecycling center 1 w.r.t 6 units/day

distribution center 4

Average number of units processed by one workgreatefurbishing center 1 w.r.t

distribution center 1

10 units/day

Average number of units processed by one workgreatefurbishing center 1 w.r.t 8 units/day
distribution center 2
Average number of units processed by one worktreatefurbishing center 1 w.r.t 5 units/day

distribution center 3

Average number of units processed by one workgreatefurbishing center 1 w.r.t

distribution center 4

12 units/day
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Highlights

» Sustainable reverse logistics management for electronic waste is considered.

» Socia, economic and environmental aspects are integrated simultaneously.

» Creation of new job opportunitiesin processing units and transportation sector.
* Application of carbon cap-and-trade policy to minimize emissions.

» Neutrosophic optimization approach is applied to improve the network.
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