B Ref. Ares(2022)6756310 - 30/09/2022

RelraCE

H2020 MSCAITN -2018
ReTraCE Project

Realising th@ransition towards th€ircularEconomy

Deliverable 1.6

Mathematical modes for dealing
with strategic decisions
for designing circular supply chains
A review of the stateof-the-art

and a metlodological proposal

This project has receiveddunng from the European Uni on & sgahnerundertidari2 020 researc
S k G o d-Guwie BHumpean Training Netwo(ki2026MSCAITN -2018) scheme, grant agreement number 814247 (ReTraCE)




RelraCE

Project Information
Acronym: ReTraCE

Title: Realising the Transition towards the Circular Economy: Models, Methods and
Applications

Coordinator: The University of Sheffield
Grant Number: 814247
Programme:H2020MSCAITN-2018
Start: 1 November 2018

Duration: 48 months
Website:www.retracétn.eu

Consortium:

The University of Sheffield (USFD)

Universita degli Studi di Napoli Parthenope
University of Kassel (UniKassel)

South East European Research Centre (SEERC)
Acacemy of Business in Society (ABIS)
Hogskolan Dalarna (HDA)

University of Kent (UniKent)

Tata Steel UK Limited (Tata)

Olympia Electronics SA (OE)

Erasmus University Rotterdam (EUR)

This projecthaserc ei ved funding from the European @ammeundesthebier i zon 2020
S k G o d-Guwie BHumpean Training Netwo(ki2026MSCAITN -2018) scheme, grant agreement number 814247 (ReTraCE)

2




Relra(CE

Deliverable
Number: D1.6

Title: Mathematical models for dealinghveitrategic decisions for designing circular supply
chains: A review of the statiethe-art and a methodological proposal

Lead beneficiary:USFD

Work package:WP1

Dissemination level:Public

Nature: Report (RE)

Due date:30" April 2022 then revied to 3@ September 2022
Submission date30" Septembe2022

Contributors: Azar MahmoumGonbadintonino Sgalamby@ndrea Genovese.

This projecthaserc ei ved funding from the European @ammeundesthebier i zon 2020
S k G o d-Guwie BHumpean Training Netwo(ki2026MSCAITN -2018) scheme, grant agreement number 814247 (ReTraCE)

3




RelraCE

Table of Contents

Part I:
1. General purpose and objectiod the report..........oooe e 1.
2. Background Of the rePOIL..........ooveiiiiiii et mmmmmmm e 1.
3. An Overview of Previous Literature Reviews on Glasgg Supply Chains andR......9
4. ReSearCh MethOM........coo o et 15...
4.1.  Source [dentifiCatiON. ...........uuuiiiiiit o mmmmmnnan 15
v S To T | (o= ST =1 (=01 1] o PP 16
4.3, SOUrce EValuatiOn..........coouiiiiiiiiemmmmc i eeeeenn s e e e e e e e e e s mmenneneennees 17
N B T = W Y g = 1 V£ L PSS 17.
5. Bibliometric Data and Content ANAlYSIS..........ovveiiiiiccccccc e 18.
5.1. General Bibliometric ANalySIS..........ccoiiiiiiceeeeee e 18..
I B 101 oL = L)Y/ P 20.
5.3, DECISIOAMAEKING. ... .uuuuuuiiiiiiiiiiitaeeeaae e e e e e eeeeeeeee e e e e mmmmnnnaebbbbbbbbeeeesse s asenm e e e eeeeas 26
5.4. Time horizons and products perspectives............coeeeeccccceeeeeveeevvvenninsssenenaaa 29
5.5, Market Channe@IS.........ooooviiiiiiii et 31
5.6.  Sustainability Dimensions and Objective FUNCLONS.............cooccccmniiinnnnnnns 31.
5.7. Applications and Case Study LoCations..............oovvceeeeeeriiviiiiiiiee e ee e 36
5.8. Modelling approaches and solution teChniqUES................ceemmmeeiiiiieeeeeeennee. 38...
6. Discussio a research agenda for CLSC reSearCh............ccoveeecccviiieiiiieeeeiiiiicees 40
6.1. Research ContribULIQN...........ooiiiiiiit e e 46
Part II:
1. Problem State@MENL..........uuuii e errmmmm e 48..
1.1. Mathematical Formulation of CLSC.........coiiiiiiiii e e 51
2. Solution MethodolOgy...........oooiiiii i e e 51.
3. Experimental evaluatiQn..............cooviiiiommc e e 60
I 00 I D T 7= Mo 1= 1= - [ o 60.
3.2, NUMETICAl FESUILS.....euueiii et e et mmmmmmm e e e e 64
3.2.1. Demand satisfaction analySiS............ceccccceriiriiiieiiiiiis e 65..
3.2.2. Treatment StrategiS........cciiiiiiceeeeeeeririiiieeeeeeeeemmeeeeeeeeaeannn s mmmmmnn s 66
7 o [od 1] o] o =SS 70
Y o] 1= o o [ PP 89

This projecthaserc ei ved funding from the European @ammeundesthebier i zon 2020
S k G o d-Guwie BHumpean Training Netwo(ki2026MSCAITN -2018) scheme, grant agreement number 814247 (ReTraCE)

4




Relra(CE

List of acronyms

CE o Circular Ecoamy

SCod Supply Chain

SCM0 Supply Chain Management

GSCM- Green Supply Chain Management
SSCM Sustainable Supply Chain Management
SSG Sustainable Supply Chain

CSC9 Circular Supply Chains

CLSCad Closed Loop Supply Chain

RL - Reverse Logistics

BM - Business Models

WM - Waste Management

EoL & End of Life

This projecthaserc ei ved funding from the European @ammeundesthebier i zon 2020
S k G o d-Guwie BHumpean Training Netwo(ki2026MSCAITN -2018) scheme, grant agreement number 814247 (ReTraCE)

5




RelraC E

Part I

Mathematical models for dealing with the strategic design

of circular supply chains: A review of the statef-the-art

1This studyhas also been published in the prestijmusal of Cledmeductioand is available onlinglas link
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1. General purpose and objectives of the report

Over the past dade, significant attention has been devoted to €lospdSupply Chain
(CLSC) design problems. As such, this review aims at assessing whether the current modelling
approaches for CLSC problems can support the transition towards a Circular Econoply at a sup
chain level. The paper comprehensively assesses the extent to which existing modelling approache:s
evaluate the performance of supply chains across the complete spectrum of sustainability
dimensions. Also, the capability of the current approachesrpbmating strategic, tactical, and
operational decisions is considered, along with adopted solution methodologies. As a result, a
comprehensive analysis was performed on 254 selectedTdnsgbegper emphasises how most
of the current literature ingliield is affected by a disconnedbietween supply chain design and
the founding principles of Circular Economy. Specifically, the CLSC literature exhibits a
reductionist interpretation of the Circular Economy. CLSC studies focusing on all three
dimensins of sustainability are relatively rare, and performance measurement approaches appear
to be very much focused on monetary issues. While methodological contributions appear adequate
to focus on the nedeterministic nature of CLSC design problems,ishgaecity of empirically
grounded research. Coherently, a research agenda is proposed, in order to address the mentionec
gaps and increase the relevance of this research field to practice.

2. Background of the report

Traditionally, industrial societiesenaperated according to a magedispose model, with
endof-life solutions for products mainly coinciding with landfilling and incingratidrews,
2015) Therefore, nowadays, providing novel consumption and production patterns is imperative
if a transition towards a sustainable model of development needs to be accrRexebieahd
Kheirkhah, 2018)

Within this ontext, the notion of the Circular Economy (CE) has been receiving increasing
attention(Ellen Macarthur Foundation, 20Zlhe Circular Economy is an alternative paradigm
aimed at overcoming the existing ‘tak&edispose’ production and consumptiometgthrough
a more effective use of resources, in order to accomplish a better balance among economy,
environment, and socigf@hisellini et al.,, 20183E aims at promoting environmentally and
socially sustainable industrial systéailen MacArthur Foundation, 2013 and 2015 Miller Plc,
2013) According tahe European Commission (2015), in a CE, the value of materials and products
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is maintained for as long as possible; waste and resource use are reduced, and resources are ke,
within the economy when a product has reached the end of its life, throughdeesgcle

processes.

While governments and supetional bodies are pushing the transition towards a CE through
top-down legislation and directives, increased baipoefforts from industrial organisations are
also essenti@Bressanelli et al., 2018} a result, the designing and planning of appropriate supply
chains constitea a significant building block towards the implementation of CE practices
(Genovese et al., 201/&) a supply chain (SC) level, different configurations can be adopted for

implementing CE principles:

Reverse SC approaches, in which the focus is merely on the backward flowtsfgombdu

materials, without any integration coordination with forward flow activities;

Openloop SC approaches, that deal with both forward and reverse flows of products, with the
third parties (other than original manufacturers) which are responsibleifee operations
(Genovese et al., 2017);

Closedoop SC approaches, in which both forward and reverse networks are integrated within a

centrally managed system (Rezapour et al., 2015).

Closed_oop Supply Chains (CLSCs) can be said to have distttativges when compared
to traditional supply chains, thanks to the reprocessing of product flows and aftermarket recovery
operationgVan Engelandt al. 2020) Organisations who dde to adopt CLSC approaches and
reconfigure activities for CE practices may obtain environmental, social, and economic benefits.
However, it must be noted that the adoption of CLSC configurations might be linked to large initial
investments, due to theed of setting up dedicated facilities for collecting and reprocessing
products at the end of their service(Magasawat al, 2017)the design of CLSCs constitutes
indeed a very significant strategic decisioto dine longasting effects of such choices. As such,
appropriate planning and design tools are required in order to cautiously assess the viability of
CLSC configurations.

While CLSCs can be seen as the backbone of the implementation of CE priaciplas at
and mesdevel, it must be remarked that the extant CLSC literature has been developed before the
popularisation of the CE concept, with the design of CLSCs mainly driven by economic
considerations related to product recovery (see, for ingtenseminal paper from Savaskan et
al.,2004)
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To the best of aut ho robtldearkreviewdf thallipeature fociseng e i s
on CLSC design problems, with an explicit focus on models, methods and the conceptualisation
of sustainabilitdimensions. As a result, this paper performs a systematic literature review (SLR),
aiming at assessing how the current CLSC design approaches can support the transition towards a
CE at a supply chain level, through the evaluation of modelling assumg@q@pdieations. The
objective is to assess the integration of goals and assumptions of CLSC and CE thinking, and the
capability of CLSC approaches to aid the transition towards a CE. Within this context, the ambition
of this review is to clearly identi§search gaps, in such a way to shed light on future research
directions and provide some tangible guidelines which might be of use to researchers and

practitioners involved in this field of study.

In order to answer the research questions and addressefieh objectives, the scientific
literature was systematically reviewed, through th&idgarapproach suggested by Maestrini et
al. (2017). As a result, the body of literature was identified based on an initial search in SCOPUS
using three sets ofykeords; after a careful assessment, duplicate articles, review studies as well as
papers which were not directly deal with CLSC design problems were excluded. Finally, the
resulting sample of articles was carefully scrutinised and analysed, througgsiientsds

bibliometric data and a content analysis.

The remainder of the paper is organised as follows. A discussion of previous literature reviews
on CLSCs is provided in Sect®nn order to illustrate the need for this further contribution.
Sectiord elaborates on the methodology adopted for this research, providing special emphasis on
the mechanisms for the selection and classificof the papers. Section 4 starts with a general
bibliometric analysis of the selected papers; then, a detailed evaluation of the body of literature is
provided, through a thorough content analysis. Section 5 provides a discussion of the emerging
reseech gaps and recommendations for further research; finally, some conclusions are drawn in

Section 6.

3. An Overview of Previous Literature Reviews on Closddop

Supply Chainsand Reverse Logistics

In order to provide further clarity about the need fosthdy, this section provides an overview

of all the review papers dealing with CLSCs. The full list of such literature reviews, along with their
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scope, is provided Tablel. The classification of the papers seblaon their main focus area;

within each category, papers are then sorted in a chronological order.

The relationships between CLSCs and business models were first inve igditedria/ Seitz
(2005)Meade et al2007)ooked at the foundations, definitions and research opportunities within
the Reverse Logistics (RL) field of study, which can be seen azldtesdlyp CLSCs.

Rubio et ali2008) analysed the potential of using mathematical models for solving challenges in
RLs, developing a review of the literature from 1995 onward$fdkisael and Muth2009)
discussed the increase in the interest in RU|girtind Gupt#2010Yyeferring to environmental

consciousness as the mogtantant cause for this increase.

Atasu et a(2008)eveloped a critical review of CLSC business models for product reuse inspired
by industrial practice. They further classify the research into four streams (industrial
engineering/operations research, design, strategy, and behavioural) and present a framework
linking these streams. A folloy study was provided Buide and Van Wassenhd2€09).

Akgcal and Cetinkayd011)analysed the quantitative literature on Inventory and Production
Planning for CLSC systems. They broadly classify thenteodeierministic and stochastic
problems according to the modelling of demand and return processes. Furtber@iokanni

and Zaccouf2019)and Shekariarf2020)propose aselective survey of CLSC gahe®oretic
models.

Carrascésallego et al(2012)focused on reusable products, identifying peculiar business
models and related CLSC configurations, basing their results on alssbdtiriealustrial case
studies.San et al(2012)and Diallo et al.(2017)performed simitaefforts dealing with
remanufacturinfpcused CLSCs. Besidé&i et al(2015) andJena and Sarmah (20fb@used

on the specific procesbproduct acquisition management for remanufacturing.

Souza (2018)assified CLSC problems in terms of strategic, tactical, and operational issues. He
provided an overview of strategic and tactical decisson,aviding basic models for addressing
such decisions. Among strategic decisions, a pivotal role is played by facility location issues, which
were also reviewed, within CLSC84élp et al. (2009 framework to classify the various issues
and parameters affecting strategic level decisions in RL has been de\&epdicebwl. (2012)
FurthermoreSchenkeét al.(2015)ooked at value creation across CLSCs, suggesting promising

research avenues for the operational and strategic levels.

This projecthaserc ei ved funding from the European @ammeundesthebier i zon 2020
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Table 1 Overview of previous literature reviews. (NP = Number of Papers reviewed)

Area Paper Year NP  Main scope
Atasu et al. (2008) 19952008 17  Business economics of product reuse
Guide and Van Wssnhov Closedoop supply chains with a strong business perspective by focusing on
15years -
(2009) value recovery from returned products

The stateof-art in quantitative models for inventory and production planning (1&l
CLSC systems
Carrascdgsallego et al. (2012) Until 2010 10 A typology grounded on case studies

Akccal and Cetinkaya (2011)

San et al. (2012) 20012012 88  Closed loopupply chain with remanufacturing
Souza (2013) - - Strategic and tactical decisions
Sahamie et al. (2013) Until 2012 178 Applications to interdisciplinary and transdisciplinary industries
Stindt and Sahamie (2014) ;gig 167 The main characteristics of CLSC planning in the process industry
Wei et al. (2015) Until 2014 87  Core (product) acquisition management for remanufacturing
CLSC Jena and Sarmah (2016) 20002014 100 iteI?nesmanufacturlng and CLSC with special emphasis on acquisition management
Cannella et al. (2016) Until 2015 40  The inventory and order flow dynamics
Glock (2017) 19862016 Decision support models for the management of elospdsupply chains involv

returnable transport items
Quality, reliability, maintenance and warranty for recovered products

Dialloet al.(2017) 19852016 . -
remanufacturing activities

Gaur and Mani (2018) 19922015 141 A conceptual frgmework, the major threats and opportunities for business firm
in a CLSC operation

Coenen et al. (2018) Until 2017 64 Understanding approaches to complexity and uncertainty inletgsedpply cha
management

Brazet al (2018) 20042018 Comparing the causes and mitigating factors of the bullwhip effect in forwal

chains and closédop supply chains.
De Giovanni and Zaccour (20. 20112018 73  Return functions and coordination mechanisms
Shekarian (20) 20042018 215 Factors influencing CLSC models based on the game theory (GT)

R This project has receiveddun ng from the European Uni on 8 sgafnerunder thdarieSk Lo dCanis BumpearhTramingdNetwafki?@2OMSCAITINR2018)r 0
scheme, grant agreement number 814247 (ReTraCE)
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RL & CLSC

Meade et al. (2007) 19982006 45  An overview of definitions, current research, and future opportunities
Rubio et al, (@8) 19952005 Malq characteristics of.art|cles on reverse logistics published in the produ
operations management field
. . Network Design for Reverse and Clasedp Supply Chains: An Annote
Akgali et al. (2009) Until 2008 Bibliography of Models and Solution Approaches
Important features of reverse logistics such as product acquisition, pricing, cc
Pokharel and Mutha (2009) Until 2008 164 used products, RL netwostructure visrvis the integration of manufacturing,
remanufacturing facilities of location of facilities for inspection and consolidation
llgin and Gupta (2010) 19992009 540 Environmentally conscious manufacturing and product recovery REGMP
Hazen(2011) From 199¢ Analys!ng academic reverse logistics disposition decision literature from
perspective
Hazen et al. (2012) 20002010 Identify the critical components of the reverse logistics (RL) disposition -theidig
process
Sheriff et al. (2012) 19982011 D.e\./elop. a framework to classify the various issues/parameters affecting stre
decisions in RL
Govindan et al. (2013) 19612012 . Overweyv of contracts anc.j.a (FIaSS|f|cat|on of coordination contracts and cc
literature in the form of classification schemes
. Research methodology for reverse logistics network as a case study and qui
Tao and Yin (2014) From 200( .
analysis
Aravendan and Panneerse . .
(2014) Until 2014 - Network designs for the RL as well as CLSC
Govindan et al. (2015) 2007-2013 382 The whole area in RL and CLSC
Agrawal et al. (2015) 19962015 242 Adoption and implementation of RL practlcgs; .Fo.recas_tl_ng product returns; Out
RL network from secondary market perspective; Dispositisiodsc
Bazan et al. (2016) 19672015 183 Mathematical modelling of reverse logistics inventory models
Govindan and Soleimani (201 Until 2014 83 A Journal of Cleaner Production (JCP) focus in the field of RL and CLSC
Wanget al(2017) 19922015 912 Main research themes, knowledge, gapisfuture research opportunities
Guoet al (2017) 20062016 62  Supply chain contracts, with respect to supply chain structures and channel lei
Larseret al. 2018) 19952016 112 Ident|f|cat_|0n of 1_5 distinct opport_unltles and 56 contlr]gency fac_tors fo
contribution, an interrelationship r
Islam and Huda (2018) 19992017 157 RL/CLSC in Waste Electrical and Electronic Equipment (WEE&#&e
Bensalem and Kin (2019) 19922017 631 A unidimensional and a multidimensional analy&k on
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Kazemi et al. (2019) 20002017 94 RL&CLSCM pblished in International Journal of Production of Research (IJPR

Jayasinghe et al. (2019) 20062017 65 Synergies between pesttof-life of building (PEoLB) concepts and operations
SC & CE Masi et al. (2017) 20052017 77  Supply Chain Configurations in the Circular Economy

(Bressanelli et al., 2019) - 63  Challenges in supply chain redesign for the Circular Economy
SCM & CE De Angelis et al. (2018) 20032017 54  Supply chain management and the circular economy: towards the circular sup
BM & CLSC Wells and Seitz (2005) Until 2003 Typologles of the relationshiptween closetbop supply chains and vahdde

business models

SCM & CLSC Méelo et al. (2009) Last decac 120 Facility location models in the context of supply chain management
GSCM &RL& CLSC Schenkett al (2015) 19982014 144 Value creation tbugh the recovery of returned products
SSCM&GSCM&CLS Rajeeet al(2017) 20002015 106 A conceptual framework to classify various factors along thddtigm line pillars

sustainability issues in the context of supply chains

Various aspects of SCM, ERP, 10T and Industry 4.0; five perspectives of su|
SSC& CLSC Manavalan and Jayakrishna (: 20092018 - management namely Business, Technology, Sustainable Development, Collak
Management Strategy.

Strategic network design using mathematical optimisation models in waste rev
chains
CLSC & CE This study 20002019 254 Straegic network design models in CLSC to transition towards CE

RL & WM& CLSC Van Engelanét al.(2020) 19952017 207

This projecthasrc ei ved funding from the European gammeundesthdbries ik GohewviaHdapean Erairing Netmo(ki2020MSCAITM-20483 t i on pr o
scheme, grant agreement number 814247 (ReTraCE)
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While Hazen (2011¢mphasised the interdisciplinary and strategic nature of RL disposition
decisions, andazen et al. (201@)entify the critical components of the RL disposition decision
making procesSahamie et al. (20p®)jnt out a need for transdisciplinary cofiatomn and talk
about the major benefits of transdisciplinary research in CLSCs.

Govindan et al. (2018)dGuoet al(2017present an overview of supply chain cotgraithin
CLSCs antarseret al(2018xamine the contributionof RLo t he f i r mdés f i nanc

Tao and Yin (2014%ovindan et al. (201%)grawalet al. (2015Wanget al.(2017) and
Bensalem and Kin (20k®nduct general reviews regarding research methodologies for network
design in the field of RL. The inventory and order flow dynamics in CLSCs have Bedrbgnaly
Cannella et al. (201@)dBazan et al. (201®)loreover, decision support modelsni@naging
returnable transport items (RTIs) in CLSCs have been investidgaimrk{2017)

The Evolution of sustainability issues in supply ofenagement has been analys&hfaev
et al.(2017) who looked at trends across industries and documented the rising interest towards
CLSCs. Some revieva/b focused upon various factors that affect the performance of sustainable
supply chains like loM@navalan and Jayakrishna, 2&i®Xhe scope of value creatiGayr
and Mani, 2018pesideslayasinghe et al. (2089)lored the CLSC issues in the specific context
of the construction industry, looking at the qeostof-life of buildings.

At the mesdevel, CLSCs face substantial challenges when it campketoentation of the
CE, as stated lfiMasi et al., 201 As suchDe Angelis et al. (201d@¥cussed what CE principles
mean in terms of supply chain challerigeessanelli et al. (201@¢ntified and categorise 24
challenges that may hinder the Supply Chain (SC) redesign for CE implementation.

The bulwhip effect, on the other hand, the propagation of uncertainty associated with the end
customers' demand through the entire supply chain, has been widely discussed, in the context of
CLSCs, irBrazet al (2018) Also, knowledge gaps in terms of dynamic complexity and deep
uncertainty in a transition towards CLSC management have been uncGeemreigt al. (2018)

The main limitations of the cited review papers are regarding the main focus of their exploration.
Some merely investigate RL andCkg&idies published by specific and-kmeNvn Journals
(Govindan & Soleimani, 2017; Kazemi et al., ;28d@)some are reviews of specific industries,
such as process indug®yindt & Sahamie, 20b4d WEEE/Ewastglslam & Huda, 2018)

In contrast to the previous more general reviews, three reviews provide overviews of strategic
network design models for CLS8kcali et al. (2009rovided an annotated bibliography of

This project has receiveddunng from the European Uni on & sgahnerundertidari2 020 researc
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models and solution approaches for design problemRLfand CLSCsAravendan and
Panneerselvam (20idlestigated mathematical model&Rionetwork desigMan Engelandt
al.(2020)gave an overview of strategic network design models for reverse supply chains for waste

management.

The discussed reviews reveal that@f latsearch has been performed in the fields of RL and
CLSCs. However, while abundant streams of literature are also being produced about the Circular
Economy paradigm and its applications, there is no study trying to assess, in an explicit manner,
how the current modelling approaches for CLSC design can support the transition towards a CE,
and to what extent Ctainking is influencing the CLSC design literature. As such, a literature
review of CLSC design approaches explicitly evaluating the aligrthigritetd of study with
the CE agenda is now crucial in order to identify relevant research gaps, and to inform future
avenues of investigation which might also contribute to industrial practice amdagolgy

objectives.

4. Research Method

As stated byDenyerand Tranfield, 2009 systematic literature review is useful for selecting,
analysing and evaluatingaaticular body of knowledge which is relevant to a specific research
question. This review was performed through the electronic database SG@RtISis
considered as one of the main repositories ofgdewed journals articles. Furthermore, this
daabase has been used extensively in producing systematic literature papers in the operations,
logistics and supply chain management fields of(&adindan et al., 2015; Jayasinghe et al.,

2019; Jenand Sarmah, 2016Jhe review conducted based on four main steps proposed by
Maestrini et al. (2017): source identification; source selection; source evaluation; data analysis. The

four steps of the adopted research methodology are expldietd in the following subsections.

4.1.  Source ldentification
In order to identify papers dealing with CLSC design problems, the following search terms were
applied to the SCOPUS database:

1 TITLE-ABSKEY ("close* loop’AND "network* design*")

1 TITLE ("close*loop supply chain*') AND TITLABSKEY ("network design*') OR
TITLE-ABSKEY ("network plan*") OR TITLEABSKEY ("design model*")

2 https://www.scopus.com

This projecthaserc ei ved funding from the European @ammeundesthebier i zon 2020
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1 TITLE-ABSKEY ("close* loop") AND TITLEABSKEY ("supply chain*') AND
TITLE-ABSKEY (design)
The overview of the article segpobcess is illustrated in Figure 1. The selection of very generic
keywords allowed to source an initial set of 1165 relevant documents from SOUgShe
search to Englislanguage academic articles published meyeewved journals, 766 docursent

were retained.

After a careful appraisal, duplicate articles, review studies as well as papers which were not directly
concerned with CLSC design problems were excluded. As a result of this process, 254 papers were
retained.

/ o \ / Preliminary Selection\ / Duplication Removed\
Source |dentification

Process

ADuplication of articles were
AKeyword a. (N=318) P

9 Only English Articles manually checked by using

AKeyword h (N=178) > A [
Keyword a. (N=201 Microsoft Excel
AKeywordc. (N=669) A yw ( ) A
K . (N=1 ini i :
Total number of eyword b. ( 36) \ Remaining articles: 326 /

AKeyword c. (N=429)

documentsl165
\ / K Total number o&rticles:?Gy

Data Analysis / Excluded Articles \

/” N ~N AReview type Articles

. . . Content analysis AArticles not dealing with
Bibliometric analysis Types of Rimperatives: ¢ des |
Yearly evolution of t%/]pe_S of dedjions& tint1e network design problems
number of publications; orizons and products .
journals pubFI)ishing cLsc | perspectives; market channeld; in CLSC
articles; geographic sustainability considerations; A72 luded
g applications and case studies apers were excluae
location of authors modelling approaches and pap

solution methods ARemaining paperg54
. AN )

/

Figure 1 Article seattand evaluation process

4.2.  Source Selection
The nex fundamental step after the retrieval of the relevant papers from the database was
concerned with drawing the boundaries of the analysis. Ahmokimg process was conducted
manually using Microsoft Excel to eliminate duplicated results betweeetthoédesywords
searching, excluding review artigdsali et al., 2009; Souza, 204B)ch had been considered
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seprately, and papers which are not relevant to CLSC planning; for wedtasugeimal sensor

network design problem for steatigte and closddop system&hangand Chmielewski, 2017)

or local openand closedbop manipulation of muigent networkéSahabandu et al., 2019)

which are not concerning with supply chain issues and only appeared in search results as they have
used dO@loopséedor oONetwork desi gno ,25fapapetsaverd i t | e
included in the subsequent analysis and thoroughly analysed.

4.3.  Source Evaluation
The source evaluation entails the categorisation of the selected papers based on the key
dimensions of analysig.he remaining 254 papers were further scrutinised according to their
relevance to CLSC network design issues; thus, articles deemaelevdrg were excluded.
This process ensures that all CLSC design articles were properly selected and reviewed in this study

4.4, Data Analysis
The core and crucial objective of this review is to sum up the findings from the articles and to
highlight the reearch gaps that need further attention from academics and specialists. In this phase,
individual contributions are broken down into their constituent parts and their correlations to one

another are established.

First, a bibliometric analysis was perfdrntlis relied on a set of descriptive statistical
techniques which provide an overview of the body of knowledge in a research field (Prévot et al.
2010). Data related to do CLSC design articles, such as academic journals publishing CLSC researcl
and coutries where the research is taking place has been collected and analysed using Microsoft
Excel (through. pivot tables, conditional formattind,charfs Subsequently, a content analysis
was performed, looking at key dimensions of CLSC design problgmas:sinvolved CE
strategies (also known arfiperatives); types of decisions supported by the models; time horizons
and products perspectives; market channels; sustainability considerations; types of industrial
applications and presence of-vealld @se studies; modelling approaches and solution methods,
with a special emphasis on uncertagiafed dimensions.
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5. Bibliometric Data and Content Analysis

Results of the systematic literature review are presented in this section. The descripfive results
a general bibliometric analysis reported in the nexdestitn are then followed by a
comprehensive content analysis of the identified body of literature, specifically aimed at evaluating

the alignment of current CLSC design approaches with therd&. age

5.1. General Bibliometric Analysis
Figure 2 shows the historical evolution of the number of publications obtained through the

review protocol. Though there were no papers in 2002, 2005, 2006, and 2008, a rising interest in
the CLSC design problems cansben since 2012; approximately 91% of the papers were
published from this year and later; this is clearly linked to the rising interest in cleaner production
technologies and environmental impact mitigation which was also promoted through legislative
initiatives.

60

50

40

30

20

. 1l
0___-III

2001 2003 2004 2007 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Number of papers

Figure 2. Number of publications across the period under investigation

Papers related to CLSC design are published in a total of 102 journals. 40 journals contain nearly
76% of the reviewed papers; the remaining are found in 62 journals, each with just one publication.
A summary of the number of publications pemal is presented in Table 2 (the table includes
only journals with five or more articles published). It can be seen that CLSC design models can be

found not only in classical Operational Research (OR) and Industrial Engineering journals, but
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also in pultations which have a very distinct environmental focus (such as Journal of Cleaner
Production).132 articles can be retrieved in various journals with fewer publications (4 or less) in
this field; these ar eThgcomplepedsiof entniesasticategbrg | abe
Is shown in Table Ah the Appendix; notable journals in daigegory include Omega, Annals of
Operations Research, Expert Systems with Applications, Transportation Science, thus reinforcing

the relevance of CLSC design problems for the Management Science and OR discipline.

Table 2. Journalpublishing CLSC articlés £ Number of Publications)

Journal #
Journal of Cleaner Production 26
International Journal of Production Research 16
Computers and Industrial Engineering 13
International Journal of Production Economics 10
Computers and @mical Engineering 8
International Journal of Advanced Manufacturing Technology 8
European Journal of Operational Research 7
International Journal of Logistics Systems and Management 6
Transportation Research Part E: Logistics and Transportation Review 6
Applied Mathematical Modelling 6
Sustainability (Switzerland) 5
Applied Soft Computing Journal 5
Other Journals (4 papers and below) 132
Total 254

The geographic locationof the authors was also analysed. Figdesn®nstrates that about
64% of he total papers are from Asian countries like Iran and China, which are the ones that are
contributing the most to the topic of CLSC dedige.reason for the importance of this subject
among Iranian scholars is not only due to environmental conceitisa®an economic origin.
The closed nature of the Iranian economy (due to sanctions and limitations on international trade)
has placed a strong emphasis on remanufacturing and repairing activities, providing a strong
rationale for promoting closéxbp supply chaingv/argassanchez, 20203s regards China, the
rising concern about CLSC development in China is influenced by the recent adoption of the
Circular Economy as a strategic priority in both & Bytear plan and in a dedicated@&hina
Memorandum of Understandi(igathews & Tan, 201&jor the aforementioned reasons, state
entities have increased budgets for the promotion of CLSCs in industrial practice, through several
schemes and incentives. Surprisingly, no case studies addressing CLSC design were found in

African countries from the review.
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After the bibliometric analysis provided in thissaaition, papers have been analysed in detalil,
in order to evaluate their modelling approaches in terms of the proposed treatment policies, types
of decisions tackled, market channels analysedahiliiaindicators involved. As such, the main
objective of the next stdections is understanding the alignment of the CLSC design literature

with the current Circular Economy agenda.

5.2. R-imperatives

The reprocessing strategies (also knoRaraperatives used in CLSCs determine what types
of returned products can be dealt with, largely affecting the configuration of the network. As
already stated above, the previous reviews in the CLSCs and RL field identified four types of
reverse flows: recyclingmanufacturing, repair, and reuse (see S&ctldowever, the careful
scrutiny of the identified body of literature revealed a wider array of treatment policies which are
incorporated in CLSC design models, namely: Reselling, Reusing, Reconditioning, Recovering,
Repairing, Refurbishing, Remanufatu Dismantling, Recycling, Shredding, along with other
recovery options which are investigated by a very small number of studies, such as Donating,
Refining and Retreatintn the following, all the identified pathways are discussed in detail along
with their frequency of occurrence in the examined body of literature (represented by n), starting
from the less destructive procedure and ending with the most destructive onesl ddsiles,
presents the differemdustrial sectors where suchrfperatives were deployed, along with their

frequencies.
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First of all, the products that are not compatible with markets dandted (n=1) to NGOs
which also is a way to earn tax credits from the goveliadvdri et al., 201®eselling(n=14)
is another option which entails selling the used products to thdasgcoarketen an ass
condition at a lower val(eazen et al., 201Reuse(n=29)refers to the usage of a product,
component, or material overdaover again with the purpose okmeploying it without the
necessity of repair or refurbishm@utcarthur, 2020)n reconditioning (n=3), a product
undergoes a full cleaning process and is renovated to its original condition without any significant
upgrade (i.e., substitution of compond@alr et al., 201.7%0me products can be reused after
chemical processingrefinery (n=1) centre¢Dehghan et al., 2018y throughretreating (n=1)
((Lu et al., 2019Repairing (n=49) relates to the treatment of very minor defects in an object,
with the objective of replacing faulty components and restoring its original fuggtiasalit
al., 2018)such process generally happens througlocadonstandardised operations. In a
refurbishing (n=21) process product is restored to its original conditlorGaur et al., 2017)
such processavolves the modification of an product with the aim of restoring its initial technical
standards and functionalitiBemanufacturing(n=117) denotes a highly standardised industrial
process in which cores are restored to the originaWwasr even enhaed condition and
functioning(Nasr et al., 2018)roductspecific remanufacturing practices can be identified, such
as tire rdreading(Pedram et al., 2017)herecovery(n=51) process can be dealt with by the
original manufacturer of the prodaciby a thireparty, and would encompass different levels of
expertise depending on the product tyipas and Chowdhury, 2012)

If the quality of returned products is not adequate, they will be transported to disassemblers to
bedismantled (n=43)(E. Ozceylan et al., 201@ducts are broken into pieces and components,
to be sent for fuuher procesng Recycling (n=136)was among the early recovery options to be
modelled; it refers generally to the relevant operations which involve the reprocessing of waste for
the purpose oéxtracting valuable raw mateiflizsr et al., 2018phredding(n=3) involves a
capital intensive mechanical process aimed at recovering metals -frblifieenehicles, also
producing autshredder residues (ASR), a combination of materials such as plastics, textiles, and
glasgGHK and Bio Intelligence Service, 2006)

Different facilities, as well as technology, will be required in CLSCs depending on the various
treatment strategies. For instance, inspection and resellinghefinetaducts will be happening
at dedicated quality control and redistribution centres. On the other hand, recycling and
remanufacturing, which are the most popular recovery options in CLSC models, deal with material
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and components and are more techndbaggd. Hence distinctive facilities, like recycling and
remanufacturing centres, need to be established and therefore require more capital investment
(Srivastava, 2008jowever, other recovery options suEhepairing and refurbishing are more
skilkbased and therefore require higher investments in labour.

Table3 summarises all the pretssl Rimperatives, along withe frequency with which they

appear in théterature and related industrial applications.

Whil e OReduced practices, which are trying
materials revising production and consumption patterns, are undoubtedly the main strategy in a
CE framework, theres no emphasis on OReducingdé practi
from derived categorisation. This is due to the fact that most of the CLSC literature still supports
a operennial growthodé view which miagilRanselae i nc
2020). It appears that most of the modelling approaches are proposing design configurations which
tend to close the loop of existing forward supply chains, rather than designing new production

units which are fully inspired by a CE paradigm.

A general CLSC structure is given in Figure 4, showing the recovery options are derived from
the literature review (S€ablel). CLSCs involve both forward and reverse flows in which the
products return to the miaet after the applicable recovery options. Forward flows involve
suppliers, manufacturers, distributors, primary customers and disposal centres; reverse flows allow
products to be recovered andprecessed through collection and inspection centres. These
facilities need to be linked with each other in order to satisfy customer demand.

This projecthaserc ei ved funding from the European @ammeundesthebier i zon 2020
S k G o d-Guwie BHumpean Training Netwo(ki2026MSCAITN -2018) scheme, grant agreement number 814247 (ReTraCE)

2z




Relra(CE

Table 3. Review of various treatment policies in CLSC (NP = Number of Publications)

Treatment

NP

Products

Donating

1

Laptop (Darbari et al., 2019)

Reselling

14

FaucetGholipoor et al., 2019).aptop (Darbari et al., 20%9hkjet printers(Govindan etl., 2017)Mobile phone(Ahmadi & Amin, 2019Electronic
products(Subramanian et al., 2Q3@hiclegMora et al., 20143lasgBaptista et al., 2019)

Reusing

29

Dairy (YavarandGeraeli, 2019).aptop (Darbari et al., 201 Mkjet printers(Govindan et al., 201 Qonsumer goodqZeballos et al., 201&ppier industry
(Nagasawa et al., 2D1Glass (Hajiaghaekeshteli & Fathollahi Fard, 2019; Maria Isabel Gomes Salema et al.yVetidl@gMora et al., 2014
Mushroom(Banasik et al., 201Mpme appliance(Chen et al., 2015; Faccio et al., 2&HiBle oil(Dehghan et al., 2019)

Reconditioning

Battery(Gaur et al., 2017)

Refining

Edible oil (Dehghan et al., 2018)

Retreating

PRl w

Electronic products(Lu et al., 2019)

Recovering

GlasgDevika et al., 2014; Morteza Gha@mili et al., 2019; Hajiagh#&eshteli & Fathollahi Fard, 2019; Jabbarzadeh et al., 2018; Pourjavad & Mayor
Maria Iabel Gomes Salema et al., 2B&ballos et al., 201®)il and gagMontagna & Cafaro, 2019; Saedinia et al.,, P@p@)A.R. Ahranjani et al., 201
Consumer good$M.A. Kalaitzidou et al., 2015; L.J. Zeballos et al.; Z0&8Ebrahimi, 201&ubularet al, 2015)Household appliancé€Faccio et al2011;
Ghorabaee dl., 2017)Medical device (Hasani et al2015) Electronics industry(Polo et al., 201;9%attery(Mota et al., 2015; Tosarkani & Amin, 20
Mushroom(Banasik et al., 201 Tjon and stee{Vahdani and Mohammadi, 2015)

Repairing

49

Laptop(A. Hamidieh et al., 2018old(Mostafa Zohal & Soleimani, 20X&)nsumer goods(Kalaitzidou et al., 2015jospital furniture (H. Soleimant
Kannan, 2015GeysefGarg et al., 2015)ire(Pedram et al., 201PJastic water cane(H. Soleimani et al., 2016ppier industry(Harold Krikke, 2011)
VehicleqCruzRivera & Ertel, 20090lyethylere tankgShamsi et al., 201 8pattery(Langarudi et al., 201®jastioqXu et al., 2017Refrigerato(Krikke et
al., 2003)

Refurbishing

21

Hospital furniture (Surya Prakash et al., 20Copier industry (Harold Krikke, 2011Yehicles(CruzRivera and Ertel, 2009)

Remanufacturing

117

Wire and cabldEhsan Mardan et al., 20I%iry(Yavari & Geraeli, 2019; Yavari & Zaker, 2@asqBaptista et al., 2019; Devika et al., 2014; Hajia
Keshteli & Fathollahi Fard, 2019; Pourjavad & Mayorga, ;Z8d@h)ndustry (Abdi et al., 2019 onsumergoodgM.A. Kalaitzidou et al., 2015; L.J. Zebe
et al., 2018FElectrical and Electronical Equipment(S. H. S. H. Amin & Baki, 201Cppier Industry ( Ci | ac E T 0IbFieischneann etal., 2Q
Harold Krikke, 2011; Keisuke Nagasawa et al., 2017; Steinke & Fischer, 2016; Talaei ;etGald@ddsafa Zohal & Soleimani, 2Q1Gdnstruction
machinery(Yi et al., 2016Lonsumer good¢M. A. M. A. Kalaitzidou et al., 2018)n and stee(Behnam Vahdani, 2015; Behnam Vahdani & Moham
2015)Cell phone(Khatami et al2015) Tire (Amin et al., 2017; Pedranakf20173u bul an, Ta L a n ,;Aufomdis gpara gadéRdzapour €
al., 2015Hospital Furniture (H. Soleimani & Kannan, 201BapeiFleischmann et al., 2001; Pazhani et al.; 20i@notive (Rezapour et al., 2015; Uste
al., 2007 Plastic watercangH. Soleimani et al., 201Byrniture(Accorsi et al., 201BjeadMirakhorli, 2014RefrigeratoH. Krikke et al., 2003; Y. Wang
al., 2012)VehicleCuzRivera & Ertel, 2009; Mora et al., 20Iafprmation and communications technology (ICT) industryBehnam Vahdani ¢
Ahmadzadeh, 20193FL light bulbs(Taleizadeh et al., 2019ultime dia company(Z. H. Zhang et al., 201®lectronic componentgMotaet al.,2018)
Plastic(Xu et al., 2017) CD and LED TVs(Zhalechiaret al. 2016) Iron and Stee{Behnam Vahdani & Mohammadi, 2p#&)me appliance ( Chen et al.
2015)Bottles (Lee, Jeongun; Lee, 2011 RefrigeratoiKrikke et al., 2003)ire (Pedram et al., 205ybularet al.2015)
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Dismantling 43 Laptop(Darbari et al., 2019\utomotive(Eren Ozceylan et al., 2Q1iRkjet printers(Govindan et al., 201 7lectronic products(Lu et al., 2019
Vehicle§CruzRivera & Ertel, 2@ Mora et al., 2014Notebook(Mohajeri & Fallah, 20168nhformation and communications technology (ICT)
industry(Behnam Vahdani & Ahmadzadeh, 20&8yserGarg et al., 2G3)

Recycling 136 FaucetGholipoor et al., 2019plasgDevika et al., 2014; HajiagH&eshteli & Fathollahi Fard, 2019; Pourjavad & Mayorga, 2019a; Luis J. Zebal
2012)QOil and gagSaediniat al.2019) Laptop(Darbari et al., 2019; A. Hamidieh et al., 26&8Y Industry (Abdi et al., 2B} Papei(A. Rahmani Ahranjar
et al., 2018; Fleischnn et al., 2001; Pazhani et al., 2013; Safaei et al., 2017; M.I.G. Salema; Edible20i0@ehghan et al., 2018, 20T%e (S. H. Amin
etal., 2017; Ebrahimi, 2018; A. M. A. M. Fathéllahr d et al ., 2018; Kannan et al ., 200 9FiltefModaze
GhomiAvili et al., 2018 onsumer good$M. A. M. A. Kalaitzidou et al., 2015; L. J. L. Jallbabet al., 203 8lectronic products(Lu et al., 2019; L. Ma
Liu, 2017; Subramanian et al., 20&pmotive(Eren Ozceylan et a2017)Inkjet printers(Govindan et al., 201 Qopier industry(Fleischmann et al., 20(
Harold Krikke, 2011; K. Nagasawa et al., 2Gblj(Mostafa Zohal & Soleimani, 2Q0I&)nstruction machineryYi et al.2016) Battery (Fallah et al., 201!
FaziK hal af et al ., 2019; Langarudi et al ., 2019; P. Bagkastuk201h;aKemakSull:
et al., 2015)ron and stee(B. Vahdani et al., 2013; Behnam Vahdani,; 2d€pital Furniture(H. Soleimani & Kannan, 2016gyse(Garg et al., 2015
Household applianc€W. Chen et al., 2015; Keshavarz Ghorabaee et at. P2xti€) water cans (H. Solémani et al., 20LBurniture(Accorsi et al., 2015
Vehicles (CruzRivera & Ertel, 2009; Mora et al., 20R&frigerators (H. Krikke et al., 2003; Y. Wang et al., 2@t2p(Sahebi et al2019) Mobile
phone(Ahmadi & Amin, 2019Bottled watePapen & Amin, 2019CFL light bulbs(Taleizadeh et al., 201Bblyethylene tankg¢Shamsi et al., 201!
Plastic(Kannan et al., 2009; Ren et al., 2020; Xu et al., 2017 -Babadfiet al., 201 ®)Jushroom(Banasik et akp17)

Shredding 3 Automotive (Eren Ozceylan et al., 2QM8hicleCruzRivera and Ertel, 2009; Mora et al., 2014)
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5.3.  Decision-Making
When it comes to types of decisions involved in the considered CLSC models, 74 of the surveyed
papes are addressing the CLSC design problem from a merely strategic point of view (see Table
4). These are based on loeign arrangements and mainly characterised by binary decision
variables specifying opening or closing a facility in a particular Ipeafaming capacity
expansions at a specific time, determining an appropriate transportation mode or installing a certain

technology along with material and product flows amongtlem ¢ al Ek et al ., 2

The second group, related to tactical decisions, denotesmmihoices; it is observérhit
tactical decisions are very well integrated with strategic ones. Such integration is indeed proposed
addressing by more than 50% of the reviewed articles (N=149). Tactical decision variables could
be binary as in the case of allocation decisionsessgpfaction, planning activities (procurement,
production/reproduction, distribution/redistribution; storage and distribution planning). Also,
integer variables can be involved in the case of transportation flows (the quantity- of items
products, raw nterial, etc: to be shipped among the network entities), inventory levels, price

levels of products, fleet composition and allocation issues.

Operational decisions involve detailed vehicle routing plans along with production and
disassembly schedules¢cenr ned wi th a daily/ weekl yhadori zo
been includedh all of our queries to identify sources of dataset for establishing this literature
review, no paper is just concerned with Operational issues (N=0). Furthermore juseteare
contributions incorporating shdéetrm operational decisions into long and/or mediunmones
(Rezaei and Kheirkhah, 2018; Sasikumar2tia),

In a nutshel]lmost CLSC models (149 articles) are trying to integrate strategic and tactical
decisions to avoid swptimal solutions produced by a disjointed design of forward and reverse
elements in CLSCs. While some articles (N=22) are attempticigess #he integration of all the
three decisions lev¢Ramezani and Kimiagari, 2016; Steinke and Fischerit#®1&yenerally

characterised by a remarkable complexity level.
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Table 4. Types and examples of decision levels

Decision Level Decision Type

Examples

Number of Facilities

(Alireza Hamidieh & Fafih al a f |, 2017; ¥zkir &
2017)

Facility location

(Ghadge et al., 2016; Lee, Jdtung, Lee, 2011; Mota et al., 2015)

Facility capacity

(Y-W. Chen et al., 2017; Ghassemi et al., 2018; Zhen, Huang, et al., 2019)

Strategic decisions Facility scale

(N=74)

(M. Liu et al., 2019; Montagna & Cafaro, 2019; Zhent&un2619)

Technology type

(Farrokh et al ., 2018; Sadeghi R
Baykas®&Klu, 201

Transportation channels

(A. Rahmani Ahranjani et al., 2018; Atabaki et al., 2019; Mostafa Zohal & S
2016)

Product eésign (Das & Chowdhury, 2012; H. Krikéeal., 2003; L.J. Zeballos et al., 2018)
Transportation mode (Amalnick & Saffar, 2017; Forouzanfar et al., 2016; Pei & Li, 2018)
Allocations (S.A. Darestani & Pourasadollah, 2019; Yavari & Geraeli, 2019; Zhao et al

Supplier selection

(Fard et al., 2017; Nobari & Kheirkhah, 2018; Sahebjamnia et al., 2018)

Inventory levels

(Ahmet ¢al Ek et aAvilietal.2201B;E; MalManrettale 20

Pricing decisions

(Kaya & Urek, 2016; Litvinchev et al., 2014; Taleizadeh et al., 2019)

Tactical decisions

Discount level

(Soroush Avakh Darestani & Hemn#41i 9; HajiaghaKieshteli & Fathollahi Farc

(N=7) 2019; Majid Ramezani et al., 2014)
Transportation amount (M.B. Fakhrzad & Goodarzian, 2019; Farrokh et al., 2018; Y. Yang et al., 2
Planning activities (Fernandes et al., 2010; M.I.G. Salema et al., 2009; Luis J. Zeballog@t a
Vehicle selection ( A. tal Ek et al ., 2018; Mi ng Liuwu
Fleet composition (A.R. Ahranjani et al., 2018; Garg et al., 2015)
Facility location/allocation (GhahremanrNahr et al., 2019; Yadegari et al., 2019; Zhao et al., 2018)
Strategic/ Facilitylocation/ Inventory Management (Soleimani et al., 2016; Li et al., 2018; Abdallah et al., 2012)
Tactical decision Facility location/ Product flow (Chen et al., 2015; Saffar et al., 2014; Salema et al., 2010)
(N=149) Number of facilities/ Supplier selection (Kalaitzidou et al2015; Fallafiafti et al., 2014; Dehghan et al., 2019)
Transportation mode/ Transportation quantity (Amalnick et al., 2017; Subulan et al., 2015a; Haddadsisakht and Ryan, 2(
Strategic/
Operational decisior Facility location/ Transportationt&aduling (Rezaei and Kheirkhah, 2018)
(N=1)
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Tactical/

Operational decisior Transportation quantity/ Reorder point (Sasikumar et al., 2017)
(N=1)

' FaC|-I|ty location/ Inventory level/ Vehicle Routi (Zhalechian et al., 2016:

Strategic/ Planning

Tactical/ Facility location/ Allocations/ Flowshop scheduling (YousefiBabadi et al., 2017)

Operational decisior Facility location/ Allocations/ Vehicle Routing Plannir  (Ebrahimi., 2018; Masoudipour et al., 2019; Sherif et al., 2019)
(N=22) Facility location/ Trasportation and Inventory decisior

; . (Steinke and Fischer., 2016; Ghamiii et al., 2019)
Production planning

This project has received fundingftoh e Eur opean Uni onds Hor i zgammeifdgrthelarieSsk a5 rdeShrie Bumgean TmamiogvNetivo(ki2020MSCAITN -2018) scheme
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5.4.  Time horizons and products perspectives

Considered models can also be classified on the basis of the time horizon they adopt. Single
period nodels are static and reflect decisions that are taken only once, mainly at a beginning of a
time horizon(Haddadsisakht & Ryan, 2018; Kadambala et al., 2017; Zhen, Huang, et al., 2019)
multi-period models are dynamic and optimise on the whollediimen(Ghassemi et al., 2018;

D. Yang et al.,®9) Approximately 46% of the models comprised in this review are based on
multi-period approaché¢<alaitzidou et al., 2015; Ozceylan &G7; Pishvaee and Torabi, 2010)

It is noteworthy that 72% of mujieriod CLSC models incorporate strategic as well as
tactical/operational decisions. Mperiod models appear to be naturally suited to represent

design problems characterised by multiple decision levels across a given time horizon.

Regarding product varieties, most of the earlier gtthibaki et al., 2019; Farrokh et al., 2018;
Tsao et al2017)and nearly 47% of the reviewed articles are concetimsthgle product models.
However, multproduct models have gained more attraction in recent years and investigated by
53% of studie@Mardan et gl2019; Sahebjamnia et al., 2B&Ballos et al., 2018he interest
towards multproduct models is coherent with the need to acquire a view of CLSCs inspired by
industrial symbiosis mechanisms, where supply chains of different products ceativeljab
exchange flows of materidlfie yearly evolution of CLSC models in terms of products and

periods arrangements are shown in Figure 5.
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Figure 5. Analysis of products and periods in the surveyed mathematical modelling approaches
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5.5.  Market channels

CLSC design models have been adapted to various business scenarios and market structures.
including B2B (BusinessBusiness) and B2C (BusiAessonsumer) contexts. Within B2C
applications, the perspective of secondary markets is also considecebigmhitg CLSCs,
through the evaluation of the potential activation of specific distribution chonaiset al.
(2012)nvestigatethe significance of secondary market flows, and their capability of generating
revenues for compani®4ultiple market channels can offer an opportunity especially in countries
where secondary markets are characterised by high donawer, marketingroducts through
secondary channels can be more complicated than selling ngvgranes et al., 2019ust a
minority of papers (59) provide an explicit representation of secondary markets in CLSCs; also, no
paper considers more articulated channel structureitgagy, or multiple market levels). The
majority of the considered papers (77%) just deal with primary market distribution channels. This
indicates that, in practice, goods are most likely to be discarded only after one or two utilisations.
This might bedue to implicit assumptions about lower demand levels from secondary market

channels.
5.6.  Sustainability Dimensions and Objective Functions

Sustainability dimensions include economic, environmental and social factors; as such, the design
of sustainable CLSE&Isould be conducted according to all the pillars of sustainability. An effective
CLSC should contribute, in a positive way, to all three dimensions of sust@{abditen et
al, 2018)In this suksection, the mathematical models from the considered sample have been
scrutinised, in order to understand to what extent economic, environmental and social criteria are

included in objective functions and constraints.

The review rezals thagreeGLSC design, including economic and environmental criteria, has
been widely studi€ddmalnickard Saffar, 201 Fakhrzacird Goodarzian, 201&GhomtAvili et
al, 2018; Tiwari et al., 20EZ&hal and Soleimani, 201,6)vhile there has been less attention for
social criteria. Figure 6 demonstrates the distribution of the reviewsdeqgding the three
dimensions of sustainability; this figure also shows the yearly evolution of the consideration for the
three pillars of sustainability in the CLSC literature. It can be noticed that the economic objective
is always present in the vehsét of studies, apart from just one article which is only assessing the
environmental dimension of sustainability. Out of the 254 papers, 95 explicitly include

environmental criteria, and 76 out of the 254 papers address the problem considering two of th
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three dimensions of sustainabiliiybey et al., 2015; Hajiaghéeshteliand Fathollahi Fat,
2019; MirmohammadndSahraeian, 2018)

Meanwhile, papers considering social criteria seem rare. From 2013 onwards, several authors
started studying the social dimension of sustainability simultaneously with the other two
dimensions. To be more spegifinly 36 papers in total make an effort to include social indicators
in their mathematical formulatigAzach et al., 2016; FaKlhalaf and Hamidieh, 2017;
Mirakhorli, 2014)there is no paper simultaneously optimising social and environmental

dimensions without considering the economic one.

The adoption of environmental as well as social sustainabildayoradior measuring the
performance of CLSCs has been recognised as a crucial area that requires a systematic study
(Bubicz et al2019) This study has also mwved the most common indicators associated with
each dimension.

Three main indicators seem to be associated with the economic dimension: measures related to
minimisation of the total cost is used in 170 papers; the maximisation of the net profihappears i
79 papers. The maximisation of time responsiveness of the supply chain is covered in 13 papers;
riskbased measures appear in 11 studies. Net present value (NPV) is adopted by 6 publications,
qualitybased indicators by 5 authors. Flexiblised indators appear in only
3 papers. Generally, cost minimisation and profit maximisation indicators are independent of
multiple and singdgeriod features of the problem under study. Meanwhile, NPV can be employed
when an assessment over multiple periodsnsdeced(MoreneCamacho et al., 201Hs
illustrated in Figure 7 (top chart), dusted dimensions are the most common economic

indicators, appearing in 170 papers.

The minimisation of environmental emissions (includinge@@nd Greenhouse Gas (GHG)
emissions caused by supply chain activities) represents the most popular environmental objective,
included in 55 studies as shown in Figure 7 (centre chart). Geleaiors dealing with
minimisation of environmental impacts are covered by 15 (fapejava@nd Mayorga, 2019b;

Rajak et al., 2018Waste generatigiVang et al., 2012, 20H3) well as energy consumption
(Kadambala et al., 2017; Pazhani et al.,\2@hg; et al., 201d)e mentioned in 6 studies each.
Carbon policie§Gao & Ryan, 20184Johammed et al., 20lMphammed et al., 2018gamely
referring to Carbon Taxes, appear in 5 studies. Target collection rates, defgreaaness
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indicators, disposal rate and last but not least Life Cycle Analysis measures are less commonly
employed. In the light of the transition to a circular economy, measuring the circularity degree of
a CLSC is crucial. However, interestinglytudly sncluded such a €ispired measure in the

objective function or constraints of the developed mathematical models. No paper was found
including an indicator of tleércularity degfede supply chain in the mathematical formulation;

this remains significant gap which needs to be addressed in future research.

According to the reviewed body of literature, the first paper to consider social objectives was
publishedb¥ z ki r and Bratislsukdpmadin, the ol ér of jobs created is the
most frequent social indicator, as it is employed in 16 papers (Figure 7, bottom chart). Customer
satisfaction is aabic component in all organisations due to fierce market competition
(MahmoumGonbadi et al., 2Q1&8¥%0, customers have a crucial role in the transition to the CE; it
is not surprising that custoreentric indicators are covered by 10 papérer indicators in the
same suwdlimension include social responsibility measures, such as the total working time lost due
to injuries(HajiaghaekeshteliandFard, 2019; Samadi et al., 2048)n indicator of employee
wellbeing and of the technological appropriateness of the supp(ivichanmeCamacho et al.,

2019) Also, some papers consider training hours for employees and community service hours
(Darbari et al., 2019)

CLSCs have this potential to help industries achieve the transition to more sustainable production
methods. However, the current literaturealevat a true consideration of circularity is missing
in current CLSC design models; also, the social dimension is overlooked. It can be said, therefore,
that a reductionist approach towards sustainability measurement is currently dominant in the CLSC

design literature.

Table 5. Objective functions

Multi-Objective (more
than two objectives)
No of Articles 130 69 55

Objectives Single Objective  Bi-Objective

The abovamentioned reductionist approach can be also retrieved atiadytsipgs of objective
functions employed in the considered modelsl€¢5). Regarding single objective models, the
most common objective among shortlisted papers is to minimise the total supply chain cost; 83

out of 130 articles are only dealing with cost i€Shegafati and Bashiri, 2016; Torabi et al.,; 2016)
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the remaining @s are mainly related to maximising net p¢atabaki et al., 2019; H. Ma & Li,
2018)

60

m EcoEnvySoc (N=27)

I B EcoSoc (N=9)
30

I B EcoEnv (N=66)
20 mEnv (N=1)

Number of publication

10 -

Eco (N=151)

0 —

2001 2003 2004 2007 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Year

Figure 6. Focus on TBL sustainability dimensions and yearly evolution

The most ginificant objectives to be combined with cost minimisation and profit maximisation
in biobjective models were related to the minimisation of environmental emissionsdike CO
(Tornese et al., 2018; Zhao et al., 20&8yery tardinegMirakhorli, 2014; Pishvaee & Torabi,
2010) maximisation of social impagis M. FathollahiFard et al., 2018nd responsiveness of
the networKDubey et a] 2015; A. Hamidieh et al., 20E)vironmental objectives started to be
considered in CLSC literature starting from the seminal work of Krikk2@3)IEven though
55 CLSC models are mulbjective, only 23 of them drgegrating the three dimensions of
sustainability in their objectives; as such, this reinforces the view that the literature appears to be
adopting a reductionist approach to the evaluation of sustaif@adstsiratos et #009) Details
related to objectives and the yearly evolution of objacisténis to be optimised are found in

Error! Reference source not found.
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Figure 7. Economic, Environmental and Social Indicators
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Figure 8. Yearly evolution of objective functions

5.7. Applications and Case Study Locations

Looking at the validation of the proposed models, it can be noticed that around 59% of all the
reviewed articles are justideted through numerical examples, which use randomly generated
data.The remaining papers are tested on case studies which are, to some extent, inspired by real
world situations. The geographical distribution of these case studies is preggnied in
Reference source not found.The principal share (38%) of the models presenting a case study
application are implemented in Iran. Outstandingly, the cases from this country were solely
investigated in the period 2ABl9. European courdsi had a significant share with 24% of
implemented case studies. This might be due the rising environmental awareness in European

countries.

Table6 classifies papers based on the industry sectors of relatstidias. 21 categories are
adopted, based on the nomenclature proposed I8ydhal Industry Classification Standard
(GICS)(S&P Global & MSCI, 2018)uto componentdisplayed theighest frequency of case
studies, representing 19% among all applications-iorieakexampleéEren Ozceylan et al.,
2017; RajKumaand Satheesh Kumar, 2015; Uster et al., 206&)second most referenced
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industry sector was Containers and Packaging, representing approximately 15% of the total cases
(Baptista et al., 2019; Papen & Amin, 2019; Shamsi et al Al2019) significant number of
applications can be retrieved in the following sectors: Electronic and Electric Equipment,
Instruments and Components, Household DasaCommercial Services and Supplies, as well as

Food Products.
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Table 6. Industry sectors

Industry Number of publications

Automotive Components 21
Containers & Packaging 16

=
w

Electronic and Electric Equipment, Instruments & gmments
Household Durables

Commercial Services & Supplies
Food Products

Generic Manufacturing / Not specified
Paper & Forest Products

Automotive

Metals & Mining

Health Care Equipment & Supplies
Fast moving consumeragts

Oil, Gas & Consumable Fuels
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Construction & Engineering
Energy Equipment & Services

IT Services

Generic Machinery

Media

Textiles, Apparel & Luxury Goods

e N SN Y

5.8. Modelling approaches and solution techniques

Existing CLSC modetain be classified into deterministic anddserministic onegigure
10. Nondeterministic models consider the uncertainty associated with some parameters such as

demand or return quant{&kccal and Cetinkaya, 2011)

= Deterministic

17% = Stochastic
Fuzzy
= Robust
16% ® Robust Sochastic
57%
= Fuzzy Robust
Fuzzy Sochastic

Robust Fuzzy Stochastic

= onditiond value-at-risk

1 Other

Figure 9. Deterministic and nedeterministic CLSC approaches

Table 7 illustrates different modelling approaches adopted in CLSCs; Mixed Integer Linear
Programming (MILP) models are the most popular mathematical modelling approaches adopted
by most scholars. In general, variations of Mixed Integer Programming (@IB)angonaturally
suited to deal with these problefsthermore, approximately 57% of CLSC design problems
are formulated through naleterministic approaches due to the inherently uncertain nature of
them. When it comes to ndeterministic models, apart from Mixed Integer Linear Programming,
which is ued thoroughly by authors, Stochastic programming, Fuzzy and Robust MILP are the
most employed modelling approaches to deal with uncertainty in modelling design.
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It has to be remarked that, while a traditional SC is likely to face demand uncertainty, a CLSC
goes beyond the delivery of products to the final customer. Thus, CLSC managers will be
concerned not only with demand uncertaintyloisa wi t h t he fact that
unknown; this can cause delays toliakk operations, and also to remanufacturing processes.
(Akccal & Cetinkaya, 20X&)nforced this observation by stating that the supply risk in a CLSC
refers to the uncertainty in the quantity and quality of remanufactured products and recycled
materials; additional risksmde identified in the cost of products to be reprocessed, in their quality,

and in the environmental impacts associated with the recovery options.

Table 7. CLSC modelling approaches and solution methodologies

Modelling approaches NP Solution Methodologies NP
Mixed Integer Linear Programming 111 Exact 115
Mixed Integer Noibinear Programming 36 Metaheuristics 74
Mixed Integer Programming 25 Fuzzy optimisation 32
Stochastic Programming 10 Robust optimisation 13
Fuzz Mixed Integer Linear Programming 8 Simulation 11
Linear programming 7 Heuristics 11
Fuzzy linear programming 4 Possibilisti@approaches 9
Nonlinear programming 3 MCDM 7
Robust mixed integer linear programming 3 Stochastic optimisation 7

Stochasti®obust optimisatior 3

As such, modelling uncertainty is a fundamental component of CLSC models, with 146 out of
the 254 reviewgghpers attempting to do so. By scrutinising the body of the literature, it can be
seen that the modelling of uncertainty has been implemented through a wide range of parameters,
as illustrated iTable 8. Althoughuncertainty associated with customer demand, quantity of
returns and relevant costs have beenrweltigated, the uncertainty associated with quality of
returns is seldom considered in an explicit maamkrdeserves more attention. Also, the

uncertaty associated with environmental impacts is considered just by a very few papers.
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Table 8. Uncertain Parameters
Uncertain Parameters and Variables #

Customer Demand 103

()]
iy

Return Quantities

a1
o

Costs

N
»

Capacity

=
=

Return Qualiés

=
=

Price

=
o

Lead and Throughput Times
Risks

Disposal Rate

Supply

Collection rate
Manufacturing Rate

Carbon Emissions

Material flow

Distance between facilities
Transportation mode selection
Flexibility

Facility locatin

N N DN WO W b~ b 01O N @

Supplier selection

N
S

Others

6. Discussiond a research agenda for CLSC research

While CLSCs can be seen as the backbone of the implementation of CE principles at a micro
and mes#evel, most of the CLSC literature has been developed befwpulaisation of the
CE concept. As such, in this paper, a comprehensive review of modelling approaches for CLSC
design problems has been conducted, with the primary objective of evaluating whether current
modelling approaches are adequate for provideigiah support for the transition towards a
Circular Economy at a supply chain |I&relious literature reviews ($ablel) revealed that a

substantial amount of studies have been conducted in the field of CLSCs so far.
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The results of this review study illustrate an increasing acadersicbh&0tedesign problems
from 2012 onwards; the review also reveals that the subject has been widely studied in Asian
countries due to pressing economic issues (relatedtwstdhture of certain national industrial
systems) and environmental concérne.analysis of the 254 considered articles has identified
some crucial gaps, which should be considered by scholars in this field of study, synthesised as

follows.

First of all, this field of study could benefit from a better empirical grounding. Mhest of
modelling approaches which have been analysed in this paper are not empirically validated through
realworld case studies. In general, most of the proposed approaches are tested on numerical
examples (often based on randayelyerated instances) whach devoid of redife constraints.

Just 38% of the considered papers provide some form of industrial applications; however, in many
cases, the level of managerial implications provided is minimal, with no study performing
longitudinal analysis on thendderm application of the models and little reporting about
documented impacts on industrial operations. This seems to be a substantial gap in the current
literature, which calls for modelling efforts with stronger empirical foundations and more
significat attempts for reatorld validation. This is a fundamental step to be undertaken in order

to increase the industrial and practical relevance of CLSC research. This gap is further exacerbated
by the geographical distribution of studies with a strongoainpamponent, which seem to be

mainly from emerging economies, with a lack eivozll applications in European countries

(Yang and Chen, 2019). Journals should devote specific attention to the promotion of-empirically
grounded research, at the intsfaetween academia and industrial practice, and encourage the
development of research which is based ewoelal application of CE practices in supply chains,

along with a careful evaluation of results.

In terms of decisiemaking, most of the publicais are concerned with strategic problems.
Also, strategic issues in CLSCs (such as network design and facility location) are well integrated
with tactical decisions (e.g. allocation); however, operational issues (like disassembly planning and
schedulingyemain disjointed. In order to avoid -sytimality, the development of novel
approaches to incorporate all three decision levels appears to be a clear necessity in the literature
The design of specific decision support systems, based develuttiodéhg frameworks and

capable of integrating different decision levels appears to be crucial.
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Figures also reveal that recycling is the most popular treatment policy among all recovery options
in CLSC design papers, followed by remanufacturing. Howearehetmoticed that approaches
oriented to the minimisation of virgin resources consumption, which are one of the fundamental
practices in a CE framework, were not covered in the analysed papers. It seems that most of the
CLSC literaturealsugprpowttsd aviocepre rvemindah mi ght
ambitious CE, mainly relying on a reductionist interpretation of CE basedrmdecust and
technoeoptimistic paradigms (Genovese and Pansera, 2020; Bauwens et al., 2020). While it is
becoming apparetitat the transition towards a CE might follow very different patterns and lead
to alternative futures (Bauwens et al., 2020), the dominant approach in the CLSC design literature
is mainly aimed agtrofittingxisting forward supply chains, rather thamegproposal of design
configurations which are fully inspired by a CE paradigm, also by ultimately aiming to reduce
production and consumption. These aspects have not been highlighted by previous literature
reviews, which have mainly focused on the limgdaspects of CLSC design problems, rather

than on their fundamental assumptions.

Such a reductionist view of CE is also apparent in the objectives which are considered in the
analysed models. Although ae$ated measures represent a vital performagasire for most
companies, other goals should be taken into account as well, due to their importance and influence
in the long run. However, as mentioned above, in terms of sustainability dimensions, most of the
studies are mainly concerned with the Hnogleand optimisation of economic parameters.
Environmental objectives predominantly appear to be rather a simple linear transformation of
other indicators (e.g., transportation activities;eg@missions), with no explicit consideration
of CE-based inidators (e.g., depletion of virgin resources stocks; avoidance of virgin raw materials
usage). As such, there is an obvious disconnection between circularity indicators and CLSC design
models, which needs to be addressed in future researches, alsmtrgigre the limitations
of efficiencybased measures, which according to recent literature might not be enough to

characterise the transition towards a CE (see, for instance, BAm@zztal., 2021).

Another apparent shortcoming of the considierdture, which has not been highlighted by
previous literature reviews, is the fact that potential rebound effects associated with the
implementation of CLSCs are completely overlooked. According to Zink and Geyer (2017), while
attractive, the concept dosing material loops to preserve products, parts, and materials in the
industrial system and extract their maximum utility, could be problematic. The idea of substituting

lowedmpact secondary production for environmentally intensive primary production gives CLSCs
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a strong intuitive environmental appeal. However, most of the papers tend to look at CLSC purely
as a manufacturing and logistical system, overlooking the inteféiotise production units with

the economic dynamics, and thus providing a very simplistic representation of market channels in
the body of literature. This is a significant shortcoming, as Zink and Geyer (2017) argue that CE
practices, and the implemeioia of CLSCs, if not accompanied by a displacement of virgin
resource consumption, can increase overall production, which can partially or fully offset their
benefits. Circular economy rebound occurs when circular economy activities, which have lower
pedinitiroduction impacts, also cause increased levels of production, reducing their benefit. The
current CLSC design literature does not address potential CE rebound effects; for instance, design
models do not assess the ability of secondary produdistiimsaifor primary products, and price

effects. Also, as mentioned above, the usage of very simplistic metrics and objective functions,

which are mainly based on resource efficiency and productivity measures,

Also, the evaluation of the social dimensio€@LSC design models seems to be generally
overlooked, and conducted, at its best, with very simplistic measures (such as job creation and the
stability of job opportunities). This is a crucial gap, as the social outcomes of the transition towards
a CE ae uncertain (Genovese and Pansera, 2020). While recycling and remanufacturing activities
might create new jobs, the reduced reliance on raw materials extraction could undermine the
performance of some more traditional industries, and have controvexatas iom local
communities. The CLSC design literature seems to reflect, at -evaicreome of the
shortcomings of the general CE literature, in which the wider issues of the social pillar of
sustainability and human development objectives (inequdlifyoverty, human rights and
international justice) are largely negleS@ddder et al., 202@)dvanced CLSC design models
might have a great potential in evaluating the effect of CE practices at the supply chain level, which
could also provide someano-foundation for macroeconomic analy$és. holistic and whale
supply chain perspective of CLSC approaches could be bémafadelling, in an accurate way,
the different labour intensity of different processes related to the implementatipnactiCés
across supply chains, taking a global perspective which could also help evaioatingftuts
across different geographical regions. In general, CLSC design models could benefit from a better
integration with Social Lif@ycle Analysis amaches, including an assessment of a wider set of
dimensions, as detailedAadillaRivera et al. (2020 and 2021). These include, but are not limited
to: labour practices and decent work (e.g., labour management and industrial relations; occupational
hedth and safety; fair workload allocation for workers; fair income distribution); human rights (e.g.,
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absence of child labour throughout the supply chain; absence of modern slavery practices; freedom
of association and collective bargaining mechanismerfarsy, wider societal issues (e.g.,
supplier assessments for impact on society; presence-coiraption mechanisms; social
cohesion; respect of local communities; percentage of value added kept in local communities
compared to linear supply chaipg)duct responsibility (e.g., customer health and safety; product

and service labelling; protection of customer privacy).

The relevance of economic, environmental and social criteria for the design of CLSCs clearly
reveals the inherently muabjective ature of such problems, which has also been highlighted by
previous literature reviews (see, for instaBdoeindan and Soleimani, 201Apwever, the
analysis of the literature has revealed that, while single objective models are successfully developec
the deployment of mulbibjective optimisation approaches, still represents a gap in the literature.
Therefore, the abowmentioned considerations call for further research dealing with multi
objective models incorporating criteria from all the threes pfiasustainability in order to
accurately address complex CLSC design problems, and to provide realistic estimates about trade
off scenarios which could be related to the implementation of CLSC strategies. As argued by
Gasparatos et al. (2009), the adoptf multicriteria approaches for the evaluation of
sustainability is an imperative, due to the-faa#ted nature of sustainability issues, and to the
inherent limitations of the most commonly employed methods for assessing sustainability
dimensionsiriter alia, codtased measures, LCA). The complex and adaptive nature of CLSCs
needs to be described in a holistic manner through the synthesis of differedtcible
perspectives (Gasparatos and Scolobig, 2012). As such, further elaboratioeraedt refin
current metrics, across all the sustainability dimensions, is needed in order to develop adequate
frameworks for the evaluation of the performance of CLSCs; this aspect has not been previously
highlighted by previously performed literature reviaweh needs reflect the wider requirement
for novel assessment methods and approaches which characterise the general CE debate, as als
stated by Oliveira et al. (2021). Methodological developments are required in order to deal with
largescale mulobjective optimisation problems related to CLSC design issues. Also, traditional
Operational Research and Management Science methods should be hybridised with-detailed non
reductionist biophysical environmental assessment approaches, suCl@s Riésessent and

Emergy Accounting.

Furthermore, the proposed CLSC design models available in the literature fail to consider to a
reasonable extent the need to organise adequate market channels for repaired, refurbished and
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remanufactured products. While somesapcorporate considerations about secondary markets,
papers do not generally deal with the possibility of further extending product recovery options and
market channels. This seems to suggest a need for more comprehensive CLSC design models,
which couldinvestigate the feasibility of more advanced CE strategies (involving a cascade of
subsequent product reuses) in supply chains. Of course, the shift from linear to circular economy
has a substantial impact on the design of supply chains and on thekityordpldoubtedly,
establishing multiple layers of facilities, serving multiple market channels, might lead to
exceptionally complex modelling frameworks, which might require, in turn, innovative solution
methods.

A further gap is represented by thedidhintegration between the current CLSC design literature
and the most recent legislative initiatives in terms of CE. Recently promoted schemes (such as the
Extended Producer Responsibility and RggRepair ones, along with other initiatives aimed at
reducing planned obsolescence) might have the potential to transform supply chains; as such, the
CLSC design literature should pay attention to this rapidly changing landscape, investigating in a
clearer way the impact of policy initiatives onto the shafpsugpply chains. Modelling work
aimed at analysing the readiness of existing supply chains to adapt to new legislation could be of
great interest.

Table 9. Summary of research gaps and research agenda
Research Gap Related Agend

Lack of empirical groundin  Promotion of casbased research which can also foster knowledge tran

Lack of multlevel decisien  Multi-level decisiomaking models and frameworks
making integration
Focus on low Rmperatives  Better integration of ¢iih Rimperatives in mathematical models

Simplistic  environmenti  Better integration of circularity measures in mathematical n
performance assessment  consideration of rebound effects and displacement issues

Lack of integration of soci.  Bette integration of Social Lieycle approaches into modelling framewc
issues

Limited methodologice Development of mulbbjective mathematical models and solution mel
developments for dealing with the inherent complexities of CLSC design problems

Lack of integration with Development of models and methods to assess the effects of
policy developments developments, such as European directives
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6.1. Research Contribution
As such, this study makes several contributions to the existing knowledge bygatdressin
referred points:

A This research contributes with proactivel
customer demands of different market levels. A strategic model is developed in a very generic and
compact way based on mathematical prograjrformulation that can be adapted to any elosed
loop supply chains readily. The compact representation of the MILP will significantly decrease the

number of constraints that existing supply chain network design models tend to demonstrate.

A The nidesionthe mumber of markets to serve across the whole supply chain. Hence,
CLSC could have theoretically a numerable but infinite number of successive product downgrading.
However, by activating a market level, the model can decide not to satisfg@ohyaide certain
market level, as there is no economic convenience.

A The proposed CLSC tends to maxi mise the n
the customers, are in a way reutilise and send to farther customers, thus preventing manufacturing
new objects from scratch. It will t herefor
products in such a way that we can measure the displacement ratio, therefore start buying fewer
virgin materials from suppliers by using recycled materighés lvay, we can intensify the
utilisation of EoL products with the aim of keeping the circle as small as possible, which is popular

in circularity community. The more a product is used, thevatoest can add to the ecorpom
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Part I
A Novel Mathematical Formulationfor

a ClosedLoop Supply Chain Design Problem
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1. Problem Statement

Nowadays, it is crucial for companies to consider CE strategies while designing their CLSC
networks. Therefore, a mudbjective, mulproduct, multperiod, and mulinarket channel
CLSC decisiemaking problem is considered in this study according to CE prjricligesng
up on the gaps identified in Part | of this replorta multiperiod environment, a company
manufactures, distributes and sells the produdss pomary customers and decides how to
establish a CLSC in compatible with CE framework, whether and how to activate other market
levels, which treatment approaches should be adopted in the backward flow and how to integrate
them into the existing forveainfrastructure. In other words, the main focus of this research is on
extending productsd |ife cycle by keeping tI

reduce the waste by minimizing the disposed amdtmnd-of-Life (EoL) products.

The main focus of Circular Economy is on materials circulating throughout the whole supply
chain. As such this research tries to use Secondary materials in compatible with Circularity
principlesFigurellrepresentde proposed network of the CLSC configuration with 9 echelons.

As the diagram demonstrates, the nodes of the forward supply chain, which includes suppliers,
plants, distributors and primary customers, are linked through solid lines; the dashed lines show
the potential nodes of the reverse logistics such as collection and inspection centres, disposal
centres, recyclers, remanufacturerseasthgentres. As illustrated in the figure, there are various
market levels based on the number of times the pr@deaatsturned to collection/inspection

centres at the end their lifdarket levels are referringappropriate channelhere returned

products (reused, remanufactured and recycled) oeoldeto customers after one or several
utilisationscompaniesantherefore generate further revenues frommoctuctsAs such, mukHi

level markets are denoting to where business organisations are able to resell their returned products
at a discounted price, after downgrading them by performing the relevamgguooesses and
therefore making more profln practice, secondary and multiple levels of markets are key
channels to sell EoL products and CLSCs are an effective means to perform the corresponding
operationsThis is a common practice in Electric Blettronics sector, where an EoL product is
introduced to the markafter several utilisatiancording to its life cycle instead of being disposed

(Guo et al., 2018peveral studies hamwwestigatedhe impat of incorporating thesecondary

markets omhesupply chain performan@te & Zhang, 2010; Lee & Whang, 2082his regard,

according t¢Lee & Whang, 2002¢condary market creates two interdependent effects on supply
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chain, namely a quantity effect which is related to théysalesanufactur@nd an allocation
effectregarding the sufypchain performanci general, the positive impact of the secondary
markets on the supply chain performance has been prevé&nzZhang, 2010However, this
study is the first attempt to considerdypeamianteraction between multiple levelmafketsn

a CEbased CLSC set, and hence it can well represent-therictiasue

In forward logistics, the suppliers deliver virgin raw materials to producers. Actually, there are
two types of materials which are the main inputs for plants throughout tr&.rfétat kind of
materials are virgin raw materials that are produced from their original natural resources which are
mainly used in the primary market. Second type of materials\arginsaw materials which are
recycled parts of EoL products fromeyious market levels and can be used in downgraded
products.

In the reverse logistics, the returned goods are gathered from primary customers by collection
and inspection centres to be examined and sorted based on their quality level that can be further
processed and treated. In the proposed model, three treatment strategies are considered for the
returned products in the backward flow:

() Reusing:the returned goods are of good quality that caeusedand directly sent to
distribution centres. Theyearsold at a discounted price as downgraded products after
cleaning/repairing;

(i) Remanufacturing.the returnecproductsarereprocessedndc onver t ed i nto 0
condition for resale. Remanufacturing involves disassembling EoL goods, substhubkenany
components, repairing any remaining flaws, and repackieguthedproduct for sale as a
remanufactured ite(Abbey et al., 2015)

(i) Recycling. the returned products that are not suitable for remanufacturing, are recycled at
recycling centres and the materials are reused as a displacement of virgin raw materials by suppliers
on the other hand, it generally refers to the applicablémpethaat involve the reprocessing of
waste for the purpose of extracting valuable raw materials.

In doing so, the recovering centres target the EoL products #otredeced into the economy
considering their economic value and environmental béraftprocess will continue till the
product reaches its end of life and none of the components and materials are not usable any more.

Finally the fraction of returned products which have low quality are sent to the disposal centres
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for final treatment. Térefore, we have considered further round fdeatsam order to keep EoL

products as well as their components and parts for as long as possible in the supply circle. Hence,
the returned products from secondary markets that are usable one moreeimé; asdlection

and inspection centres to be examined for further treatment processes and the loop is reiterated.

Strategic planning implicates the highest management level for major investments targeted at
longterm goals and deterministic approacleed@ened as a suitable approximation of reality that
is easier to build and interpret than a stochastic model. Therefore, duo to the strategic nature of
the model, it is reasonable to assume deterministic parameters. There is no loss of generality, as
the® can be the average arising from a probabilistic distribution.

Designing such a circular network and determining the specific locations to establish different
facilities and identifying the number of optimal market levels for a specific productiatianeert
period, requires taking various objectives into account subject to different constraints. As such, the
objectives of this model are to maximise the total, pvbfith is the key motivation for companies
to pay attention to CLSCs and embedding@Etices in their operations; andniaimise the
total number of discarded produgthjch has been overlooked in the existing literature while it
can improve the overall performance of CLSC in terms of sustainability and CETetrics.
existing enviranental related objective functions, normally are not addressing the circularity in
CLSCs. In this study, the model creates incentives to keep products in circulation for as long as
possibleThese objectives can be obtatheough making the optimal démns on node location,
number of market levels, transportation quantities and considering distinctive recovery options

simultaneouslyush as reusing, remanufacturing and recycling.

As such, to locate the facilities and activate market levels refiectorgcept of downgrading
products in different strategic time periods, it is assumed that the number of the EoL products
returned to the collection and inspection centres is a fraction of the customer demands at market
level from the previous time perjod: O »® . .»). Thiassdimption is critical for modelling
this problem, which implies that demands for downgraded products are assumed to be decreasing
throughout the time horizon. The number of repetitions of the market levels, can be determine
depending on the product features and customer demand. Moreover, given the environmental

constraints, the company can decide about the optimal level of demand to meet.
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Figure 10 CLSC structure and Schematic illustration of product flows in forward and reverse flow

1.1. Mathematical Formulation of CLSC

This section shows that how the proposed approach outperforms other existing CLSC

optimisation models. The very compact and comprehensive manner of the presented reliable

formulation can be mentioned as one of the great merits of thequolgsign that can be readily

adapted to various types of CLSCs. It declares a sort of redundancy that arises from the growth in

the number of equations in the existing CLSC netweidsie 12 demonstrates the ke

components of the mathematical formulation (e.g. inputs, objective functions, constraints and

outputs) in a conceptual framework. Accordirgdymairoutputsof this model are as follows:

A To determine the
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the amount of disposed products.

A To

det er mi
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d e t eoductifloweamdndp reetwark facilities to maximise the profit and minimise

ma r Kneptactitee vel s

CLSCs provide an effective means to collect returnesl godgerform the relevant treatment

strategy, while (mulével) markets are the significant channels to sell all those (primary/recovered)

products.

A To

det er mi magv and heeycleal matariast supply [€kel.model tries to use

recycled mterials as a substituent for virgin raw materials for as much as possible.
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Table10 presents the notations used in the mathematical formulation of the proposed CLSC

network.
Table 10 Model notatin
Indices:
00 Set of indices denoting the nodes
@ Index of arcs between node i and j@QN &
a Market level i6  plgh8
Q Product types in plti8 RQ
) Time periods ilY  plgi8
Sets:
0 Set of supplier nodes
0 Set ofpotential locations for establishment of manufacturing centre node
0 Set of potential locations for establishment of distributor nodes
0 Set of customer zones
0 Set of potential locations for establishment of collection and inspectice
0 Set of potential locations for establishmerguginghodes
0 Set of potential locations for establishment of remanufacturer nodes
0 Set of potential locations for establishment of recycler nodes
0 Set of potetial locations for establishment of disposal centre nodes
0 Setofallnode8 * 0 “ 0 “0 “0 "0 “0 "0 ° 0}
“YO Set of treatmentnodes “ 0 0 ° 0O
00 Set of backwardnodés “ 0 0 0 0 ° 0}
Parameters:
a Fixed cost of activating a market léxgl. administrative and marketing expe
Q Fixed cost of activating nodes
6 Capacity associated to node
© Unit varialé cost of arcy note this includes both processing cost at node
Q Demand level for product k ith market level at time period
n Selling price level per unit of product k to custonnérese
. Discount percentage of price of the primary product k at market level |
1 Recovery rate at recovery centre RN
| Delay associated with node i
i Downgrade level at node
r Cannibalisation ratio (demand lgakaf product k at time period t-ithImarke:

Integer decision variables:
) Flow of products in arc a at time period t for product-khimiarket level
i Supply level in node i at time period t for product-khimlarket level
Binary decision variables:
w 1if node i is to be activated; O otherwise
a 1 if kth market level at time period t for product k is to be activated; O ot

The proposed model can be formulated as a-mbeggr linear programminggblem.The

first objective function {Inaximises the total profit by subtracting the total revenues of the whole
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CLSC network (first component) from the overall costs. Revenue streams include the profit gained
by activating primargecondary orth level of market from selling different types of products

with different price levels at period t. Technically, the price of all downgraded products will be a
percentage of the original primary products prickn @@her words, the rewered units will be

sold at a discountedte(s to the customers. Besidd® total supply chain costdculatéhe

operation cost of activation of a specific market level, fixed costs of establishing each facility, and

unit production cost for a ¢ain product at period t.

CRAY-RRN - & a G &

(1)

To adjust the second objective function, the overall time from production to disposal is
considered; in this way, the generated waste flow is discounted based on the market levels they are
collected fromSince this function is to be minimised, dividing the amount of disposal by the
respective market level will make sure the use of disposal is more convenient at lower market levels,
namely, after multiplatilisations of the produdhis wil provide an incentive to the firm to
activate further market lev@&ssentiallydisposing a product after one use counts as a full disposal,

afternuses in successive martatsldbediscounted by a facter, .Hence, the second objective

function (2) aims to minimize the total amount of products transported to disposal centres in order
to make CLSC negbrk as circular as possible, which can be defined as follows:
a0t G0 o Ta (2)

dahN N N N h

N

In terms of constraint€apacity constraint (3) indicates that, in each period, the total amount of

shipped products from nod® nodej should be lower than the capacity of node

S.t:
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