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Abstract Immense concern for sustainability and increasing stakeholders’ involvement has
sparked tremendous interest towards designing optimal supply chain networks with signif-
icant economic, environmental, and social influence. Central to the idea, this study aims to
design a closed loop supply chain (CLSC) network for an Indian laptop manufacturer. The net-
work configuration, which involves a manufacturer, suppliers, third party logistics providers
(forward and reverse), retailers, customers and a non-government organisation (NGO), is
modelled as a mixed integer linear programming problem with fuzzy goals of minimising
environmental impact and maximising net profit and social impact, subject to fuzzy demand
and capacity constraints. Profit is generated from the sale of primary and secondary laptops,
earned tax credits, and revenue sharing with reverse logistics providers. The environmental
implications are investigated by measuring the carbon emitted due to activities of manu-
facturing, assembling, dismantling, fabrication, and transportation. The social dimension is
quantified in terms of the number of jobs created, training hours, community service hours,
and donations to NGO. The novelty of the model rests on its quantification of the three triple
bottom line (TBL) indicators and on its use of AHP-TOPSIS for modelling the multi-criteria
perspectives of the stakeholders. Numerical weights for the triple lines of sustainability are
utilized. Further, a fuzzy multi-objective programming approach that integrates fuzzy set
theory with goal programming techniques is utilised to yield properly efficient solutions to
the multi-objective problem and to provide a trade-off set for conflicting objectives. The
significance of the CLSC model is empirically established as a decision support tool for
improving the TBL performance of a particular Indian laptop manufacturer. Practical and
theoretical implications are derived from the result analysis, and a generalised quantitative
closed-loop model can be effectively adapted by other electronic manufacturers to increase
their competitiveness, profitability, and to improve their TBL.
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1 Introduction

Technological advancement has revolutionized the world and has changed our lives for the
better but at the cost of damage to the environment and consequently to the society. The
rapid sale of electronics in India brings huge profits to the electronics industry, but depletes
resources and creates mountains of electronic waste each year. India faces a grave challenge
with the reduction of natural resources and the management of excessive e-waste (Wath et al.
2011). Electronic companies are undeniably under immense pressure from government reg-
ulations, local authorities, customers, and social organisations to implement value-recovery
options and to minimise their carbon footprint (Cruz 2013). Companies, and their internal and
external stakeholders, must address sustainability strategically and tactically (Kumar et al.
2012) and create a necessary synergy between people, profit, and planet (Kleindorfer et al.
2005). One fruitful approach is through a closed loop system for handling end-of life (EOL)
products (Winkler 2011). A closed loop supply chain (CLSC) facilitates reductions in waste
and consumption by implementing EOL strategies, which include reusing, repairing, refur-
bishing, remanufacturing, and recycling (Rathore et al. 2011). These EOL strategies extend
the life cycle of returned products by capturing their residual value; in turn, the environment
benefits because fewer resources are used and less waste is created (Millet 2011). The society
gains as well, because new job opportunities are created to carry out the reverse activities
and competent products are made available at affordable prices (Darbari et al. 2015). Incor-
porating recovery strategies into the existing supply chain fosters sustainability by meeting
present needs and by not compromising opportunities for future development (Cassen 1987).
Therefore, a closed loop approach can influence the triple bottom line (TBL) performance of
the SC network in terms of economic, environmental, and social/human profits and capital
(Elkington 1998).

However, many Indian companies are sceptical towards adopting a closed loop approach
because of the practical difficulties involved (Dwivedy and Mittal 2010). An initial problem
faced by electronic manufacturers in establishing a CLSC is the immense capital investment
and expertise required to manage a formal, regulated network of collection, disassembly,
recycling, refurbishment, and resale of EOL products (Wath et al. 2010). The reality is that
while companies are motivated to take back returns and are expected to sustainably manage
them, most electronic companies outsource product recovery activities to third party reverse
logistics providers (3PRLs) (Daghigh et al. 2016). These 3PRLs manage recovery activities
only from the economic perspective; their intent is to extract maximum value from returns
with minimum cost implications. The repaired units draw significant revenue from the sec-
ondary markets, and the rest are given away to informal recyclers, known as ‘rag pickers’ and
‘kabadiwallas’ (Wilson et al. 2006), whose crude methods of recycling have a detrimental
impact on the environment. Therefore, despite the presence of a huge market for secondary
products, companies are rarely able to capitalise on the economic benefits from the resale
of returns. In addition, the entire purpose of managing the returns from the environmental
and social perspective becomes futile. Hence, a middle path needs to be established in which
companies and 3PRLs concurrently develop a sustainable recovery channel that is mutually
beneficial (Wei and Zhao 2013). A collaborative framework with a revenue sharing contract
between manufacturers and 3PRLs can provide a path forward (De Giovanni 2014). Sec-
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ondly, for a successful and sustainable CLSC, the real complexity lies in redesigning the
existing SC network so there is a smooth conjunction of the returns flow with the forward
channel (Chuang et al. 2014). One of the most promising ways to ensure reuse of recov-
ered materials and components is to collaborate with domestic suppliers who are mutually
inclined towards product and component recovery (Hollos et al. 2012). However, a barrier
faced by many electronic manufacturers in India is the underdevelopment of the domestic
component industry (Ernst 2014). Thirdly, the companies’ efforts towards sustainability are
commendable only if they benefit all stakeholders (Hassini et al. 2012), and from the Indian
manufacturer’s perspective, it is a difficult task to configure a CLSC network that satisfies all
involved stakeholders (Govindan et al. 2016a). These challenges clearly identify the need for
TBL-based CLSC planning in the Indian context. Improving on their competitive position
and responding to stakeholders requires major strategic initiatives from Indian companies
(Altmann 2015). Regrettably, companies tend to neglect the integration of environmental
and social sustainability aspects in their networks since it may result in non-optimality (Pish-
vaee et al. 2014). Since companies are legally bound to disclose their carbon footprint,
sustainability efforts are directed towards environmental improvement while social facets
are neglected. Few quantitative studies exist on the development of CLSC design models,
especially those that can guide manufacturers to assimilate economic, environmental, and
social aspects simultaneously. This lack of quantitative studies clearly indicates a scholarly
need to expand research in CLSC model evaluations based on the TBL concept.

The above-cited concerns direct us to our current research. It is imperative for electronic
companies in India to contemplate the following questions: (a) How should sustainability be
integrated into the strategic, tactical, and operational planning of the CLSC? (b) What are
the benefits of implementing a sustainable CLSC in India? With these background questions
in mind, the present research work aims to develop a decision framework for configuring
a CLSC network design for electronic companies that targets TBL through sustainability.
Since addressing TBL is a multi-stakeholder task, manufacturers must facilitate an inte-
grated sustainable CLSC with significant contributions from their stakeholders (suppliers,
customers, third party logistics providers, regulatory bodies, non-profit organizations, and
working staff) to minimise the damaging effects of their actions on the environmental and
on social well-being. It can generate more value for the companies in terms of profits and
in benefitting their triple bottom line (TBL). Furthermore, to measure the sustainable effi-
ciency of CLSC, it is essential to recognize the level of commitment of the stakeholders
and to be aware of the associated potential benefits and risks on the overall SC decisions.
This challenge leads to an inquiry of strategic, tactical and operational questions, which
must be echoed in the company’s strategic framework of the CLSC network. Additionally,
a high degree of ambiguity influences strategic decisions due to the complexity involved
in integrating reverse planning decisions, thus affecting the effectiveness of the CLSC net-
work. To address all these challenges, the present study seeks to present a quantitative CLSC
model with TBL objectives, which will investigate and reflect upon the following research
questions:

(1) How can a CLSC network configuration for managing EOL electronics be environmen-
tally and socially enriched with minimum economic burden?

(2) How can strategic planning be aligned with tactical and operational decision making so
that the triple lines of sustainability are enhanced?

(3) How should the right balance among the TBL indicators be measured and achieved in
an uncertain environment?

(4) Are the TBL objectives of the CLSC model receptive to the needs of the stakeholders?
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Under this research framework, the design and evaluation of CLSC models that can
effectively create positive economic, environmental, and social differences, has hardly been
explored. Configuring such a sustainable CLSC network for EOL products is a complex
task encompassing various infrastructure changes. Predictably, CLSC configuration models
addressing all three pillars of sustainability are scarcely found in the literature. A major
concern lies in measuring the implementation success of such models. While immense opti-
misation potential exists, research related to the development of quantitative models for CLSC
network design based on the TBL perspective is scant (Brandenburg et al. 2014). In addition,
perspectives of the stakeholders are seldom reflected in the potential outcomes. Identifying
this gap, the present study develops a multi-criteria based optimization model in line with
TBL objectives for end of life/end of use (EOL/EOU) laptops, and this model supports the
CLSC network planning decisions of an Indian laptop manufacturer. It is a two-stage model
in which the first stage uses hybrid AHP-TOPSIS methodology to determine the importance
of the three dimensions of TBL. The stakeholders’ opinions and actions are critical to impact
the TBL performance, positively or negatively, so these views must be valued and consid-
ered. Hence, we determine the importance of the three goals in light of stakeholders’ needs
and visions. In the next stage, the multi-objective model is configured as a fuzzy mixed-
integer linear programming problem, which aims at minimising the environmental impact of
the CLSC network while simultaneously maximizing its economic productivity and overall
social benefit. It is accomplished by integrating the forward and reverse flows effectively and
by seeking strategic cooperation of component suppliers, 3PRL, NGO, and government.

The TBL objectives of the CLSC network are investigated as follows:

e Economic stability is derived from revenue generated from the sale of primary and
secondary products, revenue sharing with 3PRL, cost savings in the form of reuse of
components, earning of tax credits, and subsidy from the government.

e The environmental implications of CLSC network are inspected by measuring the carbon
emitted due to the operational and logistics activities managed by the company and
appropriate vehicle selection.

e The social dimension in the model includes quantifying social benefits in terms of the
number of jobs created for workers and drivers, on-job training hours, community service
hours, and donations to non-profit organisations in kind.

The CLSC network is configured as a mixed-integer, linear programming problem with
fuzzy goals. Weighted fuzzy goal programming (WFGP) technique is suggested for yielding a
range of properly efficient solutions. Atits core, the decisions taken include optimal allocation
of components to suppliers, optimal amount of returns to be upgraded, refurbished, resold,
donated, dismantled or disposed, number of jobs to be created, selection of vehicles for
transportation, and calculation of community service and training hours. The contribution
of the model is explicitly evident in the quantitative analysis of the CLSC design and in
the assessment of trade-offs between the three conflicting goals. Hence, the proposed model
can enormously aid decision makers to reflect upon the TBL indicators in a focused and
optimised way with regard to the stakeholders’ needs.

A brief description of the research work is as follows. Section 2 presents a broad literature
review addressing sustainability issues in SC network models, and Sect. 3 proposes the CLSC
network under study. Section 4 reveals the proposed methodology and describes the fuzzy
mathematical model under certain assumptions. The WFGP solution approach for solving
the fuzzy model is discussed in Sect. 5. In Sect. 6, the effectiveness of the fuzzy model is
established by considering a real problem case of an Indian laptop assembler. The results
obtained from the case study are discussed further. Section 7 presents the result analysis
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and interpretation, and based on those findings, Sect. 8 derives the theoretical and practical
implications. Lastly, Sect. 9 presents the concluding remarks, deliberates on the limitations,
and highlights the future scope of the present study.

2 Literature review

In this section, we present the literature analysis on how sustainability concerns have been
modelled in SC and CLSC designs and the multi-criteria optimisation methodologies adopted
for their evaluation. The gap related to quantifying TBL aspects in CLSC network design
models has been highlighted. Furthermore, the section also demonstrates the significant
contributions of the present work.

2.1 Sustainable CLSC design

Comprehensive early reviews, conducted by Rubio et al. (2008) and Ilgin and Gupta (2010)
on reverse logistics (RL) and CLSCs, claim that strategic supply chain decisions are mostly
economic-driven. Subsequently, legal pressure and stakeholders’ interests have triggered the
motivation of the researchers and managers towards sustainability oriented SC decision mak-
ing (Cruz 2013). Hence, recent studies advocate implementation of sustainability principles
in all the SC operations, both forward (Chen and Andresen 2014) and reverse (Govindan
et al. 2016b). Consequently, an academic area that has grown remarkably in recent years is
research to achieve sustainability through the adoption of a CLSC model (Guide and Van
Wassenhove 2009). This model is advantageous in terms of achievement of sustainable goals,
as it offers much more potential for improvement in economic, social, as well as environ-
mental competence (Sarkis et al. 2010). Research on model-based sustainable supply chain
planning and designing is considered imminent and has shown expanding growth in the last
few years, covering viewpoints for pragmatic studies and investigative models (Min and Kim
2012). Brandenburg and Rebs (2015) suggests modelling guidelines for sustainable SC and
CLSC design which can be aptly summarised as: (i) The models should ideally quantify
the sustainable impact of the design based on all three TBL dimensions; (ii) It is necessary
to reflect and analyse upon the interrelationships between the indicators so that all can be
optimised to their best potential. Managerial and corporate interest in academic research
pertaining to quantification of TBL indicators of CLSCs has risen. However, reviews con-
ducted by Tang and Zhou (2012), Seuring (2013), and Govindan et al. (2015) emphasise
that the related research is still dominated by economic and environmental factors, while
social criteria remain broadly neglected. Eskandarpour et al. (2015) analysed papers in the
field of sustainable SC and CLSC design addressing at least two of the three TBL indicators.
Their review indicates that the majority of authors have assessed the environmental impact
in terms of the carbon footprint metric of the SC (Jaehn 2016). The carbon footprint implies
measuring carbon emissions stemming from various stages of the SC such as transportation
(Elhedhli and Merrick 2012), opening facilities (Govindan et al. 2015), production and trans-
action (Kumar et al. 2017), and recycling and disposal (Chaabane et al. 2012). Sundarakani
et al. (2010) provides an effective long-range Lagrangian and Eulerian transport method for
carbon footprint measurement of a SC. Social issues pertaining to supply chains have been
covered largely in the context of conceptual studies and are mostly comprehended qualita-
tively. Selecting suitable and measurable social metrics is a challenging task and, as a result,
very few studies have quantified the social aspects. The social indicators preferred in recent
studies include employment numbers (Santibafiez-Aguilar et al. 2014), community develop-
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ment (Pérez-Fortes et al. 2012), loss of working days (Pishvaee et al. 2012), working hours
of drivers (Ramos et al. 2014), injury to workers (Boukherroub et al. 2015), and training of
staff (Darbari et al. 2015). Although research suggests that sustainable CLSC network design
must incorporate all three TBL aspects in the decision process so that economic, environmen-
tal, and social performances can be optimised simultaneously, literature surveys demonstrate
that most mathematical models focus only on economic and environmental objectives and
constraints (see Fahimnia et al. 2013; Chaabane et al. 2012; Amin and Zhang 2013; Accorsi
et al. 2015; Talaei et al. 2016). A significant revelation by Gimenez et al. (2012) suggests
that while SC assessment does not contribute towards improving the TBL, SC collaboration
does assist in enhancing the TBL. Studies on SC collaboration for an amalgamation of the
three indicators of sustainability in a CLSC network design are scant, revealing an evident
deficit in the literature.

2.2 Fuzzy multi-criteria optimisation approach

A CLSC network design aiming to achieve sustainability targets clearly involves conflicting
goals rather than complementary goals; hence, most researchers advocate its configuration
as a multi-objective problem (see Pérez-Fortes et al. 2012; Soysal et al. 2014; Govindan
et al. 2014; Jindal and Sangwan 2017; Shi et al. 2017). Multi-criteria optimisation tech-
niques are identified as efficient solution methodologies for the evaluation of multi-objective
programming problems because of the immense optimisation potential they offer (Govin-
dan et al. 2015). The efficiency of the methods can be extremely productive, particularly
in decision-making involving multi-dimensionality of the sustainability goals (Wang et al.
2009). MCDM methods are extremely useful in situations where collective decision analysis
is needed, especially if the conflicts among the collective actors need to expressed as weights
and utilized for modelling their conflicts (Dehghanian and Mansour 2009; Shokohyar and
Mansour 2013). With this perspective, the novel modelling approach utilised in our paper is
based on AHP-TOPSIS technique used for measuring the judgments of the stakeholders and
suitably reflecting their preferences as weights for the TBL objectives. Although the effec-
tiveness of multi-criteria optimisation techniques in achieving trade-offs between different
sustainability parameters is credible, in many real world cases decision-making environments
may involve uncertainty related to data (Selim and Ozkarahan 2008). Subjectivity of the deci-
sion makers in terms of target values of the objectives and flexibility in the constraints may
lead to ambiguity (Mousazadeh et al. 2014). In real parameter settings, the CLSC network
design problem may become non-optimal owing to additional decision variables (Pishvaee
et al. 2014) and the design of the network may get affected by changing values of various
parameters (Pishvaee and Razmi 2012). In such scenarios, a non-deterministic approach, such
as fuzzy programming integrated with MCDM approach, proves to be highly efficient (Erol
et al. 2011). Hence, fuzzy optimization approach has been adopted by many researchers
in modelling multi-objective sustainable SC models (Ozkir and Basligil 2013; Jindal and
Sangwan 2017).

2.3 Research gap and contribution of the study

It is evident from the above discussion that a wealth of research has been conducted by
academicians worldwide on incorporating sustainability aspects in SC and CLSC planning
and on generating solutions for managing these effectively. The literature analysis, however,
highlights that there is a distinct scarcity of integrated optimization models that incorpo-
rate the three dimensions of sustainability. Most sustainable CLSC models have considered
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optimising economic and environmental performance as their primary objectives and have
neglected optimising social impacts. Maximisation of the social impact significantly inter-
feres with the economic viability of the SC network. In most papers, social influence is
typically added as an extra constraint or as a penalty cost. It is also emphasised that integra-
tion of fuzzy set theory in multi-criteria decision-making aids in evaluating CLSC, because
CLSCs generally function under uncertain environments. Through our literature survey, we
have identified recent studies on model-based CLSC designs that optimise all three TBL
objectives. Table 1 categorises these studies based on sustainability metrics, type of network,
multi-criteria optimisation approach, and outputs of the multi-objective models.

An analysis of Table 1 identifies the following gaps in research areas of multi-objective
model-based sustainable CLSC design:

e Industry-based specific studies that focus on integrating sustainability requirements,
along with operational and tactical planning in CLSC designing, are rare. Out of the
papers listed in Table 1, only Devika et al. (2014), Pishvaee et al. (2014), Mota et al.
(2015), and Govindan et al. (2016a) have dealt with real case studies and unfolded the
sustainable integration of forward and reverse activities for EOL products while simulta-
neously optimising network efficiency and the sustainable performance outcomes. Devika
etal. (2014) aims at redesigning the SC network configuration of an Iranian glass producer
to cater effectively to the increasing customer demand. Pishvaee et al. (2014) focusses on
the designing aspect, based on the selection of best end-of-life options for used medical
and syringe needles, so economic, environmental, and social performances are improved.
The case study of a Portugal battery producer is motivated by customer response (Mota
et al. 2015). Govindan et al. (2016a) focusses on a network design problem to determine
how recovery of EOL electrical products can aid in improving sustainability in the man-
ufacturing process in the Indian context. Our work is distinguishable from these four
mentioned studies because it is motivated by an Indian manufacturer case study driven
by stakeholders’ interest for redesigning the supply chain to manage EOL laptops.

e Sustainable CLSC design models must be capable of integrating the vital triggers of
sustainability with regard to stakeholders and of evaluating their impact on the supply
chain (Seuring and Miiller 2008). However, none of the reviewed papers offers a quanti-
tative analysis of how the stakeholders impact the sustainable performance of the CLSC
design. Our proposed CLSC model, designed to incorporate significant contributions of
the stakeholders (including customers, workers, 3PRLs, suppliers, NGO, and govern-
ment) addresses this gap.

e There is a significant lack of optimisation models in CLSC decision planning that address
uncertainty. In this research, we have used fuzzy set theory to cope with uncertainty in
the decision-making environment. Fuzzy goal programming (FGP) is applied to provide
flexibility to the DMs in terms of the aspiration and tolerance values of the fuzzy goals
and constraints.

e No study evaluates the TBL performance of the CLSC network in a fuzzy multi-criteria
framework. One of the recent papers by Zhalechian et al. (2016) does consider objectives
in the TBL setting under uncertainty, but it does not evaluate the weights of importance
of the TBL objectives in a multi-criteria framework, as done in the present study. In the
present work, AHP-TOPSIS is employed for representing the tangible and intangible
needs of the stakeholders as weights for the TBL objectives, and FGP is further utilised
for optimising the TBL performance of the CLSC network.

Pointedly, the above-mentioned gaps mark the necessity of this paper. Therefore, the fuzzy
multi-objective, mixed-integer linear programming model developed in this paper considers
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the optimisation of a sustainable closed loop network configuration for an Indian laptop
manufacturer in a multi-criteria decision space. The contribution and novelty of the paper
can be summarised as follows:

e The CLSC model designed allows for strategic involvement of stakeholders, integrates
flow allocation and transportation decisions, and improves upon all three dimensions of
sustainability.

e A new social objective function is defined that examines job opportunities for workers
and drivers, employee training, community service hours, and donations to NGO.

e Uncertainty through fuzzy goals and constraints is modelled to enable decision-making
in a flexible environment.

e Anintegrated AHP-TOPSIS technique is utilised for quantitatively calculating the influ-
ence of stakeholders as AHP-TOPSIS weights for the three TBL objectives.

e The solution approach effectively incorporates the AHP-TOPSIS weights in the optimi-
sation model and uses the weighted FGP approach for solving the multi-objective model
and providing a meaningful trade-off set to DMs for resolving conflict among the goals.

e The proposed model validates a real life case study of an Indian laptop manufacturer.

3 Proposed CLSC network

The problem addressed by the present study is of an Indian laptop manufacturing company
that seeks to integrate its forward and reverse flows for sustainably managing returns. The
company wishes the desired network to achieve minimum environmental dilapidation and
maximum economic and social gains. Hence, the designing of the network largely depends
upon the strategic and tactical decisions taken after due deliberation among all stakeholders
of the company.

The laptop assembly is composed of sub-assemblies, and each sub-assembly component
performs a specific function. The main components considered are (1) CPU, (2) RAM, (3)
HDD, (4) LCD, (5) Motherboard, (6) DVD drive, (7) Battery, (8) Power supply, (9) Main
body, and (10) Keyboard. The manufacturer has collaborated with domestic suppliers to
procure components (1-5). Because the manufacturer has large quantity orders, components
are designed per company specifications, and a minimum threshold order must be made for
an active collaboration. Together with the collaborative suppliers, the company intends to
look for innovative technologies to ensure that ‘eco-friendly components’ are manufactured
to improve their product quality and brand image. Another form of collaboration exists with
the third party forward logistics provider (3PFLP). The manufacturer assembles the products
and sells them through the 3PFLP, who is responsible for warehousing and distribution of
products through a chain of distributors to the customers.

Figure 1 illustrates the forward and reverse parts of the CLSC network. The forward part
consists of component suppliers (CS) which includes regular suppliers and collaborative sup-
pliers, an assembly centre (AC), hybrid distribution/collection centres (DCC), and a primary
market (PM). One DCC is selected to function as a warehouse distribution centre (WDC)
to store inventories of all DCCs. The laptops are assembled at the AC and sent to the WDC
as per the consolidated demand of the customers and from where the units are distributed to
DCCs. The company bears the cost of transporting units from AC to WDC and the distribu-
tion of units among DCCs is financially taken care of by the 3PFLP. The service centre (not
shown in Fig. 1) is owned by the 3PFLP but is jointly managed by the 3PFLP staff and the
company. It caters to the queries of the customers redirected by the DCCs, which generally
include replacement of faulty components of products under warranty.
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Fig. 1 Proposed CLSC network

In addition to the assembly of new units, the company plans to establish a sustainable
reverse supply chain network to take full responsibility for laptops returned by customers at
the end of utility. Employing sound recovery options, such as repairing, refurbishing, and
remanufacturing, not only increases the lifespan of laptops but also retrieves value from
discarded units (Kuehr 2003). The process of recycling can be considered as the last viable
option after exercising the above strategies. Due to lack of experience and expertise, the
company plans to coordinate the RL network with a third party reverse logistics provider
(3PRLP). Hereafter, the company refers to “company and 3PRLP together.”

The reverse part of the CLSC network consists of a dismantling centre (DMC) and a com-
ponent fabrication centre (CFC). The collection portion of the hybrid distribution/collection
centre (DCC) occupies a fraction of space designated for the collection of returned laptops.
In addition, there is a secondary market (SM), a scrap facility (SF), and Non-Government
Organisation (NGO). The various recovery processes to be carried out, and the role of the
NGO, are detailed below:

3.1 Recovery processes
3.1.1 Collection and inspection

Reverse flow begins with the arrival of used and discarded laptops at distribution centres
(DCs). An initial inspection process occurs to assess basic product information: year of man-
ufacture, working state of the equipment, extent and scope of recovery/reuse. Accordingly, a
buyback cost is determined and paid to the customer. The returned laptops are then consoli-
dated and transported to the WDC, where the company’s inspection team completes another
level of inspection.
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3.1.2 Categorisation of returns

At WDC, the inspected units are first sorted into two categories: ‘in working condition’ and
“not in working condition.” The units in working condition are further categorized as “com-
patible with market” or “not compatible with market.” Compatible with market implies they
have a demand in the PM (with upgradation) or demand in the SM (with light refurbishing
and without upgradation). The equipment is upgraded only if the net resale value (NRV)
after upgradation is positive (NRV = revenue at PM cost of upgradation buyback cost).
The working units that are not compatible with market are donated to NGOs. Those
units not in working condition are to be either refurbished and sold in SM if NRV(=
revenue at SM cost of refurbishment buyback cost) is positive, or they are disassembled if
it can be done without further deterioration of the components, or the units are sent to scrap
yard for recovery of materials and safe disposal.

3.1.3 Value added recovery strategies

The process of upgradation, and disassembly of products is conducted at the DMC, and the
refurbishing of components is done at the CFC. The refurbishing process returns the used
product into a working and saleable state by replacement or repairing of faulty components
(if any), cleaning, and testing. Upgrading involves restoring the product to the new product
quality and technological specifications so that they can be sold in the PM. The process of
disassembling is done manually to separate the major components, which are further refur-
bished at CFC (if required), cleaned, tested, and finally catalogued. The faulty components
that are not reusable or refurbishable are sent to the scrap facility. Refurbishing of components
transforms them to nearly new specifications. The refurbished components are subsequently
used for repairing of laptops at DMC and service centre and rest are sold at the SM. At the
SF, recyclers extract precious metals and materials from the components and the waste goes
to the landfill.

3.1.4 Management of the RL processes

The company, in collaboration with 3PRLP, manages these recovery processes. An in-house
fleet of trucks (owned by 3PRLP) does the associated transportation between the main DC
and DMC. The laptops to be sold at SM are collected by their agents, and the laptops and
components to be used at the SC are also collected. In addition to a fixed number of staff
employed at DMC and CFC for carrying the usual daily activities, more staff is employed
for carrying specific recovery process as per the number of units to be processed.

3.1.5 Role of NGO

The NGO also has a significant role in providing a suitable channel for the company to carry
forward its sustainability initiatives. The company in pursuit of creating a positive social
influence on the local community from which it operates has initiated its own corporate
social responsibility project. The CSR project is an initiative started by the company together
with an NGO working for underprivileged members of the society; their goal is to provide
opportunities for local community development. Through the project, the company aims to
provide employment to an underprivileged section of the society (such as the ‘kabadiwallas’
orrag pickers) and to offer training skills to the staff to enhance their technological capabilities
and work towards community development.
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The primary aim of the study is to bring forth a CLSC network for product recovery,
designed to meet the research objective mentioned in Sect. 1. The assessment of the network
based on the three aspects of TBL is done as described below:

Economic sustainability is reflected through the net revenue generated from the CLSC
configuration. It can be improved by finding the optimal number of laptops to be assembled,
new components to be procured for assembly, staff to be employed, and by reaping maximum
benefits from the alliance with 3PRL for managing the laptops returned by the customers.

Environmental sustainability can be realized by minimising the negative environmental
impacts of operational activities (manufacturing, assembling, dismantling and fabrication)
and of logistics activities (distribution and collection). This goal can be achieved by compe-
tently utilising the expertise of component suppliers, 3PL and 3PRL.

Social sustainability may be attained through creating a positive social influence on soci-
ety, accomplished by creating new jobs, training the employees (utilising training subsidies
offered by the government), providing dedicated hours of community service, and donating
laptops.

The research work therefore intends for a CLSC network configuration that can enable
environmental and societal developments at minimum economic liabilities. To determine a
satisfactory CLSC configuration, relevant decisions include the number of laptops to assemble
and sell, the amount of components to source, how many skilled technicians to hire, the
number of returns to be resold, dismantled, or donated, and how to select vehicles. Further,
a trade-off between the three performance indicators of sustainability is desirable.

4 Proposed methodology

The theoretical novelty of the model developed in this study is the integration of multi-criteria
decision-making methods with fuzzy programming tools for achieving the aforementioned
research goals. The methodology is briefly mentioned below:

e A hybrid AHP-TOPSIS technique (presented in Sect. 4.1) is used for determining the
relative importance weights for the three dimensions of TBL based on sustainable criteria.
The numerical weights are derived based on the preferences of the DMs among the TBL
indicators.

e The proposed CLSC network design configuration is formulated as a fuzzy mixed-integer
linear programming optimisation model. The objectives of the fuzzy model presented in
Sect. 4.2 are to: (1) maximise profit, (2) minimise carbon emissions, and (3) maximise
the social benefits.

o AFWGP solution approach (detailed in Sect. 5) is utilised for generating properly efficient
solutions to the fuzzy problem. The DMs can choose the most satisfactory solution which
best achieves the desirable trade-off between the three objectives.

4.1 AHP-TOPSIS

Organisations can utilize MCDM methods to bring consensus among the stakeholders so that
they agree on options best for everyone and make rational decisions; their goals are affected
by both quantitative and qualitative factors (Zavadskas and Turskis 2011). For making such
complex real world decisions, the application of combined MCDM methods outweighs the
use of single MCDM methods by addressing limitations and utilizing strengths of two or
more methods (Velasquez and Hester 2013). In this study, we combine the efficiencies of
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[ Environmental ]

Fig. 2 Hierarchical structure for AHP-TOPSIS

AHP and TOPSIS for evaluation of weights for the sustainability goals. AHP and TOPSIS as
a combined MCDM method has been widely used in many areas of supply chain management
and logistics (Oniit and Soner 2008).

AHP (Analytic Hierarchical Process) is one of the most popular methods in multi-criteria
group decision making. It facilitates ranking of alternatives by interpreting decision makers’
perspectives in terms of pair-wise comparisons of alternatives. Itis scalable, keeps consistency
among judgments, and decomposes the problems into hierarchical levels for ease of use. The
special property of TOPSIS (Technique for order preference by similarity to an ideal solution)
is that it allows the choice of an alternative at minimum distance from the ideal solution and
maximum distance from the negative ideal solution. This property makes TOPSIS ideally
suited in multi-dimensional computing space involving both maximisation criteria as well as
minimisation criteria (Qin et al. 2008).

The first step of the integrated AHP-TOPSIS technique (illustrated by Fig. 2) entails
aggregating a number of tangible and intangible criteria based on which the weights for the
TBL objectives are to be measured. Stakeholders should proactively contribute towards the
TBL enhancement of the SC network, because manufacturers alone cannot improve upon
their performance dimensions of TBL. Therefore, a core group of DMs was chosen for
representing the voice of the stakeholders. To maintain parity in the decision-making, the
heterogeneous group includes (1) experienced SC managers of the departments of purchasing,
manufacturing, marketing, operations, quality control, sales and performance (each with
at least 10 years of experience); (2) head of the employee union; (3) two environmental
experts having experience in e-waste management; (4) third party regional manager; (5)
local municipal corporate official; (6) NGO worker who has been actively involved with
informal recyclers in NCR; (7) two academicians working in the area of sustainable SC
management. Various tangible and intangible criteria were identified from the literature (see
Govindan et al. 2013; Erol et al. 2011; Nikolaou et al. 2013), and based on the opinions
of the DMs. The following 11sustainable criteria were selected: Use of recycled material
(C1), Effective transportation network (C2), Green practices (C3), Health and safety (C4),
Minimum wastage (C5), Effectiveness of RL network (C6), Adherence to legal norms (C7),
Training and education to employees (C8), Clean and upgraded technology (C9), Contribution
to revenue (C10), and Establishment of new employment opportunities (C11).

In order to determine the relative importance of the eleven criteria, AHP is utilised for
measuring each stakeholder’s linguistic pair-wise preferences of the criteria using a nine-
point scale (Saaty 2008). Table 2 shows the criteria weighting vector v. Next, using AHP
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Table 3 AHP matrix for priorities of TBL indicators with regard to C5

Minimum wastage (C5) Economic Environmental Social Priority vector us
Economic 1.00 0.2 0.33 0.14
Environmental 5.00 1.00 3.00 0.57
Social 3.00 0.33 1.00 0.29

Consistency index CI = 0.03 and consistency ratio CR = 0.05

again, 11 pair-wise comparison matrices are constructed for determining the relative impor-
tance of economic, environmental, and social objectives for each criterion. This results in 11
normalised columns u; = (u;1, u;2, u;3)". of the initial decision matrix (IDM) of TOPSIS.
For instance, the pair-wise comparison of the three objectives with regard to the fifth criteria
C5 (Minimum wastage) and the generated priority vector u5 is demonstrated by Table 3. The
row vector v’ and column vectors u;(i = 1—11) are utilised for generating the IDM, as
shown in Table 4.

The final step involves allocation of weights w;(j = 1, 2, 3) to the sustainability goals
using TOPSIS. The underlying algorithm used is presented in Appendix A. The output of the
AHP-TOPSIS methodology is the normalised weights of the goals as shown in Table 5,
which are used as inputs in the fuzzy mathematical formulation configured in the next
section.

4.2 Fuzzy mathematical formulation

The CLSC network configuration proposed in Sect. 3 is mathematically formulated under
the following assumptions and the notations provided in Table 6.
Assumptions:

1. The number, locations, and capacities of all facilities are known a priori.

2. The demands of primary and secondary products and components are deterministic and
shortages are not allowed.

3. The refurbishing/upgrading cost of the component recovered from the disassembly pro-
cess is less than buying a new component.

4. Carbon emissions from manufacturing, assembly, disposal and transportation are known.

5. Transportation cost for collection of returns is not considered as it is assumed that trucks
used for forward flow WDC to DCs will carry the returns back.

6. Vehicle capacities and routes for distribution and collection are predefined.

The objectives are fuzzy in nature to provide flexibility to the DMs. It is required to
understand from the DMs which constraints can incorporate flexibility. The experts identified
that there was some scope of adjustment in the demand and capacity constraints. The “=" sign
with a tilde (~) in the equations represent fuzziness in the goals and constraints. The Fuzzy
Multi-Objective Model (FMOM) is developed as a fuzzy mixed integer linear programming

problem (P1) as shown below:
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Table 5 Resultant normalised
weights of AHP-TOPSIS

Table 6 Model notation

* — * .

dj dj Cj Weights wy
Economic 0.1342 0.0982 0.4226 0.3028
Environmental 0.1177 0.0814 0.4090 0.2930
Social 0.0987 0.1277 0.5641 0.4042

Sets

i

2 03 % o 8 S DT -

N = <

t
r

q
Parameters

Products

Components

Regular Suppliers

Collaborative Suppliers

AP

DCs

DMC

CFC

SF

SM

Fixed staff

Skilled staff

Return break

Trucks for transportation from AC to WDC
Trucks for transportation from WDC to DCs
Routes

Truck emission rate

Demand and capacity of facilities (in terms of units of products/components)

Dij;
0y

Demand of ith product at /th DC

Capacity of /th DC

Capacity of the gth facility, g = a, d, f (AC, DMC, CFC)
Capacity (of sourcing components) of zth supplier

Minimum order (of components) to be placed to the zith supplier
Capacity of zth truck for transportation from AC to WDC
Capacity of rth truck for transportation from WDC to DCs

Reciprocal of the capacity of one carton of ith product

Buyback (BB) cost (per unit)

BB
Cim

BB
Ciup

BB
Cirep

BB
Cid

BB
Cis

BB cost of ith product which can be sold as it is
BB cost of ith product which can be sold with upgradation

BB cost of ith product which can be can be sold after repair

BB cost of ith product which is to be disassembled

BB cost of ith product which is to be sent directly to scrap
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Table 6 continued

Processing cost

Procurement cost of jth component of ith product from the uth supplier
Procurement cost of jth component of ith product from the zith collaborative supplier
assembling cost of ith product

Packaging cost (per unit) of ith product to be sold at primary market

Packaging cost (per carton) of ith product to be sold at primary market

Upgrading cost of ith product

Disassembling cost of ith product

Repairing cost of ith product

Refurbishing cost of jth component

Truck hiring cost (per km)

Czal 1

C‘I

Salary and training cost
Cug

Cug

Cug

Cuyi

Profit at facilities

Pi

P, iup

Pim

Pis

P
P
plo

ijrep
P taxcredit

WOsybsidy

Hiring cost of the truck for AC to WDC transportation

Hiring cost of the truck cost of the truck with qth emission rate

Salary cost of vth skilled staff at gth facility, g = a, d, f (AC,DMC,CFC)
Training cost of vth skilled staff at gth facility, g = a, d, f (AC, DMC, CFC)
Salary cost of wth fixed staff at gth facility, g = a, d (AC,DMC)

Salary cost of the wth fixed staff at /th DC

Profit from selling of ith product at the primary market
Profit from selling of ith upgraded product at the primary market
Profit from selling of ith return at the secondary market

Profit from selling of ith return at the scrap facility

Profit from selling of jth component at secondary market

Profit from selling of jth component at the scrap facility

Revenue saved from using jth component for repairing ith product

Per unit tax credit from donation of returns

Percentage of subsidy earned from the government for training employees

Percentage of returns at facilities

Vi

Vg
Yup
Ym
Yrep
Yd
7

vy

Job creation rates

m

Percentage of the demand determining the maximum number of returned products
at /th DC

Percentage of returns in working condition

Percentage of working returns which are upgraded and resold at PM
Percentage of working returns which are refurbished and resold at SM
Percentage of non-working returns which are repaired and resold at PM

Percentage of non-working returns which are dismantled

Percentage of components retrieved at DMC to be refurbished

Percentage of components refurbished at CFC used for repairing the products

Rate (function of demand) at which jobs are created at /th DC
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Table 6 continued

Ng

g

hyg
Community hour rate
g

Carbon emission rates

Eiq
(c)
ij
EZ!ZZ]
Eq

Rate (function of capacity) at which jobs are created at gth facility, g = a, d (AC,

DMC)

number of prod-
ucts/components
at gth facility cre-
ating Bg Number
of skilled jobs,
g = a.d, f (AC,
DMC, CFC)

Hours of skilled training given to the vth skilled staff at gth facility, g = a, d, f
Community hour rate at gth facility (function of its capacity), g = a, d

Emission rate for manufacturing jth component under collaboration
Emission rate for assembling ith product

Emission rate for scrapping ith product

Emission rate for dismantling ith product

Emission rate of scrapping jth component

Emission rate (per km) of zth truck used for transportation from AC to WDC
gth Emission rate (per km) of truck for transportation from WDC to other DCs

Distance between facilities

dist,

disty,

Binary parameters
8
Pju

Pjn

ij

Hyy

Decision variables

Distance (in km) of the rth route for transportation from WDC to DCs
Distance (in km) for transportation from AP to WDC

Is 1 if the jth Component is procured from supplier under collaboration, else 0
Is 1 if the jth Component is procured from uth supplier, else 0

Is 1 if the jth Component is procured from iith supplier, else O

Is 1 if the jth Component is in the ith product, else 0

Is 1 if the /th DC is along the rth route, else 0

Integer variables related to forward flow of products/components

Xil
X
Xia
(c)
Xiia
Xiju

X

iju

Number of ith product distributed from /th DC

Total number of products distributed from /th DC

Number of ith product assembled at AC

Number of jth component of ith product required at AC

Number of jth component of ith product procured from uth supplier

Number of jth component of ith product procured from zth supplier

Integer variables related to reverse flow of products/components

Ri;
Rig

R
R

ig
iup
Rigm

Number of ith product returned at /th DC

Number of ith product returned in working condition

Number of ith product returned not in working condition
Number of ith product returned to be upgraded and sold at primary market

Number of ith product in working condition to be sold at secondary market
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Table 6 continued

Rigm Number of ith product repaired and to be sold at secondary market
Riq Number of ith product to be disassembled at DMC
RinGo Number of ith product to be donated
Rjs Number of ith product to be sent to SF
Rl(;) Number of jth component of the ith product refurbished at CFC
(c) . . ..
Rijrep Number of jth component of the ith product used for repairing products
Rl(;ni Number of jth component of the ith product sold at secondary market
Rl(;g Number of jth component of the ith product to be sent to SF

Binary variables related to selection of trucks

Wea, Is 1 if the zth truck is selected or transportation from AC to WDC

Wiq Is 1 if truck with ¢gth emission rate is selected for rth route to DCs, else 0
Ay Is 1 if ¢th truck is selected for rth route to DCs, else 0

Binary variables related to hiring of skilled staff

Big Is 1 if the number of laptops to be assembled fall in the kth break, else O

Big Is 1 if the number of laptops to be disassembled in the kth break, else O

By Is 1 if the number of components to be fabricated fall in the kth break, else O

4.2.1 Economic objective

Maximize 21

irep

i

> Z[: P; Xii + weollab {Z (Pim — CBB) Rigm + Y~ CEE — Ciup) Riup + > (Pim — chs
v 1 1
= | —Cirep)Rign + Y. Ris (Ps = CEB) + Y RS PE) + 3 Y RO P + Y S RS), P }
- trepJitigm — s \T1 is — L Vijm " ijm — £ ijs T ijs — L Vijrep” ijrep
i i [ L
4 {Z PraxcreditRiNGO l
i
[Z Y3 (XijuCiju) + X2 ()%ijuéiju) + > XiaCia + X (Xia + Riup) (éia + 91&11)}
[ iojou i i

+weollab [Z Riy (CI%B + Cid) +3 > R;;;ij} + {Z >y CyW,qdist, + > distyy, Crat; Waay }
i Jjoi ; t r gq z

{na 04 Cuwa + 1d Od (@coliabCwa) + Z 01 Cui Z Dil}
1 i

-+ { % (kﬂa Bia (Cvu + - wxubxidy)éva)) + k%::l (kﬁd Bra (wcollahcvd + évd)) (P1)

k=1

0y .
+ > (kﬂkaf (wmllabcvf + wa))}
L k=1

The economic objective function of (P1) maximises the total profit earned from the CLSC
network. That profit derives from [{sale of laptops at primary market, from revenue gener-
ated under collaboration with 3PRL from the returns} and {through earning of tax credits for
donation}] minus the cost of forward operations [{procurement cost of components, assem-
bly cost and packaging cost}and RL operating costs under collaboration {dismantling cost,
component fabrication cost} and {transportation cost}] minus the [{salary cost due to fixed
number of jobs at AC, MC, DMC, CFC, DC} and{cost due to skilled jobs and training at
MC, DMC, CFC}].
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4.2.2 Environmental objective

Y EiaXia+ 0 2 2, X P ESM P4+ 3, EiaRia
(©) plo) ()

— 2 EisRis — 30 25 i Ryg + 32, 25 Eir R

+1D 0 disty EgWyy + Y distzy, Ezat, Wea, } (1)
r Z

q

Minimise 7o =

The environmental objective minimises the environmental impact (in terms of carbon
emissions) of the network due to {component manufacturing, product assembly, product
dismantling, component fabrication} and {transportation of products}.

4.2.3 Social objective

Na Nd
Maximise z3 = :7711 Ou+1a0a+Y Y dir+ Y (kBa) Ba+ Y (kBa) Bra
I i k=1 k=1

+ i (kBr) Biy }

k=1

Nd Na nf
+ {Z (kBa Brahva) + Z (kBaBrahva) + Z (k,Bkafhuf)]

k=1 k=1 k=1
+{7a 00 + 7202} + Y RinGo + iZZAn} (@)
i r t

The social objective aims to maximise the social impact of the CLSC network measured
in terms of {number of fixed jobs at AC, DMC, DC and number of variable jobs at AC,
DMC, CFC, DC (for inspection and testing of returns)} and {training hours for skilled staff
at AC, DMC, CFC}and {hours dedicated for community service at AC, DMC} and number
of drivers hired for transportation and number of products donated to NGOs.

Forward flow constraints

> Xi = Xia Vi 3)
l
Xio) = Xiapij Vi, j )
Xiju = X{50 (1= 8;) pju Vi jou )
Xija = X{)8jpja Vi, j. i (©6)

YD Xija < 0y Va (7
i
YD Xijaz oM Vi ®)
i

X1 =) (Xi + Rup) ©)
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Xp=Y Xy VI#1 (10)

Constraint (3) calculates the units of laptops assembled at AC. Constraint (4) calculates
the total number of components required for assembly. Constraint (5) determines the number
of components to be procured from regular suppliers. Constraints (6)—(8) ensure the amount
procured from collaborative suppliers does not exceed his capacity to deliver and a minimum
amount must be ordered for an active collaboration. Constraints (9) and (10) find the number
of units to be delivered at the main WDC (upgraded units are also delivered) and other DCs
respectively.

Reverse flow constraints

Rii < yiXiy Vil (11)
Rig=ye ) R Vi (12)
]
Rig=(1-v) ) R (13)
]
Riup = VupRig Vi (14)
Rigm = Vm Rig Vi (15)
Ringo = Rig — Riup — Rigm Vi (16)
Rigm = VrepRig Vi )
Rig = yaRig Vi (18)
Ris = Rig — Rign — Ria Vi (19)
RS =y Riqwij Vi, j (20)
iif = Vjf RidMij VL]

RS, =y QRS Vi) @1

(c) (c) (c) T
Rijm = Rl.jf — Rl.jmp Vi, j (22)
R = (1= 7)) Riamyy Vi j 23)

Constraint (11) reflects that the number of laptops returned at each DC as a fraction
of the demand. Constraints (12) and (13) determine the number of laptops in working/not
working condition, respectively. Constraints (14)—(19) represent the amount of units that can
be upgraded, sold to SM, donated to NGO, repaired, disassembled, or sent to the scrap yard,
respectively. Constraints (20)—(23) determine the units of components that can be refurbished,
used for repairing the products at DMC, sold at SM, and sent to scrap yard respectively.

Job constraints

The following equations aid in determining the number of variable jobs and training hours,
based on the number of units to be processed at AC, DMC, and CFC:
Constraints (24)—(26) determine the kth break in which the number of units at AC falls.

k— Doy < ina <ka, Yk=1,2,...nq4, ng =[04/tq] (24)
Na

D Xia <) (ko) Bra (25)
i k=1
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Na
> B =1 (26)
k=1
Constraints (27)—(29) determine the kth break in which the number of units at DMC falls.

(k—Dag < Z (Riup + kigm + Rid) < kay
i

Vk=1,2,...nq,ng =[04/0q] 27
> (Riup + Rign + Ria) = 3 (keta) Bra 28)
i na k=1
Y Bu=1 (29)
k=1

Constraints (30)—(32) determine the kth break in which the number of units at CFC falls.

k—Day <Y Y RS <kay Vk=1.2...np.np=[0p/as]  (30)
P

ny
(c)
DD Ry = ) (kap)Byy 31)
i k=1

ny
Y By =1 (32)

k=1

Transportation constraints
> Xia £ Ocaty Wea (33)
i z

> Weay =1 (34)
Z

> XiHy <) 0/Ay Vr (35)
I t
D XiHy =y Yy OiAy  Vr (36)
! t
> Wy =1 Vr (37)
q

Constraints (33) and (34) ensure the selection of a single truck with optimum capacity to
carry the units from AC to WDC. The selection of trucks of suitable capacities for transporting
units from WDC to DCs along pre-designated routes is done with the aid of constraint (35).
Constraint (36) ensures minimum capacity utilisation of the truck, while constraint (37)
reflects the selection of the emission rate of the trucks selected for each route.

Fuzzy demand and capacity constraints

Xi1 + Riup=Dj1 Vi (38)
Xu=Di Vil #1 (39
> (Xit + Riyp) 20 (40)

1
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Zx”gol vl #£ 1 (41)
i
Z Xiaéoa (4’2)
i
> RuZviO (43)
i
Z (Riup + kigm + Rid)éod (44)

1
22 Rij205 45)
i

Fuzziness in the above constraints allows for the consideration of uncertainty regarding
the demand and capacity values.

Demand at each DC must be satisfied (within the permissible tolerance limit) as forced by
constraints (38) and (39), while constraints (40) and (41) reflect the fuzzy capacity binding
constraints for DCs. Constraint (42) ensures that the total units of products to be assembled
is essentially less than the capacity of AC. Constraints (43) and (44) make sure that the
number of laptops to be collected at DC and processed at DMC do not exceed their capacities
(beyond the permissible tolerance limit), respectively. Constraint (45) ensures that the number
of components which can be refurbished at CFC is less than its capacity.

Binary and non-negativity restrictions

Xits X1, Xias XS0, Xijus Xijas Rits Rigs Rig. Riups Rigms Rigm:

ija’

(© plo) () (©)
Ria, RinGo, Ris, Rijf’ Rijrep’ Rijm’ Rijs >0

and integers Vi,l,a, j,u,u,g,m,d, NGO,s, f (46)
Wzallv quvArtaBkaaBkda ka € {03 1} VZvavlarvqatvdaf (47)

Finally, constraints (46) and (47) impose the non-negativity and binary restrictions on the
decision variables.

5 Fuzzy goal programming solution algorithm

In the present study, the TBL performance of the proposed CLSC network is to be evaluated
as per the DMs’ requirements. DMs can approve or disapprove on many accounts while
performing a trade-off between the TBL goals due to conflicts of interest. In addition, incor-
porating RL activities in the existing SC network can create uncertainty in the demand as
well as the capacity of existing facilities. Hence, as a solution approach, fuzzy programming
is ideally suited because it allows flexibility in the target values for the goals and in the con-
straints (which need not be binding) by treating them as fuzzy goals and fuzzy constraints
respectively (Zimmermann 1978). Both fuzzy goals and fuzzy constraints are handled sim-
ilarly as fuzzy criteria and converted into crisp form by defining appropriate membership
functions (Bellman and Zadeh 1970). To provide flexibility, we introduce tolerance values
in the fuzzy demand and capacity constraints. Flexibility in the goals is handled by identi-
fication of aspiration and tolerance values from the pay-off table generated by solving the
deterministic single objective models. This pay-off table may have weakly efficient solutions
but nonetheless it can aid the DMs to adjust the target values of the fuzzy goals explicitly.
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Here, we define fuzzy linear membership functions to normalise the fuzzy criteria and to
introduce the variable A, which lies in [0, 1]. This represents the degree of satisfaction of
each fuzzy criteria measured in terms of the attained value of the membership functions. The
multi-objective problem is therefore reduced to maximisation of the degree of satisfaction
for simultaneously achieving the global satisfaction of the model.

Other studies who have used this approach in optimising sustainable SC networks are
Pinto-Varela et al. (2011) and Pishvaee and Razmi (2012). However, the advantage of the
solution approach adopted in this study, over the fuzzy programming approaches utilised in
previous studies, lies in the following three benefits:

(1) This solution introduces deviational variables into the fuzzy model and utilises weighted
FGP for minimising the under-achievement of targets for the TBL goals. The benefit of
FGP is attainment of optimum solution in the feasible space with a desired satisfaction
level (Rubin and Narasimhan 1984).

(2) Weights for the fuzzy TBL objectives are determined through an exhaustive AHP-
TOPSIS integrated MCDM methodology.

(3) Whole ranges of properly efficient solutions are generated by choosing various com-
binations of satisfaction levels of the trade-off set. The advantage is that we present a
suitable representation of the whole parent efficient frontier to the DMs and they can
confidently select the final preferred solution from the comprehensive available trade-off
set and Pareto optimal values. Therefore, it can be concluded that the WFGP approach
utilised in the study is suitably efficient to deal with the complexities of the proposed
multi-objective model.

The solution algorithm for converting the fuzzy multi-objective model defined in Sect. 4.2
to the equivalent crisp model is explained below (see Narasimhan 1980; Mohamed 1997,
Tiwari et al. 1987).

Suppose there are m fuzzy criteria and the kth fuzzy criteria is f(X)>by or fi(X)<by
where by is the vague aspiration value.

1. For the fuzzy demand and capacity constraint, by — py, the tolerance level is specified
by the DM.

2. The aspiration and tolerance values for the three fuzzy objectives are calculated using
the optimistic (best) and pessimistic (worst) values obtained after solving the three single
objective problems. Optimistic values generate the aspiration levels while the difference
between the optimistic and pessimistic values defines the tolerance level.

3. Using the aspiration and tolerance values, define the membership functions as follows:

! fo(X) = by
M p (X)= %);kp" Pk < fx(X) < by if the fuzzy criterion fj is of maximisation type
Je(X) < pk
(48)
Or
1 R b
M p (X)= % br < fi(X) < pi if the fuzzy criterion f; is of minimisation type
Je(X) = pk

4. Transform problem (P1) into the following single objective problem (P2):
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Maximise A

subject to

marX)>weh k=123 (P2)
nrX)y=r k=4,...,K

XeS

where S is the set of feasible solution space determined by the rigid constraints and non-
negativity restrictions and k = 1, 2, 3 correspond to the fuzzy goals.

A = up(X) € [0,1] represents the degree of satisfaction of DM, and upX =
min {u g (X), w5, (X), ..., i (X)} (intersection of the fuzzy sets).

5. Reformulate the problem (P2) as a FGP problem (P3) by introducing positive and negative
deviational variables n; and p (k = 1, 2, 3)as shown below:

Minimise «
subject to

X)) +m—pe=1k=123
o = W N k=1,2,3
nkexk =0 k=1,2,3
3

Swp=1

k=1

W) > (1 —a) k=4, K
a=1-—X
XeS

(P3)

In the present study, the deviational variables are considered only in the fuzzy goals. The
weights w;;=1..3) are the AHP-TOPSIS weights obtained in Sect. 4.1.

6. Obtain the optimal solution of the single objective problem (P3) which is properly efficient
solution of the fuzzy problem (P1).

6 Numerical illustration

The present work designs and optimizes a sustainable CLSC network for a laptop manufac-
turer based in Delhi, India. For the purpose, a closed loop network design is configured in
Sect. 3 and illustrated by Fig. 3. Subsequently, the configuration is formulated as a fuzzy
optimization model in Sect. 5. In this section, an example problem from the case study is
derived for validation of the proposed fuzzy mathematical model. The parametric values of the
mathematical model are derived using the following information provided by the company.

6.1 Forward part of the CLSC network

The forward network of the company has an assembly plant (AC) in Rohtak, where the laptops
are assembled. The laptops are then sent to the main DC (WDC) situated at Dwarka (DC1)
and further sent to other DCs. The distribution network of the company entails three zones
consisting of 10 DCs. These zones include the following sites: Zone 1: Vikaspuri (DC2),
Mayapuri (DC3), Pitampura (DC4); Zone 2: Vasundhara Enclave (DC5), Shahdara (DC6),
Timarpur (DC7); and Zone 3: Mahipalpur (DC8), Mehrauli (DC9), East of Kailash (DC10).
All sites are shown in Fig. 3. These DCs cater to the demand of the primary market (PM).
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ZONE1 } 20NE2
A
Timarpur
Rohtak Pitampura .
@ shahdara

Mayapuri

MAINDCC .
Magdhdhra
e Enclave
Dwarka
Mahipalpur
ZONE3 Mehrauii 2>
Fig. 3 Multi-echelon CLSC network
i[;l:(l);z Main components of the Collaborative supplier Regular supplier
Component 3 Component 3
jl CPU 1 jo DVD drive 0
j2 RAM 1 i7 Battery 0
i3 HDD 1 8 Power supply 0
4 LCD 1 i9 Main body 0
i5 Motherboard 1 jlo Keyboard 0

For the example problem, we have considered two variants of laptops. The manufacturer
assembles the laptops procuring sub-assemblies from suppliers. For improving customer
satisfaction and enhancing their corporate image, the manufacturer has collaborated with
domestic suppliers to procure some of the components as per the company’s sustainability
requirements. Table 7 gives details of the sub-assemblies procured under collaboration or
not. The utilisation rate of components in each variant of laptop is 1.

The number of components to be ordered depends upon the number of laptops to be
assembled, which, correspondingly, depends upon the consolidated demands and capacities
of the DCs and capacity of the AC. The demand must be satisfied while the capacity must
not be exceeded. Table 8 presents the corresponding demand and capacities of DCs (with
permissible tolerance values of 10 units and 20 units, respectively). The capacity of AC is
3000 (4 200) units. However, the components ordered must not exceed the capacity of the
supplier, which is given to be 3000 units. In addition, a minimum order of 800 units must be
placed with a collaborative supplier.

The assembled laptops are transported from AC to WDC first and then from WDC to the
three zones. The laptops are transported along predetermined routes in each zone as follows:
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Table 8 Demand (+ 10) and capacity (4 20) of DCs

DCs 11 12 13 14 15 16 17 18 19 110
D;; il 120 80 135 70 100 110 60 130 60 110

i2 90 100 90 110 120 130 130 60 90 70
] 2700 250 250 250 250 250 250 250 250 250

Table 9 Data related to available trucks

Route AC to WDC WDC to DCs
Truck 1 Truck 2 Truck 3 Truck 1 Truck 2 Truck 3

Capacity (units) 2000 2500 3000 300 400 500
Cost (Rs) 100 100 100 70 100 150
Carbon emission rate (gm/Km) 2.6 2.8 3.0 2.1 1.6 1.3

Table 10 Costs and emission

rates at AC Variant 1 Variant 2
Assembly cost (Rs) 3500 3000
Per unit carbon emission 2.1 2
due to assembly
Per unit packaging cost 600 1200
Per carton packaging cost 500 1000

Zone 1: DC1-DC2-DC3-DC4-DC1; Zone 2: DC1-DC5-DC6-DC7-DC1; Zone 3: DC1-
DC8-DC9-DC10-DCl1. There are three trucks available each for forward flow with variable
capacities and emission rates. The capacities, costs, and emission rates of the available trucks
are tabulated in Table 9.

In addition to transportation cost, the other costs associated with the forward network
include assembly cost, packaging cost, component procurement cost, salary cost, and training
cost. The details of cost of operations at AC and corresponding emission rates are provided in
Table 10. Table 11 gives details of the procurement cost and emission rates for manufacturing
components under collaboration. The emission rates are derived from Mishima and Mishima
(2011).

The company hires two types of employees: fixed staff for managing the basic operations
and daily chores at AC and skilled staff for carrying the technical operation of assembly.
Salaries paid to the fixed and skilled staff vary; the skilled staff member is employed for his
expertise in handling the specific operation. The company utilises a government subsidy for
training the staff. The requirement for a skilled job is calculated on the assumption that 10
technicians are hired for assembling 500 laptops at AC. The fixed jobs at AC are created
as per a fixed percentage of the capacity of the facility, which is taken as 2%. A skilled
staff member at AC earns INR 5000, whereas a fixed staff member earns INR 2000. The
cost of training a skilled staff at AC is INR 5000 and the number of hours of training is
20. In continuing its effort to be socially inclusive, the company has initiated a community
development programme whereby the staff members are involved in dedicating a few hours
of their service for community work. The number of community hours at DC and AC is
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Fig. 4 Categorisation of returns

calculated as 5% of the demand at DC and 3% of the capacity of AC. Profit in the forward
flow comes from selling the new assembled laptops in the primary market, which are sold
at INR 55,000 and INR 45,000. The percentage of subsidy earned from the government for
training employees is 25%.

6.2 Reverse part of the CLSC network

The multi-echelon reverse network as demonstrated in Fig. 3 consists of: (1) DCs where the
returns are collected from the primary customers, (2) a hybrid DMC-CFC-situated at Bawana
for managing the processes of dismantling and component fabrication, (3) secondary market
(SM) situated at Nehru Place, (4) scrap facility (SF) operated by official recyclers, and (5)
NGO (anonymity is maintained).

The number of returns collected at DCs is assumed to be a fixed percentage y; of the
demand at the /thDC. The values are 0.5, 0.45, 0.44, 0.4, 0.45, 0.42, 0.43, 0.5, 0.45, and 0.5.
After initial inspection, buyback cost is determined based on a product’s categorisation. At
the first step, the returns are classified into two categories: working and non-working. Second,
the working units compatible with the current market trends are resold either at the PM with
upgradation or at SM with refurbishing. The rest are donated. Donating laptops through
NGOs earns profit in terms of tax credits from the government. The non-working laptops are
further categorized into three categories, including those that: (a) can be repaired and put into
a working state with little cost and resold at SM; (b) are obsolete with no resale value but
can be dismantled for potentially reusable components; and (c) will deteriorate further with
dismantling and are sent to scrap yard. The remaining returns are collected by a recycling
agent (after paying a minimal amount) for disposal. All the reverse logistics operations are
carried under the stipulated environment laws (CPCB 2014). The categorisation of returns
is pictorially depicted in Fig. 4. The number of returns to be processed in each category is
assumed to be a fixed percentage of the number of returns. The corresponding percentage
value, buyback cost, processing cost, and profit earned are given in Table 12.

It is assumed that upgradation, refurbishment, repair and dismantling are done manually
and therefore the carbon emission due to these activities is considered negligible. The per
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unit carbon emission rates (in gm) for disposal are taken as 3 and 2.8 (Mishima and Mishima
2011).

The process of value recovery in form of components is pursued at DMC where the
returns are dismantled. The retrieved components are refurbished (if required) at CFC and
either reused for refurbishment/repair of laptops at DMC and service centre or are sold at
SM. Faulty components are discarded. The amount of components that are retrieved to be
refurbished is assumed to be a fixed percentage. The rest are sent to the scrap facility. 50% of
the refurbished components are used for repairing of the products and rest are sold at SM. The
capacities of CFC and DMC are 2000 (+50) and 1500 (+ 100) units respectively. Table 13
gives details of the data related to components regarding the percentages, associated costs,
carbon emission rates, and revenue generated.

The DMC and CFC are managed by skilled staff and fixed staff. It is assumed that 5 skilled
technicians are needed for retrieving 200 components, and the component fabrication of 200
units also requires 5 technicians. The salary paid to a skilled technician at DMC and CFC
is INR 3000. The number of fixed jobs created is assumed to be a fixed percentage of the
capacities of DMC and CFC. These are calculated as 7% of 1500 (+100) and 5% of 2000
(+50), respectively. The fixed salary amount is INR 2000. The hours of skilled training for
the technician at DMC and CFC are 30 and 20 respectively. 5% of the capacity of DMC
generates the number of hours dedicated for community service at DMC. The transportation
of the returns across the echelons of the reverse network is outsourced to 3PRLP at a fixed
amount. Therefore, the corresponding amounts and the carbon emission generated are not
considered in the mathematical model.

7 Result analysis and interpretation
7.1 Result

The above data is utilised for solving the proposed fuzzy mathematical model. The tolerance
limits for the fuzzy demand and capacity constraints have been provided in the data. The
aspiration and tolerance values for the demand and capacity values result in two scenarios.
The following result is generated utilising the solution approach outlined in Sect. 5:

7.1.1 Obtaining optimistic and pessimistic values for fuzzy objectives

For doing so, initially three crisp single objective problems for the two scenarios are solved
using LINGO code. The other two objectives’ values are also determined for each problem.
Table 14 shows the three optimal solutions generated. The best and worst values of the three
objectives are highlighted.

The best values can be taken as the aspiration values and the difference between the
best and worst gives the tolerance value. Subsequently, appropriate membership functions
(as explained in Sect. 5) are defined for the fuzzy criteria. The solutions obtained above
highlight the conflicting nature of the objectives as well, as explained below.

Comparing values of the objectives in Table 14, it is apparent that the payoffs needed
for environmental savings do have a substantial bearing on the economic and social perfor-
mance. However, achieving the social objective does not preclude financial gains but does
negatively affect the environmental goal. The objective of maximising profit has a tendency
towards choosing the smallest number of vehicles required. Because these vehicles cost less,
they may have higher emission rates, so the flow of products is higher across the network.
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Table 14 Optimal solutions of three single objective problems

Objective Scenario Objective 1 Objective 2 Objective 3

Max profit Scenario 1 25248010 29519.86 1957.08
Scenario 2 27788570 (best) 32532.08 (worst) 2186.424

Min environment impact Scenario 1 20475080 (worst) 26695.78 (best) 1680.688 (worst)
Scenario 2 22576370 29364.04 1905.682

Max social impact Scenario 1 24379010 29592.06 2173.08
Scenario 2 27607440 32477.64 2189.424 (best)

On the other hand, for minimising carbon emissions, the model chooses to process fewer
products and components and to choose vehicles with higher emission, resulting in a neg-
ative impact on the profit and the social benefits. Optimising the social objective enforces
an increase in the number of laptops and components to be processed so that maximum
jobs are created; this decision, in effect, reduces impacts on the environmental performance,
so these choices present a dilemma for the DMs. A compromise between the objectives
must be attained with the aim to generate a profound impact along all three TBL perfor-
mance dimensions. Henceforth, the suitability of the proposed FMOM (P1) lies in obtaining
a preferred compromise solution under the competing nature of the fuzzy goals and fuzzy
constraints.

7.1.2 Obtaining properly efficient solutions for FMOM

To solve the problem (P1), the fuzzy solution algorithm provided in Sect. 5 is applied.
Accordingly, (P1) is first transformed into the equivalent FGP problem (P3). In order to
reach meaningful insights into the decision making process, we attempted to generate a
range of lower and upper limits [fko, fi] for the kth fuzzy objective, and (P3) is solved
for each interval of the range set using LINGO 11.0. The results justify the application of
fuzzy programming for finding a trade-off between the conflicting objectives as per the DM’s
satisfaction. This can be used as quantitative indicators for highlighting the efforts of the com-
pany towards their TBL performance. Based on the company’s strategic vision, the DMs can
choose the most satisfactory solution from among the properly efficient solutions presented in
Table 15.

7.2 Result analysis

An analysis of the efficient solutions obtained substantiates the usefulness of the proposed
mathematical model. For the purpose of discussion and deriving implications, we present
below analysis of one of the solutions obtained. The resulting computational values of the
decision variables in the compromised solution are also explored. With a feasibility degree
of 0.72, the compromised solution 9 (see Table 15) shows that the CLSC network config-
uration is attained at a total (economic) profit of INR 24,602,420, environmental impact of
29402.7 g/km, and social value of 2013. Comparing the attained values of the objectives with
the optimistic values, we observe that the model has compromised on the economic gain by
a meagre margin of INR 3,186,150. The carbon emission is increased by a small amount of
2706.22 gm from the optimal value while the social benefits decreased by a value of 176.424.
In terms of percentage, the compromises made in the economic, environmental, and social
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optimal values are approximately 11%, 10%, and 8%. The primary market upper demand of
1200 is fully met, and 1109 units and 891 units of two variants of laptops are to be assembled
at AC. Table 16 shows the units of laptops distributed from each DC to PM and the number of
laptops returned. Details of the number of retuned units to be processed in each RL category
are provided in Table 17.

The total number of components required for assembly is 1200, out of which 891 are
purchased.

External suppliers and the components procured under collaboration are 1109. Out of
the returns collected at DC, the components retrieved from the returns are sent for disman-
tling. Table 18 further provides the information regarding the number of components to be
refurbished, repaired, sold, and sent to scrap facility.

The company itself manages the transportation of laptops. The model opts for trucks
with capacity of 2000 units, emission rate of 2.6 gm/km, hiring cost of INR 100 per km for
transportation from AC to WDC. Two trucks each of capacity 500 units, emission of 1.3 g/km
and hiring cost INR 150 per km are chosen for sending returns from WDC to DCs. The cost
incurred due to forward transportation is INR 121,240 with 409.5g/km of CO; emissions. The
findings suggest that DMs need to consciously focus on an effective transportation system
for laptops because its contribution to cost and emissions spent is significant.

7.3 Result interpretation

There are significant interpretations derived from the findings. The findings establish the
importance of strategic CLSC design in improving all three dimensions of sustainability.

Economic sustainability The results indicate that implementation of RL in collaboration
with 3PRL improves the financial performance of the CLSC substantially; this finding stands
contrary to the perception that RL is a cost-bearing endeavour. The solution discussed shows
that the company did not have to invest in the setting up of the recovery facilities but earned
through a revenue sharing contract, which led to a profit of INR 12,999,830, an amount
almost 52% of the total profit earned. Closing of the loop in the form of reuse of refurbished
components also leads to major economic savings.
Environmental sustainability The model focusses on determining the amount of products
and returns to be processed at each echelon and selection of trucks for transportation so that
the environmental impact of the activities is controlled. RL ushers in reusing and recycling
initiatives to result in a positive environmental network impact. A total of 766 laptops and
1758 components are reused, thus minimising discards and conserving significant resources.
Social sustainability The model has ably improved the social performance of the network
by (a) extending the scope for job opportunities by creating 60 extra jobs for managing the
returns, (b) providing 1500h of training to workers, (c) creating possible donations of 175
laptops to lesser privileged, and (d) allocating 175 hours of community service.

In summary, the above results demonstrate that the proposed optimisation model for CLSC
network design is highly suitable for laptop manufacturing companies.

8 Managerial implications
The present study provides a theoretical guide for electronic companies in India for priori-

tizing their managerial efforts while addressing sustainability concerns in the design of their
CLSC network. The specific case study provides management with a structured insight for
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Table 17 Units of laptops

Worki Upgrad Refurbish Donat
processed in each RL category orkme perade clurdis onate
Variant 1 309 92 125 92
Variant 2 237 71 91 75
Non-working Repair Dismantle Scrap
Variant 1 268 124 98 46
Variant 2 205 95 75 35
Table 18 Component related decision values
Units of components jl j2 i3 j4 j5 j6 i7 8 i9 j10
Refurbish Variant1 88 78 68 39 68 78 19 19 19 19

Variant2 67 60 52 30 52 60 15 15 15 15

Used for repairing products ~ Variant 1 44 39 34 19 34 39 10 10 10 10

Variant2 34 30 26 15 26 30 8 8 8 8

Sold at secondary market Variant 1 44 39 34 19 33 38 10 10 10 10

Variant2 34 30 26 15 26 30 8 8 8 8

Sent to scrap Variant 1 9 19 29 59 29 9 79 79 719 79

Variant 2 8 15 22 45 22 15 60 60 60 60

the practical integration of reverse and forward activities for sustainable growth, and these
actions can be applied to the Indian electronic sector in general.

8.1 Theoretical implications

Analysis of the results formulates the following theoretical implications:

The results reaffirm the claim made in the study that returns no longer need to be viewed
as waste; sending them to the landfill should be the last option. Closing the loop and
evolving suitable tactics for decision-making at strategic level from TBL perspectives
can provide sustainable opportunities for economic, environmental, and social prosperity.
To maximize the TBL performance of the CLSC network, emphasis must be placed on
collaborative approaches. Manufacturers can seek sustainable participation of the suppli-
ers, 3PRL, working staff, government and social organisations. The results highlight the
TBL enhancement achieved through contribution of the stakeholders towards optimum
resource utilization, maximum value recovery, minimising carbon emissions, and social
benefits.

The model demonstrates that although addressing environmental and social concerns can
lead to extra costs, optimal efforts towards integrating forward and recovery flows, 3PRL
revenue sharing collaboration, optimal job creation, training of staff, appropriate selection
of vehicles, optimum capacity utilisation of facilities, and community development can
facilitate a suitable balance between all TBL performance indicators.

Implementing a TBL-based CLSC imposes various additional restrictions which affect
the optimisation potential of the network, and therefore it clearly calls for a flexible
decision making environment as developed in the study.
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8.2 Practical implications

The theoretical implications provide management with a suitable planning decision frame-
work so that effective strategies can be developed and implemented, as discussed below:

e From the TBL perspective, the outcome of the results reinforces the claim made in the
study that without compromising too much on its financial gains, the CLSC model can
immensely aid the company in making significant contributions to the environment and
the society.

e Third party reverse logistics providers can play a huge part in taking care of the legal
and environmental liabilities of the electronic manufacturers with minimum investment.
The research shows how management can build a sustainable partnership with 3PRLs
for the economic stability of the CLSC network and for improving upon its corporate
social image.

e Although it is difficult to achieve social sustainability while striving for profits, the
proposed CLSC network highlights that financial incentives from the government,
contribution of employees, and support from social organisations can be extremely advan-
tageous in generating a profound social impact.

e To enhance the process of remanufacturing and reuse, manufacturers need to revisit their
sourcing strategy and work with suppliers open to RL. Therefore, it is emphasised that
assessing the local supply market and procuring local components can aid the company in
sustainably reusing the components retrieved from the reverse channel and in minimising
waste. In the process, the local manufacturing sector can also get a major boost from the
electronic industry.

9 Conclusion

This research work explores a CLSC network design model that can be adopted by electronics
manufacturers in meeting their sustainability targets with minimal environmental disruption
and maximum societal gain. The configuration represented as a fuzzy mixed-integer linear
programming formulation has the following significant features: (1) This method integrates
decisions with a variety of issues in the CLSC under a fuzzy environment. These issues
include collaboration with 3PRL and developing component sourcing strategy; choosing
the most appropriate recovery options, imparting skilled training and adopting community
development programs at the tactical level; staff employment, flow allocation of products
and components, and transportation decisions at the operational level. (2) The AHP-TOPSIS
methodology is applied to model efficiently the stakeholders’ requirements as weights for
the following TBL objectives: maximisation of profit, maximisation of social impact, and
minimisation of environmental impact of the CLSC network. (3) In order to accommodate
the optimisational complexities that arise from the presence of three conflicting objectives,
a fuzzy WGP approach is utilised in order to obtain a preferred compromised solution. The
significant resulting contributions are: (i) The CLSC network planning model is applied
effectively in the case study of an Indian laptop manufacturer seeking to derive TBL benefits
of closed loop approach under collaboration; (ii) The results substantiate the importance of
assessing the product recovery activities as sustainable opportunities for economic, environ-
mental, and social prosperity; (iii) The model aids in reaching optimal decisions for acquiring
a balance between the TBL performance indicators, despite being constrained by parametric
restrictions; (iv) A trade-off set of fuzzy properly-efficient solutions is yielded for highlighting
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the interdependence of the TBL indicators. DMs can analyse these options to institutionalise
the right strategies and to choose the best compromised solution; (v) The managerial impli-
cations highlight the sustainable incentives generated by the model for motivating the SC
managers to implement the proposed CLSC network in the real world setting.

Appendix A
AHP-TOPSIS methodology

The integrated AHP-TOPSIS technique is utilised for generating the weights of importance
for the three TBL objectives (Per¢in 2009). AHP is used for deriving weights v; (normalized)
for the 11 criteria (alternatives) with respect to the TBL goals. Further, AHP is used again
for finding the normalized priority vectors u; representing the importance of the three TBL
objectives (alternatives) with respect to each of the 11 criteria (goals). The AHP method
is explained in Steps 1-4 given below. Utilising these normalized priorities in the initial
decision matrix of TOPSIS, the final weights of the TBL objectives (alternatives) are then
calculated as per the criteria C;-Cj, following the steps 5-10.
The steps of AHP are as follows:

1. Suppose there are ‘n’ alternatives whose importance weights need to be calculated with
respect to a given goal ‘g.” The alternatives are compared pair-wise on a scale of 1-9
representing subjective judgments: ‘1—equally important’, ‘3— moderately important’,
‘5—important’, ‘7—very important’, ‘9— extremely important’, with the intermediate
subjectivities represented by 2, 4, 6, and 8. This leads to construction of nxn matrix A
whose (i, j)th element (a;;) is the quantified value of the pair-wise comparison of the ith
and jth criteria.

2. Normalize the matrix A by dividing each (i, j)th element (a;;) by the jth column sum a;;
to derive the matrix A* as shown below:

Ci Cy Cy
Ci | ann/ay apj/az - - - ap/a,
Cy | axi/ay axnjaz - - - ax/ay
* *
womfag]= |
Cy ap1/ar aip/az < - app/ay

3. Determine the consistency of the matrix A* by calculating the maximal eigen value,
consistency index (CI), and the consistency ratio (CR) utilising the equations given below:
Amax — 1 CI
Aw = lw, CI = L, CR = —where n is order of A
n—1 RI
and Amax = max{A;, i =1,...n}

4. Calculate the averages a;* of rows of the matrix A*. The normalised priority vector is
obtained by normalising the vector (ay*, azx, .. ..a,%*)

Using Steps 1-4, the normalised priority vector {vy, ....vq;} is determined. Based on each

criterion, the normalised priority vector {uj, uz;, u3;, } is determined. Table 19 provides the
value of RI.
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Table 19 Random index (RI)

N 1 2 3 4 5 6 7 8 9

The accepted value of CR is RI 0 0 052 08 111 125 135 140 145
taken as <0.1
Table 20 Initial decision matrix

C Cy Cs Cyi
Weights v; Vi Vo V3 Vil

up up us up
Economic goal upg upn u3 up g
Environmental goal uyg u) u3 uz 11
Social goal u3] uzy  u33 u3 11

Further, to determine the importance rankings of the TBL objectives (k = 3) with respect
to the criteria C1—Cy using TOPSIS, the following steps are utilised:

5. Construct the IDM for TOPSIS as shown in Table 20.

6. Construct the nxn weighted normalised matrix U= (ij) = wU = (wiu;j)
7. Calculate the ideal solution and the negative-ideal solution as follows:

Ut = {(max ikl jeJ), (min iy | j e J )k = 1,2,3] ={af a3, a3},
k k

U= {(min kil j € J'), (max | j e J)k = 1,2,3] ={ay,uy .43}
k k

where J' and J” are associated with benefit and cost criteria respectively.
8. Calculate the separation measure of each alternative as follows:

9. Calculate the relative closeness of each goal as:

* dk
CCk:ﬁk:LZ,?)
d;” +d,

Clearly, 0 < CCi* < 1li =1, 2,, 3, and higher value implies closeness to the ideal solution.

10. The weighting vector w = {wp, wa, w3} of the goals is obtained by normalising the
closeness vector CC*.
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