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ABSTRACT

Organizations achieve economic and environmental benefits through CLSC activities.
This thesis contributes to CLSC design through an extensive literature review fo-
cussing on: 1) robust and stochastic optimization, 2) product quality and reliability,
3) carbon emissions, and 4) the greenness index. Articles are classified according to
several criteria.

Two CLSC mathematical modelling approaches to maximize network profit are
proposed based on identified gaps in the literature. The model in the first approach
incorporates the effects of EOS and part reliability on IRDCs location in the presence
of transshipment of inspected products between IRDCs. In the second approach,
a deterministic model with presorting facilities to reduce transportation costs and
carbon emissions is developed. A robust optimization extension is proposed to deal
with uncertain return product quality. Several numerical experiments are conducted
to help understand the behaviour of the formulations and gain managerial insights.
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CHAPTER 1

INTRODUCTION

This thesis by article looks at logistical issues in CLSC design. Such systems have

gained popularity both in academia and practice and have begun to make significant

impact in industry.

1.1 Balancing economical and environmental growth

“Faster, Higher, Stronger” the Olympics motto is true for business organizations as

they are in constant pursuit of increasing their sales and thereby their profits. Due

to this incessant urge to be better than their competitors, organizations manufacture

products at cheaper rates through mass production. Most often, products in the past

were made from virgin material. Due to the vast amounts of raw materials used

to satisfy the demand from organizations we now find the level of natural resources

reaching dangerously low levels, while at the same time, pollution in all forms (air,

land, and water) is at record high levels.

Mass production along with a lack of end-of-life (EOL) legislations to dispose used

products led to an increase in the amounts of waste products generated. Plastic is

one such product which has grabbed the spot light in recent times. It is one of the

most abundant waste products found on the planet. Plastics are strong, durable and

cheap, which is a boon to manufacturers; but these characteristics act as a double-

edged sword at the end of the products life, as they make disposal difficult. If plastic

waste if improperly discarded, it can be a hazard to wild life. Animals and fish in-

gest this waste unknowingly and it may lead to the death of the species (Laist, 1987;

Derraik, 2002)

Carbon emissions have also risen in the last few decades resulting in an increase

1
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in global warming. The effects of global warming can be seen quite distinctly. Ris-

ing ocean levels, warming of ocean waters, breaking sea ice and glaciers, changes in

the amount of precipitation, adverse weather conditions, and other effects. This, in

turn affects plants and animal life (Hughes, 2000). As most elements on the earth

are interconnected and interdependent we may inadvertently cause our own extinc-

tion as the earth turns more into a barren desert due to effects such as global warming.

To avoid permanent and irreversible destruction to the Earth, our home, we find

a variety of environmental groups such as World Wildlife Federation, Greenpeace,

Natural Resources Defense Council and others raising their voices to reduce the im-

pact of human activities on the environment. After several years of protesting and

sloganeering, we now find citizens and governments working towards reducing our

impact on the environment.

Some of the most significant agreements undertaken by countries include the Ky-

oto Protocol and the Paris Agreement. The Kyoto protocol is focused on reducing

emissions from developed countries and had set legally binding emission reduction

goals, while the Paris Agreement has focused on limiting global warming from 2020

onwards to well below 2◦C above pre-industrial levels and pursue efforts to limit it

to 1.5◦C. Though some countries have taken these agreements seriously, there are

still many developing and developed countries which have not abided by these agree-

ments (European Council Website, 2018a,b).

Though some countries may not fully acknowledge the impact of their manufac-

turing activities on the environment, some sections of the business community have

taken responsibility. Socially responsible investing (SRI) is a new investing philosophy

being adopted. In SRI, environmental sustainability and corporate social responsi-

bility are given top priority before making an investment in an organization. SRI is

also known to generate equal or better benefits than from investing using traditional

philosophies. Around of 20% of Canadian investments are held in SRI opportunities

and this trend is growing (RBC Global Asset Management Report, 2018; RBC Global

Asset Management Website, 2018). This shows that pursuing a sustainable strategy
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can result in a win-win for businesses, investors, consumers and the environment.

1.2 Closed loop supply chain and reverse logistics

Reverse logistics and CLSC provide organizations a tool to be more sustainable. Ac-

cording to Dowlatshahi (2000) “reverse logistics (RL) is a process in which a manufac-

turer systematically accepts previously shipped products or parts from the point for

consumption for possible recycling, remanufacturing, or disposal”. Likewise, CLSC

is defined by Guide Jr and Van Wassenhove (2009) as the “Design, control, and op-

eration of a system to maximize value creation over the entire life cycle of a product

with dynamic recovery of value from different types and volumes of returns over time”

Organizations are increasingly working towards extracting value from returned

products. Few industry examples are as follows:

Dell provides like new and refurbished PCs, servers and other networking items at

low prices, with warranties and after-sales service comparable to new products and

a 30 day return policy. Some products have never been used by its previous owners

and are available in its original packaging with software seals intact. Very often there

are only cosmetic blemishes on the remanufactured product which does not interfere

with its performance (Dell Website, 2018).

In the cell phone space, Samsung is promoting pre-owned phones. Prior to be-

ing certified, these pre-owned phones have under gone a detailed top-down inspection

process by the same engineers who build the new products. As the phones are reman-

ufactured to original specifications by Samsungs engineers, provided with a one-year

warranty, a brand new charger and other accessories, customers will find it difficult

to resist such offers (Samsung Website, 2018).

In the engine remanufacturing space, we find Mercedes-Benz offering remanu-

factured engines as an economic alternative to new engines. Returned engines are

disassembled and parts such as the pistons which are subjected to extreme wear are

replaced with new parts. Engines are tested for quality and functionality. Similar to
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mobiles and computers, the engine is backed by a manufacturers warranty (Mercedes

Website, 2018).

As gold is expensive to mine, gold obtained from old electronics or from a tooth

filling is of extremely high value. We have pawn shops which are ever willing to pur-

chase minuscule amounts of gold from customers. This returned gold is recycled and

added to the forward supply chain.

A wood trim manufacturer found an alternative to discarding the large quantities

of saw dust and chips generated in the trimming process. Wood briquettes were de-

veloped by drying and compressing the waste sawdust and chips. These briquettes

can be used as an alternative to firewood. The company converted the hassle of dis-

posing a waste product into an opportunity by opening a new business division to

manufacture wood briquettes from wood waste (ChronicleHerald Website, 2018).

There is a large market even for used clothing. The recycling/donation bins

present in upscale retailers collect textiles from shoppers and then sells these items at

a discounted rate in secondary markets. Canadian used textile exports topped $160

million in 2016 (CBC Website, 2018).

From the various examples, we can see that there is a lot of value hidden in

returned or EOL items. Thus, we find a focus in recent years on CLSC and RL issues

resulting in a wide variety of articles being published in the literature.

1.3 Research objectives and thesis organization

CLSC and RL literature can be classified into designing, planning, surveys conducted

using questionnaire/interviews, product pricing and coordination, production plan-

ning, inventory management, studies focused on a variety of different issues, concep-

tual and analytical frameworks, review and partial review articles, decision making

and performance evaluation, third party reverse logistic providers, vehicle routing

problems, etc. (Govindan, Soleimani, and Kannan, 2015).
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Though Govindan et al. (2015) surveyed a vast number of CLSC and RL articles

from January 2007 to March 2013, we found that there many new articles published

since. In this thesis, the focus is on analyzing articles on overcoming uncertainty,

articles considering return product quality and reliability, and articles with a carbon

emission focus. In particular, we look at research on developing a greenness index to

measure the performance of CLSC and RL. Therefore, the first contribution of this

thesis is a literature review focussing on these aspects.

Although there is a vast number of CLSC and RL articles as seen in Govindan

et al. (2015), it was found that EOS, transshipment and part/product reliability

have received relatively lower coverage. The second contribution of this thesis is

the network design of a multi-component multi-product CLSC with EOS for IRDCs

location, transshipment of inspected products between IRDCs, and return product

reliability. The proposed model extends the mixed-integer linear program (MILP)

in Venkatadri, Diallo, and Ghayebloo (2017). The behaviour of such a system is

characterized using an example.

Since CLSC systems in real life involve significant uncertainties, researchers have

started using robust optimization (RO) and stochastic programming methods to de-

sign and predict the performance of such systems. However, the literature review

indicated a gap in coverage in the sorting of returns when return product quality is

uncertain and emissions analysis. The third contribution of the thesis is the devel-

opment of a robust CLSC design model in which presorting facilities are located to

overcome uncertainty in return product quality. Effects of carbon emission policies

such as carbon cap and carbon cap and trade on the network are analyzed within the

model framework. Using a numerical example, the following aspects are investigated:

1) The effects of varying return quality on total emissions and profit, 2) The impact

of presorting centre efficiency and transportation cost on the opening of presorting

centres, and 3) A comparison of the impact of carbon cap and cap and trade policies

on the configuration of the network.
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The rest of the thesis by articles is organized as follows. Chapter 2 contains a

literature review through a paper entitled: “Review of reverse logistics and closed

loop supply chain with a focus on uncertainty, product quality and reliability, carbon

emissions and greenness index.” Chapter 3 details the design of a CLSC model in

a paper entitled: “Multicomponent multiproduct CLSC design with transshipment

and EOS.” Chapter 4 proposes a robust CLSC in an article entitled: “Robust CLSC

design with pre-sorting and carbon emission considerations.” Finally, Chapter 5

presents some concluding remarks on the thesis.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A closed-loop supply chain is the integration of forward and reverse supply chain pro-

cesses (Guide Jr and Van Wassenhove, 2009). Activities such as repair, remanufac-

turing, refurbishing and recycling are included in CLSC management. The recycling

industry processes more than 600 million tonnes of recyclables every year, employs

close to 1.6 million workers and generates an annual turnover of USD 200 billion

worldwide (Bureau of International Recycling Website, 2018). The remanufacturing

industry in the United States was valued at USD 43 billion and supported 180,000

full time employment opportunities between the years 2009–2011 (United States In-

ternational Trade Commission Report, 2018). The revenue and job opportunities

generated by recycling and remanufacturing activities alone are sufficient to encour-

age industry leaders and governments to work towards sustainable manufacturing.

Refurbishing, reuse and other CLSC activities generate even more economic oppor-

tunities. Monetary benefits which are one of the primary motivators to pursue any

business opportunity is thus fulfilled. Consumers are also motivated to support CLSC

activities as they assist in protecting the scarce resources of the planet (water, forests,

minerals, etc.), help maintain cleaner environment, improve quality of life for present

and future generations. CLSC activities derive socio-economic benefits for consumers,

industry partners and governments.

Remanufacturing is supported by industry leaders such as Caterpillar for construc-

tion equipment, Toyota, Volkswagen and General Motors for automobiles, Apple Inc.

for consumer electronics. Toyota, Volkswagen and General Motors sell remanufac-

tured automotive parts to their customers with after-sales service support. According

to Volkswagen, remanufactured parts are often sold at half the price of their brand

new counterparts. For Volkswagen, their engine remanufacturing program alone has

7
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saved them 983 million kW.h of energy, 586,000 tons of CO2 emissions and enough

steel to build 50 Eiffel Towers (Volkswagen Report, 2018). Examples like these are

abundant in different sectors of the economy. The potential for profit is so high that

Caterpillar conducts remanufacturing for other companies such as Ford (automotive

sector) and Honeywell (components) (Caterpillar Website, 2018). Forward logistics

organizations such as DHL, UPS, FedEx and others have realized the revenue poten-

tial of managing the product return processes and have setup separate divisions for

reverse logistics.

Remanufacturing Industries Council and other not for profit organizations are en-

couraging greater levels of remanufacturing in all sectors of the industry, lobbying

for favourable government policies, educating consumers and organizations on the

benefits of remanufacturing. People are increasingly recognizing the value of remanu-

factured products. The International Organization for Standardization (ISO), along

with its member organization American National Standards Institute (ANSI), are

setting standards for the development of remanufactured goods (For example: ISO

10987–2:2017 for the remanufacturing of earth-moving machinery). Governments

have developed and implemented policies for enhanced producer responsibility. The

WEEE (Waste Electrical and Electronic Equipment Directive) in use in the Euro-

pean Union and the Electronics Product Stewardship Canada have set standards to

guide manufacturers in the recovery and reuse of end-of-use (EOU) or EOL products.

Similar regulations have been put forth by other countries.

The ability of CLSC and RL to achieve economical and environmental benefits

for organizations has attracted the interest of academia and the research community.

As a consequence, there is vast literature dedicated to the investigation of CLSC and

RL issues.

2.2 Motivation

The goal of this chapter is to summarize the literature surveyed by Govindan et al.

(2015), and complement it by reviewing papers not covered by or published since
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Govindan et al. (2015). The CLSC process is strife with uncertainty related to cus-

tomer demand, product returns, and costs. These uncertainties will prove to be costly

in the future if major changes are needed in strategic decisions such as varying the

number of manufacturing facilities. A number of articles based on stochastic and

robust optimization techniques have been proposed to design CLSC networks that

can better handle uncertainty for some key parameters.

Many recently published articles on CLSCs incorporate return product quality,

emissions generated and techniques to develop a greenness index. Although there is a

vast body of knowledge based on the above mentioned areas, there is a lack of review

articles in this area. Hence, the proposed review will be developed to address this

shortcoming with the aim of guiding future research.

The rest of the chapter is organized as follows: Section 2.3 contains the research

methodology followed in this article. Section 2.4 summarizes existing literature re-

views on CLSC and RL. Section 2.5 reviews articles overcoming uncertainty using

stochastic programming and robust optimization. Section 2.6 reviews articles on

quality and reliability. Section 2.7 reviews articles incorporating carbon emissions in

the supply chain. Section 2.8 reviews articles developing greenness indices. Finally,

Section 2.9 and 2.10, respectively, shed light on future research opportunities and

provides the conclusions.

2.3 Research methodology

Google scholar and Engineering village (Compendex) were the main search engines

which provided relevant journal articles, conference papers and related literature.

The following keywords were used for the search: Closed loop supply chain, reverse

logistics, uncertainty, robust optimization, stochastic programming, quality, reliabil-

ity, carbon emission, performance measurement/evaluation and green supply chain

management. Publishers such as Springer, Taylor and Francis, IEEE, Elsevier and

Emerald Group provided relevant articles.
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Problem Context: We studied articles on CLSC and RL with a focus on uncer-

tainty, return product quality and reliability, carbon emissions and greenness index.

Methodology: Papers on uncertainty are classified according to the type of un-

certainty under consideration and industry application. Articles on return quality

and reliability are categorized based on the similarity of settings (number of peri-

ods, components and products) and quality attributes (grading and pricing). Carbon

emission papers are classified according to the carbon policy followed in the article.

Articles on greenness index are classified according to the method used in developing

an index to measure the performance of the supply chain.

2.4 Review of literature reviews

A vast literature on CLSC and green supply chain management (GSCM) has emerged

in recent years. Hence we have a large number of literature review articles which

have analyzed, categorized, drawn conclusions and found future research opportu-

nities. One of the pioneering literature review articles was published by Govindan

et al. (2015), who evaluated 382 papers published between January 2007 and March

2013. We have utilized the review/partial review papers in Govindan et al. (2015)

and other publications to create a comprehensive summary of existing literature re-

views. Some of the noteworthy literature review papers in Govindan et al. (2015)

are Sasikumar and Kannan (2009), who reviewed 543 articles across the whole spec-

trum of reverse supply chain and classified them according to content related issues

and solution methodologies adopted by researchers and Ilgin and Gupta (2010), who

reviewed 540 articles based on environmentally conscious manufacturing and product

recovery, and classified papers on the basis of product design, remanufacturing, dis-

assembly and supply chain strategy.

The literature reviews not covered by Govindan et al. (2015) range from arti-

cles targeting a specific research area to articles encompassing the breadth of CLSC

and RL.
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Review articles with a general focus are reviewed first. Govindan and Soleimani

(2016) reviewed and categorized 83 papers on RL and CLSC published in the Journal

of Cleaner Production before December 2014. 69 papers were found to lie in the RL

category and the remaining 14 belonged to CLSC. Based on the research fields, papers

were classified into remanufacturing, waste management, recycling, reuse, recovery,

disassembly, recycling and general articles.

Souza (2013) studied 98 articles on CLSC, classified them into strategic, tactical

and operational issues and presented his work in the form of a tutorial. The tuto-

rial consists of a base model formulation, its assumptions, key results and possible

extensions. Greater emphasis was put on strategic and tactical issues. Strategic is-

sues focus on CLSC network design, use of trade-ins and leasing to source returns,

incentive and coordinations among network members, remanufacturing by original

equipment manufacturers (OEMs) while tactical issues focus on the quantity, quality

and timing of return acquisition and on methods to dispose products (recycling, re-

manufacturing etc.

Shaharudin and Zailani (2012) reviewed 74 articles on CLSCs and RL with a focus

on production and operations management, business logistics and logistics manage-

ment. From the 74 articles, 10 considered both CLSCs and RL, 17 articles were based

only on RL while the rest were based only on CLSC. They found that there is growing

interest towards social, economic and environmental protection. They concluded that

surveys and exploratory cross-sectional studies could be avenues for future research.

In what follows, we review literature review articles dealing with specific research

areas in CLSC/RL.

Bazan, Jaber, and Zanoni (2016) reviewed the literature on the modeling of reverse

logistics inventory systems. These inventory systems are based on economic order

quantity, economic production quantity and the joint economic lot size. Papers are

classified according to the industry problems addressed and modeling assumptions.

The authors also focus on the research works conducted by three specific authors:

Schrady, Richter et al., Teunter and El Saadany et al.
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Xu, Zhang, Liu, and Zhao (2012) studied 47 articles on CLSCs and focused on dis-

tributed decision making. They found that microeconomics and game theory methods

are the primary concepts used in this area. From CLSC optimization point of view,

an area which has not been covered extensively is the control and coordination of

operations.

Reusable packaging material such as boxes, crates, pallets and trays are used

by many industries nowadays. These items are called returnable transport items

(RTIs). Glock (2016) reviewed articles that develop decision support models for the

management of RTI in CLSCs. 33 papers were categorized into 4 classes: comparison

of alternative packaging solutions, forecasting the number and timing of RTIs to be

returned, the purchase of new RTIs and management of RTI systems.

Jena and Sarmah (2016) reviewed papers on remanufacturing and paid special

attention to acquisition management of returned products. They found that current

research is mainly about finding new pricing policies to convince customers to return

their used products. They reviewed two books and 100 journal publications between

the years 2000 to 2014. They suggested the integration of acquisition management

with other related activities such as pricing policy, method of collection and produc-

tion planning and control as future areas of research.

Stindt and Sahamie (2014) created a synopsis of the literature on CLSC manage-

ment in the process industry, which is defined as the production of materials rather

than the production of items as in the discrete manufacturing industry. They reviewed

66 articles with natural science content and 101 articles with a business perspective.

The articles were further classified into surveys, case studies (qualitative and quan-

titative) and research papers (qualitative and quantitative). Quantitative research

papers are classified under network design issues, production planning, product re-

turns management, forecasting. Quantitative case studies are classified according

to chemical, construction, metal, paper and pulp and other industries. It was found

that research in CLSC management in the process industry is limited and fragmented.
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Zhang, Lee, Chan, Choy, and Wu (2015) summarized the literature on the applica-

tion of swarm intelligence (SI) in green logistics (GL). 115 papers published between

the years 1995 to 2014 were reviewed. Green logistics is classified into three sub

classes: green performance measurement, green operations implementation and green

strategies management.

Schenkel, Caniëls, Krikke, and van der Laan (2015) studied value creation from

the recovery of returned products in a CLSC. By reviewing 144 articles between the

years 1998 to 2014, from green, reverse and CLSC literature, four types of value mani-

festations were identified such as economic, environmental, information and customer

value. Literature was also classified under the following 6 value adding concepts,

namely, partnerships and collaboration, product design, service concepts, IT solu-

tions, supply chain processes and organizational characteristics.

Appolloni, Sun, Jia, and Li (2014) conducted a literature review on green procure-

ment (GP) in the private sector to identify its major themes. 86 papers published

between the years 1996 and 2013 were analyzed. Three classification themes are used:

1) Motivation/drivers towards the adoption of green procurement 2) Barriers to the

adoption of green procurement 3) Performances of green procurement. A conceptual

model for green procurement was developed to help drive future research findings.

Wang (2014) worked on a literature review on GSCM. The paper provides various

definitions of GSCM and its developments. The GSCM literature is then classified

into green design, green procurement, green manufacturing and remanufacturing, re-

verse logistics and network design, green recycling and waste management.

Garza-Reyes (2015) reviewed the literature on lean and green initiatives. The

author created a concept map and identified six critical research streams based on

conceptual and empirical works. The literature is classified according to the following

six topics: compatibility between lean and green, integration of lean and green as a

consolidated approach, integration of lean-green with other approaches, proposal of
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a lean-green performance assessment method/indicator, lean-green impact on orga-

nizational performance and lean-green research or empirical application.

Lin, Choy, Ho, Chung, and Lam (2014) reviewed the literature on Green Vehicle

Routing Problem (GVRP) and found the use of traditional Vehicle Routing Problem

(VRP) in GVRP. GVRP is classified into Green-VRP, pollution routing problems

and VRP in reverse logistics. Traditional variants of VRP have been summarized un-

der a variety of classes. Papers are categorized based on the types of problem solved

rather than the algorithm used.

Diallo, Venkatadri, Khatab, and Bhakthavatchalam (2016) reviewed CLSC liter-

ature with a focus on remanufactured/second-hand products and considered quality,

reliability, maintenance and warranty issues. 104 articles published after the year

1985 were included in the study. Papers are classified under six categories: Quality

models, Reliability models, Maintenance models, Remanufacturing models (disas-

sembly, upgrade, refurbish, reuse), Warranty models, Risk and safety. A secondary

classification based on methodology/approach and Mathematical tools & techniques

is also presented. They mainly found that the category dealing with risk, safety and

hazards models had the fewest number of papers.

This section presented a brief review of literature review papers. The next section

is a review of stochastic and robust optimization models in CLSC and RL.

2.5 Stochastic programming and robust optimization models

“The only certainty is that nothing is certain” as quoted by Pliny the Elder, a Ro-

man author, holds true for the situations faced by many organizations today. CLSC

and RL networks even feature more uncertainty than the traditional forward supply

chains because they deal with input products (cores) that have been used in different

ways by customers before being returned. These cores are returned with uncertainty

in both quality and quantity. Hence it is beneficial to study uncertainty in these

supply chains. Meysam, Maghsud, and Ali (2016) found that most papers working
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on CLSC are deterministic in nature while the few papers considering uncertain pa-

rameters use stochastic programming, and even fewer papers implement fuzzy and

robust optimization. Our literature search found the following articles, which are

classified based on the uncertainty aspect considered. Tables 2.1 and 2.2 provide a

summary of the articles described below.

About 74% of all articles on uncertainty dealt with demand uncertainty. Around

63% of these articles are focused on uncertainty in return quantity. First, we start by

reviewing the papers that deal with demand uncertainty.

Wang and Huang (2013) considered demand uncertainty on its own while other au-

thors have considered a combination of demand uncertainty with other uncertainties.

In Wang and Huang (2013) a variety of products are disassembled for their compo-

nents to fulfill uncertain demands in multiple periods. They presented a two-stage

robust programming model for demand-driven disassembly/recycling/ remanufactur-

ing planning in a CLSC to determine the right recovery strategy and quantity, and

timing for EOL products.

The following papers combine demand uncertainty with other uncertainties

Altmann and Bogaschewsky (2014) focused on uncertainty in demand and used prod-

uct return ratio. They proposed a robust CLSC model with the dual objective of

minimizing expected total costs and carbon dioxide equivalents. Lp–metrics method

was used to combine both objectives into a single function. The RO method devel-

oped by Yu and Li (2000) was employed in this study to create a network which could

adapt to varying parameters to the benefit of risk-adverse decision makers.

Cui et al. (2017) designed a CLSC with uncertainty in demand and in quantity of

returned products. Genetic Artificial Bee Colony algorithm with a new food source

along with crossover and mutation capabilities of genetic algorithm (GA) assisted the

model in exploring a greater solution space.

De Rosa et al. (2013) considered uncertainties in the supply and collection of
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products in an integrated supply chain network with bi-directional product flows and

solved a capacitated facility location problem. The authors looked at how an existing

forward supply chain can incorporate reverse logistics activities. The RO concept de-

veloped by Lee, Dong, and Bian (2010) was used. The model has provisions to select

different types of depots (single direction or bi-directional facilities), vary the capacity

of facilities, change the location of facilities and consider competition between new

and returned products for resources in the network.

Dubey et al. (2015) developed a responsive and sustainable CLSC network model

in the presence of demand and return quantity uncertainty. Robust optimization for-

mulations from Soyster (1973); Lin, Janak, and Floudas (2004); Bertsimas and Sim

(2004a) were used in this study. The model also considered bill of materials (BOM)

for the reverse direction and a finite demand for goods in the secondary market. In-

teractive fuzzy goal programming approach is the solution methodology used.

To work with the uncertainties surrounding carbon regulations, Gao and Ryan

(2014) developed a two-stage, multi-period stochastic programming model incorpo-

rating variations in retail demand and product returns. Environmental policy deci-

sions have great repercussions on the entire CLSC network. Even if firms are aware

of the type of policy that will be implemented they are unaware of the incentives and

penalties of the policy. The model developed is adaptable to carbon tax, and cap and

trade policies. The RO approach developed by Ben-Tal and Nemirovski (1999), Ben-

Tal and Nemirovski (2000) was used to surmount uncertainties in carbon regulations.

Hasani et al. (2012) developed an agile multi-product, multi-echelon, multi-period

CLSC model which incorporated uncertainties in the demand of products and pur-

chasing costs. The uncertainties are dealt with using interval RO introduced by Ben-

Tal, Golany, Nemirovski, and Vial (2005). Two Bill of Materials ( BOMs) are con-

sidered in this study: one for producing new products and the other for substituting

products for reuse.

Medical products are perishable and hence Hasani et al. (2015) created a CLSC
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network to improve customer satisfaction, economic and environmental benefits. Un-

certainty surrounding customer demand and product pricing was modelled using

the RO technique introduced by Bertsimas and Sim (2004b). The proposed Mixed-

Integer Non Linear Program (MINLP) maximized after-tax profit and the model was

solved using adaptive variable neighbourhood search heuristic. It was found that as

the uncertainty level increases, total inventory cost decreases and the after-tax profits

decrease when compared to deterministic models.

Hatefi and Jolai (2014) worked on a robust and reliable integrated logistics net-

work model considering uncertainty in model parameters and uncertainty caused by

external disturbances. Uncertainty in model parameters was overcome using Bertsi-

mas and Sim (2004b, 2003) RO approach, whereas facility disruptions due to external

factors was dealt with using RO with p-robust constraints.

Kara and Onut (2010) created a model to maximize the revenue of a supply net-

work while handling uncertainty in the demand and volumes of waste paper returned

by consumers. Both stochastic programming and robust programming were imple-

mented.

Keyvanshokooh et al. (2016) proposed an MILP for a capacitated CLSC network

with a single product in a multi-period setting with uncertainties in demand, trans-

portation costs and return rate of products. Stochastic scenarios based on Latin Hy-

percube Sampling method were generated for transportation costs and the uncertainty

in demand/return rate was modeled using polyhedral uncertainty sets. The paper

worked on strategic and tactical decision making by implementing a hybrid robust-

stochastic programming approach based on the RO technique introduced by Bertsi-

mas and Sim (2003, 2004b). The model was solved using the accelerated stochastic

Benders decomposition method.

Mahmoudzadeh et al. (2013) determined the optimal selling and acquisition prices

to assist the manufacturer in overcoming demand and return rate uncertainty. A ro-

bust optimization model based on quadratic programming was used to achieve profit
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maximization in the CLSC.

Meysam et al. (2016) considered variations in demand, transportation and pro-

cessing costs when developing an MILP for the CLSC configuration and procurement

management. The model used RO to minimize the total cost of the supply chain

by finding appropriate suppliers, deciding order quantities from selected suppliers,

location of new facilities and quantities of products to be transported between them.

Box, Polyhedral and (Interval + Polyhedral) uncertainty sets were employed in this

model. The three uncertainty sets provide decision makers flexibility on the level of

robustness to be incorporated in the network.

Mukhopadhyay and Ma (2009) employed two-stage stochastic analysis to find op-

timal production and procurement strategies for a CLSC under demand and quality

uncertainty when new and remanufactured parts are interchangeable in the produc-

tion process. The quantity of new parts to be ordered, quantity of returns to be

procured and the quantity of finished products to be manufactured are determined

by the model.

Pishvaee et al. (2011) proposed a deterministic MILP followed by its RO counter-

part based on Ben-Tal and Nemirovski (1999, 2000, 2008); Ben-Tal et al. (2005) to

overcome the challenges due to the uncertainties in returned goods, demand for re-

covered goods and transportation costs. The paper integrated supply chain activities

in the forward and reverse direction, created a framework to support both open and

closed-loop networks.

Ramezani et al. (2013) proposed a robust model for designing a CLSC with mul-

tiple products, multiple stages and uncertainties in the demand and return rates of

products. The model has three echelons in the forward and reverse direction with the

core objective of maximizing the total profit while finding the capacity of facilities

and the quantity of products to be transported between facilities. Scenario relaxation

algorithm reduced the time to obtain robust solutions.
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Talaei et al. (2016) presented a CLSC network design model for facility location

and allocation for a multi-product setting. The total cost of the CLSC as well as the

total carbon dioxide emissions from activities such as transportation between facili-

ties, construction of new facilities and production process are minimised. A robust

fuzzy programming model handled the uncertainties in variable costs and demand

rate. The ε-constraint approach was used to solve the proposed model.

Torabi et al. (2016) posited a CLSC network model which considered uncertainty

in some modeling parameters. P-robust constraints control the effects of facility dis-

ruptions by balancing the costs of a disruption with the nominal cost of the network.

Fuzzy numbers are used to categorize the extent of facility disruptions. The authors

put forth a mixed integer possibilistic programming model which minimize the total

cost associated with opening of a new facility and costs encountered during the dis-

ruption of facilities by extending the work done by Xu and Zhou (2013).

Vahdani et al. (2013) developed a robust CLSC network design model that con-

sidered traditional objectives and reliability considerations simultaneously. A bi-

objective MILP was proposed to solve a network consisting of multiple products,

suppliers, stages and facilities. A hybrid solution approach derived from fuzzy possi-

bilistic, interval and chance-constraint programming techniques was utilized.

Zeballos et al. (2015) proposed an MILP for the design and planning of CLSC net-

works. Uncertainty surrounding the demand and supply of products was overcome

using a multi-stage stochastic approach. Profit maximization, coping with uncertain-

ties and creating network performance stability were the chief objectives of the model

which permitted the opening/closing of facilities in different time periods. Three risk

adverse objective functions such as linear measure of the profit variability, modified

linear measure of the profit variability and conditional value at risk were considered

to increase the efficiency of the model under uncertainty.

Nikbakhsh et al. (2013) developed a robust bi-objective MILP model for studying
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the operations of a third party post-sales service provider. The quantity of defec-

tive product returns is uncertain in this study. Transformation from a bi-objective

optimization to a single objective optimization was achieved using the ε constraint

method.

Piplani and Saraswat (2012) dealt with uncertainty in return quantity, percent

of faulty returned products, percent of products under warranty, demand growth

and supply of returned products. The authors used a min-max robust optimization

approach developed by Kouvelis and Yu (1997). The MILP model used a cost min-

imization approach to locate facilities and find the product flows. Supply of faulty

modules was found to be the key parameter affecting the network.

Realff et al. (2004) designed a reverse production infrastructure system using tech-

niques from Kouvelis, Kurawarwala, and Gutierrez (1992). The paper aimed to find

at least one infrastructure configuration that would be feasible under all cases of un-

certainty. The MILP model aimed at finding the most suitable raw materials to be

recovered, recycling tasks to be performed, location and capacities of facilities and

the mode of transportation between facilities to maximize profit.

Zeballos et al. (2012) posited a two stage scenario-based modeling approach for

the design and planning of a CLSC. Uncertainty in the quantity and quality of re-

turned products was considered in this study which permitted the analysis of returned

products under various scenarios. Planning of supply of raw materials, production of

new products, transportation, storage and collection of returned products over several

sub-periods was also determined.

The next type of uncertainty which is widely covered is cost uncertainty. Around

37 % of the articles in this category account for cost uncertainty.

Vahdani and Mohammadi (2015) addressed the issues of uncertainty in the total

costs of a CLSC and the waiting time in a queue for products in the iron and steel

industry. A bi-directional capacitated facility location model was developed. The
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proposed model can assist in the development of CLSC networks containing differ-

ent types of products. M/M/c queueing system is used and a new hybrid solution

approach combining interval and stochastic programming, robust optimization and

fuzzy multi-objective programming was introduced. Special solution procedures uti-

lizing self-adaptive imperialist competitive algorithm meta-heuristic was proposed.

By optimizing the total costs to the CLSC a more centralized network was generated

but optimizing the waiting time created a decentralized network.

Xu and Zhu (2010) studied remanufacturing operations in a CLSC where returned

parts can be refurbished and used in place of new parts in the manufacturing pro-

cess. The manufacturer is responsible for the proper recovery and disposal of returned

products. Three uncertain parameters are considered in this CLSC model: 1) costs

associated with disassembling returned products 2) costs of refurbishing disassembled

parts 3) disposal costs of disassembled parts.

Uncertainty in return quality, price and capacity has received less coverage from

authors. Uncertainty in return quality is covered by Hatefi and Jolai (2014), Mukhopad-

hyay and Ma (2009) and Zeballos et al. (2012). While uncertainty in price has been

covered by Realff et al. (2004) and uncertain capacity has been covered by Vahdani

and Mohammadi (2015).

Vahdani et al. (2012) designed a CLSC network model for the iron and steel indus-

try. The robust M/M/c model developed can deal with environmental and system

uncertainties and has the dual objective of minimizing the total cost of the net-

work and expected cost of failure of the facility. A hybrid solution methodology is

proposed by amalgamating concepts from queueing theory, robust optimization and

fuzzy multi-objective programming.

We now classify papers overcoming uncertainty based on the industry areas and

applications considered. (Table 2.3 and 2.4 provide a summary of articles described

below).
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The following industrial areas have been considered.

• Automotive Industry: Cui et al. (2017) studied a small (12 node) and a large

(20 node) problem in the automotive industry with small, medium and large

demand values. Hatefi and Jolai (2014) proposed a model for use in the auto-

motive sector which may be exposed to uncertain supply, demand parameters

and occasionally to natural disasters. Mahmoudzadeh et al. (2013) worked on

a dynamic production/pricing problem faced by automotive manufacturing and

remanufacturing units. Mukhopadhyay and Ma (2009) developed two scenarios

based on random yield rate (fraction of returned products which can be reman-

ufactured) and demand rate for a real-world automotive engine remanufacturer.

The engine remanufacturer stores large quantities of parts as there are a vari-

ety of engines, variable delivery times for new and remanufactured parts and

unpredictability in the type of returned engine.

• Iron and steel Industry: Vahdani et al. (2012), Vahdani et al. (2013) and Vah-

dani and Mohammadi (2015) studied cases in the iron and steel industry and

designed CLSCs with forward supply chain elements including ore suppliers,

iron and steel manufacturers, metal manufacturing facilities etc., and scrap col-

lection and processing facilities in the reverse direction.

• Electronics Industry: The model developed by Nikbakhsh et al. (2013) is

applicable in the post sales consumer electronic industry for cell phones and

televisions. Piplani and Saraswat (2012) worked on a repair and refurbishment

network model for electronic products. They studied a case in the computer

industry and found that significant cost benefits can be gained on locating

distribution centres close to OEMs and repair vendors (RVs). Talaei et al.

(2016) solves a problem in the copiers industry. The CLSC model developed by

Ramezani et al. (2013) has 4 layers (suppliers, distributors, plants and customer

zones) in the forward direction and 4 layers (repair, disposal centres, etc.) in

the reverse directions. The model is applicable automobiles, electronics and

digital equipment manufacturing. Meysam et al. (2016) can be used in indus-

tries where returned products are disassembled for their components and usable
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components if any can be incorporated in new products. Their model is appli-

cable to the automotive industry, electronic products, etc. Hasani et al. (2012)

proposed models for the food and high tech electronics manufacturing sectors

where there are time dependent parameters such as the cost of the product and

the warehousing lifetime period.

Altmann and Bogaschewsky (2014) used data from a world-leading mechanical

and plant engineering company to test their model. The effects of supply chain de-

sign decisions on the environmental standing of the supply chain network was gauged.

It was found that changes in facility location, logistics, supplier selection, investment

planning, production allocation and capacity planning, and inventory planning can

bring great environmental benefits.

Dubey et al. (2015) implemented their model in an industrial air conditioner man-

ufacturing company. Questions related to the current state of CLSC network design

literature, use of deterministic models to capture uncertainty, environmental bene-

fits, social issues and methods to quantify uncertainty were given importance in this

research work.

Hasani et al. (2015) studied a major medical device manufacturer. The manufac-

turer wanted to expand its reach in neighbouring countries and hence had to adapt to

the Economic Cooperation Organisation Trade Agreement, each countries tax rates,

import tariffs and transfer pricing limitations. Under conditions of uncertainty in

demand and procurement costs, the proposed model generated lesser after-tax profit

as compared to a deterministic model.

Kara and Onut (2010) worked on a two-stage stochastic reverse supply chain net-

work model for a large scale paper recycler. The recycler has the capacity of handling

1,200,000 tons of paper each year. The model found the optimal location for the

recycling facilitiy and flow between the nodes in the network.

Realff et al. (2004) considered a case in the carpet recycling industry where robust
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optimization helped in overcoming variations in the volume of carpet and price of a

valuable raw material (hexamethylene diamine) collected. Robust optimization was

found more suitable in this case as the systems cannot be changed owing to extreme

costs, high uncertainties and lack of historical data.

Zeballos et al. (2012) studied a Portuguese glass firm. In the case study the re-

turned products were classified according to their quality as good, medium or bad

before they were sent for disposal or made part of the new product stream. Improve-

ment in the returns quality improved the performance of the network and increased

profitability, as the network has a lower dependence on raw materials.

Summary of stochastic and robust optimization models

Researchers have proposed mathematical models to overcome uncertainty in the total

costs of the CLSC network, waiting time in the queue for products, transportation

costs, demand and return rate of used products, processing costs, product pricing,

purchasing costs, percent of faulty returned products, percent of products under war-

ranty, carbon regulations, uncertainties due to natural or man-made disasters such

as earthquakes, tsunamis or terror attacks and costs associated with disassembling,

refurbishing, disposing products.

Uncertainty in demand, return quantity and cost has received considerable cov-

erage from researchers but uncertainty in return quality, price and capacity has not

been covered so extensively. The automotive, iron and steel and electronics industry

has been covered by a good number of scholars.

Robust optimization techniques were mainly adapted from the work of Bertsi-

mas and Sim (2004a, 2003); Ben-Tal and Nemirovski (2008, 1999); Ben-Tal et al.

(2005); Ben-Tal and Nemirovski (2000); Soyster (1973); Mulvey, Vanderbei, and

Zenios (1995). Robust techniques provided solutions which were pricier than those

obtained from deterministic models as it created solutions which were feasible for all

possible realizations of uncertain parameters.
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This section presented a review of articles on stochastic and robust optimiza-

tion models. The next section is a review of quality and reliability issues in CLSCs

and RLs.

2.6 Quality and reliability

Returned products have different quality and reliability levels based on customer us-

age. Among returns we may find products which have never been used or find ones

that are completely destroyed beyond repair. Having the ability to predict the quality

and reliability of returned products can greatly benefit the reverse logistics process.

It can enable decision makers to establish facilities and allocate sufficient resources for

remanufacturing/refurbishing/recycling operations. We now classify articles consid-

ering product quality and reliability based on their modeling approach and settings

(number of periods/products/components).

In this subsection, articles contain models with single period, single component

products with quality grading and quality pricing considerations. Table 2.5 provides

a summary of the articles described below.

Behret and Korugan (2009) developed a policy for balancing a hybrid manufactur-

ing and remanufacturing system throughput with demand. As the system is stochastic

in nature, backorders and inventory cannot be avoided. The system faced uncertainty

in the quantity, timing and quality of the returned products. Uncertainty affected

the quantity of raw materials ordered, material recovery rate and time for processing

returned products. Based on the remanufacturing effort needed, the returns are clas-

sified as good, average and bad quality. A multi stage inventory control simulation

(using ARENA simulation program) models the uncertainty in quality and balances

the hybrid system. Under different cost scenarios and when facing high returns, qual-

ity grading of returned products is beneficial to system. Classifying returned products

created multiple control points in the system and an increase in variance resulted in

increased cost savings. On the basis of a numerical example, under high return rates,

it was showed that a system with graded returned products had 8 % more cost savings
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as compared to a system where there was no gradation of products.

Dwicahyani et al. (2016) developed an integrated inventory model for a CLSC.

They introduced a special variable to quantify the quality levels of a used product.

The developed deterministic model considered both remanufacturing and refurbishing

recovery processes. Multiple remanufacturing and production cycles were used to find

the optimal solution. The joint profit of suppliers, manufacturers and retailers was

maximized in this model along with finding the ideal production and replenishment

policies.

The quality of acquired cores affects the remanufacturing process hence Teunter

and Flapper (2011) simultaneously analyzed acquisition and remanufacturing de-

cisions. Optimal acquisition decisions are enabled by considering multiple quality

grades and multinomial quality distributions for the acquired products. Both deter-

ministic and uncertain demand were studied in this research. Total expected cost of

acquired cores in the deterministic demand case was found from a closed-form ex-

pression while the case including both uncertainty in return quality and demand was

solved by implementing newsboy-type optimality conditions.

Zou and Ye (2015) studied the pricing and co-ordination strategies for single-

manufacturer-single-retailer CLSC. Manufacturing costs are uncertain due to the

quality of the returned product and the proportion of used components which can

be added to a new product. Game theory was implemented in this model. Under

centralized and decentralized model scenarios, optimal solutions for the manufacturer

and retailer was obtained. The threshold for the proportion of used components in a

new product was also discussed. It was found that there exists a negative correlation

between the wholesale price and retail price while there is a positive correlation be-

tween the recycling rate and the profit obtained from the CLSC. Centralized decision

making was found to be more efficient as compared to decentralized decision making.

We now study Radhi and Zhang (2016) who created a model with multiple prod-

ucts while keeping other settings similar to the previous articles. Radhi and Zhang
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(2016) is one of the few works which studied remanufacturing operations where re-

manufactured goods are sold at a discounted price as compared to new products. This

study developed a quality grading tool and an acceptance strategy for used products

under conditions of quality uncertainty. The quality of the returned products is con-

sidered to be normally and exponentially distributed. A MINLP model was developed

to find the optimal network for the remanufacturing operations with return quality

decisions. The model has been applied to the tyre remanufacturing industry. They

suggest that a higher number of returns and quality uncertainty can be viewed as an

opportunity to increase profit while reducing remanufacturing costs.

Articles containing models with single period, multiple component products and

quality grading and quality pricing considerations are now studied. Table 2.6 provides

a summary of the articles described below.

Bhattacharya and Kaur (2015) developed a single period multistage CLSC model

which simultaneously considered the manufacturing of new products and remanufac-

turing of returned products. Remanufacturers acquire used products from customers

and are paid different prices based on the quality grade of the returned product.

Based on the demand of the repair/recycling stage, groups of graded products are

sent to different facilities. After repairing, refurbishing, recycling the used products

are incorporated in the forward supply chain. The authors focus on profit maximiza-

tion in the non-linear optimization problem and studied an auto parts supplier. The

key decisions made in this study include finding the optimum sale price of new prod-

ucts and the percentage of returned products of varying quality grades that should be

pulled in different stages of the reverse supply chain (RSC). Pulling optimum quantity

of returned products of different grades from the collection centre by different stages

of the RSC was found to reduce uncertainty and improve CLSC efficiency.

Chen et al. (2015) proposed a recycling strategy for printer cartridges in Hong

Kong. Used cartridges were classified into good and poor quality grades. The main

objective of the model was to solve 1) the optimization of the location and allocation

of facilities 2) find the optimal transport route and delivery quantities in the CLSC
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network 3) recycling alternatives for returned products based on their quality and

materials extracted. The proposed MILP model was solved using Lingo for small in-

stances of the problem and GA was implemented for larger instances of the problem.

Krikke (2011) proposed a decision support framework for analyzing disposition

and location-transportation decisions in a CLSC network and the authors applied

the model to a global printing company “CopyDoc”. It was shown that substitution

of new products made from virgin materials by repaired, refurbished or remanufac-

tured products decreases the carbon footprint of organizations. Substitution can be

increased by having access to a variety of recovery options for returned products, inte-

grating forward and reverse logistics, choosing optimal facility locations and transport

routes.

Li (2013) developed a framework consisting of economic, product quality and eco-

logical modules for evaluating the production system for a CLSC. Due to the dynamic

characteristics of the reverse supply chain, mathematical probability theory was used

for product quality evaluation. Reliability and time-utility value of the product is

used as a basis for the concept of product quality. Simulations and a case study

based on a household appliance (e.g. soy milk machines) manufacturer was used

for demonstrating the proposed evaluation system. Procurement strategies and qual-

ity of recycled components played a critical role in the evaluation model of the CLSC.

Örsdemir et al. (2014) studied competition between an OEM and an independent

remanufacturer (IR). This research challenges the general belief that remanufactur-

ing is beneficial to customers and the environment. The OEM controls the quality

of the product which has a direct impact on the IR operations. Under conditions

of equilibrium and if the OEM has a greater competitive advantage over the IR,

the OEM leverages its product quality. If the IR has a greater competitive advantage

as compared to the OEM, then the OEM tends to limit the number of cores avail-

able in the secondary markets. This research finds the impact of remanufacturing

operations conducted by an IR on customers and the environment. It was found that

either the IR or the OEM should have a great competitive advantage. When both
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are equally competitive then there is an intense competition between the two and the

quantity of new and remanufactured products increase in the market with greater

environmental and social repercussions. Remanufacturing by OEMs is encouraged in

this study to promote environmental and customer well-being.

Jiang et al. (2016) worked on optimizing the remanufacturing process by achieving

a dual-objective of improving product reliability and decreasing process cost. Quality

of cores has an impact on the remanufacturing tools and hence the failure rate of the

remanufacturing operations serves as a barometer to measure reliability. The authors

implemented GA to solve the proposed model. Data from a lathe machine was used

to test the proposed model. Apart from assisting decision makers in remanufacturing

process planning, the proposed model can act as a tool for high reliability remanu-

facturing at an economical cost.

The main change in the following articles as compared to previous ones is the use

of multiple products in the model.

Das and Chowdhury (2012) created a mixed-integer program (MIP) model for max-

imizing the profit of an integrated reverse logistics system. This study considered

modular product design which reduced the effort and cost in the recovery process.

The other benefits of modular product design are the reduction in lead time for pro-

ducing new and recovered products, possibility of offering customized products at

lower costs. Three product grades are offered to customers based on the quality of

modules present in the item. Effort has also been made to offer customers better

warranty policies for recovered products. Customer-friendly collection practices are

followed as retailers are responsible for the collection of used products and an inte-

grated network of recovery service providers are responsible for the recovery efforts.

To enhance sustainability of the supply chain, incentives are offered to customers to

return products, agreements are made related to the maximum quantity of products

to be collected by retailers and the minimum percentage of recovered modules to be

included in certain products.

Giglio and Paolucci (2014) worked on a hybrid manufacturing-remanufacturing
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system and solved a multi-item, multi-stage lot sizing problem. The papers focused

on determining the number of products to be manufactured, quantity of new parts to

be purchased, quantity of old parts to be recovered from returned products and num-

ber of returned products to be purchased. The quality of the returned products has

a bearing on the remanufacturing process time and the quantity of recovered parts.

Hence returned products are graded based on their quality using a set of integers.

A numerical example consisting of 1150 variables and 560 constraints was used to

showcase the applicability of the proposed model.

Ghayebloo et al. (2015) developed a bi-objective CLSC network design model for

profit and greenness maximization. Greenness score depends on the part/material

reliability and its green characteristics. In the proposed model the value of green

products in the network is maximized while keeping a check on the costs incurred.

To portray the trade-off between profit and greenness, Pareto optimal solutions were

found using the ε constraint method.

Articles containing models with multiple periods and including quality grading

and quality pricing considerations are now studied. We first study models with single

products and single components followed by models considering multiple products

with multiple components. Table 2.7 provides a summary of the articles described

below.

Remanufacturing firms try to maintain a steady stream of returned products/cores

by developing product leasing strategies with customers and offering them a trade-

in credit for a used item on the purchase on a new one. Leasing new products to

customers was found to be more effective for acquisition of used products but the

quality of the cores is uncertain. Denizel et al. (2010) focused on overcoming quality

uncertainties and capacity constraints to achieve a stable remanufacturing process. A

stochastic programming model was developed under a multi-period setting to gener-

ate feasible solutions under varying quality levels of the returned cores. Used products

are classified using a scale from best to worst quality based on a pre-defined proba-

bility. The model determines the number of cores of different grades that need to be
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remanufactured, the quantity of cores that need to be stored in inventory for future

use and the quantity of cores that need to be salvaged. It was found that a firms

profit is influenced by the shape of the production cost curve in relation to the core

quality, and the money invested in grading and salvaging used products.

Nenes and Nikolaidis (2012) developed an MILP model for optimizing the quan-

tities of items that should be procured, remanufactured, stocked and salvaged. The

proposed model has the ability to incorporate multiple supplier, multiple periods and

varying quality levels of returned goods. This paper fills a gap in the industry by

creating a practical and quantitative tool which supports decision makers in assessing

returned products. An illustration for cell phone, digital camera and printer manufac-

turing companies which offer high quality remanufactured products as alternatives to

new products is provided. A set of integers was used to reflect the returned product

quality and uncertainty in information regarding reverse logistics was overcome using

simulation analysis. The proposed MILP model was more efficient as compared to

the strategy of using a single-period model multiple times.

Next, we now consider models dealing with multiple products and multiple com-

ponents. Jayaraman (2006) developed a mathematical programming model (Re-

manufacturing Aggregate Production Planning ) for the production planning and

control of CLSCs. The model finds material recovery rates, quantity of replaced

parts/materials and associated costs, and workloads at different facilities. The model

is suitable for medium to long term planning horizons and the objective is to decrease

the total cost per remanufactured unit. Decisions related to the quantity of cores ac-

quired, disassembled, remanufactured and disposed are also studied. Data from a

cellular handset remanufacturer (ReCellular) is used to validated the proposed math-

ematical model. ReCellular developed 6 nominal quality levels to gauge the condition

of returned phones. The study focused on designing products for recovery while cre-

ating a balance between the investment in recovering parts/materials and savings

obtained from recovery efforts.

Ramezani et al. (2014) designed a CLSC network over a multi-period horizon
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considering multiple periods and multiple echelons. This research is unique as it si-

multaneously works with three objective functions 1) maximizing the total supply

chain profit 2) enhancing customer service levels by minimizing delivery time for

products in the forward and reverse directions 3) reducing the number of defective

parts acquired from suppliers, there by maximizing six-sigma quality levels.

Sheriff et al. (2014) addressed the recycling activities for plastic bottles by de-

veloping a Capacitated Routing and Allocation with Balancing Multiple Products

model. The model solves three major objectives: 1) Finding the optimal locations of

Initial Collection Points(ICPs) and Centralized Return Centres (CRCs) 2) Assigning

customers to appropriate ICPs and CRCs 3) Finding the optimal transportation route

between different entities in the network. There is also provision to provide varying

incentives to customers based on the quality of products returned. This is one of

the initial studies which considered clustering in the RL process and simultaneously

created a solution to location, allocation and routing problems.

Yamzon et al. (2016) developed a MINLP model for a CLSC to support decisions

regarding collection activities, types of incentive offered for returned products and

recovery options. A variety of incentives such as discounts and cash rebates can in-

crease the quantity and quality of product returns. Returned products received a

quality grade between q low (0) and q high (100) and are either refurbished, remanu-

factured, cannibalized or disposed. The model was subjected to scenario analysis and

conditions were identified for various incentive offerings. Rebate-type incentive was

found to be more favourable than discount based incentives. Under conditions of high

collection targets and higher recovery costs compared to selling prices, rebate-type

incentives are preferred. Discount based incentives are preferred in the luxury goods

industry where the selling price is high and demand is low. When the stock out costs

of the secondary market are high then higher incentives are offered to obtain better

quality returns.

Next, we study articles with a variety of methods, quality considerations and other

settings. Table 2.8 provides a summary of the articles described below.
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Ferguson et al. (2006) studied the production planning and control problem for re-

manufacturing firms which receive returned products of varying quality grades. It

was found that as the quality of returned products decrease the remanufacturing cost

increases. Remanufacturing increases the product value. The holding costs are high

for remanufactured goods and hence companies remanufacture-to-order. Though the

articel has considered the case of Pitney-Bowes, a remanufacturer of mailing systems,

the proposed model can be applied to remanufacturers in other industries. Pitney-

Bowes gets a large number of returned products as they lease around 90 % of their

equipment. The returned products are graded as good, better and best after which

they are either recycled for obtaining raw materials, disassembled for their parts or

remanufactured.

Guide et al. (2003b) takes the contingency planning approach and addresses the

issues in production planning and control of a CLSC. Though there are a number

of similar activities which are required for the successful planning and control of

the CLSC, managerial concerns differ across supply chains. Case studies from Kodak,

Xerox Europe and the US Navy Depot are used to represent Remanufacture-to-stock,

Reassemble-to-order and Remanufacture-to-Order strategies respectively. Hayes and

Wheelwrights product-process matrix framework was used to analyze the similarities

and differences in the three cases. The three firms are analyzed based on returns

volume, returns timing, returns quality, product complexity, testing and evaluation

complexity, and remanufacturing complexity. The framework can assist decision mak-

ers in focusing on the key parameters and critical information while designing a CLSC

with product recovery.

Huang et al. (2015) considered construction equipment remanufacturing and de-

veloped a model for a remanufacturer driven CLSC. Used products are tested and

classified into three grades (high grade, middle grade and low grade) depending on

the amount of remanufacturing effort required on the product. Quality of returned

products is uncertain before testing. To deal with this uncertainty, modal interval

arithmetic method is used to find the optimal pricing and collection strategy during
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remanufacturing. The results from the modal interval arithmetic method are vali-

dated by comparing them with the results obtained from a scenario based analysis.

Envelope curves are used to ensure robust decision making under situations of quality

uncertainty of returned products.

Jin et al. (2013) addressed the issues faced by remanufacturers in modular product

reassembly. This research was motivated by the remanufacturing efforts conducted on

the battery of an electric vehicle but is applicable in industries with modular product

structure. Benefits of an optimal reassembly-inventory policy, module substitution,

and upkeep of module inventories of different qualities are found. Markov decision

process was implemented in this research and the optimal reassembly policy was

found to be state-dependent multiple threshold-based. Two heuristic policies were

discussed for larger problems. The optimal reassembly policy with module substitu-

tion and threshold-based assembly control was found to be superior to an exhaustive

reassembly policy.

Based on reliability and the time utility value of a product, Li et al. (2015a) devel-

ops the concept of product effectiveness. Considering the variations in reverse logistics

and using mathematical probability theory, quantitative models are developed to de-

scribe product effectiveness. In the model developed, a manufacturer follows fixed

production cycle and returned products can only be recycled once before they are

removed from the CLSC. If the returned products are in good condition, they are

reused directly else they are repaired before adding them to the supply chain.

Östlin et al. (2008) focused on the remanufacturing industry and tried to unearth

as well as manage the various relationships that exist between remanufacturers, cus-

tomers and core suppliers. Based on the level of trust and collaboration between enti-

ties (customer and manufacturer), seven relationships have been researched in detail.

The relationships are ownership based, service-contracts, direct-order, deposit-based,

credit-based, buy-back and voluntary-based.

Robotis et al. (2012) studied the impact of the uncertain quality of returned goods
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Table 2.9: Reliability and quality papers final summary (5)

Citation
Method Quality Settings

M
IL

P
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e
r
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ra

d
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g
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g

S
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g
le

P
e
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o
d

M
u
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P
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d

S
in
g
le

p
a
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M
u
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le

p
a
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s

S
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g
le

p
ro
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c
t

M
u
lt
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p
ro

d
u
c
t

Total articles 6 23 26 23 15 8 8 15 15 9
%of total articles 22 85 96 85 56 30 30 56 56 33

Table 2.10: Papers with reliability concepts

Reliability

Citation Assessment method Failure modeling

Li (2013) Reliability function of new, re-
paired and directly reused com-
ponents are implemented.

Components fail
independently and
failure rate is used

Li et al. (2015a) Reliability function of new, re-
paired and directly reused com-
ponents are implemented.

Failure rate is used

Jiang et al. (2016) Failure rate of remanufacturing
operations represents reliability

Ghayebloo et al. (2015) Two reliability levels have been
defined

in investment decisions linked to product re-usability and used product acquisition.

The authors have created a two-period model for a firm conducting manufacturing

and remanufacturing operations. Only new products are sold in the first period of

the model. In the second period, new as well as remanufactured products are sold.

Inspection procedures are graded into 2 categories based on the quality of inspection.

Though uncertainty in the quality of returned products is considered to be an obsta-

cle by enterprises, this research shows that it need not be the case and with the right

inspection tools, quality uncertainty can be overcome and good investment decisions

can be made.
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Summary of product reliability and quality concerns in CLSC

Research focuses on areas like finding the number of new and remanufactured items

to be produced, number of new parts to be procured, number of old components to be

salvaged from returned products, number of items to be stocked, optimal transport

routes, optimal location and allocation of facilities, relationships between entities of

the CLSC, maximizing six-sigma quality levels, design for recovery, solving produc-

tion planning and control problems in remanufacturing, modular product design and

competition between an OEM and IR.

From the summary Tables 2.9, 2.10 it can be seen that there is a lot of emphasis on

quality grading and quality pricing but the concept of reliability in CLSC was stud-

ied by only 4 articles. Product leasing, trade-in-credit and other strategies adopted

by manufacturers to entice good quality returns from customers was proposed. MILP

models, scenario based modeling, GA, stochastic programming, heuristic policies were

the major models employed. Remanufacturing of construction equipment, electronic

products, glass, auto parts, household equipment, printer cartridges, plastic bottles,

tyres, cell phones, mailing systems, electric vehicle batteries were discussed. Future

research opportunities could include a greater focus on models with multiple prod-

ucts and multiple periods. Researchers can also focus on finding ways to assess the

reliability of returned products.

This section presented a brief review on product reliability and quality concerns

in CLSC. The next section is a review of models which consider the carbon emissions

generated in the CLSC.

2.7 Carbon emissions

Carbon emissions have an adverse impact on the environment. Hence environmen-

talists and regulatory authorities have been persuading organizations to reduce their

emissions. A variety of carbon reduction policies have been proposed by governments

the world over. Incorporating emission policies in CLSCs make them even more re-

warding.
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The three common carbon emission policies are the carbon cap, carbon tax and car-

bon cap-and-trade. Under carbon cap policy a firm is allowed to emit up to a certain

quantity of emission, under the carbon tax policy a firm is taxed based on the car-

bon emissions generated and the carbon cap-and-trade policy enforces a cap on the

maximum emissions that a firm can generate while at the same time rewards (penal-

izes) firms when the emissions are below (above) the permitted levels. (Fareeduddin,

Hassan, Syed, and Selim, 2015)

In the following articles we look at how carbon emission constraints are assimilated

into CLSCs. Following papers are classified based on the carbon policy implemented.

In this subsection we focus on the articles implementing the carbon cap policy.

Table 2.11 summarizes the articles described below.

Darbari et al. (2015) and Kafa et al. (2015) are the only articles which consider carbon

cap policy. Other articles consider a combination of carbon cap with other emission

policies.

Darbari et al. (2015) proposed an integrated CLSC network model to help decision

makers find the right supplier, minimize the cost of the network operations and control

carbon emission due to transportation in the network. Working with EOL and EOU

products entails high uncertainties. To effectively overcome these uncertainties, the

model uses fuzzy multi-objective optimization approach. Suppliers are first evaluated

using Analytical Network Process (ANP) based on the emissions generated, cost ef-

fectiveness, quality of products and their performance. Using the travelling salesman

problem approach and by grouping hybrid distribution-cum-collection (HDC) centres

by K-means clustering technique the model aimed to transport goods using a single

truck on an optimal route.

Kafa et al. (2015) presented a methodology to select a supplier and a third-party

reverse logistics (3PRL) provider based on sustainability criteria. The criteria are fur-

ther grouped into economic, social and environmental aspects. As its a multi criteria

decision making problem, fuzzy AHP-PROMETHEE concept was used to evaluate

suppliers and 3PRL providers. The results from Fuzzy AHP-PROMETHEE is feed

to an MILP which created a CLSC network. A weighted max-min approach is used to
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solve the MILP model. The model assisted decision makers in allocating appropriate

number of contracts between different suppliers and 3PRL providers.

Carbon trading is a burgeoning industry. To emphasize the impact of carbon

trading, Diabat et al. (2013) proposed a carbon-sensitive closed-loop supply chain

(CSCLSC) model. The model minimizes carbon emission costs which is a major con-

cern for large companies. It also reduces transportation and fixed facility location

costs. Based on the carbon cap set by governing authorities, firms will incur costs if

their current emissions are exceeding the carbon cap and will get monetary benefits

if their emissions are below the carbon cap. The authors found that the emissions

in a supply chain are linked to the level of sustainability adopted by raw material

suppliers. If the raw materials are obtained from suppliers who emit excessive car-

bon emissions, then remanufacturing is beneficial to the supply chain. On the other

hand, if the raw material supplier takes environmentally sound decisions and emits

less emission then the manufacturer has a product which ultimately has a smaller

environmental footprint and the manufacturer may not be interested in remanufac-

turing. Carbon price increase and the level of remanufacturing are interlinked. So

governments must make suitable provisions to helps enhance product recovery efforts.

Fareeduddin et al. (2015) used a numerical experiment and found that the carbon

cap and carbon cap-and-trade policies are competent to reduce emissions without

increasing the financial burden on organizations. Though the carbon tax policy is

highly flexible, it was found to impose a financial burden on enterprises to achieve a

set emission standard as compared to the other policies.

Juhong et al. (2013) analyzed four pricing strategies for a CLSC. Based on the pre-

mium and penalty mechanism the four pricing strategies are: 1) government neither

imposes a carbon tax on the manufacturer nor provides subsidies to the third-party

representative 2) government imposes a carbon tax on manufacturers 3) government

provides a subsidy to the third-party representative 4) government imposes a carbon

tax on the manufacturer as well as provides a subsidy to the third-party representa-

tive. These strategies were examined using a Stackelberg game. Based on the results
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obtained the authors conclude that the government should provide subsidies to the

remanufacturer and also impose a carbon tax on the manufacturer. Multiple benefits

are derived from this strategy such as reduction in carbon emissions, improvement in

the recycling rate and higher profits generated by the CLSC members.

Tao et al. (2015) considered a CLSC network where homogeneous products were

manufactured in a multi period scenario. Two types of carbon emission constraints,

namely periodic and global, were imposed on the manufacturers. The network equilib-

rium model was created using variational inequality and complement theory. Mod-

ified projection contraction algorithm was used to solve the process in MATLAB.

Numerical examples examining the effect of periodic carbon emission constraints and

examples examining the effect of global carbon emission constraints were solved. It

was found that the global carbon emission policy was more beneficial to an organi-

zation as it allowed manufacturers to adjust the volume of its product portfolio over

an entire planning horizon. But if the carbon emissions permitted under the global

emission policy is limited then manufacturers would benefit from the periodic emis-

sions policy if they are unable to adjust production volumes. Hence policy makers

should enforce the right policy based on their goal of emission reduction.

In Xu et al. (2015) the Ministry of Environmental Protection (MEP) supported

sustainable development by imposing penalties on manufacturers for violating emis-

sion standards and offering premiums to recycling centres to recover more products.

The article developed a CLSC network equilibrium framework consisting of environ-

mental factors. The framework was developed by integrating variational inequality

theory and policies of the MEP. The optimal behaviour for achieving maximum profit

for various members of the supply chain is described based on the upper limits of emis-

sion and lower limits of incentives for used goods.

We now study articles considering only the carbon tax emission policy.
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Kannegiesser and Günther (2014) created a strategic sustainability optimization frame-

work to guide policy makers in determining suitable regulations for increasing sustain-

ability of different industries. Keeping economic and ecological objectives at the fore-

front, the article developed a mathematical model which is flexible to accommodate a

variety of sustainability indicators, a variety of sustainability optimization strategies

and other industry specific concerns. The value chain model consists of three sub-

models: process model, transportation model and product-in-use model. The process

model is used to portray the various production and logistics activities between dif-

ferent members. Transportation activities is modeled using the Transportation model

and sustainability issues are modeled using the Product-in-use-model. The product-

in-use model is unique as it sheds light on the impact of making versus using a product

from a sustainability standpoint. Three optimization strategies of 1) purely optimiz-

ing financial performance 2) optimizing the trade-off between sustainability indicators

3) minimizing the time to achieve sustainability was discussed.

In the second part of this paper Kannegiesser, Günther, and Gylfason (2014), the

proposed model was applied to the automotive industry in Europe. It was found that

the automotive industry shows great promise for sustainability improvement. The

optimization model created an impact on the total emissions and costs related to the

industry, proposed for relocation of production capacities, changes in transportation

modes and considered electric vehicles for reducing emissions.

In this subsection we focus on the articles implementing the carbon cap and trade

policy. Table 2.12 summarizes the articles described below.

Abdallah et al. (2012) combined location theory, inventory theory and reverse logistics

theory to develop an uncapacitated closed-loop location inventory model. The MINLP

displayed the interrelationship between the location inventory decisions in the forward

and reverse paths. To enhance recovery efforts by OEMs the authors proposed a sys-

tem of carbon trading. Companies which are forced to recover low value products at

higher quantities could incur great losses. But on the other hand, companies which

recover high value products may be at advantaged. A flexible policy making frame-

work was introduced in the paper which provided carbon credits to OEMs that incur

losses when products are recovered and reduced carbon credits for OEMs who do not
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recover products in sufficient quantities.

Chaabane et al. (2012) designed a sustainable supply chain by considering both

material balance constraints and life cycle assessment principles. The model differ-

entiates between solid, liquid and gaseous emissions developed in various processes.

To abide by regulations on the maximum amount of GHG emitted and the minimum

number of products recycled, the model considered emission trading scheme (ETS). A

study in the aluminium industry is conducted to find the trade-off between economic

and environmental goals under different cost and operational scenarios. The authors

suggest for strengthening regulations like the ETS on a global scale and push for bet-

ter carbon management policies for achieving cost-effective sustainable supply chains.

Fahimnia et al. (2013) created a CLSC model where carbon emissions are repre-

sented using dollar carbon cost. The focus of the article was to solve a bi-criteria

model that aimed to reduce the environmental and economic impact of a CLSC. As

carbon emissions are expressed in terms of a dollar value the two objectives can be

combined in to a single objective function. They study a company which is going to

be affected by a recently introduced carbon pricing scheme. Companies have to be

ready to make strategic changes in response to the proposed carbon pricing initiatives.

The supply chain costs and environmental impacts vary as the carbon prices changes.

It is found that government subsidies promote supply chain decarbonization activities.

Zhou et al. (2011) proposed a two echelon CLSC consisting of a single manufac-

turer and retailer to understand the impact of various CLSC structures on the motive

to collect used products and on the supply chain profits. The paper also analyzed

the carbon emission reduction effects of the CLSC and the performance of the supply

chain in the forward direction, reverse direction and the effect of government recycling

subsidies. The paper proposed a framework to assist policy makers in achieving the

optimal recycling subsidy model.

In this subsection we focus on the articles which do not implement a carbon re-

duction policy but have considered emissions at various stages of the CLSC. Table
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2.13 summarizes the articles describes below.

Das and Posinasetti (2015) worked on improving life cycle analysis (LCA) metrics

in a CLSC planning model and the overall suppy chain profit. They proposed a

model incorporating modular product design concept which assists in improving the

processing times in manufacturing, remanufacturing, refurbishing, disassembly and

repair of new or used products. The model discusses avenues for optimizing business

performance, addresses concerns regarding harmful emissions and energy spent in

industries. It achieves the above tasks by selecting alternative product designs and

modules, optimizing the distribution routes and creating agreements with suppliers

who follow environmentally friendly manufacturing processes. A supply chain in the

welding industry consisting of multiple products manufactured in multiple plants and

sent to multiple distribution centres and retail locations was studied. The model

developed was solved using bi-objective Pareto optima solution approach and goal

programming with weighted deficiency variables approach. The results of the case

study gave an insight into the trade-off between profit, spent energy and harmful

emissions produced.

Garg et al. (2015) developed a CLSC for an electrical appliance manufacturer.

The manufacturer uses 3PL in the forward path and own trucks in the reverse path.

A bi-objective model was formulated to minimize the number of vehicles utilized (for

minimizing carbon emissions) and maximize the profits generated by the firm. The

authors proposed an interactive multi- objective programming approach algorithm to

solve the problem. It was found that the two objectives were conflicting. A solution

which is environmentally strong supported hiring fewer trucks with a larger capacity

and resulted in lower profits due to higher rental fee for trucks. A solution supporting

greater profits resulted in hiring a larger number of trucks. Thus generating more

emissions. A Pareto optimal curve was generated which will give decision makers an

insight into the trade-off between the number of trucks hired and the profit generated.

Consumer free riding behaviour involves purchasing a product online at a lower

price after visiting a traditional retail store to get a feel for the product. Consumer
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free riding behaviour has an impact on the carbon emissions produced during a prod-

ucts life cycle. He et al. (2016) dealt with the additional emissions caused due to

consumer free riding behaviour in a dual channel CLSC and also found the conse-

quence of imposing an e-commerce tax on emissions. E-commerce tax was found to

be effective in curbing online trading and the carbon emissions generated.

To portray trade in today′s World, Li et al. (2015b) introduced a dual chan-

nel CLSC network with multiple entities present at the supplier level, manufacturer

stage, retailer stage, demand markets level and recycling centre level. This paper

also studied the conversion rate of raw materials, the conversion rate of worn-out

products and the remanufacturing rate set by the government. It aimed to maximize

profit and minimize carbon emissions for the whole supply chain. Utilizing Lagrange

duality theory and variational inequality theory the decision-making behaviour of the

various entities of the system was analyzed and equilibrium conditions for the sup-

plier, manufacturer, retailer, need markets, recycling centres and carbon emissions

was discussed. The equilibrium pattern of the dual CLSC is established and is solved

using modified projection algorithm.

Tiwari et al. (2016) created a CLSC model for the semiconductor industry. Two

objectives of maximizing profits and minimizing carbon emissions are dealt with si-

multaneously. Meta-heuristics are used to solve the NP hard problem. A new ap-

proach called Estimation of Distribution based Territory Defining Evolutionary Al-

gorithm (EDATDEA) was used to solve 9 test problems and the results have been

compared with the established Non-Dominated Sorting Genetic Algorithm II (NSGA

II). EDATDEA is believed to be better than NSGA II based on the results from the

test problems and the authors foresee its application in real life scenarios.

Wang et al. (2012) evaluated the trade-off between economic gains and ecological

gains in a remanufacturing CLSC. A multi objective MILP model to determine the

optimal location of facilities in a CLSC and the flow quantities between the members

was developed for a low-carbon economy. Two optimization goals of 1) minimizing

the total cost to the CLSC 2) minimizing environmental impact were considered. A
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numerical study from the refrigeration industry was discussed and an iterative algo-

rithm was designed to achieve the Pareto sets of the model. It was found that there

is a trade-off between carbon emissions and waste generated along with a trade-off

between the waste generated and the economic costs.

Chen et al. (2014) worked on a making the solar energy industry eco-friendlier by

developing a CLSC for solar cells. The EOL solar products are assessed for quality.

Good quality products are added to the forward logistics path after reproduction.

Lower quality products are stripped of their working modules and remaining compo-

nents are either reduced to basic raw materials or disposed. A deterministic multi-

objective mixed integer programming model to minimize the CLSC cost and carbon

emissions generated was developed. A multi-objective particle swarm optimization

(PSO) technique with ideal-point non dominated sorting mechanism was used to ob-

tain the optimal solution. For complex problems, PSO solutions were found to be

more efficient and optimal compared to solutions generated by CPLEX.

Summary of carbon emission and CLSC articles

Research focuses on reducing emissions at all stages of the CLSC (supplier, manu-

facturer, recyclers and during transportation). Objectives of maximizing profits and
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minimizing carbon emissions, number of transportation vehicles, CLSC costs, and

time to achieve sustainability have been tackled. Carbon trading, carbon pricing

strategies in CLSCs, consumer free riding behaviour, e-commerce tax, government

recycling subsidies, emission policies such as carbon cap, carbon tax, carbon cap-

and-trade were studied.

Examples and cases studies from the solar energy industry, semiconductor manufac-

turing, electrical appliance manufacturing, retail sector, refrigeration industry, per-

sonal computer industry, welding and printer manufacturing were elaborated in this

multifarious research.

From the summary Table 2.14, emissions from manufacturing of the final /recyclable

product, and from transportation, remanufacturing, recycling, recovery of products

has been extensively covered by scholars. Future works could focus on the emissions

generated during product storage and handling, from sales and product usage, emis-

sions based on the type energy consumed and emissions from disposal activities. As

these categories received less coverage. Around 35 % of articles did not consider car-

bon emission policies in their research but it would be interesting to include the new

policies and regulations developed by governments the world over to restrict carbon

emissions.

This section presented a brief review on CLSC models with carbon emission con-

siderations. The next section reviews greenness indices developed to evalute the

performance of CLSCs.

2.8 Greenness index

GSCM assists consumers and industries to reduce their environmental impact. Per-

formance assessment of the green supply chain is critical but it becomes increasingly

challenging due to the closed-loop nature of the supply chain. There should be a

scientific and standardized evaluation index system which evaluates all aspects of

the supply chain while amalgamating financial and non-financial indices. If corpo-

rations can measure how environmentally friendly different supply chain alternatives

are then they can select the eco-friendliest alternative. The Greenness index is a tool

which assists organizations during the performance evaluation of supply chain alter-

natives. The following papers propose a variety of methods to a develop a greenness
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index. Papers are grouped according to the method used to develop the index system.

We first study the variety of criteria used by different authors to rate supply chains

in Table 2.16 and 2.17

From the summary Table 2.18 we see that supply chains have been rated across all

critical steps from the design stage to the products EOL. Process such as recycling and

remanufacturing along with social impacts of manufacturing organizations are given

special importance. Most authors included environmental and economical criteria but

very few authors have included strategy formulation, relationship between entities,

political and regulatory attributes in their index system. We now study the papers

in detail.

From the summary Table 2.21 we can see that authors have predominantly used

fuzzy methods followed by Analytic Hierarchy Process (AHP) and other techniques

in developing the greenness index. We first study the fuzzy methods based index

systems. Fuzzy multi-attribute decision making approach, fuzzy comprehensive eval-

uation method and fuzzy analytic hierarchy process (F-AHP) are the principal fuzzy

methodologies used to develop the greenness index system.

Cao et al. (2011) reviewed the greenness level of a closed-loop supply chain for the

fresh food industry. The fresh food industry deals with dairy products, vegetables,

fruits, meat and aquatic products consumed by people on a daily basis. As fresh food

is highly perishable it is imperative to study its green supply chain to ensure the qual-

ity of products. The index considers planning, sourcing, cultivation/breeding, pro-

cessing, delivery and returns of products. The problem is multi-index and multi-level

which required the evaluation of qualitative and quantitative criteria simultaneously.

The authors developed a Fuzzy-AHP-Grey evaluation model. This model combines

fuzzy comprehensive evaluation method, analytical hierarchy process and the grey

evaluation method to assess the green degree of fresh food supply chains.

Ferreira et al. (2012) developed a supply chain assessment model which combines 4

qualities of being agile, lean, resilient and green. To create the Lean, Agile, Resilient
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Table 2.18: Summary table - criteria for evaluating supply chains
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D
e
si
g
n

a
n
d

P
la
n
n
in

g

M
a
n
u
fa
c
tu

r
in

g

P
u
r
c
h
a
si
n
g
,
p
a
c
k
a
g
in

g
a
n
d

in
v
e
n
to

r
y

c
o
n
tr
o
l

B
u
si
n
e
ss

p
r
o
c
e
ss

a
n
d

o
p
e
r
a
ti
o
n
a
l
fl
e
x
ib

il
it
y

F
o
r
w
a
r
d

a
n
d

r
e
v
e
r
se

lo
g
is
ti
c
s

R
e
tu

r
n
s

R
e
u
se

/
r
e
c
y
c
le
/
r
e
m

a
n
u
fa
c
tu

r
in

g
/
r
e
fu

r
b
is
h
in

g

W
a
st
e
d
is
p
o
sa

l

E
n
v
ir
o
n
m

e
n
ta

l
a
n
d

P
o
ll
u
ti
o
n

E
c
o
n
o
m

ic
a
l
(c

o
st

a
n
d

p
r
o
fi
t)

S
o
c
ia
l
a
tt
r
ib

u
te

s
&

c
u
st
o
m

e
r
sa

ti
sf
a
c
ti
o
n

In
fo
r
m

a
ti
o
n

v
a
lu

e
&

sh
a
r
in

g

In
n
o
v
a
ti
o
n
/
T
e
c
h
n
o
lo
g
y
/
C
e
r
ti
fi
c
a
ti
o
n
s

S
tr
a
te

g
y

fo
r
m
u
la
ti
o
n

&
n
o
d
e
s
r
e
la
ti
o
n
sh

ip

P
o
li
ti
c
a
l
&

r
e
g
u
la
to

r
y

a
tt
r
ib

u
te

s

Total articles 11 9 9 14 9 8 22 12 27 24 22 10 13 7 3
% of all articles 37 30 30 46.7 30 27 73.3 40 90 80 73.3 33.3 43.3 23.3 10

and Green (LARG) index, the authors used fuzzy logic. The paper has a twofold

objective of creating a supply chain evaluation system which will help in achieving

quality improvements and assist decision makers to accommodate policy changes in

supply chain performance measurement.

Green strength of a RL system is said to be high when the logistics system is en-

vironmentally friendly. Gan and Yu (2009) created an evaluation system for finding

the green strength of the RL system. The green strength of the RL system is found

using quantitative analysis whereas the environmental impact of the RL is estimated

qualitatively. The paper makes use of a two-level comprehensive fuzzy evaluating

model utilizing indexes relating to the environmental character, economic character,

resource character, technical character and social character. The green strength for

a household electrical appliance manufacturer was studied. It was found that the

company showed poor performance on social and environmental attributes.

Gopal and Thakkar (2015) developed a composite performance index to evalu-

ate the sustainability of the automobile industry supply chain. The model unifies
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Table 2.21: Summary table for greenness index methods

Citation
Aggregate Methods

F
u
z
z
y

m
e
th

o
d
s

A
n
a
ly
ti
c
h
ie
r
a
r
c
h
y

p
r
o
c
e
ss

(A
H
P
)

D
e
lp

h
i
m

e
th

o
d

G
r
e
y

r
e
la
ti
o
n
a
l
a
n
a
ly
si
s

Q
u
a
li
ta

ti
v
e
r
e
se

a
r
c
h

m
e
th

o
d
o
lo
g
y

B
a
la
n
c
e
d

sc
o
r
e
c
a
r
d

A
n
a
ly
ti
c
a
l
n
e
tw

o
r
k

p
r
o
c
e
ss

O
th

e
r

Total articles 20 9 4 3 3 3 2 7
% of all articles 67 30 13 10 10 10 7 23

multiple sustainability indicators. It also combined qualitative and quantitative ap-

proaches while developing the supply chain sustainability performance index. The

article focused on sustainability indicators associated with economic, environmental,

social, technical and political aspects of the supply chain. The weights of the indi-

cators are determined using fuzzy analytical hierarchy process (FAHP). Qualitative

indexes are determined using Liberatore score method while quantitative indexes are

determined using signal to noise (S/N) ratio method. Liberatore score method is used

as it can evaluate indicators based on past performance on a linguistic rating system.

As we look at either the maximum or minimum values of indicators, the authors

implemented smaller the better and larger the better S/N ratio. Finally, a composite

sustainable supply chain performance index was developed and a case study from the

Indian automotive industry is used to represent the workings of the model.

Jun (2009) proposed a performance evaluation model for cluster green supply

chain. The model is based on circular economy. Cluster green supply chain stresses

on the need to consider an enterprises environmental effects apart from purely opti-

mizing the procurement, production and distribution activities. The authors studied

a case in the industry to present the models effectiveness. Weights in the case study
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were determined using a combination of Delphi method and AHP. The authors ex-

patiated on performance management and control strategies for cluster green supply

chains.

Li and Wang (2010) presented an evaluation index system which included resource

properties, energy properties, environment properties, economic attributes and social

attributes. The index system was developed using related literature, ISO 14000 en-

vironment system requirements and the factors influencing a supply chain in a man-

ufacturing environment. The main criteria are further subdivided into multiple sub

criteria. Fuzzy comprehensive evaluation technique was used to evaluate the green-

ness of the supply chain. An air-condition manufacturing enterprise which follows

green supply chain practices in manufacturing household and central air-conditioning

systems was studied. It was found that the companys performance on the energy,

environment and economic front was good but the resource attributes and social at-

tributes could be improved.

The construction industry though aware of its responsibilities towards conserva-

tion of raw materials, energy and the environment, the industry fails in achieving its

conservation targets. Hence Liang et al. (2011) presented a model for green evaluation

of a construction supply chain. Resource saving, pollution reduction and economic

attributes are the main factors to be evaluated in a construction supply chain. The

evaluation model is solved using a combination of AHP and fuzzy comprehensive

evaluation technique.

Lin (2013) studied the main influential factors affecting GSCM practices. To cre-

ate a model to find the cause and effect relationship between criterion the authors

employed a combination of fuzzy set theory along with decision making trial and

evaluation laboratory (DEMATEL) method. The combination of techniques over-

comes the limitation of less input data and vagueness of human judgment. GSCM

practices such as purchasing, design, customer and supplier collaboration, product

recovery and reuse of products, environmental performance, economic performance,

regulations and pressure from stakeholders was discussed in detail.
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Liu and Wang (2011)developed 8 primary indices and 23 secondary indices in

a AHP and fuzzy comprehensive evaluation model. The 8 primary indices used were:

pollution to the environment, energy utilization rate, output and treatment, waste re-

source utilization rate, staff environmental awareness, the cost of each link, enterprise

received benefits and customer satisfaction. A major automotive parts manufactur-

ing company was assessed for its greenness. The authors suggested enhancing the

training of company staff, improving after sales service, inclusion of environmental

scientists during product design stage and other suggestions to improve the greenness

of the company.

The need and significance of pursuing green supply chain management in Chi-

nese enterprises was discussed in Meng and Zhang (2008). The paper used Delphi

technique, AHP and fuzzy comprehensive evaluation method to create the evaluation

model. 6 primary indicators and 19 secondary indicators are used in the model. Pri-

mary indicators focus on the green degree of the products, level of clean production,

waste emission levels, resource and energy levels, level of environmental management

and green culture of the enterprise. A study on a motorcycle manufacturing orga-

nization was conducted by a panel of 12 experts. The company achieved an overall

score higher than that of the industry average. The authors suggest that if the envi-

ronmental management standards of supply chain partners are increased then there

is a great probability for the company to achieve higher greenness scores.

Pang et al. (2011) proposed a green supply chain evaluation model for the iron and

steel industry. The iron and steel industry is one of the major industries in China’s

economic development. It is major consumer of energy, resources and a source of

excessive pollution. Green purchasing, green manufacturing, green marketing and

waste recycling are the main indicators in the green supply chain evaluation model.

The evaluation index system also considers criteria like green initiative, cost value,

process, customer service, talent and development. Fuzzy Analytic Hierarchy Process

(FAHP) was used in the assessment of the model. The green supply chain scored

between average to above average in the performance evaluation model.
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Tseng et al. (2015) proposed a model to measure the sustainable supply chain

management (SSCM) performance. The paper aims to evaluate the supply chain

on sustainability, internal business processes, stakeholder value, learning and growth.

The Balanced score card (BSC) model assists decision makers in converting linguistic

expressions into crisp values. The performance evaluation indicators depend on each

other and are based on subjective opinions. To overcome these characteristics of the

indicators, the authors used a combination of Fuzzy Delphi Method (FDM) and ANP

to create a quantitative evaluation model. The paper considered a case of a leading

printed circuit board (PCB) manufacturer. The paper has dual benefits of enabling

stakeholders to understand network hierarchical relationships as well as improve the

performance and management effectiveness of sustainable supply chains.

Wenhai et al. (2009) selected customer service, degree of information sharing,

supply chain management cost, relationship between node enterprises and green en-

vironmental protection as the critical factors to evaluate the green supply chain. The

critical factors are further sub-divided into 25 second grade indexes. Using fuzzy

comprehensive evaluation technique, the performance evaluation of the whole supply

chain was conducted. Grey incidence analysis method was used to compare the goal

supply chain with the benchmark supply chain.

Wibowo (2013) created a grading system which evaluates qualitative attributes of

supply chain alternatives based on human subjectivity. Many conflicting criteria make

the problem more complex and hence a fuzzy multi-attribute decision making proce-

dure was adopted. The key attributes of green design, green manufacturing, green

purchasing and green marketing was used to assess supply chain alternatives.The deci-

sion maker uses 5 linguistic variables for subjective assessment of qualitative measures

and attribute weights. 9 triangular fuzzy numbers are then used to represent the lin-

guistic variables. To show the efficacy of the proposed approach, 5 supply chain

alternatives are assessed and one of the alternatives was found to be superior to the

others as it has a higher performance index
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Xiangru and Wei (2009) created an assessment system for the reverse supply chain

in the automotive industry. The evaluation index system depends on factors related

to the environment, economic attributes, resource utilization, technological attributes

and social attributes. The paper elaborated on the dismantling and recovery process

of scrapped automobiles. Considering the uncertainty involved in the green degree

evaluation index, 4 grades (very good, good, general and poor) for evaluation are

present and the authors used fuzzy comprehensive evaluation method. Power value

factor judgment was applied to find the weights of the assessment indexes. From the

case study it was found that the supply chain lags on the resource attributes and

environmental attributes front. By reducing solid waste and water pollution along

with increasing utilization rate of recycled materials and recovered products the au-

tomotive reverse supply chain would have a smaller environmental footprint

Yang et al. (2009) implemented Balanced score card (BSC) sorting method to eval-

uate the performance of the reverse supply chain. Reverse supply chains are evaluated

to find areas of improvement in resource utilization, flexibility, reduction of response

time and reduction of cost to the company. The first degree indexes are related to

financing, customer service, internal operations, developing innovations and the en-

vironment. To simplify complicated analysis into a sequential hierarchical structure

and to integrate qualitative and quantitative analysis, AHP is used. Triangular fuzzy

numbers assist AHP to analyze the fuzziness of experts judgement.

Zhang et al. (2005) proposed the following criterions for the assessment of the

green supply chain: financial value, environmental protection, information value, cus-

tomer service, cost and operational flexibility. Utilizing fuzzy assessment method, the

model was evaluated. A CLSC consisting of a component manufacturer, producer,

transporter, vendor, service centres, customers, recycler and material manufacturer

was studied.

The index system proposed by Zhang (2014) was constructed based on suggestions

from experts, statistics and surveying the supply chain. Economic profit, environmen-

tal protection, business process, customer service and sustainable development were
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the evaluation indexes in this model. The fuzzy analysis method of multi attribute

decision making helped to create a quantitative evaluation index system. The model

and algorithm was tested by evaluating the green supply chain of 3 companies from

a particular industry.

Zheng (2010) developed an index system based on the Delphi Method to repre-

sent the environmentally amicable conditions of a supply chain in manufacturing.

Several environmental factors cannot be evaluated using statistical techniques and

are judged by words like good and bad. To deal with subjectivity involved in decision

making, Fuzzy comprehensive evaluation method was used. Whereas AHP provided

an objective and quantitative analysis of the situation. Hence a combination of F-

AHP combines the benefits of both worlds to evaluate environmental factors. Major

attributes evaluated were related to the environment, energy, society, resources and

economic attributes.

From reviewing the above articles we see that nearly half the articles use an addi-

tional method along with fuzzy concepts. We now study articles using AHP method

to create the index system.

Cao et al. (2011), Jun (2009), Liang et al. (2011), Liu and Wang (2011) and Yang

et al. (2009) have used AHP with fuzzy concepts. The following articles have devel-

oped the index system using AHP and techniques apart from fuzzy logic.

The indexes in Chen et al. (2009) are related to financial performance, customer

service level, cost level, business process and environmental performance. To deter-

mine the weight of each index the authors used a combination of AHP and information

entropy method. Information entropy focuses on objective information in the data

whereas AHP deals with subjective information. The supply chain performance eval-

uation model is based on grey system evaluation and it is tested on four green supply

chains from the electronics industry.

Nie (2016) created an evaluation index system based on three layers: environmen-

tal impact degree, resource utilization rate, environmental benefit and reputation.
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Expert opinion was used for determining the relative importance of indicators and a

combination of Delphi method and AHP was used to assign weights to the different

indicators. The index system was developed to follow importance principles, dynamic

principles, comparability principles, quantitative principles and economic principles.

Four qualitative opinions like very good = 1, good = 0.8, general = 0.6 and poor =

0.4 were used by experts to rate the indexes. The ability to incorporate real-time

evaluation and analysis is one of the innovations of this paper.

Sellitto et al. (2013) proposed a qualitative model for green performance assess-

ment of the supply chain. The model consists of three indicators: strategy, innovation

and operations. The indicators are ranked based on five degrees: very good = 1, good

= 0.75, neutral = 0.5, bad = 0.25, very bad = 0. An example from the footwear in-

dustry was used to test the model. It was found that the footwear company was

performing only at 40 % of its capabilities in regard to GSCM. Operations was found

to be the worst performing indicator and efforts to improve manufacturing, reverse

logistics, distribution and disposal would enhance the overall performance of the sup-

ply chain

Sellitto et al. (2015) focused on evaluating the degree of implementation of GSCM

in industrial supply chains. A four-echelon supply chain of a company manufacturing

tractors and engines, and an electric auto part manufacturer was evaluated using the

proposed model. A qualitative model composed of 3 constructs relating to strategy,

innovation and operations was created. The 3 constructs are further categorized into

16 variables and are ranked by managers of the company using the five point Likert

scale (1 = very high, 0.75 = high, 0.5 = fair, 0.25 = weak, 0 = null). Results from the

focal companies were integrated by an importance vector obtained from AHP and an

overall index to measure the implementation of GSCM was created. Both focal com-

panies achieved a score greater than 70 %. The authors suggest that the tractor and

engine manufacturer focus their efforts on improving green strategic processes while

the electric auto part manufacturer should focus on improving their green innovation

process.
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Delphi method was used by the following authors in the development of the green-

ness index system: Jun (2009), Tseng et al. (2015), Zheng (2010) and Nie (2016).

While Grey relational analysis was used by Cao et al. (2011), Wenhai et al. (2009)

and Chen et al. (2009).

Qualitative research methodology was also used by scholars. Apart from Sellitto et al.

(2013), Genchev et al. (2011) and Hervani et al. (2005) have also used a qualitative

research methodology.

Genchev et al. (2011) worked on a methodology to formalize the RL process. By

formalizing their RL processes, companies can control the value-added to the supply

chain. They studied the best-in-class RL programs and developed a flow charting

technique to assess currently implemented RL programs and provide improvement

suggestions. The assessment tool is based on qualitative research methodology, semi-

structured interviews and site visits. Six RL processes like return initiation, type of

routing, returns receiving, disposition options (e.g. repair, refurbish, donate), claim

settlement with supplier/customer, analyzing returns and measuring the performance

of RL programs were studied in great detail. The assessment tool can help firms no-

tify customers/suppliers on the time it would take to complete the returns process

and credit them with the appropriate monetary value.

Hervani et al. (2005) proposed a green supply chain performance measurement

system based on ISO guidelines. The paper combined supply chain, environmental

and performance management into one frame work. The authors discussed 1) internal

pressures like cost and profit, external pressures from regulatory authorities and com-

petitors 2) measure and metrics from toxic releases inventory and Global Reporting

Initiative 3) tools like AHP, balanced score card, data envelopment analysis. Con-

sidering both inter-organizational and environmental concerns in a business setting

is one of the key additions made by this article.

Balanced scorecard was used to achieve a balance between a large number of

indicators. The indicators may be short term and long term goals, financial and

non-financial objectives, leading and lagging indicators or may be stock and flow in-

dicators. Yao and Zhang (2011) used the balanced scorecard technique to develop a
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performance evaluation model to assess the green supply chain. The model considered

indicators related to financial performance, customer service, internal operations, en-

vironmental operations along with learning and development. Balanced score card

method was also used by Tseng et al. (2015) and Yang et al. (2009).

The external links that an organization has in its supply chain are critical for its

success and hence Sarkis (2003) developed a strategic framework to evaluate alter-

natives which can aid decision makers. Alternatives such as who would be the best

supply chain partner, which is a better technological advancement to be incorporated

in the old system and what organizational policies to follow were tackled. Due to the

uncertainties and complexity involved in strategic decision making, the authors have

used Analytical Network Process to create a network hierarchy. ANP is a practical

tool for multi-criteria strategic decision making and assists managers to dynamically

incorporate interdependence among factors. One of the major drawback of ANP is

the large amount of input data and complexity of sensitivity analysis. Tseng et al.

(2015) also implemented ANP in their study.

We finally classify articles which have implemented a different methodology to

develop the greenness index. Gopal and Thakkar (2015) used Liberatore score and

signal to noise ratio; Lin (2013) used Decision making trial and evaluation laboratory

method; Chen et al. (2009) used Information entropy method, whereas Sellitto et al.

(2015) used Five point Likert scale in developing the greenness index. These article

were discussed in detail in the above paragraphs.

The following articles also used a variety of methodologies to develop the greenness

index.

Gao et al. (2009) discussed design, selection of materials and suppliers, produc-

tion, logistics, packaging, marketing and recycling. The green nature of the different

elements of a products life cycle are discussed to ensure that the final product is

environmentally friendly. Based on the ISO 14000 environmental standards, tradi-

tional supply chain and green supply chain characteristics, five indices were created
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(customer satisfaction index, the degree of information sharing, level of logistics in-

tegration, node enterprises relations and green level). The paper used membership

conversion algorithm to solve the proposed performance evaluation model.

Feng et al. (2013) used Guangxis manufacturing industry to propose a perfor-

mance evaluation system for green supply chain management. The evaluation system

is based on recycled economy. Recycled economy emphasizes the importance of effi-

cient and cyclical utilization of resources. The authors used meta-analysis method to

sum up the findings from key journals and came up with 6 level I indices and 24 level

II indices.Green supply chain management was found to hold the key to improving

Guangxis manufacturing industry.

Xue (2010) considered three key elements of customer value, supply chain value

and environmental value for the evaluation system. Customer value is further catego-

rized into flexibility, reliability, quality and price components. The paper introduced

a Data envelopment analysis (DEA) model, considered two virtual Decision Making

Units (DMUs) and introduced weights to calculate efficiency scores for these DMUs.

A case study consisting of 6 supply chains are represented as 6 DMUs. These DMUs

are analyzed by using DEA and the supply chains are ranked based on the efficiency

score.

Summary of greenness index models

Models primarily evaluate supply chains from an economic, social and environmental

stand point. Greenness index models are developed using fuzzy methods, AHP, Del-

phi method, grey relational analysis, balanced scorecard method, analytical network

process, qualitative research methodologies and other techniques.

Evaluation of the supply chain involves combining parameters which have been evalu-

ated subjectively with parameters which can be evaluated objectively. (F-AHP) is one

of the main methodologies used to overcome subjectivity during the evaluation pro-

cess. Some of the other methods used to solve proposed models are the membership

conversion algorithm, AHP with information entropy method, AHP with uniform dis-

tribution and initial prioritization, Liberatore score and signal to noise ratio method.
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Supply chains in the automotive industry, air conditioner manufacturing, construc-

tion industry, fresh food business, footwear industry, iron and steel manufacturing and

electrical appliance manufacturing were evaluated. There has been a great empha-

sis on using fuzzy methodologies, authors can focus on using different methods such

as preference function modeling (Barzilai, 2005) and other multicriteria aggregation

function.

2.9 Future research

Based on the preceding literature review, the following future research opportunities

were identified:

• For articles dealing with uncertainty using stochastic and robust programming.

– Uncertainty in return quality, pricing and facility capacity can be studied

in greater detail.

– More than half the articles based on uncertainty use MILP as a model-

ing approach. Other modeling methods such as queueing, MINLP and

heuristics should be given more importance.

– Nearly all objective functions are single/bi objective aimed at either profit

maximization or cost minimization. It will be beneficial for researchers to

consider multi-objective functions with a different focus.

– Automotive, iron and steel, and electronics industries has been covered

extensively. Hence researchers should investigate applications in other in-

dustries.

• For return product quality and reliability based articles.

– There has been a great focus on return product quality and grading but

research on return product reliability is lacking. Hence a focus on return

product reliability can provide decision makers a better understanding of

the return product and help them in taking better decisions for remanu-

facturing/recycling operations.
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– To make mathematical models more representative of real world situations,

models with multi components, multiple products and multiple periods can

be investigated in detail.

• For carbon emission based articles.

– Carbon emissions generated from sourcing raw materials, product storage,

handling, usage, sales, emissions based on energy consumed and emissions

from disposal activities can be covered in greater detail in future works. It

would also be good to incorporate new carbon emission policies introduced

by governments the world over.

• For greenness index based articles

– Greenness indexes have been primarily developed using fuzzy methods

and it would be interesting to see the use of other methodologies such

as preference function modeling.

– Future works in greenness index should increase the focus on information

sharing and relationship between the different entities in the supply chain.

– As incorporating political and regulatory policies in design of the supply

chain is critical, it will be beneficial for researchers to give importance to

this criteria during the creation of greenness indices.

2.10 Conclusion

In this article we developed a literature review focused on uncertainty, return product

quality and reliability, carbon emissions and greenness index in CLSC and RL. The

articles were classified according to uncertainty overcome, industry application, emis-

sion policy and similarity in settings/methods. We also provide a review of state-of-

the art literature reviews articles in this field. Multiple future research opportunities

have been put forth.



CHAPTER 3

MULTICOMPONENT MULTIPRODUCT CLSC

DESIGN WITH TRANSSHIPMENT AND

ECONOMIES OF SCALE

3.1 Introduction

A closed loop supply chain is a combination of the forward supply chain and the

reverse supply chain. The reverse supply chain begins with product acquisition, and

transportation of returns to processing centres where they are tested, sorted and

reprocessed based on the most profitable reuse alternative (Guide, Harrison, and

Van Wassenhove, 2003a). After remanufactured products are produced, they are sold

in either primary markets at a discounted price or in secondary markets (Venkatadri

et al., 2017). Recovering returned products generates economic, environmental, in-

formational and consumer value (Schenkel et al., 2015) and hence it is encouraged

by governments and pursued by entrepreneurs. This tremendous value generating

opportunity has been studied by researchers and practitioners over the years and has

resulted in the publication of many research papers. Given the large number of pa-

pers devoted to closed-loop supply chain management, it is not surprising to find a

substantial number of literature reviews on the topic.

Govindan et al. (2015) reviewed 382 articles on RL and CLSC published between

January 2007 and March 2013 and classified them based on the problem solved, type

of work (surveys, case studies, etc.), deterministic or uncertain parameters, modeling

approaches , solution methodologies, decision variables, number of periods, number

of products and objective function employed.

Schenkel et al. (2015) classified 144 articles dealing with GSCM, RL, and CLSC.

They discovered that value adding concepts such as partnerships and collaborations,

product design features, service and organizational policies, IT solutions and supply

chain processes create economic (cost reduction, revenue generation, risk reduction),

76
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environmental (corporate image, green processes and products), informational and

consumer value.

To shed light on quality, reliability, maintenance and warranty issues in the CLSC, Bhak-

thavatchalam, Diallo, Venkatadri, and Khatab (2015) reviewed 104 articles published

after 1985 and classified them based on problem context and solution methodologies.

One of the gaps identified in their paper is how the quality of recovered cores affect

their reliability and how to efficiently screen or test EOL systems before and after

acquisition.

Akçalı and Cetinkaya (2011) categorized inventory and production planning in

the CLSC into deterministic and stochastic issues based on the modeling of consumer

demand and returns. Deterministic models were further classified into constant, con-

tinuous time varying and discrete time-varying demand and return models while

stochastic models are classified into continuous and periodic review models.

Govindan and Soleimani (2017) summarized 83 articles published in the Journal of

Cleaner Production. The articles were grouped into evaluation studies, surveys, con-

ceptual and mathematical frameworks, review studies, simulation, decision making,

planning and product design studies. Qualitative studies were found to outnumber

quantitative papers. A total of 69 out of 83 papers dealt with RL and the rest studied

the CLSC.

Based on the classification provided by Akçalı, Çetinkaya, and Üster (2009) and

on the literature review conducted in the previous chapter of this thesis, we conclude

that most RL and CLSC articles focus on facility location, remanufacturing and trans-

portation. Secondary areas of interest are in manufacturing, inventory management,

disposal, collection of returns and demand satisfaction. It may be noted here that

there has been little focus on fixed/linear capacity expansion and inspection, quality

and reliability issues.

Other shortcomings identified in the current state of the art include the lack of con-

sideration given to potential transshipment of cores between reprocessing centres and
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the modeling of economies of scale. Large remanufacturing organizations with geo-

graphically dispersed facilities may experience more returns in some locations mak-

ing the option of transferring cores to facilities in other regions viable. Jabbarzadeh,

Haughton, and Khosrojerdi (2018) define lateral transshipment as a strategy to trans-

port products from a facility with surplus to a facility facing shortages, which can

assist in moving products more efficiently across the network thus preventing any

shortages or surplus.

Economies of scale are common in many business operations. Under economies of

scale the fixed cost to establish a facility and the variable cost to process products

at the facility decreases as larger facilities are established. Due to economies of scale,

mega stores such as Walmart and Costco generate huge savings and pass on the

benefits to the consumers. Similar benefits can also be achieved in the case of RL

and CLSC.

The goal of this paper is to propose a new CLSC design model incorporating economies

of scale to locate IRDCs with transshipment of inspected products between IRDCs

and reliability considerations. We will show the benefits of explicitly integrating these

elements through several numerical experiments. The remainder of the paper is or-

ganized as follows. Section 3.2 contains a literature review on EOS, reliability and

quality, and transshipment. Section 3.3 explains the framework of the CLSC net-

work used in this paper and the proposed MILP model is formulated in section 3.4.

Numerical examples analyzing the proposed model are provided in section 3.5. And

finally, future work and conclusions are provided in section 3.6.

3.2 Literature review

In this section, a succinct review of five key papers is proposed for each of the following

three areas: economies of scale, reliability/quality and transshipment.

3.2.1 Economies of scale

Due to uncertain supply and demand characteristics, manufacturers must carefully

evaluate their options before establishing or increasing the capacity of their remanu-

facturing facilities in their network (Diaz and Marsillac, 2017). They may overcome

this long-term capacity planning problem by establishing large facilities at high initial
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fixed costs to take advantage of economies of scale or establishing smaller facilities

and having gradual increments in capacities (Georgiadis and Athanasiou, 2013).

EOS principles can be applied to the volume of products transported or collected

from consumers, but is primarily applied to facility capacity (Vieira, Vieira, Gomes,

Barbosa-Póvoa, and Sousa, 2015; Georgiadis and Athanasiou, 2013; Bucci, Woolard,

Joines, Thoney, and King, 2014).

Vieira et al. (2015) included nonlinear dimensioning factors in the design of a CLSC

and solved the model using ant colony optimization. In addition to EOS in facility

capacity, EOS in transportation distance is integrated to their model using a taper-

ing principle and EOS in transported quantities is expressed using a cost/transported

quantity coefficient. Piecewise linearization techniques are used to model non-linear

factors in an alternative MILP model.

Georgiadis and Athanasiou (2013) found that a flexible capacity planning model could

overcome the uncertainty in consumer demand, sales pattern, return quantity and re-

turn timings. Solutions to a long-term capacity planning problem in the reverse loop

of a CLSC is provided in this research. This work solves the dilemma that exists

between establishing large facilities at high initial fixed costs to take advantage of

economies of scale or establishing smaller facilities and making gradual increments

to capacity. Using experiments from the electronics and automotive industry the au-

thors show that a flexible capacity planning model is better than a model in the paper

based on control theory. The proposed flexible policies also effectively deal with the

excessive investment in remanufacturing facilities found in near-optimal policies.

Bucci et al. (2014) used a nonlinear model and heuristics developed for a forward

supply chain to solve a facility location problem in the reverse logistic network do-

main. Impact of EOS on recycling facilities and collection volumes are studied. Data

from Carpet America Recovery Effort (CARE) was used to test the proposed model

and its results are compared to a network which increases the number of collection

centres when greater quantities of carpets are to be recycled. The benefits of the

proposed research over existing MILP models is that it provides near optimal solu-

tions to problems, can work with a larger number of potential facilities and includes

impacts of EOS on variable costs at facilities.

EOS is also applied to the volume of products collected from consumers and to the
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quantity of products to be remanufactured in Wu (2015) and Diaz and Marsillac

(2017) respectively.

Wu (2015) developed a CLSC model with an OEM and a remanufacturer. Selling

remanufactured products in the primary market creates price competition between

OEMs and remanufacturers. Both OEMs and remanufacturers attract consumers to

return their used products using incentives. The authors study the remanufacturers

ability to overcome competition in the forward and reverse supply chain using EOS.

It was found that due increasing competition in the pricing of products, remanufac-

turers focus on EOS in the reverse supply chain.

Diaz and Marsillac (2017) built a Monte Carlo simulation to create a strategic

decision support model for remanufacturing and considered EOS for the number of

items remanufactured. The model is based on the news vendor problem and includes

stochastic demand and supply. Provisions for modeling EOS from a learning curve,

probabilistic collection effort, product obsolescence, revenue and salvage value was

made. The model has the likelihood of increasing revenue streams

Table 3.1 summarizes the key characteristics of the papers discussed above.

3.2.2 Reliability and quality issues

One of the major hurdles faced by remanufacturers is assessing the quality and re-

liability of returned products. Some products may be returned in relatively good

condition while others may be damaged beyond repair. If the remanufacturer is pre-

pared for returns of varying quality, then it has a greater ability to generate profit

from the returns collected. To assist remanufacturers and improve the CLSC, several

authors have focused on designing CLSC networks when facing:

• Return quality uncertainty (Jeihoonian, Zanjani, and Gendreau, 2017; Pedram,

Yusoff, Udoncy, Mahat, Pedram, and Babalola, 2017),

• Return rates dependent on price and quality levels (Genc and De Giovanni,

2017), and

• price & Quality dependent demand (Maiti and Giri, 2017).
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Table 3.1: Summary table for EOS papers
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Vieira et al.
(2015)

SCAnt-
NLDesign,
MILP

Considered in trans-
portation distance,
transported quanti-
ties, and warehouse
and disassembly
centre capacity

* * Using Ant colony opti-
mization in the design
of CLSC while consid-
ering nonlinear dimen-
sioning factors.

Diaz and
Marsillac
(2017)

Monte
Carlo
method

Characterization of
EOS from a learning
curve

* * * Strategic decision sup-
port model for reman-
ufacturing

electronics

Georgiadis
and
Athanasiou
(2013)

Simulation-
based
Systems
dynamics
optimiza-
tion

EOS at the collection
and remanufacturing
facility

* * long term capacity
planning

electronics and
automotive prod-
ucts

Bucci et al.
(2014)

Heuristics,
MINLP

EOS at the recycling
plant

* * Facility location in re-
verse logistics

Carpet

Wu (2015) Hotelling
model

Remanufacturer
chooses to pur-
sue EOS in the sales
market or recycling
market

* * * Price competition be-
tween OEMs and re-
manufacturer
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Other studies also focused on measuring the perceived quality of remanufactured

products (Hazen, Boone, Wang, and Khor, 2017). Most studies incorporate quality

grading but very few studies other than Hazen et al. (2017) have considered reliability

issues.

Jeihoonian et al. (2017) built a two-stage stochastic mixed-integer programming

model to design a CLSC for modular products. The model accounts for uncertainty

on return quality using discrete scenarios. To work with the large number of scenar-

ios in the model, a scenario reduction scheme focussing on important scenarios using

modified Euclidean distance. Surrogate constraints along with Pareto optimal cuts

were used to improve the L-shaped technique used to solve the stochastic program.

Genc and De Giovanni (2017) study price and technology based demand and re-

turns in a CLSC model. They developed a two-period Stackelberg game to model

the CLSC network where the manufacturer is the supply chain leader and return rates

are dependent on price and quality levels. Differences between the collection of EOL

products by the manufacturer and the retailer are discussed and suggestions are made

to convert from passive to active returns collection. To make the model more realis-

tic, the authors also considered the effects of retail competition on an organization’s

strategy and profit.

Maiti and Giri (2017) consider a two stage CLSC with one manufacturer, one

retailer and a single product. The retailer sets the selling price with a variable mark-

up on the wholesale price set by the manufacturer, whereas the manufacturer has a

fixed mark-up on the production costs. Two-way product recovery is considered as

the retailer collects returned products from customers and employs exchange offers

to gather more used goods. The model is analyzed using manufacturer led and re-

tailer led Stackelberg games, decentralized - Nash game and centralized - cooperative

games. By comparing the different structures, the best outcome is found. It was

found that the whole system gains in the cooperation case; manufacture-led channels

are beneficial primary to manufacturers while retailer led channels are best in decen-

tralized scenarios.
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Pedram et al. (2017) developed a CLSC model for profit maximization and waste

minimization. An example from the tire industry was used to show the applicability

of the model. With tire retreading, the energy and raw materials used in the manu-

facturing of a new tire can be conserved. The proposed model identifies the location,

number and capacity of collection, distribution, retreading and recycling facilities.

Hazen et al. (2017) developed a multidimensional technique to measure the qual-

ity of a remanufactured product as perceived by consumers. The quality measure is

based on product features, performance, serviceability and lifespan. Factors to mea-

sure reliability and durability have also been included. Products such as cell phones

(personal electronics), copy machines (business electronics), lathes (industrial items),

engine (automotive parts) and other items were included in this study.

Venkatadri et al. (2017) studied the impact of design for disassembly, BOM for prod-

uct decomposition into parts considering a secondary market for refurbished goods

and product/part reliability and greenness in their reverse logistics network design.

Table 3.2 below summarizes the papers that dealt with reliability and/or quality

issues.

3.2.3 Transshipment issues

According to Hillier and Lieberman (2015), the transshipment problem is a variation

of the minimum cost flow problem wherein products pass through intermediate trans-

fer points between a product source and its destination. Benefits of transshipment

include reduction in the total network costs (Tracht, Mederer, and Schneider, 2011;

Jabbarzadeh et al., 2018), increased service levels (Tracht et al., 2011) and reduction

in disruption risk (Jabbarzadeh et al., 2018). Although transshipment provides the

above benefits and streamlines CLSC design, only a few researchers have incorpo-

rated this strategy in their models. Lateral transshipment was studied by Tracht

et al. (2011) and Jabbarzadeh et al. (2018).
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Tracht et al. (2011) developed a simulation model to find the total costs and service

levels in a CLSC network. The authors then studied the effects of lateral transship-

ment on a repairable item. The proposed model had distribution warehouses and

a central warehouse. When the distribution warehouse is out of stock for a spare

part, it is sent from the central warehouse. If the spare part is not present in either

warehouse, then it is loaned from a competitor. The work considered reactive trans-

shipment and accounted for stock-out costs linked to loan duration. Transshipment

was found to reduce the total cost of the model. It was also found that higher loan

costs resulted in longer stock outs.

Jabbarzadeh et al. (2018) consider a CLSC subject to random disruptions and

proposed a stochastic robust optimization model to minimize costs in the network

due to these disruptions. Lateral transshipment was found to be useful to overcome

disruption risks. A Lagrangian relaxation algorithm was used to solve the robust

model and using data from a glass manufacturing facility, the authors showed the

effectiveness of their methodology. They suggest that with some planning for future

disruptions, organizations can save substantial money.

Other studies incorporating transshipment in their work include Jayaraman, Guide Jr,

and Srivastava (1999), who considered facility location, transshipment and optimal

stocking of remanufacturable products in the design of a CLSC. Data from a small

electronics product remanufacturer in North America was used to test the model.

The model consists of demand-driven flows of remanufactured products to consumers

and supply-driven flows of core/used products from consumers to remanufacturers.

The authors identified variables such as demand for remanufactured product and

quantity of returns collected as being critical to the CLSC design. The importance of

having sufficient quantities of cores on streamlining CLSC operations was emphasized.

Zaarour, Melachrinoudis, Solomon, and Min (2013) found the optimal collection

periods at Initial Collection Points (ICP) before returned products are transhipped

to a Centralized Return Center (CRC). A balance is to be maintained between the in-

ventory holding costs at the ICP and the transportation quantity discounts offered on
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the product shipped to a CRC. Using a discrete collection period model, the authors

simulated a reverse network for collection of returned items with transshipment and

consolidation over multiple planning horizons and multiple freight discount points.

The proposed model identified the link between product return rate and the ideal

collection period.

Cardoso, Barbosa-Póvoa, and Relvas (2016) incorporated transshipment between

warehouses in CLSC design while considering financial risk and overcoming demand

uncertainty. The model simultaneously maximizes the expected net present value

(ENPV) of the network while minimizing financial risk. Four risk measures were

used in this study: conditional value-at-risk, variance, variability and downside risk.

To show the trade-off between both objectives, an approximation of the Pareto opti-

mal curve is developed using the augmented epsilon-constrained method. A real-life

supply chain in Europe was studied and suggestions to increase facility capacity (in-

directly reducing the ENPV) to reduce risk were put forth.

Even though the transshipment strategy is widely used in the forward logistics

literature and can be enormously beneficial to the CLSC, we find that this concept

has not been used much in reverse logistics literature. To gain the benefits of trans-

shipment, we incorporate this strategy into a CLSC network with IRDCs facilities of

different capacities, as described in the next section.

3.3 Framework of the CSLC network with economies of scale, reliability

and transshipment considerations

We now look at a CLSC network with economies of scale, reliability and transship-

ment considerations that extends the model in Venkatadri et al. (2017). The network

comprises suppliers, CZs, IRDCs and a recycling centre as illustrated in Figure 3.1.

Customers return a proportion of used products to collection depots situated at

the CZs. The return rate for different products may vary in different CZs. Products

are sent from the CZs to either the recycling centre or an IRDC for inspection. After

inspection, these products are refurbished, disassembled, or recycled.
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Figure 3.1: Representation of the Closed-loop supply chain network

Due to economies of scale, several IRDC sizes may be considered. Different size IRDCs

correspond to different inspection and disassembly capacities, with the general as-

sumption that there are EOS in increasing the size of the IRDC . It is assumed that

the disassembly capacity of the IRDCs is less than their inspection capacities. There-

fore, inspected products may be transshipped to another open IRDC.

The disassembly process provides like-new parts for refurbishing or parts to be re-

cycled. If the number of like-new parts from the disassembly process is insufficient

then new parts are purchased from suppliers, implying flows from the suppliers to the

IRDCs. Finally, refurbished goods are sent from the refurbishing stage of the IRDCs

to the CZs. Therefore, demand at the CZs is satisfied either from new products pur-

chased from suppliers or from refurbished products.

The assumptions used in the creation of the CLSC model are:

• Demand satisfaction of new products is mandatory.

• Demand for refurbished goods may or may not be satisfied.

• Location of suppliers, CZs, and the recycling centre (RC) are predefined.
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• Recycling costs are included in the shipping cost to a recycling centre.

• The failure rate of a part/product affects its reliability and hence a higher

failure rate results in lower reliability. Part reliability is computed from the

proportion of parts which need to be replaced at the refurbishment stage of

an IRDC (Venkatadri et al., 2017).

3.4 Model formulation

The following notation is used in the formulation of the closed-loop supply chain net-

work model.

Indices

l, i Potential IRDC locations

k CZs

m Products

p Parts

s Size of an IRDC

Parameters

apl Freight on board destination cost of part p delivered to IRDC l

cmk Unit shipping cost of new product m delivered to CZ k

cmlk Unit shipping cost of refurbished product m delivered from IRDC l

to CZ k

cmkl Unit shipping cost of product m from CZ k to IRDC l

cml Unit shipping cost of scrapped product m from IRDC l to Re-

cycling centre (RC)

cemk Unit shipping cost of returned product m from CZ k to RC

cpl Unit shipping cost of scrapped part p from IRDC l to RC

Cm Supply capacity for new product m

Cp Supply capacity for new part p

Cls Inspection capacity of IRDC l of size s

CD
ls Disassembly capacity of IRDC l of size s
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dmk Demand for new product m in CZ k

dRmk Demand for refurbished product m in CZ k

Dml Unit disassembly cost of product m at IRDC l

ηmk Unit lost sale cost for refurbished product m in CZ k

Fls Fixed cost of opening IRDC l of size s

FD
ls Fixed cost of installing disassembly line at IRDC l of size s

γp Fraction of part p requiring replacement at the refurbishment stage

Iml Unit inspection cost of product m at IRDC l

πm Unit purchasing price of product m

rmk Return rate of product m from CZ k

Rml Unit refurbishing cost of product m at IRDC l

ρmk Unit sale price of new product m in CZ k

ρRmk Unit sale price of refurbished product m in CZ k

σpm Binary parameter indicating whether part p is in product m

θp Fraction of good parts of type p recovered from disassembly

Tmli Unit transshipment cost of product m from IRDC l to IRDC i

Decision variables

δ−mk Shortfall of refurbished products m in CZ k

fml Quantity of products m inspected at IRDC l

fmkl Quantity of products m returned from CZ k to IRDC l

fR
mlk Quantity of refurbished products m sent from IRDC l to CZ k

fR
ml Quantity of product m refurbished at IRDC l

fD
ml Quantity of product m disassembled at IRDC l

fpl Quantity of new part p shipped from suppliers to IRDC l

gml Quantity of scrapped product m shipped from IRDC l to RC

gpl Quantity of scrapped part p shipped from IRDC l to RC

oemk Quantity of returned products m shipped from CZ k to RC

Xmli Quantity of product m transshipped from IRDC l to IRDC i
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Yls =

⎧⎨
⎩
1 if IRDC of size s is opened at location l

0 otherwise

Zls =

⎧⎨
⎩
1 if disassembly line is installed at IRDC l of size s

0 otherwise

The mathematical formulation for the maximization of total profit in the network is

as follows:

Maximize Profit:

Z =
∑
m∈M

∑
k∈K

ρmkdmk +
∑
m∈M

∑
k∈K

∑
l∈L

ρRmkf
R
mlk −

∑
l∈L

∑
s∈S

FlsYls

−
∑
l∈L

∑
s∈S

FD
ls Zls −

∑
m∈M

πm

∑
k∈K

dmk −
∑
m∈M

∑
k∈K

cm,kdmk −
∑
m∈M

∑
k∈K

∑
l∈L

cmklfmkl

−
∑
m∈M

∑
k∈K

cemko
e
mk −

∑
m∈M

∑
k∈K

∑
l∈L

Imlfmkl −
∑
m∈M

∑
l∈L

Rmlf
R
ml

−
∑
m∈M

∑
l∈L

Dmlf
D
ml −

∑
m∈M

∑
l∈L

∑
k∈K

cmlkf
R
mlk −

∑
p∈P

∑
l∈L

aplfpl

−
∑
m∈M

∑
l∈L

cmlgml −
∑
p∈P

∑
l∈L

cplgpl −
∑
m∈M

∑
k∈K

ηmkδ
−
mk

−
∑
m∈M

∑
l∈L

∑
i∈L,i �=l

XmliTmli (3.1)
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Subject to:

∑
k∈K

fmkl = fml ∀m, l (3.2)

Zls ≤ Yls ∀l, s (3.3)

fml +
∑

i∈L,i �=l

Xmil = fR
ml + fD

ml + gml +
∑

i∈L,i �=l

Xmli ∀m, l (3.4)

Xmli ≤ fml ∀m, l, i, i �= l (3.5)

fR
ml =

∑
k∈K

fR
mlk ∀m, l (3.6)

γp
∑
m∈M

σpmf
R
ml = fpl + θp

∑
m∈M

σpmf
D
ml ∀p, l (3.7)

gpl = (1− θp)
∑
m∈M

σpmf
D
ml ∀p, l (3.8)

∑
l∈L

fR
mlk = dRmk − δ−mk ∀m, k (3.9)

oemk +
∑
l∈L

fmkl = rmkdmk ∀m, k (3.10)

∑
s∈S

Yls ≤ 1 ∀l (3.11)

∑
k∈K

dmk ≤ Cm ∀m (3.12)

∑
l∈L

fpl ≤ Cp ∀p (3.13)

∑
m∈M

fml ≤
∑
s∈S

ClsYls ∀l (3.14)

∑
m∈M

fD
ml ≤

∑
s∈S

CD
lsZls ∀l (3.15)

fml, f
R
ml, f

D
ml, gml, f

R
mlk, δ

−
mk ≥ 0 ∀m, k, l, p (3.16)

fpl, gpl, fmkl, o
e
mk, Xmli ≥ 0 ∀m, k, l, i, p (3.17)

Yls, Zls ∈ {0, 1} ∀l, s (3.18)

The model maximizes the total profit for the network given in equation (3.1).

The total profit is the total revenue obtained by selling new and refurbished prod-

ucts minus total costs. The total cost includes costs related to establishing facilities,

purchasing of new products and parts from suppliers, transportation, transshipment,
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costs for processing products during inspection, refurbishment and disassembly stages,

and lost sales cost for not satisfying demand of refurbished products.

Constraint (3.2) ensures that all products at IRDC are inspected. Constraint (3.3)

ensures that a disassembly line is opened only when an IRDC is established. Con-

straint (3.4) ensures flow balance at the IRDCs, with transshipment. The LHS of

the constraint counts the number of products inspected or transshipped from another

location. The RHS of the constraint sums up the number of products refurbished,

disassembled, scrapped and transshipped to another location. Constraint (3.5) en-

sures that the number of products transshipped is less than the number of products

inspected at the IRDC. Constraint (3.6) ensures that all refurbished products from

the IRDCs are sent to CZs. Constraint (3.7) ensures that the total quantity of parts

used in refurbishing activities is equal to the quantity of new parts purchased from

suppliers and like-new parts obtained from disassembly. Constraint (3.8) ensures

that scrapped parts from the disassembly process is sent to the recycling centre.

Constraint (3.9) shows that lost sales are acceptable in case of refurbished products.

Constraint (3.10) ensures that all products returned from the CZs are either sent to

the recycling centre or IRDCs. Constraint (3.11) ensures that only one IRDC of a

specific size can be opened at a location. Constraints (3.12)-(3.15) are capacity con-

straints on the supplier capacity for new products and new parts, IRDC capacity for

inspection and IRDC capacity for disassembly. Constraints (3.16) and (3.17) enforce

non-negativity and (3.18) enforces binary restrictions on corresponding decision vari-

ables.

Flow variables such as fmkl, f
R
ml are modeled as continuous instead of integer. As

the decision maker is unable to ensure that flow variables are precisely implemented

over a multi-horizon design interval, continuous variables are preferred. Also, the

network structure makes linear programming (LP) relaxations very tight and thus

there are negligible difference between objective function values (Venkatadri et al.,

2017)
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3.5 Numerical examples

3.5.1 Verification phase

A number of experiments are carried out on the CLSC network model with EOS to

provide insights into the behaviour of the model for an example case with 3 CZs,

3 IRDCs, and 3 products. From a set of 3 parts, different multi-component products

are formed as seen in Figure 3.2 and Table 3.4.

The network model considers EOS in locating IRDCs. For the following experi-

ments, one IRDC size (from small, medium and large) can be chosen at a location.

In the EOS case, when the inspection capacity of an IRDC (Cls ) increases by two,

the fixed cost of opening an IRDC (Fls) increases by a factor of less than two. The

parameter values for the network with and without EOS are shown in Table 3.5, Ta-

ble 3.6, and Figure 3.3 for the same inspection and disassembly capacities of IRDCs.

We assume that disassembly lines are installed only in medium and large size IRDCs.

To enforce no disassembly at the small IRDCs, the fixed cost FD
ls is kept very high for

this case. Other important parameters are shown in Tables 3.7 and 3.8. All models

were implemented in GUSEK© (GLPK© Under Scite Extended Kit) 0.2 and saved

as .mps files which were then run on Gurobi© 7.0.2 on an Intel(R)© Core i5-5250U

CPU running at 1.6 GHz with 8.00 GB RAM.

Figure 3.2: Multi component products: assembled from multiple parts

The verification experiment shows the opening of different sizes of IRDCs with

the increase in demand for new products (dmk) while the demand for refurbished
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Table 3.4: σpm

Parts
Product 1 2 3

1 * *
2 * *
3 * * *

Table 3.5: Fixed costs and capacities for an IRDC - without EOS

IRDC size Cls CD
ls Fls FD

ls

Small 50,000 0 500,000 1,000,000
Medium 100,000 50,000 1,000,000 300,000
Large 200,000 100,000 2,000,000 600,000

Table 3.6: Fixed costs and capacities for an IRDC - with EOS

IRDC size Cls CD
ls Fls FD

ls

Small 50,000 0 500,000 1,000,000
Medium 100,000 50,000 800,000 300,000
Large 200,000 100,000 900,000 400,000

Figure 3.3: Relationship between inspection capacity of an IRDC and its fixed cost
of opening
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Table 3.7: Parameters table

Parameter Value

πm 100
cmk 2 to 5
cmlk 2 to 4
apl 100 for part 1/3 and 250 for part 2
cmkl 2 to 4 for IRDC 1 and 3 , but 20 to 40 for 2nd IRDC
cml 195
cemk 100
cpl 5
Cm 1,000,000
Cp 100,000
rmk 0.2 to 0.7
γp o.5
θp 0.4 to 0.6
ρmk 300
ρRmk 250
ηmk 100
Tmli 10

Table 3.8: Refurbishment, inspection and disassembly costs across all IRDC locations
and sizes

Products Rml Iml Dml

1 30 30 20
2 25 25 17
3 20 30 15

Table 3.9: Legend for IRDC size

S Small IRDC
M Medium IRDC
L Large IRDC
D Disassembly Line

Table 3.10: Variation in the type of IRDC opened

IRDC location Demand for new products dmk

3,000 10,000 30,000 60,000 70,000 90,000 125,000 1,50,000
1 S M+D S L+D L+D L+D L+D
2 M+D L+D
3 L+D L+D M L+D L+D L+D
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products (dRmk) is kept constant at 100,000 units. As seen in the Table 3.10, when

the demand for new products dmk = 3,000 units, a small IRDC is opened at location

1. As dmk is increased to 10,000 units, a medium IRDC is opened with a disassembly

line at location 1. With a further increase in dmk to 30,000 units, a large IRDC is

opened with a disassembly line at location 3. At higher values of dmk such as 60,000

units, IRDCs are opened at multiple locations: a small IRDC at location 1 and a

large IRDC along with a disassembly line at location 3. For excessively large values

of dmk reaching 150,000 units, large IRDCs along with disassembly lines are opened

at all three locations. As the dmk increases, the size and number of IRDCs opened

also increase.

Figure 3.4: Economical operating range for reverse flow with EOS

Based on Venkatadri et al. (2017), an experiment is conducted to find the eco-

nomical operating range for reverse flow with EOS. The demand for new products

dmk is 50,000 units in this experiment. Trends similar to the original experiment were

obtained as depicted in Figure 3.4. When dRmk is 0, the profit obtained is $69,000,000.

The profit decreases as dRmk is increased upto 300 units due to lost sales. At this point

an IRDC is opened and demand for refurbished products is satisfied. The profit then

increases till dRmk is 14,000 units. After this point as dRmk increases , there is a de-

crease in profit as the capacity of the IRDC is reached and there is increasing lost sales.
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Another verification experiment is run to investigate the effects of varying return

rate(rmk) on the profit function. The results are illustrated in Figure 3.5. Here dmk

is 200,000 units and dRmk is 100,000. As the return rate increases the profit decrease

to the its least value at rmk = 0.001. At this point there are enough returns and

an IRDC is opened. With the ability to satisfy the demand for refurbished products

the profit increases with an increase in return rate upto rmk = 0.35. Beyond this

point the profit function decreases as excessive returns have to be discarded at a cost.

Figure 3.5: Profit as a function of return rate

The profit function is observed while changing the return rate for three different

values of dRmk. From Figure 3.6, it can be seen that there are three different regions

namely lost-sales, a cross-over region and a satisfied demand region.

From the above experiments it can be concluded that the current model pro-

duces results which are similar to the results obtained by Venkatadri et al. (2017).

We now look into the effects of EOS and possibility of transshipment between IRDCs.
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Figure 3.6: Profit as a function of return rate for diverse dRmk

3.5.2 Experiment 1 - Investigating the impact of EOS

In this experiment, the effect of economies of scale on locating IRDCs is studied.

The model has the ability to choose one IRDC at a location from three given sizes

(small, medium and large). The profit in the presence and absence of economies of

scale is calculated while changing the demand for refurbished products (dRmk). Due to

increasing dRmk, the profit for the network increases. But there is a difference in profit

between the cases with EOS and the one without EOS. The variation in the IRDCs

opened and the difference in profit for conditions with and without EOS is summa-

rized in Table 3.11.

Figure 3.7 shows the difference in profit from both scenarios versus the demand

for refurbished products. The difference in profit is 0 when dRmk is below 200 units.

At dRmk = 300 units, the difference in profit increases to $39,450. Between dRmk =

400 units to dRmk = 5,000 units, the difference in profit is constant at $200,000. Be-

tween dRmk = 7,000 units to dRmk = 11,000 units, the difference in profit is constant

at $1,300,000. Between dRmk = 12,000 units to dRmk = 18,000 units, the difference in

profit is constant at $1,500,000. With further increase in dRmk, the difference in profit

increases steadily to reach a value of $2,600,000.
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EOS is beneficial when dRmk increases beyond 200 units. With EOS, larger and

fewer IRDCs are opened as compared to the case without economies of scale.

Figure 3.7: Effects of economies of scale on the difference in profit

Table 3.11: IRDC opened with and without Economies of Scale (EOS)

dRmk IRDC opened with EOS IRDC opened Without EOS Difference in Profit

200 none none -
300 M+D S 39,450
400 M+D M+D 200,000

5,000 M+D M+D 200,000
6,000 L+D S, M+D 1,226,000
7,000 L+D 2M+D 1,300,000
11,000 L+D 2 M+D 1,300,000
19,000 2 L+D S, M+D, L+D 2,094,000
23,000 2 L+D S, M+D, L+D 2,490,000
25,000 2 L+D 2 L+D 2,600,000

3.5.3 Experiment 2 - Impact of transshipment

Transshipment between IRDCs results in monetary benefits to the CLSC network.

In this model, inspected products are transshipped from one IRDC to another as

the disassembly capacity of an IRDC is saturated. Transshipment is affected by the
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transshipment cost between IRDCs (Tmli) and the disassembly capacity of IRDCs

(CD
ls ) .

In the first part of the experiment, the mathematical model is run with transship-

ment and subsequently without transshipment as the transshipment cost is varied to

$1 , $10 and $15. The demand for new products ( dmk) is 300,000 units. The profit in

all iterations is noted while varying dRmk. The profit achieved with and without trans-

shipment are subtracted from each other, and the difference in profit is plotted versus

dRmk. Consider the case with transshipment cost of $10. (The behaviour of curves with

transshipment cost of $1 and $15 is similar to the curve with transshipment cost of

$10). From Figure 3.8, we notice that when dRmk = 11,950 there is sufficient quantity

of products for transshipment to occur. As the value of dRmk increases, the quantity

transshipped products increases and the difference in profit increases and reaches a

maximum value of $800,000. Between dRmk = 19,000 to 27,000 the difference in profit

is constant at $800,000. After dRmk = 27,000, the quantity transshipped decreases and

difference in profit decreases too and reaches a minimum value of $80,000. Between

dRmk = 40,000 to 50,000, the difference in profit is constant at $80,000. With further

increase in dRmk transshipped quantities increases and difference in profit rises to a

maximum of $400,000. But the rise is less as compared to the previous case due to

saturation of inspection and disassembly capacities. Thus, the rise and fall of the

difference in profit is governed by the quantities transshipped between IRDCs. Due

to economies of scale, the model chooses between building smaller facilities and no

transshipment and larger facilities with transshipment. It is observed that with lower

transshipment costs, higher difference in profits are achieved and the transshipment

begins earlier (as seen in the smaller graph in 3.8). Higher transshipment costs result

in lesser difference in profit values and transshipment begins later. Very high trans-

shipment costs preclude the possibility of transshipment in the network.

Since the disassembly capacity of IRDCs (CD
ls ) affects transshipment, we run the

model with dmk = 3,00,000 units and transshipment cost is $10 under different CD
ls

scenarios as seen in Table 3.12.
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Figure 3.8: Effects of varying transshipment cost on the difference in profit

Table 3.12: CD
ls for different scenarios

IRDC Scenario 1 Scenario 2 Scenario 3

Small – – –
Medium 15,000 25,000 35,000
Large 40,000 50,000 60,000

In each scenario the profit with and without transshipment is computed while

varying the demand for refurbished products(dRmk). The difference in profit is plotted

versus dRmk for different CD
ls scenarios as seen in Figure 3.9. The rise and fall of the

graphs can be attributed to the increase and the decrease in the quantity of prod-

ucts transshipped respectively. Lower disassembly capacities force the model to begin

transshipment earlier as compared to the model having a larger disassembly capacity.

But higher difference in profits are achieved in models with large disassembly capac-

ities.
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Figure 3.9: Effects of varying disassembly capacity of IRDC on the difference in profit

3.5.4 Experiment 3 - Investigating impact of part reliability

The effects of varying γp on profit is studied in this experiment. γp represents the

fraction of parts p requiring replacement at the refurbishment stage of an IRDC and

is, therefore, a measure of part unreliably. Increase in γp results in an increase in

part unreliability. The experiment is performed with dmk = 50,000 units and rmk =

0.7. Different scenarios are simulated by changing the value of dRmk. Different values

of dRmk show the relationship between profit and γp.

1. For dRmk = 100, the profit remains constant and changes in γp have no effect.

The demand for refurbished products is so low that no IRDC exists. Thus,

changes in γp have no effect on the total profit.

2. For dRmk = 5,000, the profit first starts decreasing with an increase in γp and

the small open IRDC gets saturated. At γp = 0.03, a medium size IRDC

is opened. This larger IRDC helps to achieve an increase in profit as there

is no purchase of new parts from external suppliers and parts obtained from

disassembly are sufficient to produce refurbished products. Between γp = 0.5

to 0.6 there is a transition from a medium to a large IRDC and hence there is

a small slowdown in the rate of increase of the profit due to higher fixed costs.
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The unreliability causes the system to require more cores to output the same

quantity of refurbished products. Hence, the increase in IRDC size.

3. For dRmk = 16,000, the value of profit decreases with an increase in γp. It then

increases and reaches a maximum value at γp = 0.4 and finally decreases. The

decrease is due to the purchase of new parts to replace the poor quality parts in

the system. The decrease also occurs due to increase in the number of IRDCs or

opening of larger size IRDCs caused by the saturation in disassembly/inspection

capacity of previously opened IRDCs. Similar trends can be seen for dRmk around

20,000 to 30,000 units.

4. For higher values of dRmk such as 100,000 units and with dRmk being greater than

dmk, the profit function decreases continuously due to high lost sales.

Sub-figure 3.10c obtained at dRmk = 16,000 illustrates the most general behaviour

of the profit function when γp varies. The other sub-figures are subsets or special

cases of sub-figure 3.10c. The general behaviour exhibits 4 phases:

• Initial dip (The first dotted line is placed at this point) in the graphs is due to

the opening of an IRDC. As the quality of the products is reduced (γp increases),

more products need to be disassembled and hence larger IRDCs are required

which may cause localized slowdown in profit increase rate.

• The profit curves increase after the initial dip as parts required for the produc-

tion of refurbished products are provided by disassembled parts and there is no

need to purchase more expensive new parts from external suppliers. During this

phase, the quantity of products disassembled and quantity of parts recovered

from disassembly increase whereas no new parts are purchased.

• At a certain value of γp, the profit curve reaches a peak (a second dotted line

is placed at this point) and then decreases. The peak occurs when the IRDCs

are utilized at their full capacity and excess returned products are recycled.

• The decrease is due to a combination of several factors: the purchase of new

parts to replace the poor quality of parts in the system, the increase in the

number of IRDCs or opening of larger size IRDCs due to saturation in disas-

sembly/inspection capacity of previously opened IRDCs.
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We can see that both dotted lines move from the right to the left as dRmk increases.

Figure 3.10: Effects of variation of γp on profit under different scenarios of dRmk

(a) dRmk = 100 (b) dRmk = 5,000

(c) dRmk = 16,000
(d) dRmk = 20,000

(e) dRmk = 30,000
(f) dRmk = 100,000

3.6 Conclusion and future work

In this research, we modeled a CLSC network consisting of suppliers, CZs, IRDCs

and a recycling centre with true multi-component products. The main contributions

of this work are in studying the effects of economies of scale in locating IRDCs, trans-

shipment of inspected products between IRDCs and part reliability on CLSC design.
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Based on the experiments, we reached the following conclusions for the example net-

work:

• CLSC networks with EOS generate a greater profit as compared to models

without EOS. Difference in profit between the model with EOS and the model

without EOS increases with increase in demand for refurbished products. Larger

and fewer IRDCs are opened in the presence of EOS.

• The opening of fewer and larger sized IRDCs may result in excess or less in-

spection/disassembly capacity at different IRDCs locations. Transshipment of

inspected products between IRDCs assists in balancing out these IRDC capac-

ity constraints. Transshipment cost and disassembly capacity of the IRDC play

a key role in deciding if the network can take advantage of transshipment. The

difference in profit between a model with transshipment and one without trans-

shipment increases as the quantities transshipped increases and the difference

in profit decreases with a decrease in quantity transshipped. A large difference

in profit is achieved in the case of low transshipment costs and high IRDC

disassembly capacities. Low transshipment costs and low IRDC disassembly

capacity imply transshipment at lower demand for refurbished products. Very

high transshipment costs reduce the possibility of transshipment.

• The effect of part reliability on network profit depends on demand for refur-

bished products. Part reliability has little effect on network profits at extremely

low values of demand for refurbished products. When demand for refurbished

products is greater than demand for new products, then with increasing part

unreliability the profit function keeps decreasing due to lost sales of refurbished

products. For intermediate demand for refurbished products values, the profit

function increases up to a maximum value as part unreliability increases. Be-

yond the maximum profit, the profit function decreases because parts acquired

from disassembly operations are insufficient and the increase in the number of

IRDCs or the opening of larger size IRDCs to overcome saturation in disas-

sembly/inspection capacity of previously opened IRDCs incur additional fixed

costs.
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Future work can include a greater emphasis on part/product reliability, use concepts

such as part failure rate from maintenance and reliability theory to model part reli-

ability, use robust optimization or stochastic programming to model uncertainty in

return part/product reliability, create multi-period models, and investigate the effects

of dis-economies of scale.



CHAPTER 4

ROBUST CLSC DESIGN WITH PRE-SORTING AND

CARBON EMISSION CONSIDERATIONS

4.1 Introduction

Governments are increasingly stepping up the pressure on organizations to recover

their used products by creating directives such as Restriction on Hazardous Sub-

stances Restriction on Hazardous Substances (ROHS) and Waste Electrical Electron-

ics Equipment Waste Electrical and Electronic Equipment (WEEE). These regula-

tions have been passed to reduce the effects of manufacturing related activities on

climate change (Abdallah et al., 2012). Closed loop supply chain management can

assist organizations in abiding to and exceeding these new directives set out by gov-

ernments (Bhattacharya and Kaur, 2015).

Products returns form a key input for the reverse supply chain and they have

a variety of internal and external characteristics such as functionality, size, shape,

product quality etc., which can vary depending on industry. The type of products

received at collection centres may also vary. Certain collection centers receive only

one type of product whereas others receive an assortment of products. For example,

automotive recycling centers receive a smaller variety of products as compared to

recycling centers for electronic equipment.

Returned products are collected and shipped to IRCs facilities. Returns with low

residual value can be recycled directly from the collection centre to the recycling fa-

cility which results in fewer products being processed at IRCs, lower emissions and

reduced expenditure in transporting returns to IRCs. Thus, early sorting procedures

assist in capturing this low value returned products at the collection stage and can

help reduce final recycling costs (Schultmann, Engels, and Rentz, 2003).

108
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Quick sorting is another concept studied by researchers. Quick sorting has limited

accuracy and can be achieved using small electronic devices built in products which

analyze the number of work cycles the product has undergone. These devices provide

information on remanufacturability of the product at the end of its life without the

need to disassemble it (Zikopoulos and Tagaras, 2008).

CLSCs face a greater level of uncertainty as compared to the forward supply chain.

Apart from the uncertainty in the products collected, CLSCs also face uncertainty

in demand, price, cost and facility capacity. This uncertainty can create a crisis for

supply chain managers. According to a Chinese proverb “CRISIS” is combination

of danger and opportunity. Hence, if supply chain managers can prepare for uncer-

tainties in the supply chain they can avert danger and reap hefty rewards from the

hidden opportunities.

Demand uncertainty has received the greatest coverage from researchers, fol-

lowed by return quantity and cost. Uncertainty in CLSCs can be overcome us-

ing fuzzy programming, stochastic programming, stochastic dynamic programming

and RO (Safaei, Roozbeh, and Paydar, 2017). RO was found to be an effective tech-

nique as it provides optimal solutions when uncertain parameters are taken from a

bounded uncertainty set (Ben-Tal and Nemirovski, 2008). For large scale problems,

we do not need to know the exact distribution of the underlying data nor face compu-

tational difficulty as in stochastic programming (Pishvaee et al., 2011). These reasons

make RO ideal for solving CLSC models with uncertainty.

Articles focus on incorporating RO in CLSC design in the automotive, cardboard

recycling, engine oil, steel and electrical appliances industries. Robust CLSC models

are primarily designed using single, bi-objective, or multi-objective MILP functions.

Apart from considering objectives such as profit maximization and cost minimization,

authors such as Mohammed, Selim, Hassan, and Syed (2017), Ameknassi, Aı̈t-Kadi,

and Rezg (2016) and Saffari, Makui, Mahmoodian, and Pishvaee (2015) focused on

reducing carbon emissions during production, warehousing, disposal and reprocessing.
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Industrial emissions have a negative impact on the environment and deteriorate

the quality of life. The impact of emissions can be seen in cities such as Delhi, In-

dia and Beijing, China. Visibility is reduced to a few feet, people have a variety of

respiratory problems and wear face masks daily. Realizing the hazardous impact of

emissions, policy makers have developed emission reduction policies.

The three major emission policies implemented by governments are the carbon cap,

carbon tax, and carbon cap and trade. In the carbon cap policy, the organization

is permitted to emit a certain maximum amount of carbon emissions (Fareeduddin

et al., 2015). In the carbon tax policy, organizations pay a tax for each unit of carbon

emitted (Palak, Ekşioğlu, and Geunes, 2014).Whereas in the carbon cap and trade

policy, there is a maximum threshold for the carbon emissions that can be generated.

If the organization exceeds this carbon cap then they purchase carbon allowances from

companies producing fewer emissions. On the other hand, if the company’s emissions

are lower than the carbon cap then they can sell carbon credits ( Government of

Ontario Website, 2018).

By implementing carbon reduction policies, the Government of Canada is trying

to reduce the greenhouse gas emissions (GHGE) by 17 percent in the year 2020 as

compared to emissions from the year 2005. Focus is on the transportation, electricity

generation, and oil and gas sectors as they are the primary contributors to GHGE (En-

vironment and climate change Canada Website, 2018).

Traditionally, authors in the literature focussed on minimizing the total cost of

the CLSCnetwork. Authors incorporating emissions in CLSC, consider emissions dur-

ing manufacturing (Chen, Wang, Wang, and Chen, 2017; Xu, Pokharel, Elomri, and

Mutlu, 2017), warehousing (Tsao, Linh, Lu, and Yu, 2017), recycling (Chen et al.,

2017) and transportation stages.

Ameknassi et al. (2016) model return quality uncertainty and achieving reduction

in emissions in the CLSC by using stochastic multi-objective optimization. However,

a gap in the literature is an extension considering pre-sorting as a strategy to triage
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returns. This paper addresses this gap by first presenting a deterministic MILP model

for CLSC design considering multiple products, multiple CZs, quality of returns and

the effects of emission policies (carbon cap, carbon tax, and carbon cap and trade).

We also develop a robust version of the proposed deterministic model to study the im-

pact of uncertain quality of returns on the behaviour of the network with pre-sorting

centres.

The rest of the paper is organized as follows: Section 4.2 contains a literature

review on sorting, RO and carbon emissions in CLSCs. Section 4.3 explains the

framework of the CLSC network used in this paper; the proposed deterministic MILP

model is presented in section 4.4. Numerical examples analyzing the behaviour of the

proposed model are provided in section 4.5 . Section 4.6 proposes the robust exten-

sion of the deterministic model with uncertain product return quality. Section 4.7

describes experiments to test and characterize the robust model. Finally, section 4.8

contains the conclusion and possible future extensions.

4.2 Literature review

4.2.1 Sorting

While returns can usually be decomposed into multiple parts, most of the research

in CLSC focus on individual parts. However, authors such as Bhattacharya and

Kaur (2015); Abdallah et al. (2012); Toyasaki, Wakolbinger, and Kettinger (2013);

Cardoso, Barbosa-Póvoa, and Relvas (2013); Özkır and Başlıgil (2013) considered

multiple parts in their analysis.

Product characteristics such as length, mass, shape along with electromagnetic

properties play a critical role during sorting. Special techniques like X-ray analysis

and ultraviolet light are used to separate products such as batteries containing harm-

ful chemicals (Schultmann et al., 2003). A variety of methods can be used for sorting.

For example, Bhattacharya and Kaur (2015) consider the sorting of returned product

based on quality grades while Gomes, Barbosa-Povoa, and Novais (2011) categorized
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products into 5 categories (large, small, cooling and refrigeration, lighting, monitors

and television).

By studying the profitability of the system with and without sorting, Zikopoulos

and Tagaras (2008) identified the conditions for sorting and suggested that its prof-

itability depends on the cost and accuracy of sorting, quality of returned products

and the costs associated with transportation, disposal and disassembly in the network.

Sorting can either occur at specialized collection centres, retailer locations or IRCs. Ab-

dallah et al. (2012); Cardoso et al. (2013) assumed that retailers act as collection and

sorting destinations whereas Bhattacharya and Kaur (2015), and Zikopoulos and

Tagaras (2008) considered specialized collection facilities. Toyasaki et al. (2013) con-

sidered centralized and decentralized sorting facilities with EOS on return product

acquisition costs. Zikopoulos and Tagaras (2008) used analytical expressions to de-

termine whether sorting is beneficial before disassembly or before remanufacturing

whereas Loomba and Nakashima (2012) studied the same problem used Markov de-

cision process.

The following articles focussed on research on sorting in the automotive, per-

sonal computer, electrical and electronic equipment segments. Problems studied in

literature address ambiguity in returns quality, location inventory decisions, lot size

problems, CLSC design and product acquisition management.

Bhattacharya and Kaur (2015) studied a single period multi stage CLSC model

using nonlinear optimization to overcome the uncertainty in the quality of returns.

Network profit was maximized while simultaneously computing the selling price of

products and quantity of returns entering different stages of the model. Applications

in the automotive industry were elaborated upon.

Abdallah et al. (2012) studied the effects of quantity of returns, value of recovery,

transportation and inventory costs on the centralization/decentralization of the sup-

ply chain by using a MINLP model. The model integrated the forward and reverse
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logistics loop to show their dependence on each other for location inventory decisions.

To increase the recovery of products, a framework for allocating carbon credits to

OEMs was also developed.

Using analytical solutions, Konstantaras, Skouri, and Jaber (2010) solved deter-

ministic lot size problems where demand can be satisfied using new and recovered

products. Policies for purchase of new products, inspection-sorting setup and tech-

niques to determine optimal inventory levels of used items were also developed.

Toyasaki et al. (2013) used analytical models to find the role of information sys-

tems in CLSC and determined the conditions for eco-efficiency and profitability for

organizations using game theory. The models developed have direct application for

products which deteriorate in value and contain hazardous and precious materials

(such as personal computers (PCs)).

Authors such as Schultmann et al. (2003); Cardoso et al. (2013); Özkır and

Başlıgil (2013) incorporate sorting in CLSC design. Schultmann et al. (2003) de-

veloped an MILP model to replicate the CLSC network for battery recycling in the

steel making industry using facility location and flow-sheeting-based process simula-

tion. Based on the results obtained in this research, some smelters have started using

spent batteries as raw material in their metallurgical operations.

On the other hand, Cardoso et al. (2013) used an MILP model to integrate forward

and reverse supply chain to overcome uncertain demand by incorporating capacity

expansions and flexible transportation links. Two scenarios were studied to overcome

demand uncertainty: One where the network remains unaffected while demand sce-

narios change and the other where the transportation links adapt to the scenario.

Özkır and Başlıgil (2013) used fuzzy multi objective optimization to design a CLSC

network to study uncertainty in product price and customer satisfaction level. The

recovery network uses customer returned products, end-of-use and end-of-life goods to

salvage materials, components and products. For a real-life problem, the model finds
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the optimal number and location of facilities in the network along with the quantities

purchased, manufactured and transported.

Gomes et al. (2011) used an MILP model to design a network for recovering

waste electric and electronic equipment in Portugal. The paper provides guidance on

strategic decisions such as location of collection and sorting centres as well as assists

in tactical decision making such as network planning.

The summary Table 4.1 classifies the articles on sorting based on various criteria

such as number of periods, components, products and capacity of facilities.

4.2.2 Robust optimization and stochastic programming

RO and stochastic programming are used to deal with uncertainty in demand, return

quality, return quantity, carbon emissions, facility capacity, etc. across a variety of

industries including automotive, cardboard, petrochemicals and steel. RO techniques

developed by Mulvey et al. (1995) and Ben-Tal and Nemirovski (1999) have been

used extensively.

Mohammed et al. (2017) considered the effect of carbon policies such as carbon

tax, carbon cap, carbon offset and carbon cap and trade on managerial decisions.

They designed a CLSC for the automotive industry while incorporating uncertainty

in the demand and return rate of products using stochastic scenarios. They also

considered uncertainty in carbon emissions with a bounded box set leading to RO.

Quantity of carbon emissions across the network and total supply chain costs are

optimized and trade-offs between them are investigated.

Saffari et al. (2015) too considered reducing carbon emissions and network costs

under conditions of uncertain customer demand. This was achieved using an MILP

model incorporating mean and standard deviation of costs and solved by GA to

achieve Pareto optimal solutions.
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Ameknassi et al. (2016) developed a bi-objective multi-period stochastic program-

ming model to assist decision makers to analyze current network GHGE and outsourc-

ing metrics before investing in low-carbon technologies. Uncertainty in consumer

demand, return quality and quantity and facility capacity was incorporated using

a scenario based approach. Several non-dominant supply chain configurations were

provided by solving the model using the epsilon constraint method.

Safaei et al. (2017) solved a real-world problem in the cardboard recycling sector.

They used MILP to model multiple suppliers, production units and implemented the

method in Mulvey et al. (1995) to overcome demand uncertainty. The model maxi-

mized the network profit and calculated the optimal flow of waste paper into network

and the cardboard output. To improve the current network, recyclers were advised to

add an additional recycling facility to the network or consider overtime production at

an existing facility. It was concluded that the profit in the network could further be in-

creased by optimizing the waste collection process by collecting only recyclable paper.

Paydar, Babaveisi, and Safaei (2017) used the method in Mulvey and Ruszczyński

(1995) method to overcome uncertainty in engine oil collection. Crude oil is an ex-

pensive and non-renewable raw material used in the production of engine oil. Used

engine oil, if properly recycled, can attain qualities similar to new oils. The authors

optimized an oil refinery network and used the augmented epsilon constraint method

for profit maximization and collection risk minimization. It was found that product

shortages can be decreased by increasing manufacturing centre capacities and a re-

liable supply of used oil can be achieved by selecting reputed suppliers via decision

making analysis.

Most authors consider financial metrics to be exogenous variables but Ramezani,

Kimiagari, and Karimi (2015) considered a different perspective to evaluate change

in equity and maximize traditional profit. They used RO with the min-max approach

to overcome demand and return rate uncertainty. Solutions were also obtained effi-

ciently by employing a scenario relaxation algorithm.
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The summary Table 4.3 classifies articles on various criteria such as robust and

stochastic methods, number of periods, components, product, capacity of facilities,

uncertain parameters, industry, problem solved and single/multi-objective.

4.2.3 Carbon emissions

Carbon emissions generated from constructing facilities, manufacturing, warehous-

ing, handling and transportation activities has been covered across diverse industries.

Most authors focus on cost minimization and reduction in emissions to make CLSC

design environmentally friendly.

Chen et al. (2017) designed an integrated CLSC for the solar energy industry and

developed a multi-objective model that optimized total costs and carbon emissions

generated in the network. It was found that the proposed multi-objective particle

swarm optimization (MOPSO) technique was superior to a branch and bound tech-

nique in solving large scale convoluted CLSC networks. The MOPSO technique with

crowding distance based non-dominant sorting was used to find near optimal solutions.

Tsao et al. (2017) utilized a two-phase approach to design a CLSC taking into

consideration remanufacturing and carbon emissions. In phase one, the forward loop

is designed using a continuous approximation model and is solved using non-linear

optimization. The total cost in the forward loop is minimized and the number, ser-

vice area and replenishment time for distribution centres are found. Based on the

results for the first phase, the number, service areas and replenishment time for re-

manufacturing facilities are found in the second stage. The model can solve big-data

problems. Using numerical examples, the influence of costs associated with trans-

portation, carbon emissions, demand rate, facilities and inventory holding on the

network are studied.

Xu et al. (2017) researched the effects of carbon emissions on the design of a

dedicated and hybrid CLSC. Impacts of emission policies (carbon cap, carbon cap

and trade, and carbon tax) and market factors (customer demand, product return
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rate, scale effects) on CLSC design is investigated. It was found that the customer

demand has a greater influence on total cost and network emissions as compared to

the product return rate and scale effects. If the return quantities are uncertain then

a dedicated CLSC is more economical. Also, dedicated CLSCs are more cost-efficient

abiding to a carbon cap policy while hybrid CLSCs are more environmentally friendly

under a carbon tax policy. The model provides examples from the plastic industry

and can also be applied to networks in the aluminium and steel sectors.

Returnable transport items (RTI) are used for transporting products in the net-

work as it reduces waste of disposable packaging. Sarkar, Ullah, and Kim (2017)

developed a CLSC network for a hybrid manufacturing-remanufacturing system us-

ing RTI. The impact of not including transportation and carbon emission costs in the

network are shown. Mathematical models not including these two costs risk of getting

stuck at a local optimum. Apart from minimizing the transportation and emission

costs, the number and capacity of containers, cycle time, shipping sequence and order

quantity for retailers were also optimized by the model to find a suitable RTI man-

agement policy.

The summary Table 4.4 classifies articles on various criteria such as method and

parameters to measure GHGE, modeling technique, settings, industry, problem solved

and number of objectives (single/multi-objective).

4.3 Framework for CLSC network design with sorting and carbon

emission considerations

We consider a CLSC network comprising CZs, presorting centres, IRCs and a recy-

cling centre as illustrated in Figure 4.1.

In the design problem, based on the quality and volume of returns at CZs, pre-

sorting centres may be established within them. If a presorting centre is present at

a CZ, then good quality products and some poor quality products (depending on pre-

sorting efficiency) are sent to IRCs, while a majority of the poor quality products are
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Figure 4.1: Representation of the closed-loop supply chain network

identified during this stage and are directly sent to the recycling centre. The CLSC

network becomes more streamlined as there are fewer bad quality products entering

the IRC. The other decision choice is to send the products directly to the IRC without

establishing a presorting centre at a CZ, e.g. when the quality of returns is very high.

Several IRCs sizes may be considered at a location. At an IRC during inspection, bad

quality products are sent to recycling while good quality products are refurbished.

They are then sent from the IRC back to the CZs. By selling refurbished goods in

the CZs the manufacturers try to generate a profit.

The assumptions used in the creation of the CLSC design model are:

• All refurbished products are sold at the CZs

• Location of CZs, and the recycling cente is predefined

• Presorting centres have unlimited processing capacity (this can be relaxed with-

out difficulty).
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4.4 CLSC design formulation with presorting under the carbon cap or

cap and trade policies

In the carbon cap case, the maximum amount of carbon emissions in the network is

constrained. In cap and trade, carbon emissions above the threshold are penalized,

while total emissions below the threshold may be traded.

Transportation along the paths ( CZs to the IRC and back, CZs to recycling and

the IRC to recycling) and processes ( collection, presorting, and inspection) generate

emissions. These emission are penalized using a carbon emission cost to provide an

incentive for emissions reduction. Processes such as refurbishment and recycling gen-

erate carbon credits in the network.

The following notation is used in the formulation of the CLSC network model for

presorting centre choice, IRC size and product flows (both carbon cap and cap and

trade are modeled using a binary parameter γ):

Indices

k CZs

m Products

s IRC size

Parameters

β Inefficiency of presorting, i.e. fraction of poor quality returns

sent to the IRC from the presorting centres

c1mk Unit transportation cost of product m from CZ k to IRC($

/Km-Kg)

c1Rmk Unit transportation cost of refurbished product m from IRC to CZ k ($/Km-

Kg)

c2mk Unit transportation cost of scrapped product m from CZ k to the RC($/Km-

Kg)
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c3m Unit transportation cost of scrapped product m from IRC to the RC ($/Km-

Kg)

Cs Inspection capacity of IRC of size s

CC Carbon Cap (Kg of CO2)

CE Carbon emission cost/ Carbon tax ($/Kg of CO2)

Cp Penalty for exceeding carbon cap ($/Kg of CO2)

Cc Credit for not exceeding carbon cap ($/Kg of CO2)

d Distance between IRC and RC (Km)

d1k Distance between CZ k and IRC (Km)

d2k Distance between CZ k and RC (Km)

E CO2 emissions for transportation (Kg of CO2/Kg-Km)

Ec
m CO2 emissions for collecting product m at CZs (Kg/unit)

Ei
m CO2 emissions for inspecting product m at IRC (Kg/unit)

Ep
m CO2 emissions for presorting product m at presorting facility

(Kg/unit)

Eref
m Net CO2 emissions for refurbishing product m at IRC

(Kg/unit)

Erec
m Net CO2 emissions for recycling products m (Kg/unit)

Fs Fixed cost of opening IRC of size s

F P
k Fixed cost of opening presorting facility at CZ k.

Im Unit inspection cost of product m at IRC

Pmk Unit presorting cost of product m at CZ k

Rm Unit refurbishing cost of product m at IRC

RLm Unit recycling/landfilling cost of product m

Smk Selling price of refurbished product m in CZ k.

qmk Fraction of product m collected at CZ k of good quality

Xm Weight of product m (Kg)

Zmk Quantity of product m collected at CZ k
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γ =

⎧⎨
⎩
1 carbon cap and trade policy

0 carbon cap policy

Decision variables

δ+ Emissions above the carbon cap (Kg of CO2), not required for

carbon cap

δ− Emissions below the carbon cap (Kg of CO2), not required for

carbon cap

EP Total carbon emissions from processes (Kg of CO2)

ET Total carbon emissions from transportation (Kg of CO2)

f1Rmk Quantity of refurbished products m shipped from IRC to CZ k

fR
m Quantity of product m refurbished at IRC

f I
m Quantity of product m inspected at IRC

f 2
mk Quantity of scrapped product m shipped from CZ k to recycling when pre-

sorting centre is present

f 3
m Quantity of scrapped product m shipped from IRC to recycling

Gmk Quantity of scrapped product m shipped from CZ k to recycling when pre-

sorting is absent

Hmk Quantity of product m presorted

Umk Quantity of product m shipped from CZ k to IRC after Presort

Vmk Quantity of product m shipped from CZ k to IRC without

Presort

us =

⎧⎨
⎩
1 if IRCs of size s is opened

0 otherwise

Yk =

⎧⎨
⎩
1 if presorting facility is opened at CZ k

0 otherwise

The mathematical formulation for the maximization of total profit in the network

is as follows:
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Maximize Profit:

Z =
∑
m∈M

∑
k∈K

Smkf1
R
mk −

∑
s∈S

Fsus −
∑
k∈K

F P
k Yk −

∑
m∈M

∑
k∈K

d1kc
1
mkXmf

I
m

−
∑
m∈M

∑
k∈K

d1kc1
R
mkXmf1

R
mk −

∑
m∈M

∑
k∈K

d2kc
2
mkXmf

2
mk −

∑
m∈M

∑
k∈K

d2kc
2
mkXmGmk

−
∑
m∈M

dc3mXmf
3
m −

∑
m∈M

∑
k∈K

PmkHmk −
∑
m∈M

Imf
I
m −

∑
m∈M

Rmf
R
m

−
∑
m∈M

∑
k∈K

f 2
mkRLm −

∑
m∈M

∑
k∈K

GmkRLm −
∑
m∈M

f 3
mRLm − CE

(
ET + EP

)
+ γ

(
Ccδ

− − Cpδ
+
)

(4.1)
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Subject to:

Zmk = Gmk +Hmk + Vmk ∀m, k (4.2)
∑
m∈M

Hmk � Yk ·
∑
m∈M

Zmk ∀k (4.3)

Umk = Hmk (qmk + (1− qmk) β) ∀m, k (4.4)
∑
m∈M

Vmk � C3 · (1− Yk) ∀k (4.5)

(1− β)(1− qmk)Hmk = f 2
mk ∀m, k (4.6)

Hmk = f 2
mk + Umk ∀m, k (4.7)

f I
m =

∑
k∈K

Umk +
∑
k∈K

Vmk ∀m (4.8)

fR
m = f I

m − f 3
m ∀m (4.9)

f 3
m =

∑
k∈K

(1− qmk) ∗ Vmk +
∑
k∈K

(1− qmk)βHmk ∀m (4.10)

fR
m =

∑
k∈K

f1Rmk ∀m (4.11)

∑
m∈M

f I
m �
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∑
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us � 1 (4.13)
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mXm

)
(4.14)

EP =
∑
m∈M

Ec
m

∑
k∈K

Zmk +
∑
m∈M

Ep
m

∑
k∈K

Hmk +
∑
m∈M

Ei
mf

I
m

−
∑
m∈M

Eref
m fR

m −
∑
m∈M

Erec
m

∑
k∈K

f 2
mk

−
∑
m∈M

Erec
m f 3

m −
∑
m∈M

Erec
m

∑
k∈K

Gmk (4.15)

ET + EP � CC + γ
(
δ+ − δ−

)
(4.16)

f1Rmk, f
R
m, f

I
m, Gmk, f

2
mk, f

3
m, E

T , EP , Hmk, Umk, Vmk � 0 ∀m, k (4.17)

Yk, us = {0, 1} (4.18)
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The objective (4.1) of the model is to maximize profit (revenue minus cost) for

the CLSC network. The revenue is obtained by selling all the refurbished goods

sent from the IRC to the CZs. Costs include the fixed cost of opening an IRC

and presorting facilities, expenditures related to transportation, presorting, inspec-

tion, refurbishing, recycling, and carbon emission from transportation and processing.

Quantity of emissions greater or less than the carbon cap also affects profit for the

cap and trade policy.

Constraint (4.2) ensures flow balance at the CZ. Constraint (4.3) ensures that the

quantity of products presorted will be less than the quantity of products collected.

Constraint (4.4) determines the quantity of products sent from CZs to an IRC after

presort. The flow consists of good quality products and a fraction of bad quality prod-

ucts due to presorting inefficiency. Constraint (4.5) ensures the quantity of products

sent from CZs to the IRC in the absence of a presorting facility is less than the inspec-

tion capacity of the largest IRC. Constraint (4.6) determines the quantity of scrapped

products sent from CZs to recycling centre after presorting. Constraint (4.7) creates a

flow balance at the presorting facility. After presorting, a part of the products are sent

to the recycling centre and the rest is shipped to the IRC. Constraint (4.8) determines

the quantity of products inspected at the IRC, depending on the presence or absence

of a presorting centre at the CZs. Constraint (4.9) ensures a flow balance at the IRC.

Once a product is inspected at an IRC it can be refurbished or recycled. Constraint

(4.10) determines the quantity of scrapped product sent from IRCs to recycling. The

first term on the right of the equation calculates the number of bad products from

the lot in the absence of presorting and the second term calculates the number of bad

products from the lot in the presence of presorting. Constraint (4.11) ensures that all

products refurbished at IRCs are delivered to the CZs. Constraint (4.12) is a capacity

constraint on IRC inspection capacity. Constraint (4.13) ensures that only one size

of IRC is opened. Constraint (4.14) determines the emission due to transportation

in the network. Transportation from CZ to IRC, IRC to CZ and CZ to recycling in

the presence and absence of presort and IRC to recycling is considered. Constraint

(4.15) determines the emission due to various processes in the network. Processes

such as product collection, presorting and inspection produce carbon emissions while

refurbishing and recycling generate carbon credits. Constraint (4.16) ensures that



129

emissions due to transportation and processes are less than the carbon cap for the

carbon cap case. For cap and trade, this constraint calculates either the carbon

deficit or excess. Constraint (4.17) and (4.18) enforce non-negativity and binary lim-

itations on decision variables respectively. Flow variables are continuous while the

opening/closing of pre-sorting or IRCs and choice of emission policy is governed by

binary variables.

4.5 Model behaviour

The behaviour of the model is characterized using an example CLSC network with

3 CZs, 3 products and 3 IRC sizes (small, medium and large). Any one of the three

sizes (small, medium or large) of IRCs can be established based on the quantity of

products collected at the CZs and their quality. All models were implemented in

GUSEK© (GLPK© Under Scite Extended Kit) 0.2 on an Intel(R)© Core i5-5250U

CPU running at 1.6 GHz with 8.00 GB RAM. The parameters required for the model

are listed in Tables 4.5 to 4.10.

Table 4.5: Fixed costs and inspection capacities for IRC of different sizes

IRC size (s) Cs Fs

Small 120,000 200,000
Medium 220,000 350,000
Large 300,000 500,000

Table 4.6: Selling price of refurbished product (Smk)

CZs (k)
Product (m) 1 2 3

1 200 200 200
2 300 300 300
3 250 250 250

To estimate the c1mk and c1Rmk, package delivery using UPS services to send a

package weighing 2.2lbs (1Kg) from Halifax, Ca ( Postal code - B3H 4R2) to Truro,

Ca ( Postal code - B3N 5E3) are considered (UPS Website, 2018). The distance

traveled is around 100 Km and the cost is $29.83. Hence unit transportation cost
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Table 4.7: Distance between CZ and IRC, CZ and recycling centre

CZs d1k d2k

1 100 200
2 150 300
3 200 400

Table 4.8: Product recycling, inspection, refurbishment costs in $ and product weight
in Kg.

Product (m) RLm Im Rm Xm

1 10 15 20 0.5
2 10 18 25 0.8
3 10 20 30 1.1

Table 4.9: Products collected at the CZ (Zmk)

CZs (k)
Product (m) 1 2 3

1 40,000 40,000 40,000
2 45,000 45,000 45,000
3 40,000 40,000 40,000
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of the product is 0.2983 $/Km-Kg. c1mk and c1Rmk are assumed to be 0.25 $/Km-Kg,

because the per Km cost reduces with distance and in the example the distances vary

from 100–400 Km. c2mk and c3m are the unit costs of transporting scrapped products,

and we chose 0.2 $/Km-Kg, assuming they would be done in bulk.

Table 4.10: Parameters table

Parameter Value

FP
k 150,000

c1mk 0.25
c1Rmk 0.25
c2mk 0.2
c3m 0.2
d 150
Pmk 10
qmk 0 to 1
β 0 to 0.2
Ec

m 0.03
Ep

m 0.07
Ei

m 0.09

Eref
m 0.21

Erec
m 0.07

CC 30,000 for most experiments*
E 139.8 CO2 emissions g/t Km ( 0.0001398 Kg/Kg Km)(European Environmental Agency)
CE $18/t CO2($0.018/Kg CO2) Macleans (2018)
Cp Cp = 15*CE Liu, Holmbom, Segerstedt, and Chen (2015), Hence Cp=15 * 0.018 = 0.27/Kg CO2

Cc 0.5*Cp = 0.5*0.27 = 0.135/Kg CO2 (assumption)

4.5.1 Experiment 1 - Investigating the impact of varying qmk on total

emissions and profit

In this experiment, the total CO2 emissions and the profit from the network is calcu-

lated while changing the quality of returns (qmk). A β value of 0.05 and CC value of

30,000 Kg of CO2 were used for this experiment.

The number of presorting centres and the IRC sizes opened at different values

of qmk are given in Figure 4.2. The following notations are used in Figure 4.2: P -

presorting centre, S - small IRC, M - medium IRC, L - large IRC.

As a result of the optimization, emissions due to processes increase from qmk = 0

to qmk = 0.2 and then decrease. For qmk = 0.05, all products are sent directly from

the CZ to the recycling centre. Recycling generates carbon credit for the network.

But as qmk increases to values near 0.1, fewer products are sent directly from the CZ
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Figure 4.2: Effects of varying q on total emissions and profit

to the recycling centre. Since poor quality products proceed ahead in the network,

more carbon emissions are generated and the maximum carbon emissions occur at

qmk = 0.2. As qmk increases beyond 0.2, more products are refurbished and sold,

resulting in lower carbon emission and increase in network profit. A positive profit is

achieved when qmk is greater than 0.461.

Thus, as qmk increases, presorting centres are opened, fewer products are diverted from

the CZ to the recycling centre and quantity of products sent to the IRC increases.

Also, the IRC size increases with increasing qmk and at high values of qmk ≥ 0.935,

presorting centres start closing as all good quality returns are sent directly to the IRC.

4.5.2 Experiment 2 - Impact of presorting centre inefficiency (β) on

opening of presorting centres

This experiment studies the impact of presorting centre inefficiency (β) on the opening

of presorting centres. The number of presorting centres opened at different return

quality levels (qmk) are observed as β is varied (Figure 4.3). As can be seen, for any

given value of β, presorting centres are first opened as quality increases and then start

to get closed at very high quality. This is because presorting centres first come into



133

play when products are worth recovering, but when the product quality is very high,

they can be directly sent to the IRC.

From the experiment it can be seen that the range of presorting centre activities

across quality levels is higher when the presorting inefficiency is low (e.g. β = 0.05).

If presorting centres are more inefficient (e.g. β = 0.2), they are opened later (i.e at

higher return quality) and closed earlier. In other words, efficient presorting centres

are useful for a greater range of quality levels.

Figure 4.3: Impact of presorting centre inefficiency (β) on the opening of presorting
centres for different qmk

4.5.3 Experiment 3 - Impact of increasing transportation cost from CZs

to the IRC (c1mk) on opening of presorting centres

This experiment studies the impact of increasing transportation cost from CZs to

the IRC (c1mk) on the opening of presorting centres for different return quality levels

(qmk). β = 0.1 is for this experiment.

As seen in Figure 4.4, for a given return quality level, for low transportation costs

few presorting centres are opened. As transportation costs increase, the number of
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presorting centres increase. More presorting centers are opened to prevent shipping

large quantities of low quality products, which would be costlier as the transportation

cost increases. In addition, as quality level increases, the presorting centre openings

keep shifting to the top (until qmk = 0.9). However, at very high return quality levels

(qmk = 0.95), no presorting centres are opened regardless of the transportation cost.

In other words, there is a shift to the top followed by a sudden drop to the bottom.

For low transportation costs (i.e., c1mk ≤ 0.05), the number of presorting centres

opened is sensitive to the return quality levels. For high transportation costs (i.e.,

c1mk ≥ 0.14), the solution is to open no presorting center for very high quality returns

or open all presorting centres for the other return quality levels.

Figure 4.4: Impact of increasing transportation cost from CZs to IRCs (c1mk) on the
opening of presorting centres for different qmk

4.5.4 Experiment 4 - Comparison of carbon cap, cap and trade policies

This experiment studies the effects of different carbon policies on the total carbon

emissions produced and profit generated in the network. For this experiment the

carbon cap is varied from 1,000 Kgs of CO2 to 20,000 Kgs of CO2 and a β of 0.05 is

used.

• Carbon Cap Policy. As the carbon cap increases, the total emissions, total

profit, and the number of presorting centres increase as seen in Figure 4.5.
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Hence, there is structural change in the network while abiding to the carbon

cap policy. The IRC size briefly switches from Large to Medium and back

to large when the carbon cap changes from 10,000 to 11,000 and then back to

15,000. The behaviour is due to the opening of an additional presorting center

which causes the volume of products shipped to the IRC to initialy decrease

before increasing back.

• Cap and Trade Policy. The transportation emissions and process emissions

remain constant for all variations in carbon cap. The profit function increase

as the carbon cap increases as seen in Figure 4.7. 3 presorting centres and 1

large IRC were opened for all variations in carbon cap. Hence the network struc-

ture remained constant for the cap and trade policy. This difference in structural

behaviour between these two policies was also observed by Mohammed et al.

(2017).

Figure 4.5: Emissions and profit for carbon cap policy

4.5.5 Experiment 5 - Investigating the effects of Cp on profit as the

carbon cap changes

In the carbon cap and trade case, the effects of increasing Cp (penalty for exceeding

carbon cap) are investigated. The general trend that can be seen from Figure 4.7 is
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Figure 4.6: Emissions and profit for carbon cap and trade policy

that the total profit increases sharply until a certain value of carbon cap (e.g., 11,000

Kgs of CO2) and after that point the profit tends to increase at a slower pace. Below

a carbon cap of 15,000 Kgs of CO2, the network produces emissions greater than

the carbon cap and hence higher the Cp, lower the profit. When the carbon cap is

above 15,000 Kgs of CO2, the amount of carbon emissions produced in the network

is less than the carbon cap and the system is able to acquire carbon credits (Cc) for

reduction in emissions. Hence if total carbon emissions are below the carbon cap,

changing Cp will not affect the profit (i.e. all three curves overlap).

4.6 Robust model formulation

The deterministic model assumed a fixed value of return product quality, but in the

real world the return product quality is uncertain. Uncertain return quality affects

the quantity of returns to be processed. The CLSC network should have the flexibil-

ity to work with high or low volume of returns and at the same time keep network

costs low. Strategic decisions such as establishing the right number of facilities with

the right capacity is crucial under such circumstances. The right network structure

can be achieved by reformulating the above deterministic model to deal with the un-

certainty. From the literature review conducted in Chapter 2 above, it can be seen

that robust optimization is one of the main techniques used by researchers to make
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Figure 4.7: Effects of Cp on profit as the carbon cap changes

decisions under uncertainty. Hence, a robust model is developed to deal with the

uncertainty in return quality in design of the CLSC with presorting.

The following notation is used in the formulation of the robust closed-loop supply

chain network model:

Indices

k CZs

m Products

o Scenarios

s IRC size

Parameters

β Inefficiency of presorting, i.e. fraction of poor quality returns

sent to the IRC from the presorting centres

c1mk Unit transportation cost of product m from CZ k to the IRC

($/Km-Kg)

c1Rmk Unit transportation cost of refurbished product m from IRC to CZ k ($/Km-

Kg)
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c2mk Unit transportation cost of scrapped product m from CZ k to RC ($/Km-Kg)

c3m Unit transportation cost of scrapped product m from IRC to RC ($/Km-Kg)

Cs Inspection capacity of IRC of size s

CC Carbon Cap (Kg of CO2)

CE Carbon emission cost/ Carbon tax ($/Kg of CO2)

Cp Penalty for exceeding carbon cap ($/Kg of CO2)

Cc Credit for not exceeding carbon cap ($/Kg of CO2)

d Distance between IRC and RC(Km)

d1k Distance between CZ k and IRC (Km)

d2k Distance between CZ k and RC (Km)

E CO2 emissions for transportation (Kg of CO2/Kg-Km)

Ec
m CO2 emissions for collecting product m at CZ (Kg/unit)

Ep
m CO2 emissions for presorting product m at the presorting fa-

cility (Kg/unit)

Ei
m CO2 emissions for inspecting product m at IRC (Kg/unit)

Eref
m Net CO2 emissions for refurbishing productm at IRC(Kg/unit)

Erec
m Net CO2 emissions for recycling product m (Kg/unit)

Fs Fixed cost of opening IRC of size s

F P
k Fixed cost of opening presorting facility at CZ k

Im Unit inspection cost of product m at IRC

M Sufficiently large number

Pmk Unit presorting cost of product m at CZ k

π Penalty for exceeding inspection capacity of IRC

Pro Probability of scenario o

qmko Fraction of good quality product m collected at CZ k under

scenario o

Rm Unit refurbishing cost of product m at IRC

RLm Unit recycling/landfilling cost of product m

Smk Selling price of refurbished product m in CZ k

Xm Weight of product m (Kg)

Zmk Quantity of product m collected at CZ k
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Decision variables based on scenario o

δ+o Emissions above the carbon cap (Kg of CO2)

δ−o Emissions below the carbon cap (Kg of CO2)

EP
o Total carbon emissions from processes (Kg of CO2)

ET
o Total carbon emissions from transportation (Kg of CO2)

f1Rmko Quantity of refurbished products m shipped from IRC to CZ k

fR
mo Quantity of product m refurbished at IRC

f I
mo Quantity of product m inspected at IRC

f 2
mko Quantity of scrapped product m shipped from CZ k to recycling when pre-

sorting is present

f 3
mo Quantity of scrapped product m shipped from IRC to recycling

Gmko Quantity of scrapped product m shipped from CZ k to recycling when pre-

sorting is absent

Hmko Quantity of product m presorted

ω+
o Quantity of products to be inspected exceeding the inspection capac-

ity of IRC

ω−
o Slack or unused inspection capacity of IRC

Umko Quantity of product m shipped from CZ k to IRC after Presort

Vmko Quantity of product m shipped from CZ k to IRC without

Presort

us =

⎧⎨
⎩
1 if IRC of size s is opened

0 otherwise

Yk =

⎧⎨
⎩
1 if presorting facility is opened at CZ k

0 otherwise

The mathematical formulation for the maximization of total profit in the network is

as follows:
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Maximize Profit:
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Subject to:

Zmk = Gmko +Hmko + Vmko ∀m, k, o (4.20)
∑
m∈M

Hmko � Yk

∑
m∈M

Zmk ∀k, o (4.21)

Umko = Hmko (qmko + (1− qmko) β) ∀m, k, o (4.22)
∑
m∈M

Vmko � C3(1− Yk) ∀k, o (4.23)

(1− β)(1− qmko)Hmko = f 2
mko ∀m, k, o (4.24)

Hmko = f 2
mko + Umko ∀m, k, o (4.25)

f I
mo =

∑
k∈K

Umko +
∑
k∈K

Vmko ∀m, o (4.26)

fR
mo = f I

mo − f 3
mo ∀m, o (4.27)

f 3
mo =

∑
k∈K

(1− qmko)Vmko +
∑
k∈K

(1− qmko)βHmko ∀m, o (4.28)

fR
mo =

∑
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f1Rmko ∀m, o (4.29)

∑
m∈M
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mo =

∑
s∈S

Csus + ω+
o − ω−

o ∀o (4.30)

f I
mo � M

∑
s∈S

us ∀m, o (4.31)

∑
s∈S

us � 1 (4.32)
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ET
o + EP

o = CC + δ+o − δ−o ∀o (4.35)
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−
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Yk, us = {0, 1} (4.37)

The return quality qmk varies from one returned product to another. Thus, the cor-

responding parameter is made to depend on the potential return quality scenarios

that could occur (i.e., qmk becomes qmko). There is a probability Pro associated with

each scenario. The return quality has a direct impact on the quantity of products

shipped to the IRC and inspected there. Therefore, two new variables ω+
o and ω−

o are

added to the model to represent the surplus or slack inspection capacity needed or

not used respectively. A penalty for exceeding inspection capacity of the IRC (π) is

added to the model. All continuous variables from the previous deterministic model

are present in the robust model and are scenario dependent.

The objective function (4.19) structure remains the same as the objective function of

the deterministic model (4.1) with the addition of probabilities associated with each

term which are scenario dependent. The objective function includes terms to penalize

the quantity of products which exceed the inspection capacity of the IRC.

Constraints (4.2) to (4.18) from the deterministic model are used here with variables

modified to show scenario dependence. The main changes are as follows : Constraint

(4.30) permits greater quantity of products to be inspected than the inspection ca-

pacity of the IRC. Constraint (4.31) ensures that an IRC size is selected before any

product flow can be received for inspection. Constraint (4.35) permits transportation

and processs emissions to exceed the carbon cap.

4.7 Robust model behaviour

The behaviour of the robust model is characterized using an example CLSC network

with 3 CZs, 3 products and 3 IRC sizes (small, medium and large). Any one of the

three sizes (small, medium or large) of IRCs can be established based on the quantity

of products collected at the CZs and their quality. All models were implemented in

GUSEK© (GLPK© Under Scite Extended Kit) 0.2 on an Intel(R)© Core i5-5250U

CPU running at 1.6 GHz with 8.00 GB RAM. The parameters required for the model

are listed in Tables 4.5 to 4.10 with some exceptions such as CC = 16,000 Kg of CO2

and others given below.
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4.7.1 Experiment 1 - Investigating impact of varying return quality

(qmko) on the network structure, total emissions and profit of

the CLSC network

In this experiment, we consider different scenarios for qmko. The parameter qmko takes

one of the three following values: 0.2 (low quality), 0.5 (medium) and 0.9 (high qual-

ity). Different scenarios are generated by varying the probability associated with each

quality level. 12 quality scenarios are generated for this experiment. As seen in Table

4.11, as we move from scenario 1 to scenario 12 the probability associated with higher

qmko is increased.

Table 4.11: Effect of varying return quality (qmko) on the structure, total emissions
and profit of the CLSC network

Scenario 1 2 3 4 5 6 7 8 9 10 11 12

qmko Probability of each quality

0.2 1.00 0.75 0.50 0.25 - - - - - - - -
0.5 - 0.25 0.50 0.75 1.00 0.75 0.50 0.25 0.15 0.10 0.05 -
0.9 - - - - - 0.25 0.50 0.75 0.85 0.90 0.95 1.00

Figure 4.8 displays the profit, emissions, number of presorting centres and the IRC

size opened for different scenarios. The following notations are used in Figure 4.8: P

- presorting centre, S - small IRC, M - medium IRC, L - large IRC.

As the probability of getting better quality returns increases, the total profit increases

while the total carbon emissions decrease. Higher return quality also results in a

steep change in the slope of the emissions curve from scenario 10 to scenario 11 as

the system transitions from generating carbon emissions to acquiring carbon credits.

The change in network structure is similar to experiment 4.5.1 of the deterministic

model. There are more presorting centres and smaller IRCs for initial scenarios when

product quality is low. While there are fewer presorting centres and larger IRCs for

scenarios with high quality returns.
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Figure 4.8: Effect of varying return quality (qmko) on the structure, total emissions
and profit of the CLSC network

4.7.2 Experiment 2 - Impact of varying π on the structure of the CLSC

network

Under scenarios with high probability of good quality returns, the quantity of prod-

ucts shipped from CZ to the IRC may exceed its inspection capacity. When this

happens, a penalty cost is incurred. In this experiment, we study the effects of vary-

ing the unit penalty cost for exceeding inspection capacity of IRC (π).

Table 4.12: Return quality scenarios to study effects of varying π on the structure of
the CLSC network

Scenario A B C D

qmko Probability of quality

0.2 0 0.05 0 0.33
0.5 0 0 0.05 0.33
0.9 1 0.95 0.95 0.34

We consider 4 scenarios with different probabilities for the 3 return quality levels

as seen in Table 4.12 such that overcapacity can occur. Scenarios A, B, and C have
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very low probability of poor quality returns, while scenario D is the equiprobable

case. Table 4.13 displays the number of presorting centres opened and the IRC

size for different scenarios under various values of π. In general, the number of

presorting centres opened increase with π except for the equiprobable scenario where

all presorting centers are always opened. Additional presorting centres are added to

the network because these centres weed out the poor quality products at the very start

of the CLSC network and fewer bad products reach the IRC. With fewer products

being inspected at the IRC, the CLSC model achieves its objective of keeping the

total quantity of inspected products below the inspection capacity of the IRC and

reduces the impact of the increase in π.

It is also observed that the IRC size increases with π regardless of the scenario.

Table 4.13: Number of presorting centres opened and IRC size for different scenarios

Scenarios
π A B C D

1 0–S 0–S 1–S 3–S
5 0–L 0–L 1–L 3–M
15 0–L 1–L 1–L 3–L
30 1–L 2–L 2–L 3–L
50 2–L 3–L 3–L 3–L
100 3–L 3–L 3–L 3–L

4.7.3 Experiment 3 - Impact of increasing Cp on the network profit

In the robust model, the carbon emissions are permitted to exceed the carbon cap.

But these excess emissions are penalized using Cp. The decision variable δ+o indicates

the amount of excess emissions. The scenarios (in Table 4.14) choosen for this exper-

iment generate emissions greater than the carbon cap to show the impact of Cp on

the profit of the network.

The obtained results are depicted in Table 4.15 and they showed that Cp has a

direct impact on the network profit and an increase in Cp results in a proportional

decrease in profit.
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Table 4.14: Return quality scenarios used in experiment to study impact of increasing
Cp on the network profit

Scenario E F G

qmko Prob. of quality

0.2 0.5 0.4 0.3
0.5 0.0 0.0 0.0
0.9 0.5 0.6 0.7

Table 4.15: Variation of network profit for increasing Cp (baseline at Cp = 0.27)

Cp 0.14 0.27 0.54 0.81 1.08

Scenario
E 326 0 -677 -1,353 -2,030
F 261 0 -541 -1,082 -1,624
G 195 0 -406 -812 -1,218

4.7.4 Experiment 4 - Comparison between robust and deterministic

models

To compare both models, we run the robust model with equal probability (0.33)

of occurrence for each of the 3 quality levels (i.e., qmko = 0.2, 0.5, 0.9 ) while the

deterministic model is run with the corresponding average of the 3 quality levels

(i.e., qmk = 0.533). We found that both the robust and deterministic models open 3

presorting centres. The deterministic model opened a medium sized IRC while the

robust model opened a large IRC. By opening a large IRC the robust model has the

ability to work with varying quality of returns. On the other hand, the deterministic

model has limited ability to deal with varying quality of returns. The robust model

has lesser profits as compared to the deterministic model. With emissions remaining

nearly the same across both models. We can conclude that the robust model trades

off a decrease in profit with the ability to deal with varying quality returns and ends

up being more conservative.
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Table 4.16: Comparing results of robust and deterministic model

Robust Deterministic

Presorting centres 3 3
IRC size L M
Profit 3,839,540 4,411,369

Total Emissions 13,501 13,508

4.8 Conclusion and future work

This chapter aimed to further research in CLSC design by incorporating pragmatic

concepts such as varying return product quality, sorting and carbon emission policies

in the proposed network model. MILP is used to develop the CLSC network model.

CZs, pre-sorting centres, IRC and a recycling centre form the CLSC network. Re-

furbished products from the IRC are sold in the CZ thus generating new streams

of revenue for the manufacturer while reducing the quantity of products sent to the

landfill.

A deterministic model was first build to study the effect of varying return product

quality on profit, carbon emissions and on the opening of pre-sorting facilities and

IRCs. Effects of pre-sorting centre inefficiency and transportation cost between CZs

and IRC on the opening of pre-sorting centres were investigated. The carbon cap

policy was compared to the carbon cap and trade policy while focusing on structural

change, network profit and emissions. For the cap and trade policy it was found that

an increase in penalty for exceeding the carbon cap (Cp) resulted in a decrease in

profit.

A robust model was then built and different scenarios for return quality were gen-

erated to study the effects of uncertainty in return quality on the network structure

and profit, and emissions generated. We further studied the impact of exceeding

inspection capacities and emission caps on the network structure and profit respec-

tively. Finally, on comparing the deterministic model to the robust model we found

the robust model to be more conservative, hedging against variation in return quality
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levels but less profitable. Possible future extensions can be to: a) use alternative RO

approaches to solve the proposed model; b) focus on return quality, return quantity

and collection stage uncertainty; and c) Develop multi-objective optimization models.



CHAPTER 5

CONCLUSIONS

The contributions of this thesis are in the areas of CLSC and RL. Companies are

increasingly directing their efforts in these areas to both recapture economic benefit

from used or returned products and materials and comply with environmental regula-

tions. An additional incentive for companies is to improve their “green” image. This

research work dealt with three themes: an extensive literature review on CLSC issues

was conducted and presented in Chapter 2 followed by network modeling in Chapter 3

and 4 to address important considerations such as transshipment, economies of scale,

presorting and uncertainty in returns quality. The conclusions and extensions for the

3 themes are given below.

5.1 Theme 1: Literature review

The first step in this research (Chapter 2) was to understand the state of the literature

and identify gaps from a logistics or operations research (OR) perspective. We found

the literature to be quite expansive and also rapidly changing. Therefore, we started

with a review of review articles. We also narrowed the focus of the search on the

following aspects of CLSCs and RL relevant to the objectives of this thesis:

1. Stochastic programming and robust optimization approaches to deal with un-

certainties in the CLSC

2. Quality and reliability issues

3. Carbon emission models

4. Development of Greenness indices for a subsystem or the system as a whole

In each of the above areas, some gaps were discovered. For example, uncertainty in

demand, return quantity and cost has received considerable coverage from researchers

149
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but uncertainty in return quality, price and capacity has not been covered as exten-

sively. The robust optimization techniques applied in the literature are mainly based

on the methods proposed in a few papers (Bertsimas and Sim, 2004a, 2003; Ben-Tal

and Nemirovski, 2008, 1999; Ben-Tal et al., 2005; Ben-Tal and Nemirovski, 2000;

Soyster, 1973; Mulvey et al., 1995) Robust techniques provide solutions which are

pricier than those obtained from deterministic models as it creates solutions for all

possible realizations of uncertain parameters.

From a functional perspective, a lot of emphasis has been placed on quality grad-

ing and quality pricing but there are very few publications incorporating the concept

of reliability in CLSC.

Researchers have studied carbon emissions at the various stages of the CLSC and

explored several emission related policies such as carbon cap, carbon tax, carbon

cap-and-trade, e-commerce tax, and recycling subsidies, usually set by governments.

These in turn imply carbon trading, carbon pricing strategies in CLSCs, consumer

free riding behaviour, etc. Future works could build models integrating the emissions

generated during product storage and handling, sales and product usage, and dis-

posal. Additionally, it would be interesting to consider the types of energy utilized

at each stage of the CLSC (renewable versus nonrenewable, fossil fuels, electric, hy-

drogen, etc.)

Greenness index models are developed using fuzzy methods, Analytical Hierarchy

Process (AHP), Delphi method, grey relational analysis, balanced scorecard method,

analytical network process, qualitative research methodologies and other techniques.

Fuzzy based techniques are the one of the primary methodologies used for developing

the greenness index. Authors should use more mathematical based methods such

as preference function modeling (Barzilai, 2005) and other multicriteria aggregation

functions.
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5.2 Theme 2: Multicomponent multiproduct CLSC design with

transshipment and economies of scale

With respect to CLSCs design, a gap in the literature is the effect of parts reliability

on network configuration. When returned products or parts are highly reliable, IRDC

capacity is lower because more products are available for refurbishing or for the re-

covery of parts through disassembly. However, when reliability is low, greater IRDC

capacity is required. This can be achieved by either increasing their number or

size. In the case of the latter, it was noted that EOS come into play. Since IRDCs

are geographically dispersed in the supply chain, any network configuration model

should allow for transshipment because when larger IRDCs are chosen as a result

of EOS incentives, fewer of them are needed, which in turn implies transshipment

between IRDCs. This very important gap in the literature was addressed in Chap-

ter 3 where EOS, transshipment, and parts reliability in network configuration are

considered. The behaviour of the model was characterized using example scenarios.

In particular, it was concluded that:

1. With EOS, larger and fewer IRDCs are opened as compared to the case with-

out EOS.

2. Network profit and presence of transshipment are affected by the transshipment

cost between IRDCs and disassembly capacity of the IRDCs.

3. The effect of part reliability on network profit is complex and dependent on

demand for refurbished products. This effect was characterized through detailed

scenarios.

Future work could include a greater emphasis on part/product reliability, use con-

cepts such as part failure rate from maintenance and reliability theory to model part

reliability, use robust optimization or stochastic programming to model uncertainty

in return part/product reliability, create multi-period models, investigate the effects

of dis-economies of scale. In this research, we considered economies of scale for fa-

cility capacities and related costs but future works could consider economies of scale

in other aspects of the supply chain, such as inventory, transportation etc.. Quan-

tity discounts can also be considered on the purchase of new products from suppliers
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and/or on the sale of refurbished goods.

5.3 Theme 3: Robust CLSC design with pre-sorting and carbon

emission considerations

From the literature review it was found that uncertainty in demand, return quantity

and cost was extensively researched but uncertainty in return quality has received

very little coverage, a theme addressed in Chapter 4. Low return quality reduces

the number of usable returns and hence affects the strategic decision of establishing

facilities with the right processing capacities. The problem of low return quality

can be overcome by adding presorting centres in the network since costs associated

with presorting are lower compared to the costs incurred at the IRCs. Moreover, the

presorting centres can separate poor quality products at the start of the RL cycle

and reduce transportation costs and emissions. A deterministic model to understand

the effect of returns quality on the networks was proposed under the carbon cap case

and cap and trade cases. Some of the conclusions from this analysis were:

1. Presorting centre efficiency and the transportation cost between CZ and the IRC

determine the number of opened presorting centres.

2. As the return product quality improves, total emissions from the network de-

creases and profit increases.

3. In case of the carbon cap and trade policy, changing Cp (penalty for exceeding

the carbon cap) affects the network profit only when carbon emissions exceed

the carbon cap.

4. The carbon cap case affects network structure much more than cap and trade.

To model varying return quality, a robust CLSC model extension was developed.

Return product quality was made scenario dependent in this formulation. This model

was better able to deal with varying return quality. For poor quality returns, a larger

number of presorting centres are opened and the IRCs is correspondingly smaller.

Conversely, for high quality returns, a smaller number of presorting centres are opened
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and the IRCs is correspondingly larger. The robust model makes these trade-offs

based on scenario probabilities.

Extensions could include: a) the use of alternative RO approaches to solve the

proposed model; b) a joint focus on return quality, return quantity and collection

stage uncertainty; c) the development of multi-objective optimization models.

All network models in this research focused on profit maximization, future work

could focus on cost minimization. Network models could also consider multiple trans-

portation modes between facilities, create provisions for disruptions, include customer

service based metrics such as response time, taxes, and tariffs in the objective function.

As supply chains are global in nature, we should also consider emissions generated

by OEM suppliers, as much of the manufacturing process is outsourced. Developing

networks where manufacturers of similar products collaborate in recycling initiatives

can be beneficial to both manufacturers and society.
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Akçalı, E., Çetinkaya, S., Üster, H., 2009. Network design for reverse and closed-
loop supply chains: An annotated bibliography of models and solution approaches.
Networks 53 (3), 231–248.

Altmann, M., Bogaschewsky, R., 2014. An environmentally conscious robust closed-
loop supply chain design. Journal of Business Economics 84 (5), 613–637.

Ameknassi, L., Aı̈t-Kadi, D., Rezg, N., 2016. Integration of logistics outsourcing
decisions in a green supply chain design: A stochastic multi-objective multi-period
multi-product programming model. International Journal of Production Economics
182, 165–184.

Appolloni, A., Sun, H., Jia, F., Li, X., 2014. Green procurement in the private sector:
a state of the art review between 1996 and 2013. Journal of Cleaner Production 85,
122–133.

Barzilai, J., 2005. Measurement and preference function modelling. International
Transactions in Operational Research 12 (2), 173–183.

Bazan, E., Jaber, M. Y., Zanoni, S., 2016. A review of mathematical inventory models
for reverse logistics and the future of its modeling: An environmental perspective.
Applied Mathematical Modelling 40 (5), 4151–4178.

Behret, H., Korugan, A., 2009. Performance analysis of a hybrid system under quality
impact of returns. Computers & Industrial Engineering 56 (2), 507–520.

154



155

Ben-Tal, A., Golany, B., Nemirovski, A., Vial, J.-P., 2005. Retailer-supplier flexible
commitments contracts: A robust optimization approach. Manufacturing & Service
Operations Management 7 (3), 248–271.

Ben-Tal, A., Nemirovski, A., 1999. Robust solutions of uncertain linear programs.
Operations research letters 25 (1), 1–13.

Ben-Tal, A., Nemirovski, A., 2000. Robust solutions of linear programming problems
contaminated with uncertain data. Mathematical programming 88 (3), 411–424.

Ben-Tal, A., Nemirovski, A., 2008. Selected topics in robust convex optimization.
Mathematical Programming 112 (1), 125–158.

Bertsimas, D., Sim, M., 2003. Robust discrete optimization and network flows. Math-
ematical Programming 98 (1), 49–71.
URL http://dx.doi.org/10.1007/s10107-003-0396-4

Bertsimas, D., Sim, M., 2004a. The price of robustness. Operations research 52 (1),
35–53.

Bertsimas, D., Sim, M., Jan. 2004b. The price of robustness. Oper. Res. 52 (1), 35–53.
URL http://dx.doi.org/10.1287/opre.1030.0065

Bhakthavatchalam, S., Diallo, C., Venkatadri, U., Khatab, A., 2015. Quality, reliabil-
ity, maintenance issues in closed-loop supply chains: A review. IFAC-PapersOnLine
48 (3), 460–465.

Bhattacharya, R., Kaur, A., 2015. Allocation of external returns of different quality
grades to multiple stages of a closed loop supply chain. Journal of Manufacturing
Systems 37, 692–702.

Bucci, M. J., Woolard, R., Joines, J., Thoney, K., King, R. E., 2014. Incorporating
economies of scale into facility location problems in carpet recycling. The Journal
of The Textile Institute 105 (12), 1300–1311.

Bureau of International Recycling Website, 2018. Recycled materials supply 40 per-
cent of the global raw material needs. http://www.bir.org/industry/, retrieved:
2018-03-14.

Cao, D., Xia, C., Cao, J., Wang, W., 2011. Studies on the comprehensive evaluation
system of the green degree of green supply chain of fresh food. In: 2011 International
Conference on E-Business and E-Government (ICEE).
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Cardoso, S. R., Barbosa-Póvoa, A. P. F., Relvas, S., 2013. Design and planning of sup-
ply chains with integration of reverse logistics activities under demand uncertainty.
European Journal of Operational Research 226 (3), 436–451.

Caterpillar Website, 2018. Cat reman. https://www.caterpillar.com/cs/company/
brands/cat-reman.html, retrieved: 2018-03-14.

CBC Website, 2018. Lewis mouldings gets cash for wood-waste fuel business.
Whatreallyhappenstooldclothesdroppedinthosein-storerecyclingbins, retrieved:
2018-04-24.

Chaabane, A., Ramudhin, A., Paquet, M., 2012. Design of sustainable supply chains
under the emission trading scheme. International Journal of Production Economics
135 (1), 37–49.

Chen, J., Weng, Y., Zhao, S., 2009. Performance evaluation of green supply chain
based on entropy weight grey system model. In: 2009 6th International Conference
on Service Systems and Service Management. IEEE, pp. 474–478.

Chen, Y., Chan, F., Chung, S., 2015. An integrated closed-loop supply chain model
with location allocation problem and product recycling decisions. International
Journal of Production Research 53 (10), 3120–3140.

Chen, Y., Wang, L.-C., Chen, T.-L., Wang, A., Cheng, C.-Y., 2014. A multi-objective
model for solar industry closed-loop supply chain by using particle swarm optimiza-
tion. In: Proceedings of the 24th International Conference on Flexible Automation
& Intelligent Manufacturing FAIM 2014. DEStech Publications, Inc., pp. 1–8.

Chen, Y.-W., Wang, L.-C., Wang, A., Chen, T.-L., 2017. A particle swarm approach
for optimizing a multi-stage closed loop supply chain for the solar cell industry.
Robotics and Computer-Integrated Manufacturing 43, 111–123.

ChronicleHerald Website, 2018. Lewis mouldings gets cash for wood-waste fuel
business. http://thechronicleherald.ca/business/1234854-lewis-mouldings-gets-
cash-for-wood-waste-fuel-business, retrieved: 2018-04-24.

Cui, Y. Y., Guan, Z., Saif, U., Zhang, L., Zhang, F., Mirza, J., 2017. Close loop
supply chain network problem with uncertainty in demand and returned products:
Genetic artificial bee colony algorithm approach. Journal of Cleaner Production.

Darbari, J. D., Agarwal, V., Jha, P., 2015. Fuzzy optimisation approach to supply
chain distribution network for product value recovery. In: Proceedings of Fourth
International Conference on Soft Computing for Problem Solving. Springer, pp.
491–504.

Das, K., Chowdhury, A. H., 2012. Designing a reverse logistics network for optimal
collection, recovery and quality-based product-mix planning. International Journal
of Production Economics 135 (1), 209–221.



157

Das, K., Posinasetti, N. R., 2015. Addressing environmental concerns in closed loop
supply chain design and planning. International Journal of Production Economics
163, 34–47.

De Rosa, V., Gebhard, M., Hartmann, E., Wollenweber, J., 2013. Robust sustainable
bi-directional logistics network design under uncertainty. International Journal of
Production Economics 145 (1), 184–198.

Dell Website, 2018. Dell outlet - refurbished laptops, desktops, servers & mon-
itors. http://www.dell.com/learn/us/en/22/campaigns/why-dell-outlet-usdfh?c=
us&l=en&s=dfh&cs=22&dgc=IR&cid=260728&lid=4691851&delphi:gr=true, re-
trieved: 2018-04-24.

Denizel, M., Ferguson, M., et al., 2010. Multiperiod remanufacturing planning with
uncertain quality of inputs. IEEE Transactions on Engineering Management 57 (3),
394–404.

Derraik, J. G., 2002. The pollution of the marine environment by plastic debris: a
review. Marine pollution bulletin 44 (9), 842–852.

Diabat, A., Abdallah, T., Al-Refaie, A., Svetinovic, D., Govindan, K., 2013. Strategic
closed-loop facility location problem with carbon market trading. IEEE Transac-
tions on engineering Management 60 (2), 398–408.

Diallo, C., Venkatadri, U., Khatab, A., Bhakthavatchalam, S., 2016. State of the art
review of quality, reliability and maintenance issues in closed-loop supply chains
with remanufacturing. International Journal of Production Research, 1–20.

Diaz, R., Marsillac, E., 2017. Evaluating strategic remanufacturing supply chain de-
cisions. International Journal of Production Research 55 (9), 2522–2539.

Dowlatshahi, S., 2000. Developing a theory of reverse logistics. Interfaces 30 (3),
143–155.

Dubey, R., Gunasekaran, A., Childe, S. J., 2015. The design of a responsive sus-
tainable supply chain network under uncertainty. The International Journal of Ad-
vanced Manufacturing Technology 80 (1-4), 427–445.

Dwicahyani, A., Jauhari, W., Kurdhi, N., 2016. Inventory decision in a closed-loop
supply chain with inspection, sorting, and waste disposal. In: IOP Conference
Series: Materials Science and Engineering. Vol. 114. IOP Publishing, p. 012072.

Environment and climate change Canada Website, 2018. Reduc-
ing canadas greenhouse gas emissions. https://www.ec.gc.ca/dd-
sd/default.asp?lang=En&n=AD1B22FD-1#archived.

European Council Website, 2018a. International agreements on climate ac-
tion. http://www.consilium.europa.eu/en/policies/climate-change/international-
agreements-climate-action/, retrieved: 2018-04-24.



158

European Council Website, 2018b. Paris agreement on climate change. http://
www.consilium.europa.eu/en/policies/climate-change/timeline/, retrieved: 2018-
05-23.

Fahimnia, B., Sarkis, J., Dehghanian, F., Banihashemi, N., Rahman, S., 2013. The
impact of carbon pricing on a closed-loop supply chain: an australian case study.
Journal of Cleaner Production 59, 210–225.

Fareeduddin, M., Hassan, A., Syed, M., Selim, S., 2015. The impact of carbon policies
on closed-loop supply chain network design. Procedia CIRP 26, 335–340.

Feng, W., Sifeng, L., Lijun, Y., Weizhao, L., Zhengyang, Y., 2013. Research on
performance evaluation system for green supply chain management based on recy-
cled economytaking guangxi’s manufacturing industry as example. In: Proceedings
of 2013 IEEE International Conference on Grey systems and Intelligent Services
(GSIS). IEEE, pp. 527–532.

Ferguson, M., Guide, V. D. R., Koca, E., Souza, G., 2006. Remanufacturing planning
with different quality levels for product returns. Robert H. Smith School Research
Paper No. RHS, 06–050.

Ferreira, A., Azevedo, S., Fazendeiro, P., 2012. A linguistic approach to supply chain
performance assessment. In: Fuzzy Systems (FUZZ-IEEE), 2012 IEEE Interna-
tional Conference on. IEEE, pp. 1–5.

Gan, X., Yu, W., 2009. The logistics system evaluation based on fuzzy analytic hierar-
chy process. In: 2009 Second International Conference on Intelligent Computation
Technology and Automation.

Gao, N., Ryan, S. M., 2014. Robust design of a closed-loop supply chain network
for uncertain carbon regulations and random product flows. EURO Journal on
Transportation and Logistics 3 (1), 5–34.

Gao, Y., Li, J., Song, Y., 2009. Performance evaluation of green supply chain man-
agement based on membership conversion algorithm. In: 2009 ISECS International
Colloquium on Computing, Communication, Control, and Management. Vol. 3.
IEEE, pp. 237–240.

Garg, K., Kannan, D., Diabat, A., Jha, P., 2015. A multi-criteria optimization ap-
proach to manage environmental issues in closed loop supply chain network design.
Journal of Cleaner Production 100, 297–314.

Garza-Reyes, J. A., 2015. Lean and green–a systematic review of the state of the art
literature. Journal of Cleaner Production 102, 18–29.

Genc, T. S., De Giovanni, P., 2017. Trade-in and save: A two-period closed-loop sup-
ply chain game with price and technology dependent returns. International Journal
of Production Economics 183, 514–527.



159

Genchev, S. E., Glenn Richey, R., Gabler, C. B., 2011. Evaluating reverse logistics
programs: a suggested process formalization. The International Journal of Logistics
Management 22 (2), 242–263.

Georgiadis, P., Athanasiou, E., 2013. Flexible long-term capacity planning in closed-
loop supply chains with remanufacturing. European Journal of Operational Re-
search 225 (1), 44–58.

Ghayebloo, S., Tarokh, M. J., Venkatadri, U., Diallo, C., 2015. Developing a bi-
objective model of the closed-loop supply chain network with green supplier se-
lection and disassembly of products: the impact of parts reliability and product
greenness on the recovery network. Journal of Manufacturing Systems 36, 76–86.

Giglio, D., Paolucci, M., 2014. A mixed-integer mathematical programming model
for integrated planning of manufacturing and remanufacturing activities. In: Infor-
matics in Control, Automation and Robotics (ICINCO), 2014 11th International
Conference on. Vol. 2. IEEE, pp. 751–759.

Glock, C. H., 2016. Decision support models for managing returnable transport items
in supply chains: A systematic literature review. International Journal of Produc-
tion Economics.

Gomes, M. I., Barbosa-Povoa, A. P., Novais, A. Q., 2011. Modelling a recovery net-
work for weee: A case study in portugal. Waste management 31 (7), 1645–1660.

Gopal, P., Thakkar, J., 2015. Development of composite sustainable supply chain
performance index for the automobile industry. International Journal of Sustainable
Engineering 8 (6), 366–385.

Govindan, K., Soleimani, H., 2016. A review of reverse logistics and closed-loop supply
chains: a journal of cleaner production focus. Journal of Cleaner Production.

Govindan, K., Soleimani, H., 2017. A review of reverse logistics and closed-loop supply
chains: a journal of cleaner production focus. Journal of Cleaner Production 142,
371–384.

Govindan, K., Soleimani, H., Kannan, D., 2015. Reverse logistics and closed-loop
supply chain: A comprehensive review to explore the future. European Journal of
Operational Research 240 (3), 603–626.

Guide, V. D. R., Harrison, T. P., Van Wassenhove, L. N., 2003a. The challenge of
closed-loop supply chains. Interfaces 33 (6), 3–6.

Guide, V. D. R., Jayaraman, V., Linton, J. D., 2003b. Building contingency plan-
ning for closed-loop supply chains with product recovery. Journal of operations
Management 21 (3), 259–279.

Guide Jr, V. D. R., Van Wassenhove, L. N., 2009. Or forum the evolution of closed-
loop supply chain research. Operations research 57 (1), 10–18.



160

Hasani, A., Zegordi, S. H., Nikbakhsh, E., 2012. Robust closed-loop supply chain
network design for perishable goods in agile manufacturing under uncertainty. In-
ternational Journal of Production Research 50 (16), 4649–4669.

Hasani, A., Zegordi, S. H., Nikbakhsh, E., 2015. Robust closed-loop global supply
chain network design under uncertainty: the case of the medical device industry.
International Journal of Production Research 53 (5), 1596–1624.

Hatefi, S., Jolai, F., 2014. Robust and reliable forward–reverse logistics network design
under demand uncertainty and facility disruptions. Applied Mathematical Mod-
elling 38 (9), 2630–2647.

Hazen, B. T., Boone, C. A., Wang, Y., Khor, K. S., 2017. Perceived quality of
remanufactured products: construct and measure development. Journal of Cleaner
Production 142, 716–726.

He, R., Xiong, Y., Lin, Z., 2016. Carbon emissions in a dual channel closed loop supply
chain: the impact of consumer free riding behavior. Journal of Cleaner Production.

Hervani, A. A., Helms, M. M., Sarkis, J., 2005. Performance measurement for green
supply chain management. Benchmarking: An international journal 12 (4), 330–
353.

Hillier, F. S., Lieberman, G. J., 2015. Introduction to operations research 10, 332–333.

Huang, M., Yi, P., Shi, T., Guo, L., 2015. A modal interval based method for dynamic
decision model considering uncertain quality of used products in remanufacturing.
Journal of Intelligent Manufacturing, 1–11.

Hughes, L., 2000. Biological consequences of global warming: is the signal already
apparent? Trends in ecology & evolution 15 (2), 56–61.

Ilgin, M. A., Gupta, S. M., 2010. Environmentally conscious manufacturing and prod-
uct recovery (ecmpro): a review of the state of the art. Journal of environmental
management 91 (3), 563–591.

Jabbarzadeh, A., Haughton, M., Khosrojerdi, A., 2018. Closed-loop supply chain net-
work design under disruption risks: A robust approach with real world application.
Computers & Industrial Engineering.

Jayaraman, V., 2006. Production planning for closed-loop supply chains with product
recovery and reuse: an analytical approach. International Journal of Production
Research 44 (5), 981–998.

Jayaraman, V., Guide Jr, V., Srivastava, R., 1999. A closed-loop logistics model for
remanufacturing. Journal of the operational research society 50 (5), 497–508.



161

Jeihoonian, M., Zanjani, M. K., Gendreau, M., 2017. Closed-loop supply chain net-
work design under uncertain quality status: Case of durable products. International
Journal of Production Economics 183, 470–486.

Jena, S. K., Sarmah, S., 2016. Future aspect of acquisition management in closed-loop
supply chain. International Journal of Sustainable Engineering, 1–11.

Jiang, Z., Zhou, T., Zhang, H., Wang, Y., Cao, H., Tian, G., 2016. Reliability and cost
optimization for remanufacturing process planning. Journal of Cleaner Production.

Jin, X., Hu, S. J., Ni, J., Xiao, G., 2013. Assembly strategies for remanufacturing
systems with variable quality returns. IEEE Transactions on Automation Science
and Engineering 10 (1), 76–85.

Juhong, G., Haiyan, W., Hongshuai, H., Liting, H., 2013. Pricing strategy of closed-
loop supply chain based on premium and penalty mechanism. In: 2013 IEEE In-
ternational Conference on Industrial Engineering and Engineering Management.
IEEE, pp. 896–900.

Jun, X., 2009. Model of cluster green supply chain performance evaluation based on
circular economy. In: Intelligent Computation Technology and Automation, 2009.
ICICTA’09. Second International Conference on. Vol. 3. IEEE, pp. 941–944.

Kafa, N., Hani, Y., El Mhamedi, A., 2015. An integrated sustainable partner selection
approach with closed-loop supply chain network configuration. IFAC-PapersOnLine
48 (3), 1840–1845.

Kannegiesser, M., Günther, H.-O., 2014. Sustainable development of global supply
chainspart 1: sustainability optimization framework. Flexible Services and Manu-
facturing Journal 26 (1-2), 24–47.

Kannegiesser, M., Günther, H.-O., Gylfason, Ó., 2014. Sustainable development of
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APPENDIX A

GLPK codes for MILP models

For Chapter 3

Verification experiment. Section 3.5.1.
1) Opening of different sizes of IRDCs with the increase in demand for new products
(dm,k) while the demand for refurbished products (dRm,k) is kept constant at 100,000
units. Table 3.10. The following is the base models used for futher experiments

param part; #Number of part types

param product; #Number of products

param CZ; #Number of existing customer zones (CZ)

param IRDC; #Number of potential inspection, repaire and disassemble centers (IRDC)

param Size; # size of IRDC

set P, default (1..part); #Set of part types

set M, default (1..product); #Set of products

set K, default (1..CZ); #Set of existing customer zones (CZ)

set L, default (1..IRDC); #Set of potential inspection, repair and disassembly centers (IRDC)

set S, default (1..Size);#size of the IRDC

#Model Parameters

param Fl{l in L, s in S}; /*Fixed cost of opening IRDC l*/

param FlD{l in L,s in S}; /*Fixed cost of installing disassembly line in IRDC l*/

param pi{m in M}, >= 0; /*Assume linear purchasing cost of product m */

param cmk{m in M, k in K}; /*Shipping cost of new product m delivered to CZ k*/

param cmlk{m in M, l in L,k in K}; /*Shipping cost of repaired product m delivered from IRDC l to CZ k*/

param apl{p in P, l in L}; /*FOB destination cost of part p delivered to IRDC l*/

param cmkl{m in M, k in K, l in L}; /*Shipping cost per unit of product m from CZ k to IRDC l*/

param cml{m in M, l in L}, default 195; /*Shipping cost per unit of scrapped product m from IRDC l to E-recycling center*/

param cmke{m in M, k in K}; /*Shipping cost per unit of returned product m from CZ k to E-recycling*/

param cpl{p in P, l in L},default 5; /*Shipping cost per unit of scrapped part p from IRDC l to E-recycling center*/

param I{m in M, l in L},default 10; /*Inspection cost per unit of product m at IRDC l*/

param R{m in M, l in L}; /*Repair cost per unit of product m at IRDC l*/

param D{m in M, l in L}; /*Disassembly cost per unit of product m at IRDC l*/

param Cm{m in M}; /*Capacity for product m*/

param Cp{p in P}; /*Capacity for part p*/

param Cl{l in L,s in S}; /*Capacity of IRDC l for inspection*/

param ClD{l in L, s in S}; /*Capacity of IRDC l to disassemble product m*/

param d{m in M, k in K},default 150000; /*Demand in customer zone k for new product m*/

param dR{m in M, k in K},default 100000; /*Demand in customer zone k for repaired product m*/

param r{m in M,k in K}; /*Return rate of product m from CZ k*/

param gamma{p in P}; /*Fraction of part p requiring replacement for repair at IRDC*/

param sigma{p in P, m in M}; /*A binary parameter which shows if p is in product m or not*/

param theta{p in P}; /*Fraction of good parts of type p recovered from disassembly in IRDC*/

param rho{m in M, k in K}; /*Selling price of new product m in customer zone k*/

param rhoR{m in M, k in K}; /*Selling price of repaired product m in customer zone k*/

param eta{m in M, k in K}, >= 0; /*lost sale for unmet demand of repaired products*/

param tsc{m in M,l in L,l1 in L},default 10; /*Shipping cost per unit of product m from one IRDC to another during transshipment*/

#Model Variables

var fml{m in M, l in L}, >= 0;/*Quantity of products m inspected at IRDC l */

var fm{m in M}, >= 0;/*Related to demand for new product m */

var fmk{m in M, k in K}, >= 0;/*Related to demand for new product m in customer zone K */
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var fmkl{m in M, k in K, l in L}, >=0;/*Quantity of products m returned from customer zone k to IRDC l */

var fmlkR{m in M, l in L, k in K}, >=0;/*Quantity of refurbished products m sent from IRDC l to CZ k*/

var fpl{p in P, l in L}, >=0;/*Quantity of new part p shipped from suppliers to IRDC l*/

var gml{m in M, l in L}, >=0;/*Quantity of scrapped product m shipped from IRDC l to Recycling Center*/

var gpl{p in P, l in L}, >=0;/*Quantity of scrapped part p shipped from IRDC l to Recycling Centre*/

var omke{m in M, k in K}, >=0;/*Quantity of returned products m shipped from customer zone k to Recycling Centre*/

var deltaminus{m in M, k in K}, >= 0;/*Shortfall of refurbished products m in customer zone k*/

var fmlR{m in M, l in L}, >=0;/*Quantity of product m refurbished at IRDC l*/

var fmlD{m in M, l in L}, >=0;/*Quantity of product m disassembled at IRDC l*/

var Y{l in L, s in S}, binary;/*Related to opening of IRDC of size s at location l*/

var Z{l in L, s in S}, binary;/*Related to opening of disassembly line at location l with size s */

var X{m in M,l in L,l1 in L},>=0;/*Quantity of product m transshipped from l to l1*/

#Objective function

maximize Profit: (sum {m in M, k in K, l in L} rhoR[m,k]*fmlkR[m,l,k]

+ sum {m in M, k in K} rho[m,k]*fmk[m,k]

- sum {l in L, s in S} Fl[l,s]*Y[l,s]

- sum {l in L, s in S} FlD[l,s]*Z[l,s]

- sum {m in M} pi[m] * fm[m]

- sum {m in M, k in K} cmk[m,k]*fmk[m,k]

- sum {p in P, l in L} apl[p,l]*fpl[p,l]

- sum {m in M, l in L,k in K} cmlk[m,l,k]*fmlkR[m,l,k]

- sum {m in M, k in K, l in L} cmkl[m,k,l]*fmkl[m,k,l]

- sum {m in M, k in K} cmke[m,k]*omke[m,k]

- sum {m in M, l in L} cml[m,l]*gml[m,l]

- sum {p in P, l in L} cpl[p,l]*gpl[p,l]

- sum {m in M, k in K, l in L} I[m,l]*fmkl[m,k,l]

- sum {m in M, l in L} R[m,l]* fmlR[m,l]

- sum {m in M, l in L} D[m,l]* fmlD[m,l]

- sum{m in M, k in K} eta[m,k]*deltaminus[m,k]- sum{m in M,l in L,l1 in L:l1<>l}X[m,l,l1]*tsc[m,l,l1]);

#Constraints

#ensures that all products at IRDC are inspected

s.t. definition_1{m in M, l in L}: sum{k in K} fmkl[m,k,l] = fml[m,l];

# Related to demand of new products

s.t. definition_2{m in M}: fm[m] = sum{k in K}fmk[m,k];

s.t. demand_satisfaction{m in M, k in K}: fmk[m,k] = d[m,k];

# ensures that all refurbished products from the IRDC are sent to Customer zones.

s.t. IRDC_Balance_repaired_products{m in M, l in L}: fmlR[m,l] = sum{k in K} fmlkR[m,l,k];

#ensures that the total quantity of parts used in refurbishing activities is equal to the quantity of new parts

purchased from suppliers and like-new parts obtained from disassembly.

s.t. IRDC_Balance_Repaired_parts{p in P, l in L}: gamma[p]*sum{m in M} sigma[p,m]*fmlR[m,l] = fpl[p,l]+theta[p]*sum{m in M} sigma[p,m]*fmlD[m,l];

#ensures that scrapped parts from the disassembly process is sent to the recycling centre.

s.t. IRDC_Balance_scrapped_parts{p in P, l in L}: gpl[p,l] = (1-theta[p])*sum{m in M} sigma[p,m]*fmlD[m,l];

# shows that lost sales are acceptable in case of refurbished products.

s.t. demand_satisfaction_for_repair{m in M, k in K}: sum{l in L} fmlkR[m,l,k] = dR[m,k] - deltaminus[m,k];

# ensures that all products returned from the Customer zone are either sent to the recycling centre or IRDC.

s.t. return_rate{m in M, k in K}: omke[m,k] + sum{l in L} fmkl[m,k,l] =r[m,k]*d[m,k];

#capacity constraints on the supplier capacity for new products

s.t. Capacity_supplier_product{m in M}: sum{k in K}fmk[m,k]<= Cm[m];

#capacity constraints on the supplier capacity for new parts

s.t. Capacity_supplier_part{p in P}: sum{l in L}fpl[p,l]<= Cp[p];
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#capacity constraints on IRDC inspection capacity

s.t. Capacity_inspection{l in L}: sum{m in M} fml[m,l]<= sum{s in S} Cl[l,s]*Y[l,s];

##capacity constraints on IRDC disassembly capacity

s.t. Capacity_disassembly{l in L}: sum{m in M}fmlD[m,l] <= sum{s in S} ClD[l,s]*Z[l,s];

#ensures that only one IRDC of a specific size can be opened at a location.

s.t. Number_of_IRDCs_opened{l in L}:sum{s in S}Y[l,s]<=1;

# ensures that a disassembly line is opened only when an IRDC is established.

s.t. IRDC_first{l in L, s in S}: Z[l,s] <= Y[l,s];

# ensures flow balance at the~\glspl{IRDC}, with transshipment. The RHS of the constraint sums up the number of products refurbished, disassembled, scrap

s.t. transshipment_balance_IRDC {m in M, l in L}: fmlR[m,l] + fmlD[m,l] + gml[m,l] + sum{l1 in L:l<>l1}X[m,l,l1] = fml[m,l] + sum{l1 in L:l<>l1}X[m,l1,l];

# ensures that the number of products transshipped is less than the number of products inspected at the IRDC

s.t. Receiving{m in M, l in L, l1 in L: l<>l1}: X[m,l,l1] <= fml[m,l];

solve;

display Profit,Y,Z, fmk,fml,fm,fmkl,fmlkR,fpl,gml,gpl,omke,deltaminus,fmlR,fmlD,X;

data;

param part :=3;

param product :=3;

param CZ :=3;

param IRDC :=3;

param Size :=3;#where 1,2,3 corresponds to small, medium and large IRDC respectively

param Fl :=

1 1 500000

1 2 800000

1 3 900000

2 1 500000

2 2 800000

2 3 900000

3 1 500000

3 2 800000

3 3 900000;

param FlD :=

1 1 1000000 #to prevent opening of disassembly lines for smaller IRDC’s a large number is used

1 2 300000

1 3 400000

2 1 1000000 #to prevent opening of disassembly lines for smaller IRDC’s a large number is used

2 2 300000

2 3 400000

3 1 1000000 #to prevent opening of disassembly lines for smaller IRDC’s a large number is used

3 2 300000

3 3 400000;

param cmk :=

1 1 2

1 2 3

1 3 5

2 1 2

2 2 3

2 3 5

3 1 2

3 2 3

3 3 5;

param cmke :=

1 1 100

1 2 100

1 3 100

2 1 100
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2 2 100

2 3 100

3 1 100

3 2 100

3 3 100;

param cmlk :=

1 1 1 2

1 1 2 3

1 1 3 4

2 1 1 2

2 1 2 3

2 1 3 4

3 1 1 2

3 1 2 3

3 1 3 4

1 2 1 2

1 2 2 3

1 2 3 4

2 2 1 2

2 2 2 3

2 2 3 4

3 2 1 2

3 2 2 3

3 2 3 4

1 3 1 2

1 3 2 3

1 3 3 4

2 3 1 2

2 3 2 3

2 3 3 4

3 3 1 2

3 3 2 3

3 3 3 4;

param apl :=

1 1 100

1 2 100

1 3 100

2 1 250/*standard cost is $100*/

2 2 250

2 3 250

3 1 100

3 2 100

3 3 100;

param cmkl :=

1 1 1 2

1 2 1 3

1 3 1 4

2 1 1 2

2 2 1 3

2 3 1 4

3 1 1 2

3 2 1 3

3 3 1 4

1 1 2 20

1 2 2 30

1 3 2 40

2 1 2 20

2 2 2 30

2 3 2 40

3 1 2 20

3 2 2 30

3 3 2 40

1 1 3 2
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1 2 3 3

1 3 3 4

2 1 3 2

2 2 3 3

2 3 3 4

3 1 3 2

3 2 3 3

3 3 3 4;

param Cm :=

1 1000000

2 1000000

3 1000000;

param Cl :=

1 1 50000

1 2 100000

1 3 200000

2 1 50000

2 2 100000

2 3 200000

3 1 50000

3 2 100000

3 3 200000;

param Cp :=

1 100000

2 100000

3 100000;

param ClD :=

1 1 1

1 2 50000

1 3 100000

2 1 1

2 2 50000

2 3 100000

3 1 1

3 2 50000

3 3 100000;

param sigma :=

1 1 1

2 1 1

3 1 0

1 2 0

2 2 1

3 2 1

1 3 1

2 3 1

3 3 1;

param rhoR :=

1 1 250

1 2 250

1 3 250

2 1 250

2 2 250

2 3 250

3 1 250

3 2 250

3 3 250;

param eta :=

1 1 100

1 2 100
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1 3 100

2 1 100

2 2 100

2 3 100

3 1 100

3 2 100

3 3 100;

param R :=

1 1 30

2 1 25

3 1 20

1 2 30

2 2 25

3 2 20

1 3 30

2 3 25

3 3 20;

param I :=

1 1 30

2 1 25

3 1 30

1 2 30

2 2 25

3 2 30

1 3 30

2 3 25

3 3 30;

param D :=

1 1 20

2 1 17

3 1 15

1 2 20

2 2 17

3 2 15

1 3 20

2 3 17

3 3 15;

param r:=

1 1 0.4

1 2 0.4

1 3 0.4

2 1 0.2

2 2 0.2

2 3 0.2

3 1 0.7

3 2 0.7

3 3 0.7;/* nt - affects the solution (cost) based on the demand of refurbished product 1/2/3 */

param pi :=

1 100

2 100

3 100;

param theta :=

1 0.4

2 0.5

3 0.6;

param gamma :=

1 0.5

2 0.5

3 0.5;
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param rho :=

1 1 300

1 2 300

1 3 300

2 1 300

2 2 300

2 3 300

3 1 300

3 2 300

3 3 300;

end;

We use the same base model as before. Difference with respect to the base model

are given for each experiment

For finding the economical operating range for reverse flow with EOS as seen in

Figure 3.4 .

dRm,k varies from 0 to 60,000 units and dm,k is 50,000 units.

Another verification experiment to investigate the effects of varying return rate

(rm,k) on the profit function as seen in Figure 3.5.

dm,k is 200,000 units, dRm,k - 100,000 units and rm,k varies from 0 to 1.

The profit function is observed while changing the return rate for three different

values of dRm,k as seen in 3.6.

dm,k is 200,000 units, dRm,k - 20,000/ 30,000/ 45,000 units and rm,k varies from 0 to 1.

For Experiment 3.5.2, for both with EOS and without EOS case dm,k is 90,000

units and dRm,k varies from 0 to 30,000 units.

For the without EOS case the following changes also need to be done

param Fl :=

1 1 500000

1 2 1000000

1 3 2000000

2 1 500000

2 2 1000000

2 3 2000000

3 1 500000

3 2 1000000

3 3 2000000;
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param FlD :=

1 1 1000000 #to prevent opening of disassembly lines for smaller IRDC’s a large number is used

1 2 300000

1 3 600000

2 1 1000000 #to prevent opening of disassembly lines for smaller IRDC’s a large number is used

2 2 300000

2 3 600000

3 1 1000000 #to prevent opening of disassembly lines for smaller IRDC’s a large number is used

3 2 300000

3 3 600000;

For Experiment 3.5.3, to achieve results as seen in Figure 3.8

For the transshipment and without transshipment case, dm,k is 300,000 units, dRm,k

changes from 0 to 100,000 units,with the following disassembly capacity changes

param ClD :=

1 1 1

1 2 25000

1 3 50000

2 1 1

2 2 25000

2 3 50000

3 1 1

3 2 25000

3 3 50000;

For only the transshipment case , transshipment cost between IRDCs (Tm,l,i) varies

as 1/ 10/ 15 .

For without transshipment case, transshipment cost between IRDCs (Tm,l,i) and

quantity transshipped (Xm,l,i) is absent. The following equation is removed

s.t. Receiving{m in M, l in L, l1 in L: l<>l1}: X[m,l,l1] <= fml[m,l];

The following equation

s.t. transshipment_balance_IRDC {m in M, l in L}:

fmlR[m,l] + fmlD[m,l] + gml[m,l] + sum{l1 in L:l<>l1}X[m,l,l1] =

fml[m,l] + sum{l1 in L:l<>l1}X[m,l1,l];

is modified to
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s.t. transshipment_balance_IRDC {m in M, l in L}:

fmlR[m,l] + fmlD[m,l] + gml[m,l]= fml[m,l] ;

For Experiment 3.5.3, to achieve results as seen in Figure 3.9 we include the above

changes (used to achieve Figure 3.8) with transshipment cost is $10 under different

CD
l,s scenarios as seen in Table 3.12.

For Experiment 3.5.4, γp changes from 0 to 1, dm,k is 50,000 units, dRm,k - 100/

5,000/ 16,000/ 20,000/ 30,000/ 100,000 units and rm,k is 0.7

For Chapter 4

The deterministic model in section (4.4) used for Experiment 4.5.1 is given below.

The value of return quality qm,k is varied from 0 to 1.

param product; #Number of products

param CZ; #Number of existing customer zones (CZ)

param Size;# size of IRC

set M, default (1..product); #Set of products

set K, default (1..CZ); #Set of existing customer zones (CZ)

set S, default (1..Size);#Size of IRCs

#Model Parameters

param FP{k in K}; /*Fixed cost of opening presorting facitlity at CZ k*/

param d1{k in K}; /*Distance between CZ k and IRC (km)*/

param d2{k in K}; /*Distance between CZ k and recycling centre (km) */

param d, default 150; /*Distance between IRC and recycling centre (km)*/

param c1{m in M, k in K}, default 0.25;/*unit transportation cost of product m from CZ k to IRC ($/km-kg) */

param c1R{m in M, k in K}, default 0.25;/*unit transportation cost of refurbished product m from IRC to CZ k($/km-kg) */

param c2{m in M, k in K}, default 0.2;/*unit transportation cost of scrapped product m from CZ k to recycling ($/km-kg) */

param c3{m in M}, default 0.2;/*unit transportation cost of scrapped product m from IRC to recycling ($/km-kg) */

param RL{m in M}, default 10;/*unit cost of recycling/landfilling product m */

param I{m in M};/*Inspection cost per unit of product m at IRC */

param R{m in M};/*Refurbishing cost per unit of product m at IRC*/

param P{m in M, k in K}, default 10;/* Presorting cost per unit of product m at CZ k*/

param q{m in M,k in K}, default 0.9; /*fraction of product m collected at CZ k which is good quality */

param Z{m in M,k in K};/*quantity of product m collected at CZ k*/

param Ec{m in M}, default 0.03;/*CO2 Emissions for collecting products at CZ (kg/unit)*/

param Ep{m in M}, default 0.07;/*CO2 Emissions for presorting products at CZ (kg/unit)*/

param Ei{m in M}, default 0.09;/*CO2 Emissions for inspecting products at IRC (kg/unit)*/

param Eref{m in M}, default 0.21;/* Net CO2 Emissions for refurbishing products at IRC (kg/unit)*/

param Erec{m in M}, default 0.07;/*Net CO2 Emissions for recycling products (kg/unit)*/

param E, default 0.0001398;/*CO2 Emissions for transportation (kg of co2/kg transported-km)*/

param X{m in M};/*product weight in kg*/

param CE, default 0.018;/*Carbon emission cost/ Carbon tax in $/kg of CO2*/

param beta, default 0.05;/*inefficiency at presort */
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param price{m in M, k in K};/*Selling price of refurbished product*/

param F{s in S}; /*Fixed cost of opening IRC */

param C{s in S}; /*Inspection capacity of IRC*/

param CC, default 30000;/* Carbon cap in kg of CO2*/

param Cp, default 0.27; /*Penalty for exceeding carbon cap in $*/

param Cc, default 0.135; /*Credit for not exceeding carbon cap in $*/

#Model Variables

var fmkR{m in M, k in K}, >= 0;/*Quantity of refurbished product m sent from the IRC to CZ k*/

var fmR{m in M},>=0; /*quantity of product m refurbished at IRC*/

var fmI{m in M},>=0; /*quantity of product m inspected at IRC*/

var G{m in M, k in K}, >=0; /* quantity of scrapped product m sent from CZ k to recycling when "Presort is absent"*/

var f2{m in M, k in K},>=0;/*quantity of scrapped product m sent from CZ k to recycling _ Presort open */

var f3{m in M},>=0;/*quantity of scrapped product m sent from IRC to recycling */

var Y{k in K}, binary;/*Opening and closing of presort*/

var u{s in S}, binary;/*IRC size*/

var ET, >=0; /*total carbon emissions from transportation*/

var EP; /*total carbon emissions from processes*/

var deltaP , >= 0;/*Emissions greater than carbon cap stored in this variable*/

var deltaN , >= 0;/*Emissions lesser than carbon cap stored in this variable*/

var H{m in M, k in K},>=0;/*quantity of product presorted */

var U{m in M, k in K},>=0;/*Quantity of products sent from CZ to IRC after Presort */

var V{m in M, k in K},>=0;/*Quantity of products sent from CZ to IRC without Presort */

#Objective function

maximize Profit: sum {m in M, k in K}price[m,k]*fmkR[m,k]

- sum{s in S}F[s]*u[s]

- sum {k in K}FP[k]*Y[k]

- sum {m in M, k in K}d1[k]*c1[m,k]*X[m]*fmI[m]

- sum {m in M, k in K}d1[k]*c1R[m,k]*X[m]*fmkR[m,k]

- sum {m in M, k in K}d2[k]*c2[m,k]*X[m]*f2[m,k]

- sum {m in M, k in K}d2[k]*c2[m,k]*X[m]*G[m,k]

- sum {m in M}d*c3[m]*f3[m]*X[m]

- sum {m in M,k in K}P[m,k]*H[m,k]

- sum {m in M}I[m]*fmI[m]

- sum {m in M}R[m]*fmR[m]

- sum {m in M, k in K}f2[m,k]*RL[m]

- sum {m in M, k in K}G[m,k]*RL[m]

- sum {m in M}f3[m]*RL[m]

- CE*(ET+EP)- Cp*deltaP + Cc*deltaN;

#Flow balance at CZ

s.t. Flow_balance_at_CZ{m in M, k in K}:Z[m,k] = G[m,k] + H[m,k] + V[m,k];

# ensures that the quantity of products presorted will be less than the quantity of products collected

s.t. definition_H{k in K}:sum{m in M}H[m,k]<=Y[k]*sum{m in M}Z[m,k];

#Quantity of products sent from CZ to IRC after Presort

s.t. Products_sent_to_IRC1{m in M, k in K}: U[m,k] = H[m,k]*(q[m,k]+ (1 - q[m,k])*beta);

#Quantity of products sent from CZ to IRC without presort

s.t. Products_sent_to_IRC2{k in K}: sum{m in M}V[m,k] <= C[3]*(1 - Y[k]);

# Quantity of scrapped products sent from CZ to recycling after presorting

s.t. Products_sent_from_CZ_to_recycling{m in M, k in K}:(1 - beta)*(1 - q[m,k])*H[m,k] = f2[m,k];

#Flow balance at Presort facility

s.t. Flow_balance_at_Presort{m in M, k in K}:H[m,k] = f2[m,k] + U[m,k];

# Total quantity inspected

s.t. Quantity_inspected{m in M}:fmI[m] = sum{k in K}U[m,k] + sum{k in K}V[m,k];

# Flow balance at IRC

s.t. Product_from_Inspection_to_refurbishment{m in M}: fmR[m] = fmI[m] - f3[m];

# Quantity of scrapped products sent from IRC to recycling
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s.t. Products_sent_from_IRC_to_recycling{m in M}: f3[m] = sum{k in K} (1-q[m,k])*V[m,k] + sum{k in K} (1-q[m,k])*beta*H[m,k];

# ensures that all products refurbished at IRC are delivered to the CZ

s.t.Refurbished_product_balance{m in M}:fmR[m]=sum{k in K}fmkR[m,k];

# capacity of IRC

s.t. IRC_Capacity:sum{m in M}fmI[m] <= sum{s in S}C[s]*u[s];

# only one size of IRC is opened

s.t. IRC_size: sum{s in S} u[s]<=1;

#Total Carbon emissions from transportation

s.t. Emissions_from_Transportation:ET = (sum{k in K}d1[k]*(sum{m in M}U[m,k]*X[m]))*E

+(sum{k in K}d1[k]*(sum{m in M}V[m,k]*X[m]))*E

+(sum{k in K}d1[k]*(sum{m in M}fmkR[m,k]*X[m]))*E

+(sum{k in K}d2[k]*(sum{m in M}f2[m,k]*X[m]))*E

+(sum{k in K}d2[k]*(sum{m in M}G[m,k]*X[m]))*E

+(d*(sum{m in M}f3[m]*X[m]))*E;

#Total Carbon emissions from processes

s.t. Emissions_from_Processes:EP = sum{m in M}Ec[m]*(sum{k in K}Z[m,k])

+sum{m in M}Ep[m]*(sum{k in K}H[m,k])

+sum{m in M}Ei[m]*fmI[m]

-sum{m in M}Eref[m]*fmR[m]

-sum{m in M}Erec[m]*(sum{k in K}f2[m,k])

-sum{m in M}Erec[m]*f3[m]

-sum{m in M}Erec[m]*(sum{k in K}G[m,k]);

#)ensures that emissions due to transportation and processes are less than the carbon cap for the carbon cap case. For cap and trade, this constraint calcu

s.t. Carbon_cap_constraint:ET+EP <= CC + deltaP - deltaN;

#Carbon Cap and Trade case is the default case

#Carbon Cap case - Activate next two constraints.("Add less than sign in above equation ")

Deactivate for cap and trade. ("Remove less than sign in above equation ")

s.t. Carbon_cap_constraint1: deltaP = 0;

s.t. Carbon_cap_constraint2: deltaN = 0;

solve;

display Profit,fmkR,fmR,fmI,f2,f3,u,Y,G, ET, EP, deltaP, deltaN;

#,Part_Repair

data;

param product :=3;

param CZ :=3;

param Size :=3;

/*IRC fixed costs*/

param F:=

1 200000/*small*/

2 350000/*medium*/

3 500000;/*large*/

/*Inspection capacity of IRC*/

param C:=

1 120000

2 220000

3 300000;

/*Selling price of refurbished product*/

param price :=
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1 1 200

1 2 200

1 3 200

2 1 300

2 2 300

2 3 300

3 1 250

3 2 250

3 3 250;

/*Fixed cost of opening presorting facitlity at CZ k*/

param FP :=

1 150000

2 150000

3 150000;

/*Distance between CZ k and IRC (km)*/

param d1 :=

1 100

2 150

3 200;

/*Distance between CZ k and recycling centre (km) */

param d2 :=

1 200

2 300

3 400;

/*Inspection cost per unit of product m at IRC */

param I :=

1 15

2 18

3 20;

/*Refurbishing cost per unit of product m at IRC*/

param R :=

1 20

2 25

3 30;

/*quantity of product m collected at CZ k*/

param Z :=

1 1 40000

1 2 40000

1 3 40000

2 1 45000

2 2 45000

2 3 45000

3 1 40000

3 2 40000

3 3 40000;

/*product weight in kg*/

param X:=

1 0.5

2 0.8

3 1.1;

end;

The above deterministic model is used for futher experiments with changes given

below.
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For Experiment 4.5.2, as qm,k is varied from 0 to 1 , β is varied to 0.05/ 0.1/ 0.2

and the number of open presorting centres is noted.

For Experiment 4.5.3, qm,k is varied from 0.1 to 0.95 , β is constant at 0.1, c1m,k is

varied from 0.005 to 0.19 and the number of open presorting centres is noted.

For Experiment 4.5.4, for the carbon cap case, qm,k is constant at 0.6, carbon cap

is varied from 1,000 to 20,0000 kgs of CO2 . Profit and emissions are noted in this

experiment.

The robust model in section (4.6) used for Experiment 4.7.1 is given below. Return

quality scenarios are given in Table 4.11.

param product; #Number of products

param CZ; #Number of existing customer zones (CZ)

param Size;# size of IRC

param Scenario;# Number of scenarios

set M, default (1..product); #Set of products

set K, default (1..CZ); #Set of existing customer zones (CZ)

set S, default (1..Size);#Size of IRCs

set O, default (1..Scenario);#Scenarios

#Model Parameters

param FP{k in K}; /*Fixed cost of opening presorting facitlity at CZ k*/

param d1{k in K}; /*Distance etween CZ k and IRC (km)*/

param d2{k in K}; /*Distance between CZ k and recycling centre (km) */

param d, default 150; /*Distance between IRC and recycling centre (km)*/

param c1{m in M, k in K}, default 0.25;/*unit transportation cost of product m from CZ k to IRC ($/km-kg) */

param c1R{m in M, k in K}, default 0.25;/*unit transportation cost of refurbished product m from IRC to CZ k($/km-kg) */

param c2{m in M, k in K}, default 0.2;/*unit transportation cost of scrapped product m from CZ k to recycling ($/km-kg) */

param c3{m in M}, default 0.2;/*unit transportation cost of scrapped product m from IRC to recycling ($/km-kg) */

param RL{m in M}, default 10;/*unit cost of recycling/landfilling product m */

param I{m in M};/*Inspection cost per unit of product m at IRC */

param R{m in M};/*Refurbishing cost per unit of product m at IRC*/

param P{m in M, k in K}, default 10;/* Presorting cost per unit of product m at CZ k*/

param q{m in M,k in K, o in O}, default 0.5; /*fraction of product m collected at CZ k which is good quality */

param Z{m in M,k in K};/*quantity of product m collected at CZ k*/

param Ec{m in M}, default 0.03;/*CO2 Emissions for collecting products at CZ (kg/unit)*/

param Ep{m in M}, default 0.07;/*CO2 Emissions for presorting products at CZ (kg/unit)*/

param Ei{m in M}, default 0.09;/*CO2 Emissions for inspecting products at IRC (kg/unit)*/

param Eref{m in M}, default 0.21;/* Net CO2 Emissions for refurbishing products at IRC (kg/unit)*/

param Erec{m in M}, default 0.07;/*Net CO2 Emissions for recycling products (kg/unit)*/

param E, default 0.0001398;/*CO2 Emissions for transportation (kg of co2/kg transported-km)*/

param X{m in M};/*product weight in kg*/

param CE, default 0.018;/*Carbon emission cost/ Carbon tax in $/kg of CO2*/

param beta, default 0.05;/*inefficiency at presort */

param price{m in M, k in K};/*Selling price of refurbished product*/

param F{s in S}; /*Fixed cost of opening IRC */

param C{s in S}; /*Inspection capacity of IRC*/

param CC, default 16000;/* Carbon cap in kg of CO2*/

param Cp, default 0.27; /*Penalty for exceeding carbon cap in $*/

param Cc, default 0.135; /*Credit for not exceeding carbon cap in $*/

param Pr{o in O}; /*Probability values*/
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param pi, default 30;/*Penalty for exceeding inspection capacity of IRC */

#Model Variables

var fmkR{m in M, k in K, o in O}, >= 0;/*Quantity of refurbished product m sent from the IRC to CZ k*/

var fmR{m in M , o in O},>=0; /*quantity of product m refurbished at IRC*/

var fmI{m in M , o in O},>=0; /*quantity of product m inspected at IRC*/

var G{m in M, k in K , o in O}, >=0; /* quantity of scrapped product m sent from CZ k to recycling when "Presort is absent"*/

var f2{m in M, k in K , o in O},>=0;/*quantity of scrapped product m sent from CZ k to recycling _ Presort open */

var f3{m in M , o in O},>=0;/*quantity of scrapped product m sent from IRC to recycling */

var Y{k in K}, binary;/*Opening and closing of presort*/

var u{s in S}, binary;/*IRC size*/

var ET {o in O}, >=0; /*total carbon emissions from transportation*/

var ET1, >=0; /* Carbon emissions from transportation: CZ to IRC */

var ET2, >=0; /* Carbon emissions from transportation: IRC to CZ*/

var ET3, >=0; /*Carbon emissions from transportation: CZ to recycling (Presort active)*/

var ET4, >=0; /* Carbon emissions from transportation: CZ to recycling (Presort absent)*/

var ET5, >=0;/*Carbon emissions from transportation: IRC to recycling*/

var EP {o in O}; /*total carbon emissions from processes*/

var deltaP {o in O}, >= 0;/*Emissions greater than carbon cap stored in this variable*/

var deltaN {o in O}, >= 0;/*Emissions lesser than carbon cap stored in this variable*/

var H{m in M, k in K,o in O},>=0;/*quantity of product presorted */

var U{m in M, k in K,o in O},>=0;/*Quantity of products sent from CZ to IRC after Presort */

var V{m in M, k in K,o in O},>=0;/*Quantity of products sent from CZ to IRC without Presort */

var omegaP{o in O} , >= 0;/*Quantity of products to be inspected is more than inspection capacity of IRC*/

var omegaN{o in O} , >= 0;/*Quantity of products to be inspected is less than inspection capacity of IRC*/

#Objective function

maximize Profit: sum {o in O, m in M, k in K}Pr[o]*price[m,k]*fmkR[m,k,o]

- sum{s in S}F[s]*u[s]

- sum {k in K}FP[k]*Y[k]

- sum {o in O,m in M, k in K}Pr[o]*d1[k]*c1[m,k]*X[m]*fmI[m,o]

- sum {o in O,m in M, k in K}Pr[o]*d1[k]*c1R[m,k]*X[m]*fmkR[m,k,o]

- sum {o in O,m in M, k in K}Pr[o]*d2[k]*c2[m,k]*X[m]*f2[m,k,o]

- sum {o in O,m in M, k in K}Pr[o]*d2[k]*c2[m,k]*X[m]*G[m,k,o]

- sum {o in O,m in M}Pr[o]*d*c3[m]*f3[m,o]*X[m]

- sum {o in O,m in M,k in K}Pr[o]*P[m,k]*H[m,k,o]

- sum {o in O,m in M}Pr[o]*I[m]*fmI[m,o]

- sum {o in O,m in M}Pr[o]*R[m]*fmR[m,o]

- sum {o in O,m in M, k in K}Pr[o]*f2[m,k,o]*RL[m]

- sum {o in O,m in M, k in K}Pr[o]*G[m,k,o]*RL[m]

- sum {o in O,m in M}Pr[o]*f3[m,o]*RL[m]

- (CE*sum {o in O}Pr[o]*(ET[o]+EP[o]))

- sum {o in O}Pr[o]*Cp*deltaP[o]

+ sum {o in O}Pr[o]*Cc*deltaN[o]

-sum {o in O}Pr[o]*pi*omegaP[o];

#Flow balance at CZ

s.t. Flow_balance_at_CZ{m in M, k in K, o in O}:Z[m,k] = G[m,k,o] + H[m,k,o] + V[m,k,o];

# ensures that the quantity of products presorted will be less than the quantity of products collected

s.t. definition_H{k in K,o in O}:sum{m in M}H[m,k,o]<=Y[k]*sum{m in M}Z[m,k];

#Quantity of products sent from CZ to IRC after Presort

s.t. Products_sent_to_IRDC1{m in M, k in K, o in O}: U[m,k,o] = H[m,k,o]*(q[m,k,o]+ (1 - q[m,k,o])*beta);

#Quantity of products sent from CZ to IRC without presort

s.t. Products_sent_to_IRDC2{k in K, o in O}: sum{m in M}V[m,k,o] <= C[3]*(1 - Y[k]);

# Quantity of scrapped products sent from CZ to recycling after presorting

s.t. Products_sent_from_CZ_to_recycling{m in M, k in K,o in O}:(1 - beta)*(1 - q[m,k,o])*H[m,k,o] = f2[m,k,o];

#Flow balance at Presort facility

s.t. Flow_balance_at_Presort{m in M, k in K, o in O}:H[m,k,o] = f2[m,k,o] + U[m,k,o];

# Total quantity inspected

s.t. Quantity_inspected{m in M, o in O}:fmI[m,o] = sum{k in K}U[m,k,o] + sum{k in K}V[m,k,o];
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# Flow balance at IRC

s.t. Product_from_Inspection_to_refurbishment{m in M, o in O}: fmR[m,o] = fmI[m,o] - f3[m,o];

# Quantity of scrapped products sent from IRC to recycling

s.t. Products_sent_from_IRDC_to_recycling{m in M, o in O}: f3[m,o] = sum{k in K} (1-q[m,k,o])*V[m,k,o] + sum{k in K} (1-q[m,k,o])*beta*H[m,k,o];

# ensures that all products refurbished at IRC are delivered to CZ

s.t.Refurbished_product_balance{m in M, o in O}:fmR[m,o]=sum{k in K}fmkR[m,k,o];

# capacity of IRC

s.t. IRDC_Capacity{o in O}:sum{m in M}fmI[m,o] = sum{s in S}C[s]*u[s] + omegaP[o] - omegaN[o];

#ensures IRC is selected before any product flow can be received for inspection

s.t. IRDC_Capacity2{m in M, o in O}:fmI[m,o] <= 300000*sum{s in S}u[s];

# only one size IRC is opened

s.t. IRDC_size: sum{s in S} u[s]<=1;

#Total Carbon emissions from transportation

s.t. Emissions_from_Transportation {o in O}:ET[o] = (sum{k in K}d1[k]*(sum{m in M}U[m,k,o]*X[m]))*E

+(sum{k in K}d1[k]*(sum{m in M}V[m,k,o]*X[m]))*E

+(sum{k in K}d1[k]*(sum{m in M}fmkR[m,k,o]*X[m]))*E

+(sum{k in K}d2[k]*(sum{m in M}f2[m,k,o]*X[m]))*E

+(sum{k in K}d2[k]*(sum{m in M}G[m,k,o]*X[m]))*E

+(d*(sum{m in M}f3[m,o]*X[m]))*E;

#Total carbon emissions from processes

s.t. Emissions_from_Processes{o in O}:EP[o] = sum{m in M}Ec[m]*(sum{k in K}Z[m,k])

+sum{m in M}Ep[m]*(sum{k in K}H[m,k,o])

+sum{m in M}Ei[m]*fmI[m,o]

-sum{m in M}Eref[m]*fmR[m,o]

-sum{m in M}Erec[m]*(sum{k in K}f2[m,k,o])

-sum{m in M}Erec[m]*f3[m,o]

-sum{m in M}Erec[m]*(sum{k in K}G[m,k,o]);

# emission balance

s.t. Carbon_cap_constraint{o in O}:ET[o]+EP[o] = CC + deltaP[o] - deltaN[o];

solve;

display Profit,fmkR,fmR,fmI,f2,f3,u,Y,G, ET, EP, deltaP, deltaN,omegaP, omegaN;

data;

param product :=3;

param CZ :=3;

param Size :=3;

param Scenario :=3;

param Pr:=

1 1

2 0

3 0;

#param q{m in M,k in K, o in O}

param q:=

1 1 1 0.2

1 2 1 0.2

1 3 1 0.2

2 1 1 0.2

2 2 1 0.2

2 3 1 0.2

3 1 1 0.2

3 2 1 0.2

3 3 1 0.2
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1 1 2 0.5

1 2 2 0.5

1 3 2 0.5

2 1 2 0.5

2 2 2 0.5

2 3 2 0.5

3 1 2 0.5

3 2 2 0.5

3 3 2 0.5

1 1 3 0.9

1 2 3 0.9

1 3 3 0.9

2 1 3 0.9

2 2 3 0.9

2 3 3 0.9

3 1 3 0.9

3 2 3 0.9

3 3 3 0.9;

/*IRDC fixed costs*/

param F:=

1 200000/*small*/

2 350000/*medium*/

3 500000;/*large*/

/*Inspection capacity of IRDC*/

param C:=

1 120000

2 220000

3 300000;

/*Selling price of refurbished product*/

param price :=

1 1 200

1 2 200

1 3 200

2 1 300

2 2 300

2 3 300

3 1 250

3 2 250

3 3 250;

/*Fixed cost of opening presorting facitlity at CZ k*/

param FP :=

1 150000

2 150000

3 150000;

/*Distance between CZ k and IRDC (km)*/

param d1 :=

1 100

2 150

3 200;

/*Distance between CZ k and recycling centre (km) */

param d2 :=

1 200

2 300

3 400;

/*Inspection cost per unit of product m at IRDC */

param I :=

1 15

2 18

3 20;
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/*Refurbishing cost per unit of product m at IRDC*/

param R :=

1 20

2 25

3 30;

/*quantity of product m collected at CZ k*/

param Z :=

1 1 40000

1 2 40000

1 3 40000

2 1 45000

2 2 45000

2 3 45000

3 1 40000

3 2 40000

3 3 40000;

/*product weight in kg*/

param X:=

1 0.5

2 0.8

3 1.1;

end;

The above deterministic model is used for futher experiments with parameter

changes given below.

For Experiment 4.7.2, return quality scenarios to study effects of varying π on the

structure of the CLSC network are given in Table 4.12. Values of π are given in Table

4.13.

For Experiment 4.7.3, return quality scenarios used to study impact of increasing

Cp on the network profit are given in Table 4.14. Values of Cp are given in Table 4.15.


