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A MULTI-STAGE DECISION SUPPORT MODEL FOR  
COORDINATED SUSTAINABLE PRODUCT AND SUPPLY CHAIN DESIGN 

 
In this research, a decision support model for coordinating sustainable product and supply 
chain design decisions is developed using a multi-stage hierarchical approach. The model 
evaluates alternate product designs and their corresponding supply chain configurations 
to identify the best product design and the corresponding supply chain configuration that 
maximizes the economic, environmental and societal benefits. The model considers a 
total life-cycle approach and incorporates closed-loop flow among multiple product life-
cycles. In the first stage, a mixed integer linear programming model is developed to select 
for each product design an optimal supply chain configuration that maximizes the profit. 
In the subsequent stages, the economic, environmental and societal multiple life-cycle 
analysis models are developed which assess the economic, environment and the societal 
performance of each product design and its optimal supply chain configuration to identify 
the best product design with highest sustainability benefits.  

 
The decision support model is applied for an example problem to illustrate the 

procedure for identifying the best sustainable design. Later, the model is applied for a 
real-time refrigerator case to identify the best refrigerator design that maximizes 
economic, environmental and societal benefits. Further, sensitivity analysis is performed 
on the optimization model to study the closed-loop supply chain behavior under various 
situations. The results indicated that both product and supply chain design criteria 
significantly influence the performance of the supply chain. The results provided insights 
into closed-loop supply chain models and their behavior under various situations. 
Decision support models such as above can help a company identify the best designs that 
bring highest sustainability benefits, can provide a manager with holistic view and the 
impact of their design decisions on the supply chain performance and also provide areas 
for improvement. 
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1. CHAPTER ONE: INTRODUCTION 

1.1 Overview  

The increasing worldwide resource consumption coupled with its impact on the 

environmental and eco-systems have forced organizations to embrace sustainable 

practices within their business operations. For the business to be sustainable, the entire 

supply chain (SC) must be sustainable. During the recent years there has been growing 

awareness of the need for promoting sustainability within SCs among both academic and 

industry practitioners. This is evidenced by increasing number of articles and even 

comprehensive literature reviews (Croom et al., 2009) published in the area of 

Sustainable Supply Chain Management (SSCM). On the other hand, leading companies 

such as Wal-Mart, Procter & Gamble, IBM, and Hewlett-Packard (HP) launched several 

sustainability initiatives. Wal-Mart took commitment to goals of zero waste and reliance 

on 100% renewable energy, Procter & Gamble and IBM assessed sustainability 

performance of their suppliers, HP has launched several environmental-friendly 

initiatives in the areas of reducing the carbon footprint of their operations, developing 

energy-efficient solutions, etc (based on information in Wal-Mart Annual Report, 2010; 

Proctor & Gamble Sustainability Report, 2010; IBM Corporate Societal Responsibility 

report, 2009; Hewlett-Packard Global Sustainability Report, 2009). Despite this growing 

emphasis, yet, there appears to be lack of holistic systematic approaches that effectively 

integrate all the environmental and societal aspects into current SC practices/models. This 

is because developing sustainable SC’s (SSCs) requires a broader emphasis considering 

multiple key aspects such as  

 

The triple bottom line (TBL) emphasis: Although most of the current SSCM literature 

emphasized on the need for considering all the triple bottom line (TBL) aspects of 

economic prosperity, environmental protection and societal development (Elkington, 

1998), as opposed to focusing merely on the economic gains, not much implementation 

has been found in comprehensively including all the TBL aspects into SSCM practices 

(Carter and Rogers, 2009). However, to promote SSCs there is a need to consider all the 

TBL aspects. 
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Holistic, systems-based approach: Most of the current SSCM practices do not consider 

holistic integrated approach (De Brito et al., 2010) and are focused on improving 

individual SC partner’s performance such as supplier, manufacturing, distributor etc. 

However, if benefits (and potential costs) along the TBL aspects are to be considered in 

the SC’s, a holistic and systems-based approach considering the entire SC as a single 

entity is needed. One way to achieve this holistic view is when considering the SC from a 

product life-cycle perspective, which consists of four phases: pre-manufacturing, 

manufacturing, use and post-use. Therefore SSCs must consider the impact of business 

decisions across all these four life-cycle phases.     

 

6Rs for Sustainability: To develop SSCs a total life-cycle approach must be considered 

and this requires moving away from viewing the activities in the SC as being in an open-

loop that takes materials from cradle-to-grave to adopting a cradle-to-cradle (McDonough 

and Braungart, 2002) philosophy with near perpetual closed-loop material flow. One of 

the early approaches that encouraged closed-loop thinking was the use of 3R’s of reduce, 

reuse and recycle (USEPA, 2008); the emphasis however is mostly was on lean and green 

manufacturing and SCM. However, the 3R’s do not emphasize the need to redesign 

products for dematerialization and disassembly or remanufacturing so components with 

useful remaining life can be given a new life in the next life-cycle of the same or different 

product. Thus, sustainable manufacturing and SCM require innovation-based approaches 

that extend the 3R’s further into 6R’s by including the capability to recover, redesign, and 

remanufacture the products over multiple product life-cycles (Joshi et al., 2006; Jawahir, 

2008). Badurdeen et al. (2009) described each of the six “R’ as follows:  

 

 Reduce: This occurs primarily in first three stages of a product life-cycle: pre-

manufacturing, manufacturing, and use. It refers to the reduced use of resources in 

the pre-manufacturing stage, reduced use of energy and materials in the 

manufacturing stage, and reduction waste during the use stage (USEPA, 2008).  
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 Reuse: This occurs primarily in the second and the subsequent life-cycle stages of 

a product. This refers to the reuse of the product or its components, after its use in 

the first life-cycle, for subsequent life-cycles to reduce the amount of raw (virgin) 

material usage involved in producing new products and components (USEPA, 

2008). 

 

 Recycle: is the process of transforming material (e.g. glass, metal and paper) that 

would otherwise be considered as waste into new materials or products (USEPA, 

2008). 

 

 Recover: It involves collection of products at the end of their use for subsequent 

post-use activities. It involves sorting and cleaning the product for its use in 

subsequent life-cycles. This process may also refer to disassembly of a product, to 

obtain its components at the end of its use life (Joshi et al., 2006). 

 

 Redesign: is the act of redesigning products to simplify future post-use processes 

through the application of techniques such as design for environment (DfE) to 

make the product more sustainable (Joshi et al., 2006). 

 

 Remanufacture: involves the re-processing of already used products for restoring 

them to a like-new condition, with similar or better performance to that of the 

original product, through the reuse of as much components and parts without loss 

of functionality (Joshi et al., 2006). 

 

Badurdeen et al. (2009) presented a definition for SSCM as involving ‘the planning 

and management of sourcing, procurement, conversion and logistics activities involved 

during pre-manufacturing, manufacturing, use and post-use phases in the life cycle in 

closed-loop through multiple life-cycles with seamless information sharing about all 

product life-cycle phases between companies by explicitly considering the social and 

environmental implications to achieve a shared vision’. Figure 1.1 presents the integrated 

approach to SSCs. While many definitions for SSCM have been presented in literature, in 
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this research the above definition is adapted due to its completeness in integrating all the 

key aspects required for SSCs.  

 
Figure 1.1: Integrated Approach to SSCM (Badurdeen et al., 2009) 

 

The definition emphasizes the need to view the SC and its activities from a much 

broader framework. This definition also implies that managing SSC’s requires more 

coordination and cooperation between the activities of product and process 

designers/managers and their SC counterparts that is more integrating among the product, 

process and SC design activities. For example, designing sustainable products for end-of-

life recovery without evaluating the SC’s capability/capacity needed to recover and re-

channel the products will likely lead to more (TBL) costs than benefits. Similarly, 

recycling products to reduce environmental impact may not be successful unless process 

capabilities needed to remanufacture such products, their market potential etc., are 

evaluated. This implies that all the activities involved within SSCs such as product design 

(Krishnan and Ulrich, 2001), manufacturing system design, process design, reverse 

logistics network design (Guide et al., 2003; Guide et al., 2006), closed-loop SC network 

design (Guide and Wassenhove, 2009), etc., require coordination among product, process 

and SC design decisions effectively.  
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Coordinated Design: Integrating Product, Process and SC Design 

Changing customer expectations and short product life-cycles, due to rapidly 

changing technology, have compelled companies to be innovative (Ayag, 2005) and offer 

product variants and/or new products in much shorter time intervals. However, 

developing new products alone in response to these trends is not a formula for success. In 

order to be successful, companies must explicitly consider and assess the process and 

system capabilities (needed to procure resources, manufacture and distribute the product 

in a timely manner to meet customer needs) at the product design stage itself. Lack of 

coordination between these different activities can lead to, for example, material 

acquisition delays, increased production/delivery lead times, etc., all of which can be 

stumbling blocks to success. Competitive advantages are likely when companies pursue 

coordinated design along three different aspects, as described below: 

 
Coordinated Product and Process Design: The importance of concurrent engineering , the 

process of integrating product and process design decisions, was pointed out as early as 

1979 by Hayes and Wheelwright (1979a, 1979b). Progressive companies have adopted 

the practice and a number of approaches for pursuing concurrent engineering have been 

presented (Brookes and Backhouse, 1998; Keys et al., 1992). 

 
Coordinated Product and SC Design: Design for SC (Hult and Swan, 2003; 

Rungtusanatham and Forza, 2005), or the integration of product and SC design decisions 

is another aspect critical for improving SC performance. Recent trends in globalization 

and many companies outsourcing design activities caused SCs to become much more 

complex networks. This has created a need for more coordination and integration of SC 

partners into the product design process often termed as the New Product Development 

(NPD) stage. However, despite the early attention drawn to the topic (Lee and Sasser, 

1995; Joglekar and Rosenthal, 2003), very little has been published on how to pursue 

coordinated product and SC design. 
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Coordinating Process and SC Design: The changing customer needs indicate that merely 

synchronizing product and process design and/or product and SC design is not sufficient 

to ensure an organization’s success (Rungtusanatham and Forza, 2005). Coordinating 

process and SC design decisions can bring more cost savings and improved performance 

to companies.   

 

The process of coordination of product, process and system design decisions was 

termed by Fine (1998) as ‘three-dimensional concurrent engineering (3-DCE)’. 

Organizations that do not engage in 3-DCE often encounter problems in the later stages 

of NPD process, often leading to loss of revenue and reputation (Fine, 1998).  

 

1.2 Motivation 

This research specifically focuses on coordinating sustainable product and SC design 

(CSD) decisions, which is analogous to coordinating conventional product and SC design 

decisions, but with a much broader focus, considering all the key aspects required for 

SSCs as mentioned earlier. This coordination plays a very important role in improving 

the SSC performance. In this section, two case study examples of companies are 

presented to illustrate the importance of performing CSD. The first case example presents 

how a company has been successful through implementing CSD, while the second case 

study presents the severe losses incurred by a company due to ignoring the implications 

of product design decisions on the SC (even in the absence of sustainability 

considerations).   

 

Kodak Single-Use Camera: 

The case of Kodak single-use cameras illustrates a classic example of the 

application of CSD to design a sustainable product and closed-loop SC. In 1990, Kodak 

began redesigning their single-use cameras to facilitate recycling and reuse of parts and 

sub-assemblies. The new design consisted of simple parts most of which were either 

recycled or reused requiring fewer new parts to be manufactured, thereby reducing the 

overall resource consumption. The new design thus incorporated all the 6R’s previously 

discussed as necessary for sustainable manufacturing and SCM.  
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The SC operations of the single-use cameras begin with the procurement of circuit 

boards, which are manufactured overseas and shipped to the production facility in 

Rochester, NY. The demand for new cameras is met by a mixture of both new and reused 

components. The finished cameras are then distributed to various retailers and 

subsequently sold to customers. After use, customers take the camera to a photofinisher. 

Kodak and some of its major single-use camera competitors have an agreement as a result 

of which all single-use cameras collected by photo finishers (i.e. no sorting by brand 

needed) is sent to one of three collection centers (recovery). The collection centers sort 

the cameras based on manufacturer and model; Kodak cameras are then transported to the 

subcontracting facility, where the packaging, front and back covers and batteries are 

removed. The cameras are then sent to assembly vendors who disassemble and inspect 

the products. While few parts such as the batteries are replaced, most are reused or 

recycled after quality inspection. The camera body and internal parts in good condition 

are reused; other parts such as the plastic outer casing are recycled (after careful 

separation of metal from plastic). All the reusable and recycled components are sent to 

the production facility where they are assembled into new products (remanufacturing), 

packaged and distributed to retailers for resale (based on information in Guide et al., 

2003; Kodak Sustainability Report, 2008). Figure 1.2 presents the closed-loop SC for 

Kodak single-use cameras illustrating the points of application of the 6R’s. 

 

 

Figure 1.2: Closed-loop SC for Kodak Single-Use Cameras  
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With the current business model Kodak has been able achieve a recycling rate of 

84%, the highest for any consumer product in the USA, and reached the milestone of 

recycling 1.5 billion single-use cameras (including those from competitors) (Kodak 

Global Sustainability Report, 2008). Kodak’s success with these very sustainable single-

use cameras can attributed to adopting CSD methods to simultaneously evaluate and 

benefit from the SC capabilities while designing the product. 

 

Global Telecommunication Manufacturer: 

In contrast to Kodak, many companies have had disastrous experiences by failing to 

appreciate the linkage between product and SC design decisions. One example is the case 

of a global telecommunication manufacturer that experienced a problem with one of its 

central office switches. The switch, whose price ranged $75,000-$200,000 per-unit, 

required continuous always-on duty cycles, which lead the hard drive to wear-out. This 

has resulted in double-digit percentage product failures which approximately cost $5,000 

(per failure) in just service expenses (excluding parts, travel, and other intangible losses). 

The current hard drive solution costs $150, and a new replacement drive cost less than 

$500. The SC refused to purchase the replacement as it is three times the current price, 

but it however, did not consider the huge service expenses caused due to the double digit 

failures from the current hard drive solution. The incident cost the company millions of 

dollars and also led to loss of reputation (Western Digital, 2009). Though this product 

cannot be classified as a sustainable product, had the company investigated SC design 

(partners, capabilities/capacities needed) in parallel at the time of designing switches this 

situation could have been avoided.  

  

1.3 Problem Statement  

The importance of coordinating product and SC design decisions in conventional 

SC’s has been pointed out in literature already. When it comes to SSCM there is a need to 

focus on all the four product life-cycle stages as mentioned earlier and a number of 

companies (SC partners) are likely be engaged in each of these stages. Given that nearly 

80% of the product’s cost is determined during its design (Boothroyd et al., 1994) most 

of the costs (and benefits) incurred across the SC are also dependent upon the decisions 
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made during product design. Thus, in SSC’s CSD is imperative if the TBL costs 

(benefits) are to be minimized (maximized) across the total life-cycle (Metta and 

Badurdeen, 2009). Further, for SCCs, to successfully achieve closed-loop flow, it is 

important to not only consider how the design decisions affect the forward loop SC 

operations (pre-manufacturing, manufacturing, use phases) but also the reverse loop 

operations (such as recovery, reuse, remanufacturing and recycling). These costs and 

benefits realized through these operations, in turn, depend on the SC configuration such 

as number and location of SC partners, and their capabilities and capacities. Successfully 

CSD helps in identifying the optimal sustainable Product Design and its corresponding 

SC Configuration (PDSCC) combination - either existing or to be developed - that 

ensures the desired return of investment and other TBL benefits are achieved (Metta and 

Badurdeen, 2009).  

 

Quantitative decision-support models for CSD that can evaluate a given set of 

sustainable product designs at the NPD stage and their impact on SC’s can help managers 

identify the best product designs that will bring highest sustainability benefits to the 

entire SC. NPD is a multi-stage process as illustrated in Figure 1.3 (Gokhan, 2007). It 

includes the conceptual design, physical design, detailed design and the final design 

stages. During the conceptual design stage, hypothetical designs are created by 

establishing the potential functional features. In the physical design stage, general 

product features and its design specifications are created. The individual components and 

sub-assemblies are designed and tested for functionality during the detailed design stage. 

The design specifications are then confirmed for the selected products and documented 

during the last stage of NPD. Therefore, the most appropriate stage to evaluate the impact 

of alternate product designs on their corresponding SC configurations would be during 

the detailed design stage of NPD.  Gokhan (2007) mentioned that each of these four 

stages does not work in isolation and there exists flow of information between 

consecutive stages, in terms of feed forward and feedback loops as illustrated in Figure 

1.3.  
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Figure 1.3: Stages in New Product Development (Adapted and Modified from 

Gokhan, 2007) 
 

1.4 Research Objectives and Contributions 

The objective of this research is to develop a decision-support model for CSD that 

evaluates the impact of alternate product designs on their corresponding SC configuration 

(number and location of SC partners, their capacities and capacities) to select the best 

PDSCC combination that maximizes overall sustainability benefits. 

Integrating/coordinating sustainable product and SC design decisions is a complex task, 

which involves consideration of all the TBL aspects of sustainability, evaluating the 

impact of product design across all four product life-cycle stages, and incorporating a 

closed-loop flow over multiple life-cycles (MLCs) thereby reducing the overall material 

and resource consumption. This research aims at developing a multi-stage hierarchal 

approach to pursue this CSD by considering all the relevant aspects. 

 

By using the developed decision support model (termed as CSD model), which 

includes the Economic Optimization Model (EOM) and the economic, environmental and 

societal MLC analysis tools, this research primarily aims at identifying the best PDSCC 

that maximizes economic benefits and minimizes environmental and societal impacts 

from a given set of alternate designs. In addition, this research aims at addressing several 

research questions such as:  
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1) What are the key factors that influence the selection of optimal SC configuration for 

each product design?  

This question addresses what product design and SC design related factors majorly 

impact the selection of optimal SC configuration and thereby the overall costs/profits. 

Knowing these factors can provide several opportunities for performance 

improvement for alternate designs which can contribute to the overall success of a 

company.   

 

2) What are the impact/benefits of pursuing a closed-loop flow in SSCs and how does 

this vary among alternate products? 

This question investigates the benefits/impact of pursuing a closed-loop flow over 

MLCs for each PDSCC combination, by comparing their performance with open-

loop SC model to address several sub-questions such as: 

 

a) For what type of products pursing closed-loop flow generates more benefits? 

b) What are the key factors that influence the closed-loop SC performance for a 

given PDSCC combination?  

c) How many life-cycles a particular product design must have before the benefits of 

pursuing closed-loop flow are realized?  

 

Most of the previous research in this area focused on several relevant stand-alone 

areas such as improving only one or two of the TBL aspects, or considering only the 

reverse logistic operations, focusing on only one product life-cycle, etc. However, none 

has been performed in CSD that considered the entire SC as a single entity by 

considering all the key aspects required for SSCs, as in this research. Therefore, this 

research aims to fill this gap by developing a multi-stage hierarchical approach for 

performing CSD. Another contribution is that the developed CSD model and associated 

sub-models are not restricted for a specific product type and can be used for any type of 

product in any manufacturing industry. Further, this research provides insights on various 

complexities associated with designing and modeling SSCs and also solutions to address 
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some of these challenges. The developed CSD model is applied for a real-time 

refrigerator case study. 

 

1.5 Overview of the Dissertation  

This dissertation is organized as follows:  

 

Chapter two presents a detailed literature review in the areas of conventional SC 

models, facility location-allocation models, life-cycle analysis and green SC models, 

reverse logistic and closed-loop SC models. This is followed by a review of existing 

literature in coordinated product and SC design models and the limitations of these 

models from SSC perspective.  

 

The methodology for solving the CSD problem that is the multi-stage hierarchical 

approach is explained in detail in Chapter three. The complete optimization model 

formulation and its notations, and the procedures for developing the economic, 

environmental and societal MLC analysis tools are all explained here.  

 

Chapter four presents the application of the CSD model for an example problem 

consisting of four alternate product designs (each having 3 different components) at the 

NPD stage. The step-by-step procedure to apply the CSD model is explained in this 

Chapter. Also, the results obtained from the CSD model are explained in-detail here.  

 

Chapter five presents an application of the developed CSD model for a real-time 

refrigerator case. A general description of the company, the problem scope and the 

product and the SC design related data are provided in this chapter. The CSD problem 

formulation and the results obtained (the best PDSCC combination with maximum 

economic benefits and also with minimum environmental and societal impacts) are 

presented in this chapter. Chapter six presents all the sensitivity analysis performed on 

the optimization model.  
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 Chapter seven summarizes the findings of this research. Also, future research 

opportunities and ideas for extending the developed CSD model are discussed here. 
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2. CHAPTER TWO: LITERATURE REVIEW 

 
This section presents a review of literature in the area of SC design and analysis. A 

comprehensive review of literature in the areas of the conventional SC models, facility 

location-allocation models, life-cycle analysis and green SC models, reverse logistic and 

closed-loop SC models along with their solution methodologies are presented. Following 

this, a detailed review of literature in coordinated product and SC design is provided. The 

chapter is concluded by discussing the scope and limitations of existing models from a 

SSC perspective. 

  

2.1 Conventional SC Models 

Initially, most of the work in SCM is focused to optimize an individual SC partner’s 

performance such as suppliers, manufacturers, distributors, retailers ect. Within the 

manufacturing area, a lot of development has been made in the area of two-stage multi-

echelon inventory models since the classic work of Clark and Scraf (1960), who 

developed a quantitative model to determine the optimal purchasing policy for a multi-

echelon inventory problem. Since then several papers were published on SC design in 

deterministic analytical models (Ishii et al., 1988), stochastic analytical models (Svoronos 

and Zipkin 1991), economic models (Christy and Grout, 1994) and simulation models 

(Towill et al., 1992). A comprehensive review of work in multi-stage SC modeling is 

provided in Beamon (1998). In their paper, they also reviewed the most common 

performance measures used in SC models. They presented that among the qualitative 

measures the most important ones are the customer satisfaction, flexibility, information 

integration, risk management and supplier performance. Among the quantitative 

measures, the most commonly used ones are the cost and/or customer responsiveness 

related objectives. The most common decision variables used in SC models are 

scheduling related, or  identifying optimal quantities, optimal number of stages, optimal 

number of facilities to be opened and allocation of tasks to these facilities etc. to achieve 

the desired objective. Min and Zhuo (2002) presented the application of simulation 

techniques to model SC in an extended enterprise. They also provided a review of 

existing simulation techniques and compared the performance features of a variety of 
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benchmark simulation software. Li et al. (2007) presented a review of literature in the 

areas of key factors affecting SC performance and the relationships among them, existing 

simulation models that consider these factors, and dynamic performance optimization 

methods. They focused in the area of dynamic performance analysis of SCs and provided 

suggestions on the tool that can help solve such complex dynamic SC models.  

 

Recently, the emerging issues such as outsourcing and globalization of activities in 

SCs, coupled with changing customer demands, shorter product life-cycles, shrinkage of 

resources have motivated researchers to design and analyze the SC as a single entity and 

to investigate global SC issues. Vidal and Goetschalckx (1997) performed literature 

review on strategic production-distribution models in the areas of applications of 

optimization methods, modeling issues, case studies and applications. They focused on 

global logistics models, provided limitations of existing models and identified 

opportunities for further research. Prasad and Babbar (2000) identified the growing 

interest and long history of literature in global operational issues, which is supported by 

an increase in the number of articles published in the leading operations management 

journals. Meixell and Gargeya (2005) presented a literature review of decision support 

models for global SC design in the areas of decisions variables, performance metrics, 

integrated decisions, and the extent to which globalization issues are considered in the 

models. They concluded that very few models address the practical global SC design 

issues.  

 

Recently, Goh et al. (2007) developed a multi-objective stochastic optimization 

model for solving a multi-stage global SC network problem to maximize profit and 

minimize risk. They considered risks related to supply, demand, exchange, and 

disruption. They designed an algorithm and presented a solution methodology using the 

Moreau–Yosida regularization. Li and Xu (2009) developed a multi–tier dynamic global 

SC network equilibrium model to maximize the profits. Their model considered three 

tiers of manufacturers, retailers and consumers at different demand markets, as decision-

makers. They studied the interactions among different decision-makers, identified 
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optimal and equilibrium conditions and formulated the global SC network as a time-

dependent network equilibrium problem.  

2.1.1 Facility Location-Allocation Models   

In general, facility location/allocation SC models evaluate all the possible SC 

facilities and their locations to select the optimal number of facilities to be opened at a 

given location and determine the optimal quantities to be allocated to these facilities. This 

process of identifying the optimal SC configuration is a critical part of the SC design 

process. Facility location-allocation has been a well-established area of research. Min et 

al. (1998) reviewed the existing location routing literature and developed taxonomy for 

classifying the location-routing research. Most of the initial research in the area of 

location/allocation models is focused on merely designing the distribution system 

networks and did not consider the entire SC into consideration. Louwers et al. (1999) 

developed a mathematical model to solve a facility location-allocation problem for 

reusing carpet materials through collecting and preprocessing the carpet waste while 

minimizing the total SC network costs. The model provided a free choice for the 

preprocessing center locations and incorporates depreciation costs. Melkote and Daskin 

(2001) developed a Mixed Integer Programming (MIP) approach for a network allocation 

model that minimizes the sum of transportation, facility location, and the construction 

costs. Several extensions of the model are provided to be used for real-time applications 

such as regional planning, energy management. Klose and Drexl (2005) reviewed 199 

papers that developed facility location models for distribution system design and 

provided a review of continuous location models, network location models, MIP models. 

They reviewed uncapacitated, single-stage, capacitated, multi-stage, multi-product, 

dynamic, probabilistic, hub location, routing location and multi-objective MIP based 

location models. Li et al. (2007) presented a short review on distribution center location 

problems, their sources, and progress over past years. The paper explained basic models 

and future research directions in this area.  

 

Manzini and Gebennini (2008) developed a Mixed Integer Linear Programming 

(MILP) optimization models to design and manage dynamic, multi-stage and multi-

commodity SC network problems with production plants, distribution centers and 
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customers to find optimal facilities to be opened that will optimize production and 

inventory levels. Their model is applied to an industrial case study. Thanh et al. (2008) 

developed a MILP based model for the design and planning of a multi-echelon, multi-

commodity production-distribution network with deterministic demands. They 

considered both strategic and tactical dynamic decisions such as opening, closing or 

enlargement of facilities, supplier selection, flow along the SC. Klimberg and Ratick 

(2008) developed location modeling formulations using data envelopment analysis 

efficiency measures to find optimal facility location-allocation patterns and thereby 

provided an approach for solving multi objective location problems. Melo et al. (2008) 

provided a comprehensive review of 120 location-allocation models in SCM and 

discussed the integration of location decisions with other SC network design related 

decisions. Ho et al. (2010) reviewed 78 journal articles on the multi-criteria supplier 

evaluation and selection methods and summarized the most commonly applied 

approaches, performance criteria and presented the limitations of such approaches. 

Recently, Afshari et al. (2010) developed a MIP model to solve a distribution network 

design to minimize total establishment, transportation and inventory costs in multi-

commodity, and single period with inventory concerns. The model is applied for a case 

study to design an automobile distribution network through identifying the optimal 

locations of warehouses.  

 

2.2 Life-cycle Analysis and Green Supply Chain Models 

During past decade, the increasing environmental impact caused by the outsourcing 

and globalization activities, and the subsequent government legislations and regulatory 

requirements called for integration of environmental management procedures into the 

SCM operations. This field referred to as the Green SCM (GSCM) is growing extensively 

with a significant amount of literature in several areas evolved from monitoring existing 

environmental practices through proactively considering environmental issues at the NPD 

stage. It was reported that at least 1,500 articles are published in GSCM in scholarly 

journals and edited books (Srivastava, 2007). 
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Some of the early work in greening the SC includes that of Ayres and Kneese 

(1969) who discussed several environmental issues related to reconciling industrial 

metabolism and material balancing and roles of production and consumption of SCs. 

Since then a lot of advancements have been made in the field of environmental impact 

assessment including the development of Life Cycle Assessment (LCA) concepts and 

analysis tools (Arena et al., 2003). Miettinen and Hamalainen (1997) presented the 

application of decision analysis methods and tools in planning of LCA study and in 

interpretation of results. They explained that the integration of decision analysis and LCA 

can make LCA a better decision making tool. They illustrated their approach through 

performing an LCA study on beverage packing systems. Tibben-Lembke (2002) studied 

the impact of changes in sales over the product’s life cycle on the reverse logistics. They 

observed that a reverse logistic manager faces multiple challenges in each of different 

product life-cycle stages which mainly depend on whether a product is newly introduced 

to the market, or an alternative of existing models or just a new model of existing form. 

They provided suggestion on how logistic managers can consider the product life-cycle in 

making reverse logistics decisions. Later, Browne et al. (2005) used LCA as a tool to 

analyze transportation activities in a product SC and applied for a case study of energy 

use.  

 

A lot of work has been performed in green purchasing. Humphreys et al. (2003) 

provided a decision support tool that helps companies integrating environmental factors 

into their supplier selection process. They identified quantitative and qualitative 

environmental criteria and developed a framework for integrating these criteria into 

supplier selection process. Rock et al. (2006) performed a case study on Motorola and 

identified if the environmental standards are complied by its suppliers located in other 

countries. Lee et al. (2009) developed a model for evaluating green suppliers which can 

help companies to understand the capabilities of a green supplier and can also evaluate 

and select the most suitable supplier. 

 

Literature is also available in area of green design includes environmentally 

conscious design (ECD) (Beamon, 1998), green operations including green 
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manufacturing and remanufacturing, integrating product design (Thierry et al., 1995). 

Beamon (1999) developed a general procedure towards designing and managing GSCs. 

They discussed the emerging environmental concerns and presented the need for 

extended environmental SCs. Their extended environmental SC model includes both 

forward and reverse loop SC partners and considers corresponding operations. They 

explained the differences between conventional SCs and the extended models and 

associated complexities. The paper also presented economic and environmental 

performance metrics that can be used in extended models. However, their model does not 

consider the societal aspect of the TBL. Gungor and Gupta (1999) provided a detailed 

review of work in the environmentally conscious manufacturing and product recovery. 

Glantschnig (1994) investigated on the challenges faced by green tool design specialists 

and presents some factors that impact the green design. Zhang et al. (1997) provided a 

comprehensive review of literature in green design. A significant number of papers in this 

area considered legislative regulations during the product design stage (Das, 2002). The 

Supply Chain Council developed the Green Supply Chain Operations Reference 

(GreenSCOR) in 2003, which is a modification of version 5.0 of the Supply Chain 

Operations Reference (SCOR) model, by integrating the environmental metrics to the 

SCOR framework. The GreenSCOR is an integrated green tool that enables companies to 

track their SC and environmental impacts simultaneously. A review of current GSCM 

literature is provided in Srivastava (2007).  

 

Recently, Zhu et al. (2008) studied the construct and the scale for evaluating GSCM 

practice implementation among manufacturers. They collected data from 341 Chinese 

manufacturers and tested two measurement models of GSCM practice implementation. 

Their findings indicated that both the first-order and the second-order models for GSCM 

implementation are reliable and valid. They presented a 21-item measurement scale 

which can help a company evaluate their strengths and weaknesses in implementing 

GSCM practices in their firms. Zhou (2009) identified the challenges in implementing the 

GSCM in special industrial operations. They studied the core aspects required for textile 

and apparel enterprises for successful implementation of GSCM practices. They 

identified aspects such as establishment of strategic view, development of a flow system, 
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consideration of environmental based performance, cooperation among partners, and 

development of performance evaluation and management systems are required for 

efficient green textile SCs.  

 

Recently, green performance criteria are increasingly being considered in 

conventional SC models. Reed et al. (2010) reviewed methods for quantifying carbon 

dioxide emissions and estimated the costs of going green in conventional SC optimization 

models. Their goal was to provide a foundation that can help researchers in extending 

current scope of GSC optimization models to include green transportation costs. They 

presented a set of carbon calculators for common transportation modes and illustrated 

their operational procedures. Paksoy (2010) developed a multi-period multi-objective 

optimization model for a GSC. Their SC network considers two echelons, consists of six 

suppliers, manufacturers and customer zones. The model is formulated as a MILP 

problem with an objective to identify the optimal SC configuration that minimizes total 

transportation costs and CO2 emissions (including manufacturing), penalty cost (due to 

exceeding emissions limit) within SC. Later, Wang et al. (2011) developed a multi-

objective optimization model using a normalized normal constraint method to solve the 

GSC design problem using a MIP solver CPLEX 9.0 to identify the pareto optimal 

solutions that minimizes cost and environmental impact. They concluded that their model 

provides a portfolio of configurations for decision makers and can serve as an effective 

tool in designing a GSC network. Recently, work is performed on integrating LCA into 

GSC design in dynamic environments. Nwe et al. (2010) presented an approach for GSC 

design and management by integrating LCA indicators and performing a dynamic 

simulation in MATLAB/Simulink. They considered environmental performance metrics 

as well as profit and customer satisfaction into the SC dynamic model. The model is 

applied to two metal-working case studies.  

 

2.3 Reverse Logistic and Closed-Loop SC Models 

Recently increasing amount of literature emerged in the areas of reverse SCs, reverse 

logistics, closed-loop SCs models etc. A comprehensive review of quantitative models 

available for reverse logistics is provided by Fleischmann et al. (1997). Jayaraman et al. 
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(1999) developed a closed-loop logistic model based on a MILP approach considering 

remanufacturing. Their model selects the optimal number of remanufacturing facilities to 

be opened, their locations, and the optimal quantities to be transported to each of these 

facilities to minimize the total logistic costs. Their model besides from finding optimal 

remanufacturing locations was also analyzed to identify factors that impact the design of 

closed-loop logistic system with remanufacturing. Fleischmann et al. (2000) investigated 

the design of the reverse logistic networks that recover the used products. They identified 

the basic characteristics of product recovery networks and classified the product recovery 

networks into three types such as recycling, remanufacturing and reuse networks.  

 

Hu et al. (2002) developed a discrete-time linear analytical model for a multi-time-

step, multi-type hazardous-waste reverse logistics system to minimize the total reverse 

logistic costs. Their optimization model solved the classical hazardous-waste treatment 

problem by considered coordination among the critical reverse logistic management 

activities and by implementing a systematic management strategy. Later, Guide et al. 

(2003) used a contingency approach to identify factors that impact the production 

planning and control in closed-loop SCs with product recovery. They studied three 

different cases and developed a framework that presents the common activities involved 

in all remanufacturing operations. Dobos and Richter (2004) investigated a production-

recycling system by analyzing two different models, the first one studied the economic 

order quantity-related costs and minimized the relevant costs, while the second model is a 

generalized version of the first model with cost function linear to other costs and 

identified the strategy that generates the optimal solution by studying these two models. 

Later, Dobos and Richter (2006) extended their models to consider the retuned product 

quality and studied whether the supplier or the user must conduct the quality inspection, 

and identified the most effective quality control approach for their cases.  

 

Nukala and Gupta (2005) developed a fuzzy Analytical Hierarchy Process (AHP) 

method to select the recovery facilities in a closed-loop SC model. Their approach uses 

triangular fuzzy numbers for pair-wise comparisons, extent analysis method for the 

synthetic extent value of the fuzzy pair-wise comparisons, and principle of comparison of 
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fuzzy numbers to derive the weight vectors. Kim et al. (2006) developed and validated a 

mathematical model for remanufacturing the reusable parts in reverse logistics 

environment where manufacturer can either order new parts from suppliers or use ‘as 

new’ parts from refurbishing or remanufacturing subcontractor to satisfy his demand. The 

model identifies the optimal number of parts to be processed at each remanufacturing 

facility and the number of parts to be purchased from subcontractor to maximize the total 

cost savings. Min et al. (2006) developed a mixed-integer, nonlinear programming model 

and a genetic algorithm to identify the optimal solution that minimized cost for the 

closed-loop SC network design problem with both spatial and temporal consolidation of 

returned products. Their model was applied to an example in which products are returned 

from online and retail sales. Later, Guide et al. (2006) developed a network flow with 

delay models to identify the drivers of reverse SC design through considering the 

marginal value of time. Further, they examined the impact of industry clockspeed on the 

selection of an efficient and a responsive return network.   

 

Solvang et al. (2007) proposed a closed-loop SC framework for overall optimization 

of eco-efficiency. They presented a need for including waste treatment and purification 

processes in current closed-loop SC models. Kara et al. (2007) developed a decision 

support simulation tool/model for a reverse logistics network that collects end-of-life 

appliances in the Sydney Metropolitan Area. They presented that their model calculates 

the collection cost in a predictable manner. Wojanowski et al. (2007) provided an 

analytical framework for designing a firm’s collection facility network considering 

deposit-refund and determining the sales price that maximize the firm’s profit under a 

given deposit-refund. They identified that returned product value is a key factor that 

determines the nature of collection in an industry. Aras et al. (2008) developed a mixed-

integer nonlinear programming model and a tabu search based heuristic for identifying 

the optimal locations for collection centers and the best incentive values for returns of 

different quality levels. Lu et al. (2008) developed a multi-objective optimization model 

for reverse logistics network that minimizes total cost of environmental impact. However, 

their model considers only the waste recycling factors and transportation related factors 

into the environmental impact computations.  
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Yang et al. (2009) developed a mathematical model and a genetic local search 

algorithm for the facility location-allocation problem in closed-loop SCs to optimize the 

total cost. In their model, they considered both forward logistics and reverse logistics, and 

variable demand. Agrawal and Toktay (2009) presented case studies of several 

companies that currently engage in closed-loop SC activities including Interface, Inc., 

Army, and MedShare International and the issues they are facing while managing these 

operations. They further identified common research areas that can influence the 

successful design and management of such models. They finally proposed that a multi-

disciplinary approach is needed to solve the managerial issues within closed-loop SCs. A 

comprehensive review of closed-loop SC research from the past 15 years is provided in 

Guide and Wassenhove (2009).  

 
As observed from the review of closed-loop SC models and from location-allocation 

models, while a variety of tools were used to formulate the closed-loop SC location-

allocation problem, Linear Programming (LP), MIP and MILP were found to be the most 

commonly used methodologies (Fleischmann et al. 2001) followed by dynamic 

programming (Inderfurth and van der Laan, 2001). Geng et al. (2009) developed a 

mathematical programming model for a distribution reverse logistic system integrating 

GSCM. To reduce the complexity, they adapted a heuristic methodology in which sub-

problems with reduced sets of decision variables are solved iteratively to find optimal 

solutions. Shi et al., (2009) developed a MILP model to minimize the total cost for a 

reverse logistics network comprising of returned medical waste. The model is tested for 

an example problem in which the medical waste was returned from hospitals to a given 

medical materials producer. Fernandes et al. (2010) examined a real-time closed-loop SC 

model that manufactures lead batteries, the distribution partners and its recovery at the 

end-of-life. They developed a MILP model that identifies the optimal closed-loop SC 

partners to minimize total costs. The model considered various costs such as the cost of 

opening warehouses, the cost of the raw material, transportation costs etc. Kara and Onut 

(2010) developed a two-stage stochastic model using a MIP approach to identify the 

facility locations and transportation quantities for reverse SC network under uncertainty. 
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However, they considered only recycling and collection facilities. De Brito et al. (2010) 

studied the causes for lack of integration of sustainability into issues in SCM and 

operational management research and suggested on how to overcome it. They mentioned 

that integrating sustainability requires multi-objective studies and must transcend 

multiple disciplines and both of the above are very difficult tasks to pursue. 

 
2.4 Coordinated Product and SC Design Models 

Despite the importance of the issue, very limited literature is available in 

coordinating product and SC design decisions even without sustainability considerations 

(Rungtusanatham and Forza, 2005; Metta and Badurdeen, 2009). Most of the initial work 

focused on supplier integration into the product design stage. Choudhury (2007) 

developed a methodology using a goal programming approach for integrated product 

design and supplier selection problem through implementing lean principles and selected 

the optimal supplier network. They considered importance of communication to the 

extended enterprise network and created an analytical model to map causes of 

communication among suppliers. They studied the effect of part count reduction strategy 

and redesigned the product architecture to minimize the part count and observed that this 

method can improve the leanness of a supplier network. They applied their model for a 

power drill case. Krikke et al. (2003) developed a quantitative model to coordinate the 

decisions between product and logistic network design for application to a refrigerator 

case study. However, their model was limited to optimizing the reverse flow operations 

and not the entire SC. Fixson (2004) developed a product architecture framework as a 

mechanism to coordinate decisions across product, process and SC design. The 

framework, however, is limited to considering only the product architecture with little or 

no consideration of SC design aspects.  

 

Recently, Gokhan (2007) developed a design for SC optimization model that 

simultaneously considers product and SC design decisions at the product design phase. 

The model selects the product’s components from a set of alternative designs. This paper 

considers the SC performance criteria and the associated price levels to maximize the 

profit. However, the model is limited to the choice of product design alternatives and 
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selecting suppliers (i.e. only upstream SC partner selection). Another limitation is that 

their model focuses only on economic optimization with no consideration of 

environmental and societal aspects, important from a SSC perspective. Sanders (2009) 

investigated the relationship between the product design and SC design for a specific 

product manufactured by Philips Healthcare and developed a quantitative model that 

compares different product and SC designs subject to a range of parameter settings. Their 

model can serve as a decision support tool for evaluating future product designs. 

However, they do not consider a closed-loop flow and all the sustainability aspects 

needed for SSCs.  

 

Recently, Chiu and Okudan (2010) presented a graph theory-based optimization 

method to integrate product and SC design decisions at the product design stage. They 

evaluated the impact of supplier selection process on both manufacturing and external 

enterprise performance. They incorporated these sub-performance measures into the SC 

performance and applied their model for a bicycle case study. However, they do not 

consider the entire SC partners and sustainability issues in their model. Table 2.1 presents 

a summary of the current literature relevant to the CSD problem including their 

scope/coverage.  
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Table 2.1: Literature Summary in Coordinated Sustainable Product and SC Design  

Author(s) Description Scope/Coverage 

Krikke et al. (2003) 

Developed quantitative 
optimization model to 
coordinate product and 
logistic network  design 
decisions  

Does not optimize overall 
SC performance  

Rungtusanatham and Forza 
(2005a) 

Discussed need for 
coordinating product, 
process and SC design 
decisions. Reviewed 
papers that provide 
insights into 
performance 
implications of such 
coordination 

Literature Review 

Forza et al. (2005b) 

Presented a review of 
papers that developed 
methods to facilitate the 
coordination between 
product, process and SC 
design 

Fixson (2005) 

Developed product 
architecture framework 
to coordinate product, 
process and SC design 
decisions  

Does not consider the SC 
configuration aspects in 
the framework  

Gokhan (2007) 

Developed an 
optimization model that 
simultaneously 
considers product and 
SC design decisions in 
the product design 
phase 

Does not consider overall 
SC performance  
 
Does not consider all the 
TBL aspects 
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2.5 Limitations of Existing Models from SSC Perspective 

All of the models/approaches discussed earlier, are limited to considering only a 

single or two life-cycle stages at a time (either premanufacturing and manufacturing or 

only post-use). However, for SSCM an integrated approach to involving all the four life-

cycle stages must be considered.  

 

Another major drawback of current SC models is the narrowed focus on cost 

minimization (Lebreton and Tuma, 2006). The definition of sustainability has been 

evolving over past years, while some companies consider sustainability as the 

extension/prolonging of use phase, for others sustainability primarily means 

environmental stewardship (Srivastava, 2007). For some firms, sustainability means 

conducting actions related to social responsibility. However, in actual sense sustainability 

must consider all the TBL aspects simultaneously. On the other hand, most of the work 

that has been performed in sustainability, in general has avoided much focus on the 

financial portion of sustainability and concentrated on the individual aspects of 

environment and social responsibility. But to achieve TBL, emphasis must be given to all 

the three aspects simultaneously.  

 

Another drawback is that most of the models consider a single time period. 

However, to observe the true benefits/impacts of pursuing a closed-loop flow there is a 

need to run the SC models over multi-time periods to capture the true performance over 

multiple product life-cycles. This is because, as opposed to conventional SC models, for 

closed-loop SC models additional reverse loop related costs are incurred during the initial 

years. However, the benefits of these reverse loop operations are observed only after few 

years (depending on when the used products are collected, processed and are made ready 

for their next life). These values depend on several varying uncertainties such as return 

time, return quality and quantity, which must be determined. Therefore, several reverse 

loop modeling issues must be considered while developing closed-loop SC models for 

durable products for MLCs.  
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Another challenge is with quantifying the performance of a CSD model that 

considers all the economic, environmental and societal aspects of sustainability. While 

the economic aspect can be measured through economic value added, profit/loss metrics, 

there is no such integrated approach to quantify environmental and societal performance. 

Although LCA was one of the most comprehensive tools used for assessing 

environmental impact, integrating the complete LCA into existing SC models seems like 

a cumbersome task. Hence, most of the literature uses CO2 emissions, energy 

consumption, carbon footprint etc. to quantify the environmental impact (krikke et al. 

2003); however a total integrated approach is missing in current models. Another 

limitation is in the area of social sustainability. Very limited or none is available and 

among the available literature, a majority is from the area of CSR which emphasizes on a 

need for addressing societal impacts. Further, they provide guidelines/principles (such as 

ISO 26000 guidelines, IBM supplier conduct principles/guidelines) that could potentially 

enable companies to be socially responsible (Kastenhofer and Rammel, 2005). However, 

a systematic study is lacking in this subject with respect to sustainability. Very little or 

none reported any form of measures or performance tracking systems that can measure, 

monitor societal impact. The current practices in majority of companies are limited to 

metrics at operational level (such as employee numbers, accident rate, absenteeism rate, 

supplier and employee training and development). Very few metrics exist at the strategic 

level.  

 

Another difficulty is that even though appropriate metrics are identified for each of 

the TBL aspects, simultaneously quantifying them in CSD models is a challenge. The 

units of measuring economic, environmental and societal metrics can vary. Even within 

environmental and societal metrics, there is no single unit that can quantify the 

environmental or societal performance. For example, the emissions are usually measured 

in units of pounds, Kilograms, while energy is measured in units of BTU or KWh etc.  

Therefore, there is need to identify an approach to formulate the objective function to 

present all the economic, environmental and societal functions in a meaningful format.   
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3. CHAPTER THREE: METHODOLOGY 

 
In this chapter, the methodology to solve the CSD problem is presented. Following 

the problem definition, the CSD modeling challenges are provided. Later, the multi-stage 

hierarchical approach for the CSD model is presented. This is followed by a detailed 

description of the optimization model (economic) and the procedures to perform the 

economic, environmental and societal MLC analysis. A description of the complete 

mathematical model and its notations, and the TBL MLC analysis models developed to 

solve the CSD problem are included here.  

 

3.1 Problem Definition 

This research aims at developing a decision-support model for CSD problem (CSD 

model) that evaluates the TBL impact of each alternate product designs at the NPD stage 

on their corresponding SC configurations to select the best PDSCC combination that 

maximizes economic benefits and minimizes environmental and societal impacts.  

 

CSD involves identifying important product design related aspects such as the 

materials, functionality, components, interfaces, etc., and evaluating their impact on the 

corresponding SC configuration (such as the number and location of SC partners, their 

capabilities, and their capacities) to ensure that the desired performance is met by the 

company. For example, the type of material chosen for a product design can impact its 

SC configuration across all four product life-cycle stages, as each material can have 

different processing cost, can be sourced from different suppliers, can have varied 

assembly requirements, performance, recovery, reuse, remanufacturing and recycling 

probabilities all of which influence the SC configuration to a great extent. Therefore, 

CSD involves integrating both product design and SC design-related criteria, as shown in 

Figure 3.1, to determine the best PDSCC combination that helps achieve the desired TBL 

objectives.  
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Figure 3.1: Coordinating Product Design and SC Design Decisions  

 

Figure 3.2 presents the flowchart for the developed CSD model. The CSD model 

evaluates alternate product designs and their corresponding SC configurations using the 

sub models: EOM, Economic MLC analysis, Environmental MLC analysis and Societal 

MLC analysis to identify the best PDSCC combination that maximizes all the TBL 

benefits. The procedure and methodology for the CSD model and its sub models is 

explained later in this chapter.  

 

 

Figure 3.2: Flowchart of CSD Model  
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3.2 CSD Modeling Issues and Challenges  

Designing and managing SSCs, while incorporating all the key aspects (mentioned 

in Introduction chapter) is much more challenging as compared to that of designing 

conventional open-loop SCs which focus on merely economic benefits. Several issues 

must be considered which can be broadly categorized into (a) modeling the reverse loop 

SC, (b) multiple life-cycle consideration and, (c) quantification of environmental and 

societal performance. The issues related to each of the three categories are explained 

below:  

3.2.1 Modeling the Reverse Loop SC 

All the SC operations involved from raw material processing to delivering the final 

product to the customer are considered as forward loop SC operations (Guide et al., 

2003). The focus of the conventional SC models is limited to first three product life-cycle 

stages including pre-manufacturing, manufacturing and use, and their aim is only to 

deliver the final product to the customer. Therefore, the conventional SC models consider 

only the forward loop SC operations. In order to promote SSCs, there is a need to 

consider an additional post-use stage along with the three stages considered in the 

conventional SC models. It is during this post-use stage that the returned products from 

the customers are recovered, to be either refurbished, remanufactured or recycled based 

on their condition, and thereby are ready to be used for another life. All the operations 

performed by the SC from the end of the use stage to the point where the returned 

products are available for use in their next life are considered as reverse loop SC 

operations. This reverse loop SC performs operations including but not limited to 

collection, recovery, refurbish, disassembly, remanufacture, and recycle etc. based on the 

returned product’s condition. Therefore, a closed-loop SC is formed when both forward 

and reverse loop operations are considered within a SC. Several factors influence the 

reverse loop SC operations. These factors are illustrated in Figure 3.3 and discussed in 

detail in the following sections.   
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Figure 3.3: Factors affecting the Reverse Flow Operations 

 

3.2.2 Recovery of Products 

The first step in reverse flow management is recovering the used products from 

customers. A major challenge many companies face at this point is estimating recovery 

quantity for the products for each time period (day, month, year, etc.). Generally, this task 

is challenging beacuse for most products, customers are not required to return them to the 

manufacturer at the end of use. However, it can be less challenging for others. A classic 

example is the case of Kodak single-use cameras. The company collects the used cameras 

from customers through photofinishers, performs the reverse loop operations such as 

refurbishing, recycling of the cameras and their components. Kodak is able to achieve a 

high and predictable recovery of its cameras due to: (a) its strong ties with photofinishers 

and (b) incentives paid to the photofinishers to transport the used cameras back to 

collection centers. This capability has contributed to the company’s success in reverse 

flow operations. However, the situation will be very different for other products where 

the infrastructure for product recovery is not as established. Also, factors such as product 

size and design complexity play a major role in the ability to recover products. For 

example, in setting up collection centers, for say refrigerators, transportation options for 
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product return, incentives to be paid, storage/handling capacity/capability needed, etc., 

must be considered. Therefore, establishing realistic recovery rates is not straightforward. 

However, if regulations exist on minimum quantity to be recovery (for example, such as 

those set forth in the European Union’s End of Life Vehicle Directive – EOLV, 2002) 

that must be achieved, those rates can be used as the threshold values. Else, minimal 

recovery rates for which the additional reverse flow expenses (capital and recurring) are 

justifiable must be determined.  

3.2.3 Return Quantity and Return Time 

Secondly, the uncertainties involved in return timing is another factor that must be 

considered in reverse loop SC modeling. The quantity of products returned as well as 

when they are returned are important to determine the production mix for forward flow in 

the SC. Again with the case of the Kodak, because the product life-cycle is relatively 

short, it might be possible to estimate return timing (i.e.: when customers will bring the 

cameras to photofinishers) somewhat reasonably. However, for longer life products such 

as refrigerators, the return timing is much more difficult to estimate; the use patterns are 

highly variable, affecting the time of returns.   

 

3.2.4 Return Product Quality 

Returned product quality is important to assess the feasibility of a product to be 

passed on to its next life and to determine the right type of operation (refurbish, 

remanufacture or recycling) to be performed and therefore is another factor that must be 

considered in modeling SSCs. The quality can vary between different products, based on 

their design criteria, manufacturing conditions and use patterns. Even for products of 

similar type, the quality can vary between them based on how they were used, their 

exposure to atmospheric conditions etc. Hence, each product must be individually 

inspected for its quality. This process becomes extremely complicated for complex 

products like refrigerators or automobiles where a large number of components and sub-

assemblies are involved; most often a simple GO/NO-GO type of visual inspection for 

flaws would not be sufficient to identify if components are reusable, recyclable or 

remanufacturable. Another drawback is lack of comprehensive set of criteria that can 
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assess a product for its reusability or whether components can be remanufactured or 

recycled.  

3.2.5 Assessing Reuse, Remanufacturing and Recycling Feasibility  

As mentioned earlier, there is no straightforward method currently available to 

assess a product or its component for reusability, remanufacturability or recyclability. 

One way to address this issue is to establish measurable and quantifiable criteria to assess 

each unit (product or a component) to check for feasibility of second life use. For 

example, product design criteria such as ease of upgradeability, aesthetic quality, and 

availability of service agreements have been suggested to assess reusability of products 

(Jaafar et al., 2007). Remanufacturability of components could be evaluated based on the 

ease of component access for cleaning and inspection, ease of handling components, 

availability of technology to restore the component, and ease of usage of the component 

in other models (Sundin, 2004). Similarly, criteria such as ease of separation of materials 

could be used to evaluate the recyclability of components. When integrating these design 

criteria into CSD models it must be noted that each component in a product could have 

different features/materials and therefore each of them must be assessed independently.   

 

3.3 Multiple Life-cycle Consideration 

Closed-loop SSC’s require re-channeling the products recovered at the end of the use 

phase back to pre-manufacturing, manufacturing or use phases to be used in subsequent 

lives. As illustrated in Figure 1.1, applying the 6R’s provides a platform to achieve such 

closed-loop material flow and reduce the overall resource consumption. However, as the 

complexity of the product increases applying the 6R’s is more difficult and will depend 

on factors such as cost of redesign, market potential for redesigned products, SC network 

configuration and network changes, etc.  

 

However, if the product is not designed for MLCs it is not possible to achieve 

continuous flow of material to realize the true benefits of CSD such as reduced material 

consumption, lower energy usage, reduced emissions, better quality of life for customers, 

etc. Moreover, these benefits will be derived better in the long-run depending on the life-

cycle of the product. This is because initially the company (or the SC collectively) incurs 
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the reverse loop capital expenses which will have a certain payback period. Thus, 

depending on the product use pattern and post use activities the minimum time period 

that a product must exist in market for it to generate higher benefits in a closed-loop SC 

system as compared to an open-loop SC can vary. For example, if a product is used for 

say 2 years, the company must wait for atleast 2 years to make the product available for 

next life. However, for products with a longer use phase, such as refrigerators (typically 

between 8 to 12 years) it takes much longer to obtain the used products and make them 

available for second life. This means for a typical refrigerator manufacturer, the demand 

in the first 8-12 years is satisfied by only new products. Hence, for such companies, it 

takes much longer to enjoy the benefits of considering closed-loop flow.  

 

The Kodak single-use camera is a classic example of a company achieving the true 

benefits of CSD. The democratic Chronicle in 2009 reported that the cameras can have 

up to nine lives. As a result, the company was able to achieve reduction in material and 

energy consumption over multiple product generations. By the time the fifth generation 

of the camera has reached, the company required nearly 78% less raw material and 

consumed only 38% of the energy as that of the first generation product (Field, 2000) as 

illustrated in Figure 3.4. While it has been relatively easy for Kodak to perform CSD (due 

to the nature of the product and the SC), it would be more challenging for other 

companies to achieve these same benefits. 

 

 
 

Figure 3.4: Reduction in Material and Energy Consumption for Kodak Single-use 
Cameras (Field, 2000) 
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3.4 Quantifying Environmental and Societal Performance 

While the importance of pursuing TBL benefits is well recognized, not many SC 

models in literature consider all the TBL aspects simultaneously. This is partly is due to 

the issues mentioned in the literature review chapter, which relates to the difficulties of 

quantifying environmental and societal impacts of SC operations. Another challenge 

relates to how well economic, environmental and societal benefits (once quantified) can 

be integrated and optimized in a single model. There have been several studies suggesting 

that is it is not best to measure environmental and societal impacts in monetary terms 

because that could undermine their importance if viewed as reducing economic gains. 

Even if all TBL aspects were somehow converted using a common denominator for 

aggregation and optimization in CSD models, the question of what TBL aspect is more 

important and by how much more arises. Therefore in this research, to address this 

complexity a hierarchical approach to evaluate product designs and corresponding SC 

designs with respect to each of the TBL aspects is developed.  

 

3.5 CSD Model Framework: Hierarchical Approach 

The hierarchical approach evaluates alternate product designs and corresponding SC 

configurations with respect to each of the TBL aspects, one after another. In order to 

identify which of the TBL must be considered first, second and third, literature in the area 

of drivers for sustainability was studied. Jaffar et al. (2007) provided two possible 

scenarios for drivers of sustainability. The first scenario presents the economy as the 

driver and society being the driven whereas the second presents the society being the 

driver and the economy as the driven. In both cases, the environment was considered as 

the medium. As mentioned earlier, quantifying economic benefits is relatively easy and 

straightforward (either maximize profit or minimize cost) as compared to quantifying 

environmental and societal performance. While considerable work exists in 

environmental performance metrics very little or none exist in performance metrics that 

can assess the societal impact of an SC. As considering the environment or societal 

aspects in the first levels of hierarchy requires well established metrics to evaluate SC 

performance, and as there is no proper data in this field, the second scenario presented by 

Jaffar et al. (2007) could not be considered.  
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Based on foregoing discussion, and given that economic benefits are imperative for a 

company to stay in business, the first scenario presented by Jaffar et al. (2007) is 

considered in this research. Thus, the hierarchical approach was developed with 

economic performance at the first level, followed by environmental and societal 

performance at the second and third levels. Thus, the economic optimization model is 

formulated and solved to identify for each alternate product design an optimal SC 

configuration that maximizes the profit. At the end of the economic optimization, for 

each alternate product design a corresponding optimal SC configuration is selected. Then, 

for every PDSCC, an economic MLC analysis is performed to select the best PDSCC 

combinations with maximum cumulative profit over total period. In the subsequent stage, 

the environmental MLC analysis is conducted on the above selected PDSCCs to identify 

the best combinations with minimal environmental impact. In the final stage, the societal 

MLC analysis is performed to assess the societal performance of selected PDSCC 

combinations (best with respect to economic and environmental performance) to select 

the best PDSCC combination with maximum societal performance. Figure 3.5 illustrates 

the hierarchical approach developed for the CSD model.  
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Figure 3.5: Hierarchal Approach to CSD Modeling 

The advantage to following such a hierarchical approach is that the huge 

complexity involved in modeling and optimization for the total SC with respect to all 

TBL aspects simultaneously is avoided. Also, optimization at the first level of modeling 

will enable selecting PDSCC combinations (based on economic performance) that are 

assessed in the subsequent levels for environmental and societal impacts; this will avoid 

the need for optimization at these later levels, which is beneficial in this case, as the 

lower level analyses could explicitly focus on MLC performance which is difficult to 

conduct through optimization models.  

3.5.1 CSD Model Formulation 

An important aspect that must be considered during modeling of the CSD 

problem is the uncertainties involved in the SC. As discussed earlier, several uncertainties 

such as delays in material acquisitions, machine breakdowns, demand variations, reverse 

flow-related variations are present in SC operations. Stochastic models can effectively 

capture such variations. However, developing stochastic optimization models for a 

problem with a large scope such as SC can become very difficult as it requires 
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determining the influencing factors over a long period; while some of these factors have 

predictable patterns, for others such as recovery rates, return quality etc. the influencing 

factors and their patterns are still not identified. Hence, a deterministic model is 

considered in this research.  

 

The period  of analysis for the CSD model must be greater than the total 

product’s life-cycle  in order to comprehensively capture and assess sustainability 

benefits in the closed-loop flow. The first step is to estimate the annual demand during 

time period . Forecasting the demand particularly for new products is very 

challenging due to lack of past data. However, to some extent, the nature of the product 

could help in determining the level of uncertainly associated with its demand. One way to 

predict demand is to observe the historical trend for similar product types and their life-

cycles in the market. Anderson and Zeithaml (1984) suggested that all products go 

through four phases including Introduction, Growth, Maturity and Decline during their 

total life-cycle. During the introductory period, the new product is introduced in the 

market and the price of the product is high (covering the costs), while the demand is low 

(as the product is gaining its attention in the market), typically following the price-

elasticity of demand. During the growth phase, more customers are aware of the product 

and the demand increases. This stage is typically characterized by increased sales due to 

repeat customers. During the maturity stage for most products, demand stabilizes to a 

steady-state condition. Subsequently the demand decreases signaling the decline phase 

where the product eventually becomes obsolete. The length of these product life-cycle 

phases varies for different products. Therefore the different phases of a product life-cycle 

provide a reasonable estimate for the annual demand over the period . As the growth 

stage is relatively short with highly variable demand, only the introductory, steady-state 

and decline periods are considered in the CSD model for period .  

 

Figure 3.6 illustrates that during the introductory period  the demand is 

price-elastic. During the steady-state period   the market is mature and demand 

is assumed to be constant. During the decline period   both the price and demand 

are assumed to decrease. Therefore, as illustrated in the Figure 3.6, a linear 
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approximation of annual average demand based on the time period is assumed for the 

purposes of the CSD model.  

 

Figure 3.6: Demand Variation over Time Period (T) 
 

To develop the CSD model based on the hierarchal approach first the EOM that 

selects for each product design an optimal SC configuration that maximizes profit must 

be formulated. This problem is similar to the well-known location-allocation problem 

except that in this case involves a lot more constraints that relates to the post-use stage 

SC network and uncertainties associated. While there are several tools for solving this 

type of SC models, MILP is observed to be most widely used tool due to its ability to 

solve NP-hard problems within a reasonable computation time (Gokhan, 2007). Hence in 

this research, the EOM is formulated as a MILP problem and solved using the IBM ILOG 

CPLEX optimization software.  

 

The next stages in the hierarchy involve developing models to perform MLC 

analysis. For each PDSCC combination, the Economic MLC Analysis (MLCEco), 

Environmental MLC Analysis (MLCEnv), Societal MLC Analysis (MLCSoc) models are 

developed using Microsoft Excel Spreadsheet Application and run for period . As 

discussed earlier, it is very challenging to perform MLC analysis in the optimization 

model because combining both optimization and MLC analysis in an optimization model 

makes the model too complex to solve within a reasonable computation time. Another 

reason is that, although a single metric can be used for measuring economic benefit, there 
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is no single metric that could comprehensively measure the environment or societal 

performance of PDSCC combinations. Therefore, multiple performance metrics are used 

in MLCEnv and MLCSoc models in this research. Also, the MS Excel based model 

provides an easy-to-use tool. 

 

Figure 3.7 illustrates the CSD model framework including the sub-models EOM, 

MLCEco, MLCEnv, and MLCSoc and their application at each stage of the hierarchical 

approach. The sub-models perform the following operations:  

 

EOM: This model identifies for each product design an SC configuration that maximizes 

profit. As this is a deterministic optimization model, the time frame  in the time period 

 for which this model is developed must be determined. The steady-state period 

    , where the demand remains constant is the most appropriate period 

for the EOM formulation.  

 

MLCEco: This model quantifies the economic benefit of each PDSCC combination over 

period  to select best combinations based on their cumulative profit.  

 

MLCEnv: This model quantifies the environmental performance of the best PDSCC 

combinations selected above over the period  to identify best combinations with 

maximum environmental performance.  

 

MLCSoc: This model assesses societal performance of the best PDSCC combinations 

selected at the economic and environmental analysis stages to select the best combination 

with highest societal performance over the period .  

 

Based on number of alternate designs, either all the PDSCCs or only a few that 

perform best at each stage can be carried forward to the next stage in MLC analysis. 
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Figure 3.7:  CSD Model Framework 
 

A detailed description of the methodology for developing each of the sub-models 

EOM, MLCEco, MLCEnv, MLCSoc is presented in the following sections.  

 

3.6 Economic Optimization Model (EOM)  

The EOM is developed for the steady-state conditions . The model 

assumptions, a description of the SC system considered, the mathematical notations and 

formulation are presented below.  

3.6.1 Model assumptions  

A SC is a network of companies that provide a good or service (Lambert, 2008). 

Based on the nature of the business a company is engaged in, the SC configurations can 

vary. SCs can also vary based on the number of tiers considered. As the number of tiers 

increases the SC complexity increases. Each SC configuration is unique and it becomes 

essential to define the boundary of the SC problem considered. Hence, in this section all 

the assumptions considered for the EOM are presented.  
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The focus of the EOM is to maximize the Original Equipment Manufacturer 

(OEM) profit by considering the entire SC as a single entity. That is the reverse loop set-

up costs are incurred by the OEM. While distributors and retailers are not explicitly 

considered in the SC model, a set of customer locations, disposal, collection, 

remanufacturing and recycling locations are considered. The model is formulated to 

evaluate all possible reverse loop SC partners to select from among them those that help 

maximize the objective function. However, no supplier selection is performed. A detailed 

description of the SC model is presented in the next section.    

 

3.6.2 SC System Description 

The EOM evaluates alternate product designs at the NPD stage. The components 

for each of the product designs vary with respect to type of design, type of material etc. 

Depending on the complexity of the product, either all components or few critical 

components are considered in the EOM. The objective of the EOM is to select for each 

product design the optimal SC configuration that maximizes the profit.  

 

The SC model considered in this research is explained through an example as 

discussed below. Consider a product design  which requires  components, where 

each of the components is sourced from a different supplier .  Consider the SC 

operations across the product life-cycle stages for the product to be as presented below:   

 
Components/Parts Acquisition 

Each component  is supplied by different supplier  and (assume that each 

supplier can supply only one component) are transported to the OEM for their assembly. 

The transportation costs are computed from the freight revenue per ton-mile data which is 

obtained from Department's Bureau of Transportation Statistics and is presented in Table 

3.1. The supplier cost for acquiring the component, the distances from supplier locations 

to the OEM and corresponding transportation costs are all considered in the model. 
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Table 3.1: Cost for Different Modes of Transportation  
 

Mode 
Average Cost 

(Cents/Ton-Mile) 

Barge/Ship 0.72 

Truck 26.6 

 

Manufacturing  

The OEM assembles the components to produce the products that are then 

distributed to customers. The OEM could hold inventory of three categories (a) new 

components from suppliers (b) refurbished products from past life-cycles and, (c) 

remanufactured components. In the model it is assumed that the total demand is satisfied 

by a mixture of products made from (a) all new components, (b) one or more 

remanufactured components or (c) refurbished products from past life-cycles. Always a 

specific percentage of refurbished products and remanufactured components are used to 

satisfy current life-cycle demand. Through this percentage value a company can allocate 

the proportion of past refurbished products or remanufactured components that can be 

used to satisfy the current demand. In each time period, the OEM assesses current 

inventory and based on the annual demand acquires the additional quantity required from 

suppliers. Several costs are incurred by the OEM in performing the assembly and holding 

operations including capital, assembly, and holding costs all of which are considered. 

 

Use 

The annual steady-state demand for products is distributed to various customer 

locations. A limited number of centralized locations are considered for customers. The 

number of locations can be decreased or increased depending on the concentration or 

dispersion of customers for that product. Delivery charges from this point onwards are 

assumed to be paid by the customers.  
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Collection 

At the end of use, products are collected by the collection centers. Since all the 

products may not be collected at end of use (due to issues mentioned in reverse flow 

modeling section) a recovery rate is used to indicate the percentage of collected. The 

collection centers can be geographically dispersed and have different processing and 

capital costs as well as capacities and capabilities. All the collection centers perform the 

sorting operations on the product designs as described below. 

 

Sorting Operations 

The operations performed are: (a) evaluate the products to select those reusable, 

perform refurbishing operations and transport them to OEM for use in next life, (b) 

disassemble non-reusable products, evaluate and select components for remanufacturing 

operations; if not evaluate component feasibility for recycling and transport to 

corresponding recycling plants. Components not remanufactured or recycled are disposed 

at a specific location. Figure 3.8 illustrates the decision making process at each collection 

center.  
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Figure 3.8: Decision Making Process at Collection Center 

 
Criteria for Assessing the Feasibility for Alternate Product Designs  

At collection centers, each product is evaluated to identify its potential for reuse, 

remanufacturing, recycling. Feasibility for these operations is assessed based on a set of 

criteria established from literature on design characteristics that are favored in a product 

for reuse (Jaffar et al., 2007), remanufactured (Sundin, 2004), or recycled (De Silva et al., 

2009). These criteria are discussed below: 

 

Reuse:  

 Ease of upgradeability: As the name explains, the ease with which a product or 

any of its major components can be enhanced for better performance plays a 
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major role in deciding whether a product can be reused or not. Hence, the product 

must be designed in a way that the components can be easily replaced.  

 

 Aesthetic quality: Along with functional quality, the reusability of any product 

also depends on the aesthetic quality. This quality is integral to a product’s utility 

as it increases the customer satisfaction levels. 

 

 Ease of availability of service: Another factor that influences product reusability 

is the availability of services to maintain and repair a product, and how easy it is 

for the customers to get these services.  

 

Remanufacturing:  

The criteria are selected from the work of Sundin (2004) who identified the most 

important product design aspects that can determine its remanufacturing ability:  

 

 Ease of access: The remanufacturing process includes several steps such as 

inspection, cleaning, reprocessing and testing of components. Performing these 

operations requires access to different areas of the product and/or components. 

Therefore, ease of access is considered as one of the factors that determine the 

remanufacturability of a product. 

 

 Ease of handling: Another important factor that influences the remanufactuability 

of a component the ease at which the component can be handled including ease of 

lifting and carrying the components, ease of storing the components without any 

fire hazards, ease of operating a component without exposing employees to 

hazardous gases. Therefore, ease of handling is considered as one of the factors. 

 

 Availability of technology: This factor implies that if technology is obsolete 

components cannot be remanufactured.  
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 Ease of usage in other models: The property of interchangeability and its 

importance has already been studied in literature. If a component can be used in 

other models with little or no modification, greater demand exists for such 

components. Moreover, interchangeable components can be easily assembled into 

new products and make it easier to repair existing products.  

 

Recycling:  

The unit of assessment for recycling is different from that for remanufacturing 

and reuse. This is because products are assessed for their reuse, whereas individual 

components are assessed for their remanufacturing feasibility and the materials in each 

component of a given product design are assessed if they are recyclable or not. Therefore, 

it becomes very exhaustive to assess every material used in each component to check if it 

can be recycled. Therefore, the scope of recycling assessment in this research is limited to 

evaluating critical components of the product to check feasibility to extract major 

material from those critical components. Ease of extracting the major material is the only 

criterion considered for recycling assessment. 

  

Table 3.2 summarizes the reuse, remanufacturing and recycling criteria used in this 

research and their units of analysis. Some of these design criteria vary not only with 

respect to each alternate design but also with respect to their use patterns, for example 

European customers might use a product different to how South American customers use 

it. This variation too is important for reverse flow evaluation and is captured in the EOM. 

These criteria are represented by α.  
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Table 3.2: Criteria Impacting Reuse, Remanufacture, Recycle Feasibilities 

Design Criteria 
Reuse  

(Product Level) 
Remanufacture 

(Component Level) 
Recycle 

(Material Level) 

Ease of 
upgradability (Up) 

X 
  

Aesthetic quality 
(Qe) 

X, α 
  

Ease of access (As)  
X 

 

Ease of handling 
(Hl)  

X, α 
 

Ease of extracting 
major component 

(Ec) 
  

X, α 

Availability of 
technology (Tl)  

X 
 

Availability of 
service agreements 

(Sa) 
X 

  

Ease of usage in 
other models (Im)  

X, α 
 

 

Evaluation of Alternate Product Designs 

For each product design, the probabilities for criteria in Table 3.2 were 

established based on individual design aspects. These criteria vary for different products, 

and might exist in the form of quantifiable numbers, or may be derived from subjective 

estimates. In this research, a simple method is established to evaluate the product designs 

based on a rating system in the absence of quantifiable measures. Each criterion in Table 

3.2 is rated from 0 to 10, 0 being very low and 10 being very high. It must be noted that 

for some criteria there exist multiple ratings depending on number of use patterns. For 

recycling, only two possibilities were considered, to simplify the process; (a) 1, if it is 

easy to extract major material in components (b) 0, otherwise.  
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The reuse and remanufacturing ratings between 0-10 are converted into 

probabilities in the following manner. Each design criteria that impact the reuse and 

remanufacturing capabilities are given equal importance. Hence, for each reuse design 

criteria the rating is divided by 10 3  to convert it into a probability. Similarly, as 

there are four different remanufacturing criteria each of them are divided by 10 4  for 

obtaining the probability values. These probabilities are compared with the reuse and 

remanufacturing threshold limits to select the products or components for refurbishing 

and remanufacturing, respectively. Again, the threshold limits for each product design 

varies based on its individual features and the company objectives.  

 

Using the above method, collection centers evaluate each product design to select 

reusable products and non-reusable products. Later, refurbishing operations are 

performed on reusable products and the rest are disassembled. The refurbished products 

are sent back to OEM for their next life. For the disassembled products, each critical 

component is evaluated to check for its feasibility to be remanufactured or recycled and 

are sent to remanufacturing and recycling centers, respectively. The rest of the 

components are disposed at a cost. The refurbishing and disassembly costs at collection 

centers, distances from collection center to the OEM and disposal locations with 

associated transportation costs are all considered in the model. 

 

Remanufacturing  

All the components chosen for remanufacturing are sent to remanufacturing 

centers. Similar to collection centers, the remanufacturing centers can be at different 

locations, can have different capital and processing costs, capabilities and capacities. The 

EOM determines remanufacturing centers that must be opened and the quantity of 

components that must be sent to each center so that the profit is maximized. The 

remanufactured components are sent back to OEM for use in new products. The 

transportation costs from possible remanufacturing centers to OEM are also considered.  
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Recycling  

All the components chosen for recycling at the collection centers are sent to 

recycling centers for their subsequent operations. The EOM selects the recycling centers 

that must be opened and the quantity of components that must be sent to each center so 

that the profit is maximized based on associated fixed, transportation and processing 

costs, capabilities and capacities. 

 

Figure 3.9 illustrates the closed-loop SSC with  different suppliers,  different use 

locations,  different collection plants,  different remanufacturing plants,  different 

recycling plants, and a disposal location  as considered in this research. The reverse 

loop flows are shown in dashed lines. Each SC partner could either work with materials, 

components or products based on their nature of operation. For example, the suppliers 

supply the components, while the OEM manufactures products, whereas the collection 

center could work with both products and components depending on operations. 

Therefore at each SC partner, the unit of measurement – materials, components or 

products – varies and adds to the complexity of the model and is illustrated through a 

corresponding superscript. Similarly, the type of units transported between each SC 

partner too varies. Between some partners only components are transported, while 

products or materials are transported between others. This flow of units between SC 

partners, too, is illustrated through different sets of lines.  
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Figure 3.9: SSC Model for the CSD Problem 

 

Therefore to summarize, each of the 6Rs is applied in the EOM’s SC model as follows:  

 Redesign: Addressed through NPD output by providing the alternate product 

designs  

 Recovery: The process of collection of used products from customers (performed 

by the collection centers) 

 Reuse: Products are refurbished by collection centers and sent to OEM for reuse  

 Remanufacture: All the remanufacturing operations are performed at 

remanufacturing plants  

 Recycle: The extraction of major material from components (performed by 

recycling plants)  

 Reduce: This concept is applied at every step to reduce the overall resource 

consumption  
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3.6.3 EOM Development   

In this section, the EOM problem formulation for the closed-loop SC model is 

presented. This model aims to maximize total annual profit during the steady-state 

demand, by selecting the optimal number of collection, remanufacturing and recycling 

facilities to be opened, and computes the quantities to be transferred between each SC 

partner across the closed-loop SC. The model assesses the current refurbished and 

remanufactured component inventory levels to acquire the new components required to 

satisfy the demand.  All the parameters and decision variables used in the model are listed 

below:   

 
List of Parameters: 

  = Set of suppliers from 1 to   

  = Set of components from 1 to    

  = Set of use locations from 1 to  

  = Set of collection centers from 1 to  

 : Set of remanufacturing centers from 1 to  

 : Set of recycle centers from 1 to  

  = Total number of components  1,2,3 …  

  = Steady-state time period (year) at which the model is run  

  = Product design  

 : Total steady-state demand for component    

 : Steady-state demand distribution for use location  

  1
0

  S        

 : Per-unit cost of component  at respective supplier  

 : Transportation cost per-unit of component  from supplier  to OEM  

 : Per-unit assembly cost at   

 : Per-unit holding cost at   

 : Annualized capital cost for   

 : Refurbished quantity available from past life-cycles for component  

 : Remanufactured quantity available from past life-cycles for component   
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 : Probability of refurbished quantity satisfying current demand  

 : Probability of  remanufactured quantity satisfying current demand  

 : New demand for component    

 : Recovery probability 

 : Reuse threshold for product design 

 : Reuse probability for use location  

 : Remanufacturing threshold for component    

 : Remanufacturing probability for component  at use location  

 : Recycling probability for component   

  1
0

              

 : Annualized capital cost for collection center   

 : Processing cost per-unit at collection center   

 : Capacity of collection center   

 : Cost per-unit of product transported from use  to collection center   

 : Quantity of reusable products transported from use location  to collection 

center   

 : Cost of refurbishing one unit of product at collection center   

 : Cost for transporting one unit of refurbished product from collection center   

to OEM 

 : Quantity of disassembled components  at collection center  transported 

from use location  

 : Cost of disassembling one unit of product at collection center  

 : Transportation cost per-unit from collection center  to remanufacturing 

center  for component  

 : Quantity of remanufacturable components   transported from use location 

  to collection center    

 : Capability of remanufacturing center  for processing component  

 : Capacity of remanufacturing center  available for processing component   
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 : Cost of remanufacturing one unit of component  at remanufacturing center 

 

 : Annualized capital cost for remanufacturing center   

 : Transportation cost per-unit from remanufacturing center  to OEM for 

component  

 : Transportation cost per-unit from collection center  to recycling center  

for component  

 : Capability of recycling center  for component  

 : Capacity of recycling center  for component   

 : Cost of recycling one unit of component  at recycling center  

 : Quantity of recyclable components  transported from use location  to 

collection center    

 : Annualized capital cost for recycling center   

 : Transportation cost per-unit from recycling center  to supplier  supplying the 

component  

 : Quantity of disposable components  transported from use location  to 

collection center    

 : Transportation cost from collection center  to disposal location for one unit 

of component  

 : Cost for making one unit of product  

 : Margin (between 0 to 1) (Price = Cost + Margin) per-unit of product 

 : Price of one unit of new product   

 : Price discount for one unit of  refurbished/remanufactured  product 

 : Price of one unit of refurbished/remanufactured product  

 : Cost for acquiring other components for making one unit of product  

 : Cost for disposing a unit of component  

 : Capacity threshold multiplication factor for collection center cc for it to be 

opened  
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 : Capacity threshold multiplication factor for remanufacturing center  for it to be 

opened  

 : Capacity threshold multiplication factor for recycling center  for it to be opened  

 

List of Decision Variables:  

 
1,     s opened 
0,  

 

 
1,  if remanufacturing center  is opened 
0,  otherwise

 

 
1,  if recycle center  is opened 
0,  otherwise 

 

 : Quantity of products transported from use location  to collection center    

  : Quantity of components  transported from collection center   to 

remanufacturing center  

 : Quantity of components   transported from collection center  to recycling 

center  

Objective Function: 

The objective function of this model is to maximize the total annual profit of the 

closed-loop SC considered. The total profit is the difference between Total Revenue (TR) 

and Total Costs (TC) as shown below:  

 

      –        

 

Total Revenue (TR) is generated from the sale of a mixture of new and remanufactured 

components and refurbished products and is given by:  
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The revenue from New products is computed as the quantity of new products sold times 

the price of unit of new product as:  

 

    

            

 

The quantity of New Products sold is the difference between total product demand 

and refurbished and remanufactured demand. As refurbished items are products and 

remanufactured items are in terms of components, the new demand for each component 

must be computed. There is no restriction on the number of remanufactured components 

that can be used along with a new component. 

 

As an example for a component , the new demand is calculated as the difference 

between total demand for component  (equal to demand for products, as it is assumed 

each product requires one component) and the quantity of refurbished components of 

type  available (equal to number of refurbished products) and the quantity of 

remanufactured components of type  available (varies for each component). The 

quantity of refurbished components of type  available is computed as the product of 

total refurbished components of type  available at the OEM   times the percentage 

of these that could satisfy the current year’s demand . The refurbished component 

quantity remains same for all components. The remanufactured quantity used to satisfy 

the demand is computed by multiplying the available remanufactured quantity for each 

component   with the remanufacturing probability . The demand for a new 

component is computed as follows: 

 

          –  

        

         

 

Therefore, the New Demand for each component g (  is expressed by   
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         all  components                    (3-1)   

 

The price of a Unit of New product (  is computed as the sum of the cost incurred 

in making a unit of product including supplier cost, supplier transportation cost, assembly 

cost, and the cost of acquiring other components plus the margin. A cost plus pricing 

strategy is used as shown below:  

 

 

∑ ∑            1          (3-2) 

 

Revenue from New Products is computed from price of new product and the quantity 

of new products sold.  However, in this model, as the new demand is computed 

individually for components, and as this demand varies for each component, the average 

unit price of component is computed from  by dividing it with number of 

component . Therefore, total revenue is computed as shown in the following 

equation: 

 

    

 ∑
∑ ∑            

                            (3-3)      

                   

Refurbished and Remanufactured Products Revenue is computed as the sum of 

revenue generated from refurbished and remanufactured products sold as shown below:  

 

    

         

    /   

 

The Remanufactured and Refurbished Components Quantity satisfying the current 

demand is computed as 
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                          ∑                                                      (3-4) 

 

Price of Unit of Refurbished/remanufactured Product ( , which is sold at a 

discounted price, is computed as the difference between the price of new product minus 

the discount  as 

 

                                    1                                                       (3-5) 

 

From above, the revenue from refurbished and remanufactured products is expressed 

as 

 

     

∑ ∑           1 1  
 

                                          ∑                          (3-6) 

 

Therefore, the Total Revenue is expressed as 

    

 

∑ ∑            1
  

∑ ∑           1 1  
  

                                                     ∑                       (3-7) 
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Total cost computations:  

The total annual cost incurred during the time period  includes several closed-loop 

SC costs as listed below:  

 Total supplier cost for the components,  

 Total assembly costs,  

 Total holding costs,  

 Total cost for acquiring other components,  

 Total processing costs at collection, remanufacturing and recycling centers,  

 Total transportation costs between SC partners including (suppliers to OEM, use 

locations to collection centers, collection centers to remanufacturing, recycling, 

OEM and disposal locations, remanufacturing centers to OEM and recycling 

centers to respective supplier)  

 Total refurbishing costs 

 Total disassembly costs 

 Total disposal costs 

 Total fixed costs for OEM, collection, remanufacturing and recycling centers 

 

Each of the listed costs is explained below:  

Total supplier cost is the summation of all the supplier costs incurred for buying 

all the components and is expressed by  

 

                =  ∑ ∑                            (3-8) 

 

Total Assembly Cost is the total cost incurred for assembling all the 

remanufactured and new components available at OEM to satisfy the demand for 

period . Since only critical components are considered in the model, the total assembly 

cost per-unit of product is the sum of per-unit assembly cost and other component 

acquisition cost (cost required to acquire the components not supplied by the suppliers in 

this model).  

 



61 
 

               =  ∑
   

                        (3-9) 

 

Total Transportation Cost is the cost of transporting a unit of product/component 

from one SC partner to another. It involves several components as listed in total cost 

section which are discussed below: 

 

Suppliers to OEM: The total cost incurred for transporting all the components 

from their respective suppliers to OEM. This value is expressed as     

 

     = ∑ ∑        (3-10) 

 

Use to Collection Center: The summation of the costs for transporting all the 

products from all use locations to all collection centers expressed by   

 

      = ∑ ∑     (3-11) 

 

Collection Centers to Remanufacturing Centers: The total cost incurred for 

transporting all components from all collection to all remanufacturing centers and is 

computed by 

 

                                                   

                                                                 ∑ ∑ ∑                    (3-12) 

 

Collection Centers to Recycling Centers: The summation of costs for transporting all 

components from all collection to all recycling centers and expressed by 

 

      =  

                                                   ∑ ∑ ∑                  (3-13) 
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Collection Centers to OEM: The total cost incurred for transporting products from 

all collection centers to OEM and is expressed by 

 

      =  

                                                          ∑ ∑                                (3-14) 

 

Collection Centers to Disposal: The summation of costs incurred for transporting all 

components from all collection centers to disposal location expressed by  

 

         Collection Centers to Disposal Transportation Costs = 

                                                                ∑ ∑ ∑                (3-15) 

 

Remanufacturing Center to OEM: The total cost for transporting all the components 

from all the remanufacturing centers to OEM and expressed by  

 

      =  

                                                               ∑ ∑ ∑                     (3-16) 

 

Recycling Centers to Respective Supplier: The summation of all the costs incurred 

for transporting all the recycled material from the recycling centers and can be expressed 

as 

  

         =                                                              

                                                            ∑ ∑ ∑                        (3-17) 

 

Total Product Cost per-unit is the summation of costs incurred in producing a unit of 

product. It is the sum of supplier component cost, supplier transportation cost, assembly 

cost and other component acquisition cost incurred for producing one unit of product and 

is expressed by 
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   Cost    

                   ∑ ∑                         (3-18) 

 

Total OEM Holding Cost is sum of costs spent for storing the refurbished and 

remanufactured component inventory at OEM and is expressed by   

         

      ∑                              (3-19) 

 

Total Processing Cost at Collection Center is the total cost for processing all the 

recovered products at all collection centers and is computed as 

 

         

                                                                         ∑ ∑                  (3-20) 

 

Total Capital Costs is summation of the annualized capital costs incurred for setting 

up facilities. The capital costs are incurred for OEM, collection, remanufacturing and 

recycling centers and these costs are expressed by 

 

                                                                    (3-21) 

          ∑      (3-22) 

          ∑     (3-23) 

     ∑                         (3-24) 

 

Total Remanufacturing Processing Cost is the summation of cost incurred for 

remanufacturing all the components at all remanufacturing centers and is expressed by  

 

       

                                           ∑ ∑ ∑                           (3-25) 
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Total Recycling Processing Cost is the sum of costs incurred for recycling all the 

components at all recycling centers and is expressed as 

 

         

                                   ∑ ∑ ∑                          (3-26) 

 

Total Disassembly Cost is the total cost incurred for disassembling all the products at 

all collection centers and is given as  

 

 

                   

                                       ∑ ∑ ∑                               (3-27) 

 

Total Refurbish Cost is the sum of all the costs incurred for refurbishing all products 

at all collection centers and is expressed by 

 

             

                                                        ∑ ∑                          (3-28) 

 

Total Disposal Cost is the sum of all costs incurred in disposing all the components 

at all collection centers to disposal location and is expressed by   

 

             ∑ ∑ ∑               (3-29) 

 

Therefore the total cost is expressed as 

    

  ∑ ∑      ∑ ∑     

∑
   

∑ ∑   

∑  ∑ ∑   ∑  
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∑   ∑   ∑ ∑    

∑ ∑ ∑      ∑ ∑ ∑  

∑ ∑ ∑   ∑ ∑ ∑   

∑ ∑ ∑   ∑ ∑ ∑   

∑ ∑ ∑   ∑ ∑   

∑ ∑ ∑   ∑ ∑ ∑               

 

                                                                                                                      (3-30) 

 

The reusable, remanufacturable and recyclable components from each use location 

are selected based on their individual probabilities and threshold values from the 

following conditions:  

 

Reuse Assessment of products: All products from use locations are evaluated for their 

suitability for reuse. The products from similar use locations are assumed to have similar 

characteristics. This is due to the fact that the use patterns vary with respect to 

geographical region, the atmospheric conditions, social and cultural practices of 

customers, and technological advancements in that region. Therefore, for reuse 

assessment, 

 

 ,               

 

Remanufacturing Assessment of components: All the critical components of a product 

are evaluated for remanufacturability. The components from similar use locations are 

assumed to have similar characteristics and are evaluated separately. The following 

condition is used for selecting components for remanufacturing, 

 

 ,        
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Recycling Assessment of components: All the recyclable components are evaluated at 

the collection centers to determine whether the major material from these components 

can be extracted easily. The components from similar use location again are assumed to 

have similar characteristics and are evaluated separately. Therefore, the following 

condition is used for selecting components for recycling, 

 

 ,    

  1
0

 
           

  

 

Therefore, the EOM can be expressed as: 

Objective Function: 

  

 

Subject to:  

 

∑   1                                                                 

∑   1                                                      

 

 

∑                                                   

∑     ∑    

                                     ,   

  ∑                           ,  ,   

   ∑            ,  ,  

∑                            

 

 

                 

∑  ∑    

(3-31)  
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Constraints 
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  (3-35) 

(3-36) 
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Demand       
Constrains 
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∑                       ,   

∑                       ,   
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∑ ∑   ∑            

 

 

∑                                                  

  ∑  ∑                                       ,    

 ∑  ∑              ,    
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(3-46) 

(3-47) 

 

 

 

(3-48) 
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  0,1  

  0,1  

 

Equations (3-31) and (3-32) ensure that each supplier supplies only one 

component and each component is supplied by a different supplier.  

 

Equations (3-33) ensure that each collection centers have allocated products based 

on their capacity. Equation (3-34) ensures that all the collection centers together have the 

capacity to process all the recovered quantity transported from use locations.  

 

Equations (3-35), (3-36) and (3-37) ensure that the products are transported from 

a given use location to a given collection center only if the collection center is open, 

similarly components are transported from collection centers to remanufacturing and 

recycling centers only if they are open and the quantity transported to each collection, 

remanufacturing and recycling center is less than or equal to total recovered, 

remanufactured and recycled quantity available. Equations (3-38) ensure that a collection 

center is open only if the minimum threshold capacity limit is met.  

 

Equations (3-39) and (3-40) ensure that the total demand for each component is 

satisfied by the sum of new, refurbished and remanufactured components, and the total 

demand for products must be equal to sum of individual demand market at each 

geographical region.  

 

Equations (3-41) and (3-42) ensure that if a remanufacturing or recycling center 

does not have the capability to process a certain component, then the center will not have 

any capacity, too, and therefore the component is not sent to that location. Further, for 

each component , the equations ensure that the total quantity of components transported 

from all the collection centers to each remanufacturing and recycling center is less than 

the capacity of that remanufacturing and recycling centers for that component. Equations 

(3-43) and (3-44) ensure that a remanufacturing center or a recycling center is open only 

Binary              
Constraints 

(3-59)  

(3-60) 
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if minimum quantity threshold limit (component quantity that must be transported to a 

facility for it to be opened) is met.  

 

Equations (3-45) through (3-49) ensure that the flow of units is balanced within 

the total SC network. It ensures that all the recovered products are processed at collection 

centers, all the components selected for remanufacturing are processed at 

remanufacturing centers, all the components selected for recycling are processed at 

recycling centers, the sum of disassembled components must be equal to sum of 

remanufactured, recycled and  disposed components and the all the quantity that enters 

the collection centers must leave to corresponding OEM, remanufacturing, recycling and 

disposal locations.  

 

Equations (3-50) through (3-58) ensure that values such as recovery probability, 

profit margin, price discount rating, product reuse threshold probability, product reuse 

probability, component remanufacturing threshold probability, component 

remanufacturing probability, the probability of refurbished and remanufactured quantity 

satisfying demand for steady-state period , and the recycling probability for 

components are all less than or equal to 1.  

 

Equations (3-59) and (3-60) ensures that the recycling thresholds are binary that is 

in terms of 0 or 1. All the quantities transported between SC partners are initialized as 

positive integers in the model. All the costs incurred at various SC partners are initialized 

as floating numbers. 

 

3.7  Economic Multi Life-cycle (MLCEco) Analysis  

 The next step in the hierarchical approach is to perform the economic MLC analysis 

for each PDSCC combination identified by EOM for the period  to select the best 

combinations that have maximum cumulative profit at the end of  . Therefore, in this 

section, the assumptions considered for this analysis, the procedure for conducting the 

economic MLC analysis and a description of the developed tool (MLCEco) are presented 

in detail. 
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3.7.1 Assumptions 

In order to perform the MLC analysis, the demand for all the years in period T 

must be computed. Hence, the demand curve in Figure 3.6 is used as a reference to 

estimate the demand over time period . It is assumed that the initial demand at period  

and the final demand at period  and the price of the product at these two periods  and 

 are known. The demand and product price for rest of the years is computed based on 

their values at years ,  and  and the demand curve.  

3.7.2 Analysis Description 

The objective of performing economic MLC analysis is to compute the benefits of 

pursuing closed-loop flow over MLCs. In order to promote true sustainability, it is not 

enough to select a product design based on its performance during one period  ; it is 

important to consider the performance throughout the entire period  (from the product’s 

birth until the product becomes obsolete in the market) to capture the true benefits of 

sustainability achieved through closed-loop flow efforts. Ideally, the optimization model, 

EOM, should be run for all the years in  to compute the performance of each PDSCC 

combination over MLCs. However, developing optimization model for MLCs is difficult 

as it involves several issues such as obtaining a huge amount of both product design and 

SC design related data, dealing with longer computation time and multiple conflicting 

objectives etc., all of which makes the model difficult to solve. Hence, in this research the 

economic optimization is performed at the steady-state period, and the economic MLC 

analysis is performed for all the years over . Therefore, the aim of the economic MLC 

analysis is to compute for each PDSCC combination corresponding SC costs, revenue 

and thereby the profit for each year over multiple years during . The output of this 

analysis is to select best PDSCCs having maximum cumulative profit at the end of .  

 

The economic MLC analysis is performed separately for each PDSCC 

combination. It uses the steady-state SC costs results obtained from EOM (presented in 

Table 3.3), total revenue generated and thereby the total profit obtained during steady-

state period . From the steady-state demand and its results, the corresponding annual 

SC costs, revenue and optimal profit for each year over period  is computed and 
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compared for alternate PDSCC combinations. A detailed description of the demand, 

selling price for new and refurbished/remanufactured products and components, the 

transportation quantities, the forward and reverse loop SC costs, the revenue related 

computations are all presented in this section. 

 
Table 3.3: Steady-state Costs (Input to Economic MLC Analysis)  

Total supplier cost 
Total transportation cost from suppliers to OEM 
Total OEM assembly cost 
Total OEM holding cost 
Total transportation cost from use locations to collection 
centers 
Total collection centers processing costs 
Total refurbishing cost for reusable products  
Total cost for transporting refurbished products to OEM 
Total cost of disassembly 
Total cost for transporting remanufacturable/recyclable 
components from collection centers to 
remanufacturing/recycling centers 
Total remanufacturing and recycling processing costs 
Total cost for transporting disposal components from 
collection centers to disposal  
Total disposal costs 
Total cost for transporting remanufactured components to 
OEM  
Total cost for transporting recyclable components to suppliers 
Total supplier cost 
Total transportation cost from suppliers to OEM 
Total OEM assembly cost 

 

Demand Computation 

The first step is to compute the product demand for all the years in period  which is 

done using the demand graph as shown in Figure 3.10. As the demand and the price 

during ,  and  are known (see assumptions) the demand for rest of the years in the 

introduction and decline phases are computed by using the slope, intercept and price at  

ts1 and tsf. Therefore, the demand can be expressed by 
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Figure 3.10: Demand Graph for MLC Analysis 

 
Therefore, the slope and the intercept of the introduction and decline lines is given by 
 

      

 

       ) 

 

      

 

        ) 

 

To calculate the demand, the price at each year during T must be known. Hence, the 

next step is to compute the product price for each year in period T.  

 

Price Adjustment Factor Computation: The price-elasticity of demand is used to 

estimate the demand for rest of the years (as demand increases the price of a product 

decreases) during the introduction phase. However, during the decline phase as the 

demand decreases the price is also decreased as the product is no longer needed and 

therefore its price is reduced to attract customers. In reality, the demand and the price of a 
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product could have non-linear relationship, based on product’s characteristics, customer 

buying behavior etc. However, in this model, an approximation is used for purpose of 

generalization among different products. Therefore, the price values for all the years in 

time period  are computed using adjustment factors generated based on the discussed 

pattern. The adjustment factor for steady-state period  (  is considered as 1 as it is 

the base value. From the prices  and  the corresponding factor at period  is 

computed as follows: 

 

      = 
 

 
                                      (3-61) 

 

Similarly, from the prices at  and  the corresponding factor at  is computed as  

 

       =                                      (3-62) 

 

Therefore, starting from  value the factors for other years during introduction 

period are decreased in equal fractions until the steady-state value  is reached. This is 

performed to maintain consistency between different years. Similarly, the factors for rest 

of the years during the decline period are decreased in equal fractions from steady-state 

value  until  is reached. Therefore, the values for introduction and decline phases 

are computed as follows: 

 

Fractional Value for Introduction Phase = 
 

                                       (3-63) 

 

Fractional Value for Decline Phase = 
 

                                              (3-64) 

 

From the fractional values and the steady-state price at period , the price for the 

rest of the years over the demand graph is computed by 
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                                                      2, 3, 4, … 1   2   (3-65) 

 

The price adjustment factors for both new products and for the discounted products 

are assumed to be similar. Hence, the new product price and the discounted product price 

are calculated for all the years in the time period . The price for the new product, is used 

to estimate the demand for each year and therefore the demand during the introduction 

and decline phase is computed using the following equations: 

 

                1,  

                              

(3-66) 

 

                        ,   

                                                             (3-67) 

 

Transportation Quantities across MLC Years 

As the SC costs for each of the MLC years depends on both cost per-unit and the 

quantity transported, it is important to determine the transportation quantities within the 

closed-loop SC. The SC quantities are computed differently for forward and reverse flow 

SC partners due to the nature of operations and hence are presented individually below:  

 

Forward loop Transportation Quantities: The annual demand can be satisfied by 

a mixture of new, refurbished and remanufactured components with different proportions 

of each type. This is due to the fact the new demand depends on: (a) the number of 

refurbished and remanufactured components available (b) and the percentage of these 

that satisfy the demand.  

 

The refurbished and remanufactured components available are the reusable and 

remanufactured components returned from the past life-cycles and, these quantities must 
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be determined. As the quantities are proportional to demand, the steady-state values can 

be used to estimate the quantities for the rest of the years as follows:  

 

The results from the EOM provide the quantity of components that are reused and 

remanufactured for the steady-state period . By computing a demand ratio (ratio of 

demand for a given year over steady-state demand), the refurbished and remanufactured 

quantities for the rest of the years in period  can be projected. Given the complexities 

explained earlier, the demand ratio is a feasible way to estimate the quantities that depend 

solely on demand. Therefore, the demand ratio is expressed by  

 

   
    

   
  1,2,3 . . .                           (3-68) 

 

The refurbished quantity for a component  resulting from a specific year  can be 

expressed as  

 

       

               

 

Similarly, the number of remanufactured components available for component 

 from a specific year  is expressed by  

 

         

             

 

Also, the availability of the refurbished and remanufactured components depends on 

the length of the use stage and the time taken to perform the reverse loop SC operations 

on the recovered products. As the products sold must be used, before they can be 

recovered and re-processed, for the first few years, until the past life-cycle components 

are available for next life, the demand is satisfied by new components only. This is the 

case in reality too, that is for the first few years all the reverse loop set-up costs are 
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incurred by the company. The company will realize the benefits of performing closed-

loop operations, during the long run when the products from previous life-cycles are 

returned and less new material is used to satisfy the demand.  

 

The percentage of refurbished and remanufactured components used to satisfy the 

demand: Ideally, all the refurbished and remanufactured components at OEM can be used 

to satisfy the demand for each year. However, in reality a company may not prefer to sell 

only refurbished or remanufactured products. It may want to sell a proportion of these 

products, while still being able to sell new products in the market, thereby staying 

competitive. While these decisions are company and product specific, for generalization, 

this aspect is captured in the model through providing an option of giving a percentage 

value for each of the refurbished and remanufactured components to be used to satisfy 

each year’s demand. Also, the OEM may have refurbished and remanufactured products 

from multiple years from the past. That is the components from past life-cycles available 

at the OEM could be returned from any year  in the time period . This therefore, raises 

several questions such as (a) Can the returned components from a year  be used to 

satisfy the demand for any number of years? If yes, is it realistic to consider such a 

business model? (b) If not, for how long must the company wait before it considers the 

returns from a specific year  as scarp quantity?  

 

In reality, the returned products from past lives can be used to satisfy the demand 

for a limited number of years. This is because products returned from previous years 

could become obsolete quickly. While these decisions depend on the type of the product 

(such as consumer or a household product) and the company inventory policies, this 

model considers that all the products returned from a year  can be used for a certain 

number of years from their return to satisfy the demand and the rest of the years returns 

are scraped. Most of the scraped components contain valuable metals, and therefore the 

companies can sell these scrap parts to metal recyclers. For example, most of the 

automotive dismantlers sell parts with ferrous and aluminum metals with no resale value 

to recyclers and generate revenue (Toto, 2003). Therefore it is assumed a certain amount 
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of revenue is generated from selling scrap components and this value depends on the type 

of materials used in a product.  

 

The percentage of refurbished and remanufactured components available to 

satisfy the annual demand must be determined. In reality, these probabilities are company 

and product specific. While companies would like to use large quantities of refurbished 

and remanufactured items for some products, for others they settle for low quantities. 

Also these percentages could vary based on the year from which the products are returned 

and the year for which these components are used to satisfy the demand. That is the 

returns from a specific year  can be used to satisfy demand for any year  , as long as 

they are available, in the time period . In general, this value  depends on the length of 

use phase  and time taken to perform reverse loop operations on the return product to 

make them available for next life .  Therefore, the returns from year  are first 

available in year     and can last until year .  This means that it requires 

dealing with a vast amount of data. This complexity can be considerably reduced by 

assuming that for all refurbished/remanufactured components returned from a specific 

year, a constant percentage is used to satisfy the demand, based on availability. Table 3.4 

presents an example of these refurbishing and remanufacturing percentages for each year 

in the time period  and the years (∆) after which the returned quantities are considered 

as scrap. It must be noted that not all the years in T are shown, because the refurbished 

and the remanufactured quantity available at the OEM is computed for only those years 

during , for which the returned components are available to satisfy the demand. Since 

the rest of the years returns    are not available for any of the years 

these are not considered in the computations.  
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Table 3.4: Sample Past Returned Quantities and their Percentages 

Refurbished/Remanufactured 
Component Return Year 

Percent used in Each Year Scrap 
Quantity Refurbished Remanufactured 

 , ]   

Quantity 
remaining 
after first 

 years of 
return 

, ]   

 , ]   

 ,    

. . . 

. . . 

. . . 

,   

 

As discussed earlier, until products from first life are available at OEM for their 

next life, all the demand is satisfied by new products only and the OEM incurs no 

inventory costs. However, as the products start returning from previous life-cycles, the 

OEM inventory constantly builds up. In this research, priority is given for refurbished 

and remanufactured components to satisfy the demand therefore, it becomes necessary to 

compute for each year in period , the quantity of refurbished and remanufactured 

components available at OEM, the number of these that satisfy the demand (computed 

from percentages given in Table 3.4) for each year and the number of components that 

are scraped. These quantities could vary for each year depending on the length of use 

phase ) and the time consumed in performing the reverse loop operations . The 

computation methods vary for different time periods within period  as discussed below:  

 

Year 1 to 1 : All the demand for these years is satisfied by new products. 

There is no inventory at OEM during all these years. Only new components are used to 

satisfy the demand.  
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Year 1  to  : The demand for these years is satisfied by a mixture of 

new, refurbished and remanufactured products. The OEM inventory for both refurbished 

and remanufactured components varies for each year, as for year 1  the 

products returned from 1 ,  could be available, whereas for year 1 1  

components remaining at OEM from year 1 and products returned from year 1

1  ,    can be available and so on. Therefore, for each year increment  in 

this duration, the products returned from year 1  ,    are available, and 

components remaining at OEM (returned from year 1 through 1 1 ) can be 

available. From the past quantities available at OEM and their corresponding percentages 

shown in Table 3.4, the actual quantities available at each year to satisfy the demand is 

calculated as illustrated in Table 3.5. When the products are available for the first time 

from the past year, say  , the refurbished and remanufacturing quantity that can satisfy 

the year   (year at which each component  from year    is first available) 

demand is expressed by  

 

                                   

  

       

      

 

However, from the year   onwards, the number of refurbished components 

returned from year  that can satisfy the demand, is based on the left over component 

quantity at OEM from year  and the refurbished component percentage for year  ). 

The refurbished component quantity from year  , available for year   is given 

by 

 

          

       

         1  
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Similarly for year , the refurbished component quantity from year   , that 

is available is computed by  

 

          

       

         1  

 

Similarly, for year     , the refurbished component 

quantity from year  , available is computed by  

 

          

       

         1  

                                                       Where 1 varies from 1, 2, 3 … . 1 .  

 

The computations similar to above are used to calculate the number of 

remanufactured components for each type  returned from year  , that can satisfy the 

demand for years   through . The number of refurbished and remanufactured 

components returned from year   to satisfy the demand for years 

  through  are also computed in a similar fashion. The shaded cells in Table 

3.5 indicates that no refurbished and remanufactured components returned from those 

years are available to satisfy the demand. Each calculation is labeled for future 

computational purposes. It must be noted that these computations are performed for each 

component . 

 

Scarp Quantity Computations: All the refurbished and remanufactured components 

remaining at the OEM after first ∆ years of their return are scraped and are removed from 

Table 3.5. The scrap components generate revenue.  
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Total Refurbished and Remanufactured Components Quantity satisfying each Year’s 

Demand: Therefore, for each year between   through   , for each component , 

the total refurbished and remanufactured quantity satisfying the demand is computed as 

the sum of individual quantities satisfying demand (returned from each year  through 

  . Therefore, as an example for year  the total refurbished components 

and the total remanufactured components satisfying demand can be expressed by 

 

           

 1     1                                                  

(3-69) 

 

         

    1      1                                   

(3-70) 
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Table 3.5: Sample Computations for Refurbished and Remanufactured 
Components 

Year  

For Each Component  Returned from Year (Rf – Refurbished, Rm –Remanufactured) 
   and so on  Until  

Rf Rm Rf Rm Rf Rm Rf Rm 

 
 

  

(5.11) 

 

  

(5.12) 

      

 

 

 

 1

 

(5.21) 

 

   

 1

  

(5.22) 

  

(5.23) 

  

(5.24) 

    

 and 

so on  

 

 

 1

 

(5.31) 

 

   

 1

 

(5.32) 

 1

  

(5.33) 

 1

  

(5.34) 

  

(5.35) 

  

(5.36) 

  

Until  

 

 

 

 1

 

(5.41) 

 

   

 1

 

(5.42) 

 1

  

(5.43) 

 1

  

(5.44) 

1

  

(5.45) 

1

   

(5.46) 

 

  

(5.47) 

  

(5.48) 

 

New Demand Computations: Therefore, the quantity of new components required to 

satisfy the demand for each year between   to   is computed as the difference 

between the total demand for the component  and the number of refurbished and 

remanufactured components of type  used to satisfy the demand and is expressed by 

 

           –  

        –  
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Inventory from New Demand: For some years during this time frame there can be 

situations where all the demand is satisfied by only refurbished and remanufactured 

components. In this case no new components are used and hence the new demand is zero. 

Also, there may be situations where more refurbished and remanufactured components 

are available to satisfy the required demand. For these cases, it is assumed that all the 

demand is satisfied by the refurbished and remanufactured components and the remaining 

are added to the OEM inventory.   

 

Assembly Quantity Computations: All the components must be assembled at the 

OEM to form the final products. While the refurbished products are already available, the 

new components and the remanufactured components must be assembled. Therefore, for 

every year in period   to   (for each component) the assembly quantity is 

computed as follows:  

 

      

      

      

 

The number of components to be assembled remains same for each type of 

component. This is because of the fact that, each product requires only one component, 

and all the refurbished products have equal number of different components, and hence 

the assembly quantity remains same among different components.  

 

       

          

 

OEM Inventory Calculations: The inventory levels at OEM must be calculated for 

each year from  to   . It includes consideration of all the components returned to 

OEM from years    through  and the quantity remaining after satisfying demand 

for years  through   . For each year in  to  , the inventory available at the 

beginning of the year is used to compute the inventory costs. This assumption is 
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considered as for each year, say    after the reverse loop operation are performed on the 

recovered products, the respective components are sent to OEM, and until there exists a 

demand in the upcoming year, the returned components are stored at OEM. Therefore, 

due to difficulties in computing the exact time the components remain at OEM, an 

approximation is used. Table 3.6 provides sample computations for determining the 

inventory at OEM for each of these years (computed using quantities from Table 3.4 and 

Table 3.5).  

 

Table 3.6: Sample Computations for Past Inventory at OEM 

Year  

For Each Component  Returned from each Year  
   and so on Until  

Refurbi
shed 

Remanufac
tured 

Refurbis
hed 

Remanufac
tured 

Refurbis
hed 

Remanufac
tured 

Refurbis
hed 

Remanufac
tured 

  
(6.11) 

 
(6.12) 

      

 
6.11 – 
5.11 

(6.21) 

6.12 – 5.12 
(6.22) 

 
(6.23) 

 
(6.24) 

    

 and 
so on 

6.21 – 
5.21 

(6.31) 

6.22 – 5.22 
(6.32) 

6.23 – 
5.23 

(6.33) 

6.24 – 5.24 
(6.34) 

 
(6.35) 

 
(6.36) 

  

Until 
 

 
Previous year quantity from (Table 3.6 – Table 3.5) for corresponding 

year 
 

    

 

The computations indicate that whenever the components are available for the 

first time (say for year   from previous year (say    all the refurbished and 

remanufactured quantity returned from the previous year    (shown in Table 3.4) is 

considered as OEM inventory. From the next year onwards (  , the OEM 

inventory at the beginning of each year, is calculated as the difference between the 

inventory at the beginning of previous year (6.11) and the quantity used during the 

previous year to satisfy the demand obtained from Table 3.5 (5.11).  

 

Total OEM inventory is the sum of inventory at the OEM (varies for each year in T). 

As an example, for year , the OEM inventory is expressed by  
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   6.31, 6.32, 6.33, 6.34, 6.35, 6.36   3

6              

  

Therefore, all the transportation quantities including new component demand, 

refurbished, remanufactured and assembly quantities, OEM inventory and scrap quantity 

are all computed for each year in  from above expressions.  

 

Forward Loop SC Costs  

From the forward loop transportation quantities all the forward loop SC costs 

including supplier and transportation costs from supplier to OEM, as well as assembly 

and holding costs are all computed. The annualized OEM capital cost is also included. 

Since the suppliers and OEM costs per-unit remain same, and the SC configuration 

remains same, the total quantity is multiplied by per-unit cost to obtain the total costs. 

Therefore, for each year in period  the following costs are computed using the 

expressions given by 
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Reverse loop Transportation Quantities 

All the reverse loop SC transportation quantities (including collection quantity, 

quantity of component to be refurbished, quantity of components to be remanufactured, 

quantity disposed, recyclable component quantity, disassembled quantity) change as the 

demand is varied. However, unlike the forward loop SC quantities these quantities are 

directly proportional to demand. This is because once the products are sold all the 

remaining SC parameters remain the same, except for the demand, for each year; while in 

forward loop there is a need to compute the OEM quantities based on quantity returned 

from past years and their (varying) percentages, there is no such variation in reverse loop 

operations. Hence, computing reverse loop quantities is much easier and straightforward 

process and is performed using demand ratio. Using this ratio for each year, all the 

reverse loop SC quantities can be calculated by multiplying the steady-state quantities 

with respective year’s ratio.  

 

Reverse Loop SC Costs 

Several reverse loop costs are incurred by the SC (listed in Table 3.7).  

 

 

Table 3.7: Reverse Loop SC Cost Parameters 

 Collection center maintenance costs 
 Refurbishing cost 
 Disassembly cost 
 Processing costs - remanufacturing and recycling 
 Disposal Cost 
 Transportation costs within SC partners (use-collection, collection-OEM, collection-

remanufacturing, collection-recycling, collection-disposal, remanufacturing-OEM, 
recycling- supplier) 

 Annualized capital costs for the collection, remanufacturing and recycling centers 
 Collection center maintenance costs 
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As all per-unit reverse loop SC costs remain same (SC configuration same) all the reverse 

loop SC costs are computed by multiplying the corresponding steady-state SC costs with 

respective year’s ratio for each year in . 

 

Revenue Computations: Once all the SC costs are computed, the revenue generated for 

each year in  is computed. The revenue is generated from three different sources; new 

products/components, refurbished and remanufactured products/components and scrap 

components. The computation of new, refurbished, remanufactured, and scrap component 

quantities as well as prices were presented earlier. Therefore, the total revenue from each 

year can be expressed by 

 

              
        

    
 
 

The revenue from new products is expressed as 
 

         
 

    
  

       

 
The revenue from refurbished and remanufactured products is expressed as 

 
        

 

 
  /   

  
 

        

 
The revenue from scraped components is expressed as 
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The tabulation of different SC parameters (in notations) across different periods in  

are shown in Table 3.8. The highlighted column  is the steady-state period and SC 

parameter values for all other periods are computed from the values in period  . 
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Table 3.8: Sample Table Illustrating SC Parameters Considered in MLC Analysis 

SC Parameter 
MLC Year 

 
    

so on 
  

 so 
on  

 

Annual Demand  D1 D1+1 Dn Dn+1 Dn+2 Df 

Forward 
Loop 
Costs 

SC1 SC1+1 SC1+1 SCn SCn+1 SCn+2 SCf 

TSO1 TSO1+1 TSO1+1 TSOn TSOn+1 TSOn+2 TSOf 
AC1 AC1+1 AC1+1 ACn ACn+1 ACn+2 ACf 
HC1 HC1+1 HC1+1 HCn HCn+1 HCn+2 HCf 
CO1 CO1+1 CO1+1 COn COn+1 COn+2 COf 

Reverse 
Loop 
Costs 

MC1 MC1+1 MC1+1 MCn MCn+1 MCn+2 MCf 
FC1 FC1+1 FC1+1 FCn FCn+1 FCn+2 FCf 

TCM1 TCM1+1 TCM1+1 TCMn TCMn+1 TCMn+2 TCMf

TCD1 TCD1+1 TCD1+1 TCDn TCDn+1 TCDn+2 TCDf 
TCY1 TCY1+1 TCY1+1 TCYn TCYn+1 TCYn+2 TCYf 
DC1 DC1+1 DC1+1 DCn DCn+1 DCn+2 DCf 
MC1 MC1+1 MC1+1 MCn MCn+1 MCn+2 MCf 

TMO1 TMO1+1 TMO1+1 TMOn TMOn+1 TMOn+2 TMOf

YC1 YC1+1 YC1+1 YCn YCn+1 YCn+2 YCf 
TYS1 TYS1+1 TYS1+1 TYSn TYSn+1 TYSn+2 TYSf 
TCO1 TCO1+1 TCO1+1 TCOn TCOn+1 TCOn+2 TCOf 
TUC1 TUC1+1 TUC1+1 TUCn TUCn+1 TUCn+2 TUCf 
CC1 CC1+1 CC1+1 CCn CCn+1 CCn+2 CCf 
CM1 CM1+1 CM1+1 CMn CMn+1 CMn+2 CMf 
CY1 CY1+1 CY1+1 CYn CYn+1 CYn+2 CYf 

Revenue

PN1 PN1+1 PN1+1 PNn PNn+1 PNn+2 PNf 
PRf1 PRf1+1 PRf1+1 PRfn PRfn+1 PRfn+2 PRff 
S1 S1+1 S1+1 Sn Sn+1 Sn+2 Sf 
P1 P1+1 P1+1 Pn Pn+1 Pn+2 Pf 
D1 D1+1 SP1+1 SPn SPn+1 SPn+2 SPf 

 

SC Costs Adjustments for MLC Years 

All the forward and reverse loop SC costs computed for each year (in the previous 

section) are based on steady-state values. Ideally, these costs must be computed from data 

for corresponding year. However, gathering SC costs per-unit for each year for different 

SC partners is very cumbersome. As the number of years in period T increases, the 

amount of data to be obtained and processed becomes increasingly large. Further, 

companies may not have all the data for proposed product designs. Usually when 

business models extend for more than one year in future, as in this case, DCFs or the time 
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value of money must be considered. Therefore, in the economic MLC analysis model all 

future costs are discounted as needed by  

 

     1       

 

The above expression is used to calculate the Present Value of all future SC 

cashflows. The discount rate is considered as opposed to interest rate.  

 

SC Parameter Values for MLC years 

SC costs/revenues are first computed in their respective years (shown in Table 

3.8). All these values are present values for year . Therefore, based on the year 

considered, the actual SC costs/revenues for each year are computed as shown in Table 

3.9 for period  from their values in period . As the values are corresponding to the 

steady-state period, the SC costs/revenues for year  are similar to those in Table 3.8. 

The interest rate is represented by  and discount rate is represented by . 
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Table 3.9: Present Value of SC Parameter Computations for MLC years 

SC Parameter 

MLC Year 

,  
and so on 

until  
 

 

,  
and so on 

until 
 

Annual Demand 

 
 3

.8
 

1
 

 

 
 

 
 3

.8
 

 
 3

.8
 

 
 

1
 

 

Forward 
Loop 
Costs 

Total Supplier Cost 

Total Transportation Cost (Supplier - OEM) 

Total Assembly Cost 

Total Holding Cost (OEM) 

Annualized Capital Cost (OEM) 

Reverse 
Loop 
Costs 

Total Maintenance Cost  (Collection Center) 

Total Refurbish Cost 

Total Transportation Cost (Collection - 
Remanufacturing) 

Total Transportation Cost (Collection -
Disposal) 

Total Transportation Cost (Collection -
Recycle) 

Total Disassembly Cost 

Total Remanufacturing Costs 

Total Transportation Cost (Remanufacturing 
- OEM) 

Total Recycle Costs 

Total Transportation Cost (Recycle -
Suppliers) 

Transportation Costs (Collection - OEM) 

Total Transportation Cost (Use - Collection) 

Total Annualized Collection Center Capital 
Cost 

Total Annualized Remanufacturing Center 
Capital Costs 

Total Annualized Recycle Center Capital 
Costs 

Revenue 

Total Price for New Products 

Total Price for Refurbished/Remanufactured 
Products 

Total Revenue from Scrap 

Price of  a New Product 

Price of a Refurbished/Remanufactured 
Product 
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SC Costs Incurred for Each Year during MLC years 

All the SC costs calculated as shown in Table 3.9, are the actual costs incurred for 

each year in the MLC analysis. However, while the some of these costs such as forward 

loop SC costs are incurred for that year, all the reverse loop SC processing related costs 

are incurred  years later, as the products must be used for  years and then are available 

for reverse loop SC operations. Hence, all the reverse loop processing related costs for 

each year, for example say    are incurred during the year  . This also implies that 

for the first few  years, no reverse loop costs are incurred. As the costs are the present 

value (for the year  ) and since these costs are incurred during a future year    the 

future values for these costs are computed for each year using equation and a similar 

interest rate . 

 

As the reverse loop facilities such as collection, remanufacturing and recycling 

must be set-up and be ready before the first year’s products are ready for their reverse 

loop operations, these facilities are assumed to be set-up a year before the first year’s 

products are ready for their reverse loop operations. While it is assumed that all the 

reverse loop facilities are set-up, installed within 1 year, in reality it might take longer or 

fewer months for this process. However, this depends on individual company’s resources, 

and the requirements. Therefore, all the reverse loop facility capital costs occur first in 

year    and continue for all years in period  until . There is no reverse loop 

facility costs incurred for the years  to . Table 3.10 presents the computation for 

the reverse loop SC processing costs for all the MLC years. It shows that until the year 

   no reverse loop processing costs are incurred and from year    onwards the 

costs incurred for each year are from the previous  years. As these costs are incurred v 

years later, the actual value of these costs is computed using interest rate and present 

value.  
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Table 3.10: Sample Computations of Reverse Loop SC (Processing Costs) 

 
Reverse Loop Processing-Related 

SC Costs 

MLC Year 

  s
o 

on
 

un
ti

l 
 

  a
nd

 

so
 o

n 
un

ti
l 

 

 

Total Maintenance Cost  
(Collection Center) 

0 0 

 
 

 
 

 3
.9

 

  
1

 

 
 

 
 

 3
.9

 

  
1

  a
nd

 s
o 

on
 u

nt
il

 

 
 

 
 

  3
.9

 

  
1

 

Total Refurbish Cost 0 0 

Total Transportation Cost 
(Collection - Remanufacturing) 

0 0 

Total Transportation Cost 
(Collection - Disposal) 

0 0 

Total Transportation Cost 
(Collection - Recycle) 

0 0 

Total Disassembly Cost 0 0 

Total Remanufacturing Costs 0 0 

Total Transportation Cost 
(Remanufacturing - OEM) 

0 0 

Total Recycle Costs 0 0 

Total Transportation Cost (Recycle 
- Suppliers) 

0 0 

Transportation Costs (Collection - 
OEM) 

0 0 

Total Transportation Cost (Use - 
Collection) 

0 0 

 

Table 3.11 shows the computations for reverse loop SC capital costs. As 

discussed earlier, the capital costs are not incurred until the year  and from this 

year onwards the costs are incurred and these costs remain the same (as shown in Table 

3.9).  
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Table 3.11:  Sample Computations for Reverse Loop SC (Capital Costs) 

Reverse Loop Capital Costs 
MLC Year 

 until  
  and so on until  

Total Annualized Collection Cost  0 

Value from Same Column 
in Table 3.9 

Total Annualized Remanufacturing 
Center Costs 

0 

Total Annualized Recycle Center 
Costs 

0 

 
Total Cost and Revenue Computations for MLC years: Once the forward loop SC 

costs and revenue related parameters are computed from Table 3.9 and the reverse loop 

SC costs are computed as shown in Table 3.10 and Table 3.11, the annual SC costs, 

annual revenue and annual profit is computed for each year in period T. The total annual 

SC cost and the annual revenue is given by  

 

     

              

 

            

, ,       

     

 

Therefore, the annual profit is expressed by 

        

  –       

 

Table 3.12 presents the complete data considered for economic MLC analysis 

over . It includes the demand, the forward and reverse loop SC costs, the revenue and 

the total annual profit generated from each year over MLCs. In addition, the 

computations for obtaining these values are also shown.  
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Table 3.12: Table Presenting Parameters Considered in Economic MLC Analysis 

Parameter 
Set 

Number 
SC Parameter 

MLC Years 

 
 and 

so until  
 

 

Annual Demand 

All values similar to 
corresponding year’s value 

in Table 3.9 Set 1 
Forward 

Loop 
Costs 

Total Supplier Cost 

Total Transportation Cost (Supplier - OEM) 

Total Assembly Cost 

Total Holding Cost (OEM) 

Annualized Capital Cost (OEM) 

Set 2 

Reverse 
Loop 
Costs 

Total Maintenance Cost  (Collection Center) 

All values similar to 
corresponding year’s value 

in Table 3.10 

Total Refurbish Cost 
Total Transportation Cost (Collection - 

Remanufacturing) 
Total Transportation Cost (Collection - 

Disposal) 
Total Transportation Cost (Collection - 

Recycle) 
Total Disassembly Cost 

Total Remanufacturing Cost 
Total Transportation Cost (Remanufacturing 

- OEM) 
Total Recycle Cost 

Total Transportation Cost (Recycle-
Suppliers) 

Transportation Costs (Collection - OEM) 

Total Transportation Cost (Use -Collection) 

Set 3 

Total Annualized Collection Center Capital 
Cost 

All values similar to 
corresponding year’s value 

in Table 3.11 

Total Annualized Remanufacturing Center 
Capital Cost 

Total Annualized Recycle Center Capital 
Cost 

Set 4 Revenue 

Total Price for New Products 

All values similar to 
corresponding year’s value 

in Table 3.9 

Total Price for Refurbished/Remanufactured 
Products 

Total Revenue from Scrap 

Price of  a New Product 

Price of a Refurbished/Remanufactured 
Product 

Total Cost 
Sum of values in Sets (1,2,3) 
corresponding to each year 

Total Revenue 
Sum of values in Set 4 

corresponding to each year 

Total Profit Total Revenue – Total Cost 
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3.7.3 Economic MLC Analysis (MLCEco) Tool 

In this section, a description of the tool developed to perform the economic MLC 

analysis as described in the previous section is provided.  

 

The MLCEco tool is created in Microsoft Excel Spreadsheet. All the input data 

required for performing the analysis including the EOM results, the price and demand for 

the first and the last year of the analysis, the steady-state price and demand, the number 

of refurbished and remanufactured components available for the steady-state period, the 

supplier component cost per-unit, the transportation per-unit cost from suppliers to OEM, 

the assembly and holding cost per-unit, the percentage of refurbished and remanufactured 

components used to satisfy demand for future years, returned from years  until year 

, and the interest/discount rate for computing the present value of SC parameters 

for each of the years in T is captured in the MLC Economic Input Data Sheet illustrated 

in the Figure 3.11.  

 

 

Figure 3.11: Snapshot of ‘Economic MLC Analysis Input Data’ Sheet 
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Therefore, from the Input Data the price, demand, and the refurbished and 

remanufactured component quantity for each year in T is computed in ‘Demand 

Computations’ sheet as shown in Figure 3.12. From these values, the SC transportation 

quantities, OEM inventory, assembly quantity, scrap quantity, new, refurbished and 

remanufactured quantities, and the present value of SC costs and revenue are computed 

for each year. From these values, the total SC costs, revenue, and total profit for each 

year is computed in the ‘Economic MLC Analysis and Results’ sheet. Figure 3.13 

provides a snapshot of ‘Economic MLC Analysis and Results’ spreadsheet. As there is 

large amount of data analyzed in this spreadsheet, only the results of the MLC analysis 

are presented.  

 

 

Figure 3.12: Snapshot of ‘Demand Computations’ Sheet  
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Figure 3.13: Snapshot of ‘Economic MLC Analysis and Results’ Sheet  

 
Therefore, the developed MLCEco tool computes the total profit generated for each 

year in the period  for each PDSCC combination separately. However, the economic 

MLC performance of alternate PDSCC combinations, is measured in terms of the 

cumulative profit at the end of period . Therefore, for each of the PDSCC combinations, 

the MLC analysis is performed using the MLCEco tool, and the best PDSCC combinations 

are selected based on their cumulative profit as illustrated in Table 3.13. The Table shows 

the computations for calculating the cumulative profit at the end of T (  ) for each 

PDSCC combination.  
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Table 3.13: Computation of Cumulative Profit for PDSCC combinations  

Yea
r 

PDSCC1 PDSCC2 
PDSCC3 and so on 

until 
PDSCCn 

Annua
l Profit 

Cumulativ
e Profit 

Annua
l Profit 

Cumulativ
e Profit 

Annua
l Profit 

Cumulativ
e Profit 

Annua
l Profit 

Cumulativ
e Profit 

t1 x1 x1 y1 y1 z1 z1 v1 v1 

t1+1 x2 x1 + x2 y2 y1 + y2 z2 z1 + z2 v2 v1 + v2 

t1+2 

… 
x3 

x1 + x2 + x3 
. . . 

y3 
y1 + y2 + y3 

. . . 
z3 

z1 + z2 + z3 . 
. . 

v3 
v1 + v2 + v3 

. . . 

tf xf 
(x1 + x2 + x3 

. . . + xf) 
yf 

(y1 + y2 + y3 
. . . + yf) 

zf 
(z1 + z2 + z3 

. . . + zf) 
vf 

(v1 + v2 + v3 
. . . + vf) 

  
 

3.8 Open-loop SC Model 

In this research, a closed-loop SC model is developed to reduce the overall material 

and resource consumption over MLCs, and thereby aiming to promoting true 

sustainability within the SC. Most of the conventional SC models are open-loop models 

(no post-use consideration). In order to realize the actual performance of the closed-loop 

SC model over MLCs there is a need to compare its performance with the conventional 

SC model. Therefore, an Open-loop SC model is developed, which considers only 

forward loop SC partners (Suppliers, OEM, and Use locations). Figure 3.14 illustrates the 

open-loop SC model with  different suppliers, one OEM, and  different use locations 

considered in this research. The suppliers provide the components to OEM where the 

products are assembled to be transported to different use locations. 
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Figure 3.14: Open-loop SC Model 

 

3.8.1 Open-loop MLC Analysis Description 

The MLC analysis for an open-loop SC is performed in a similar way as that of 

the economic MLC analysis for each year in period . As opposed to considering the 

EOM results, as in that of the MLCEco tool, this analysis considers only the steady-state 

values of price, demand and per-unit cost. The results from EOM cannot be used in this 

case, as EOM considers a closed-loop SC. As there are no reverse loop SC operations, the 

open-loop MLC analysis includes only (a) price and demand computations, (b) forward 

loop SC quantities and their costs (total supplier, total transportation from suppliers to 

OEM, OEM capital cost, OEM assembly and holding costs) computations, and (c) the 

revenue computations for each MLC year. Each of these computations is discussed 

below:  

 

Price and demand Computations 

The price and demand computations for the open-loop MLC analysis is performed 

in a similar way to that of the MLCEco tool. As there are no refurbished or remanufactured 

products, in this case, only unit price for new product is considered. Similar price-

adjustment factors as that of the economic MLC analysis, are used for computing price of 

new product per-unit for rest of the years in T. The slope and intercept are calculated for 
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both introduction and decline phases using the first year’s, steady-state, and last year’s 

demand and the price per-unit of a new product. Based on the slopes, prices and 

intercepts for both introduction and decline lines, the demand for all the MLC years is 

estimated.  

 

Forward Loop SC Quantities 

The forward loop SC parameters considered in this analysis are similar to the 

parameters considered in the MLCEco tool. However, in this case, all the demand is 

satisfied by only new products for all years in period T. Each new product has only one 

component from each supplier. Therefore, for each year, the number of components 

transported from each supplier is equal to the annual demand for that year. Also, as all 

the components must be assembled at the OEM, the assembly quantity is also equal to the 

annual demand for each year. There are no refurbished or remanufactured components 

from past years available to satisfy the demand. As a result, the OEM inventory is zero 

for all the years.  

 

Forward Loop SC Costs 

The forward loop SC costs are computed using the forward loop quantities and 

the corresponding per-unit costs. The costs from the steady-state period  such as 

supplier cost per component, transportation cost from each supplier to OEM, assembly 

cost per product are multiplied by corresponding quantities to obtain the different forward 

loop SC costs for each of the years in period T. As the OEM holding cost is assumed to 

incur based on its inventory level, which is zero throughout the period, no holding costs 

are incurred for all the years. The annualized capital cost for the OEM is also considered 

in this analysis. All the costs are computed in a similar fashion as described in economic 

MLC analysis section for each year in T. Once computed, the present values of these 

costs are calculated using an interest/discount rate similar to that of the value used in 

MLCEco tool. As the results of the MLCEco must be compared to the results of the open-

loop MLC analysis, similar data used for the MLCEco tool, is used for the open-loop MLC 

analysis wherever applicable.  From the present costs, the total annual cost is computed 

for all the years in period , which is the sum of costs incurred during each year.  
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Revenue Computations 

The revenue computations for open-loop MC analysis are similar to the economic 

MLC analysis. However, in this case, all revenue for MLC years is generated only from 

new products. As no refurbished products or remanufactured components are considered, 

no revenue is generated from these products. Also, no scrap components are available, 

due to lack of reverse loop operations; hence no revenue is generated from scrap too. 

Therefore, the revenue from new products for each year is computed as 

 

     

          

 

As the price per-unit is based on value during steady-state period , the present 

value of the total revenue for each year is computed using the procedure explained in 

economic MLC analysis section.   

 

Total Annual Profit Computations 

From the total cost and revenue for each year, the annual profit is computed for all 

the years in period T using the expression  

 

      

             

 

Table 3.14 presents the different SC parameters considered in the open-loop model.  
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Table 3.14: List of SC Parameters Considered for Open-loop MLC Analysis 

Annual Demand 

Forward 
Loop 
Costs 

Total Supplier Cost 
Total Transportation Cost (Supplier -

OEM) 
Total Assembly Cost 

Annualized Capital Cost (OEM) 

Revenue
Price for Unit of New Product 

Total Price for New Products 

Total Cost 

Total Revenue 

Total Profit  
 

3.8.2 Open-loop MLC Analysis (MLCOsc) Tool 

An MLCOsc tool is developed in Microsoft Excel Spreadsheet to perform the 

open-loop MLC analysis as discussed above. The ‘Input Data Sheet’ for the MLCOsc 

acquires data including the price and demand for: first year, steady-state period, and the 

last year of period T, all the per-unit costs including component acquisition cost, 

transportation cost from supplier to OEM, assembly cost, OEM annualized capital cost, 

the interest/discount rates as shown in Figure 3.15.  
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Figure 3.15: Snapshot of MLCOsc Tool ‘Input data’ Sheet 

 

Based on the Input data, the computations for the price and demand for all years 

in period T is estimated in the ‘Demand Computations’ spreadsheet as shown in Figure 

3.16.  
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Figure 3.16: Snapshot of MLCOsc Tool ‘Demand Computations’ Sheet 

 

From the data in the ‘Input Data’ and the ‘Demand Computations’ spreadsheets 

the entire forward loop SC costs and revenue, and thereby the total annual profit for each 

year in the period  are computed in the ‘Open-loop MLC Analysis and Results’ 

spreadsheet. A snapshot of the sheet is shown in Figure 3.17. All the computations are 

computed based on the above discussed procedure. As the objective of this section is to 

present the procedure, only sample snapshots of the tools are presented. However, for the 

example and the case study problem the results generated for these tools are discussed. 
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Figure 3.17: Snapshot of MLCOsc Tool ‘Open-loop MLC Analysis & Results’ Sheet  

 

For the open-loop model, no optimization is considered. This is reasonable because 

the EOM only selects reverse loop SC partners, while all the forward loop SC partners 

remain the same. Hence, irrespective of the optimization, the SC configuration for each 

product design remains constant, in this case. For each PDSCC at the NPD stage, the 

open-loop MLC analysis is performed separately to obtain the annual profits for each of 

the designs over total period T. Later, for each PDSCC combination the cumulative 

profits for each year are computed as described earlier. Therefore, the MLCOsc model is 

used to compare the performance of open-loop SC with the closed-loop SC.  

 

3.9  PDSCC Economic Performance Comparison 

In order to the compare the MLC performance of the closed-loop (MLCEco) versus 

the open-loop SC (MLCOsc) models, for each PDSCC combination, the cumulative profits 

obtained from these tools over period T are compared. Following this, the environmental 
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MLC analysis is performed on the best PDSCC combinations selected from the MLCEco 

tool. 

 

3.10  Environmental Multi Life-cycle Analysis 

In this section, the environmental MLC analysis performed on the ranked PDSCC 

combinations is discussed. Following a review of the environmental performance criteria, 

and the assumptions, a description of the environmental analysis is provided. Later, the 

environmental MLC analysis (MLCEnv) tool developed to identify the best PDSCC 

combinations that have minimal environmental impact is presented. 

3.10.1 Environmental Performance Criteria 

Measuring the environmental performance of any SC requires identifying the 

appropriate metrics. From the past two decades, there has been a growing interest in the 

area of assessing the environmental performance of business operations and therefore the 

SCs (Seager et al., 2007). A growing amount of literature is emerging in the field of 

environmental management systems, environmental-benign manufacturing, LCA 

analysis, GrSCM. The increasing environmental costs (GEMI, 1998) and corresponding 

regulatory requirements coupled with increased public awareness, community and public 

pressure have demanded integration of environmental aspects into current SCs which 

requires identification of appropriate environmental performance metrics.  

 

During past decade, several metrics have been developed by researchers, by 

companies and by organizations such as International Organization for Standardization 

(ISO) to efficiently measure/quantify the environmental performance of a SC. The Global 

Report Initiative (GRI) provides a range of environmental metrics at an enterprise wide 

level (GRI, 2006). GEMI (1998) summarized the common metrics used by 41 different 

companies. Most of these metrics focus on tracking the results/impacts of the 

environmental practices followed by the SC, such as amount of hazardous waste 

generated, amount of toxic chemicals released into air, number of environmental 

violations notices received, water usage, energy usage, number of ozone depleting 

substances used, amount of fines paid in violation of regulations, amount of renewable 

energy generated etc. The Committee on Industrial Environmental Performance Metrics 
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(1999) presented that metrics related to emissions released, energy, water, land, materials, 

and recycled material usage are commonly used across Automotive, Chemicals, 

Electronic and Pulp and Paper industry sectors.  

 

Shaw and Grant (2010) presented a review of existing literature in the area of 

environmental metrics, with an objective to examine the benefits of integrating them into 

SC framework. In their paper, they presented that almost all the environmental 

management systems developed so far, worldwide across all the industries, aim mainly at 

reducing the greenhouse gas emissions, particularly carbon dioxide (CO2). This is 

understandable as several legislative regulations exist which aim at reducing the 

greenhouse gas emissions, particularly CO2 emissions, and the carbon footprint. For 

example, the Kyoto agreement bound nations to reduce the carbon emissions by an 

average of 5.2 percent below the 1990 levels by 2012 (Kyoto Protocol, 1997). Also, the 

energy and material use is another important measure used by almost all the 

environmental management systems. DEFRA (2006) identified and categorized key 

environmental indicators that are important to UK business and one of them is resource 

use. The resources in a SC include the materials, energy and all other form of resources 

used by the activities. Also the GRI developed performance indicators for the 

environmental and logistic sector (GRI, 2006). The major categories of these indicators 

include materials, energy, emissions. Therefore, based on the above review of SC 

environmental performance metrics, the CO2 emissions, the energy and material 

consumption seem to be the most commonly used metrics for measuring the SC 

environmental performance.  

 

As in this research, the objective is to develop a generalized environmental MLC 

analysis tool that can have potential to be used across multiple industries, the metrics that 

are used across different sectors are considered such as materials consumption, energy 

usage and amount of CO2 emissions released are considered for the environmental MLC 

analysis. As the closed-loop SC network includes several SC partners, the values for each 

metric must be computed at each partner. Therefore, more number of metrics considered, 

the higher is the complexity. Hence, in this research the three most common and 
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important environmental metrics are considered and the performance of each PDSCC 

with respect to each of these metrics is computed and compared.   

 

Environmental Impact of the Closed-loop SC 

In the previous section, the metrics such as materials consumption, energy usage 

and amount of CO2 emissions are identified. As the environmental MLC analysis must be 

performed for the closed-loop SC model, which includes several activities performed by 

different SC partners, there is need to identify the locations at which each of these metrics 

must be computed. One way to identify this is to consider and analyze various SC 

activities, as each of these impacts the environment in one or another way. The activities 

in a closed-loop SC can be categorized into three main sectors: processing, use and 

transportation (Boustani et al., 2010). The processing activities are the operations 

performed on a product, by different SC partners in the pre-manufacturing, 

manufacturing, and post-use stages, to make it ready to be used by the customer. As the 

name explains, all the activities related to transporting a product or any of its components 

from one SC partner to another are all considered as the SC transportation activities. 

Finally, the activities performed during the use stage of a product are all termed as use 

activities. Therefore, the environmental impact at various SC partners can be computed 

using the above three activities. For example, all the processing, transportation and use 

activities consume energy and release CO2 emissions. Therefore, for each of these 

activities corresponding energy and emissions released must be computed. Similarly, the 

material used in this research is computed in terms of number of refurbished and 

remanufactured components used to satisfy the demand. This metric must be computed at 

OEM for each year. Therefore, Figure 3.18 illustrates the different closed-loop SC 

activities and their environmental impact. Typically, the figure illustrates that the closed-

loop SC model takes in material and energy and releases CO2 emissions. The different 

activities occurring at and in between each SC partner are also shown.   
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Figure 3.18: Closed-loop SC Activities and their Environmental Impact 

 

Therefore, using the above metrics, the environmental impact for each PDSCC 

combination is computed.  

3.10.2 Assumptions 

The environmental analysis uses the results of the economic MLC analysis, that 

is, the forward and reverse loop SC costs computed in the MLCEco tool for all years in 

period T, to compute the corresponding MLC energy and emissions released from 

processing, transportation and use activities. This is a reasonable estimation, as most of 

the energy used and CO2 emissions calculators currently available use cost as their basis 

to compute the environmental impact. A detailed discussion supporting this argument is 

presented in the analysis description section, where some of these well-recognized 

calculators are used for computations.  

3.10.3 Analysis Description 

A detailed description of the environmental MLC analysis is presented in this 

section.  The objective of this analysis is to select the best PDSCC combinations that 
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have minimal environmental impact. The environmental impact of each PDSCC 

combination is computed in terms of three performance criteria including:  

 

(a) Material Usage (Number of new components used to satisfy the demand) 

(b) Energy Consumed (BTU) 

(c) CO2 Emissions (Lb) 

 

As discussed in the assumptions, all the economic MLC analysis results including the 

forward and reverse loop costs, the refurbished and remanufactured quantities satisfying 

demand for each MLC year are used as input data to this analysis. The computations for 

each of the above three metrics is shown below: 

  

Material Usage (Number of new components satisfying demand) 

The material usage in this research is defined in terms of the number of new 

components used to satisfy the demand for a given year. As more refurbished and 

remanufactured components satisfy the demand, less new components are used. While 

the refurbished and remanufactured components do not consume any new raw materials, 

for each new component, a certain amount of raw material is consumed. Therefore more 

new components from suppliers imply more material usage, hence higher environmental 

impact. The demand satisfied from new components for each component type  is 

already computed and available for each year in T. Therefore, the total number of new 

components used is computed by the following expression  

 

Total Number of New Components for a Given Year  =  ∑  

 

From each year the cumulative values are also computed for comparison. However, 

it must be observed that for any PDSDD combination, until a certain year,  , all the 

demand is satisfied by new components only, as the products sold during the first year 

must be available for their next life. For example, if all the demand in a year, say , is 

satisfied by only new components, the number of new components for that year can be 

expressed by 



112 
 

 

Number of New Components Used in Year  = ∑  
 

Table 3.15 shows sample computations for ‘material usage’ for each year in period . 

 

Table 3.15: Sample Computations for ‘Material Usage’  

Parameter 

Year 

  … …  

Number of 
New 

Component
s Used 

  

  

Cumulative 
Number  

 

 … 

 …

  …

 …

  …

  

 

Energy Consumption (BTU)  

In a closed-loop SC, energy is consumed by transportation, processing and use 

activities. Ideally, the less energy is consumed by the SC, less is the environmental 

impact. The total energy consumed by each of the above SC activities is computed in this 

section.  

 

Transportation Energy: The transportation energy is computed based on the 

transportation costs data from the economic MLC results. The SC transportation costs 

include the cost incurred for transporting components or products from supplier to OEM, 

use locations to collection centers, collection centers to OEM, collection center to 
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remanufacturing centers, collection center to recycling centers, remanufacturing centers 

to OEM, recycling centers to suppliers, collection to disposal locations. Therefore, for 

each of these costs corresponding energy consumed is computed as follows:  

 

The data for average freight revenue for ton-mile for years between 1960 through 

2009 is obtained from Department's Bureau of Transportation Statistics. They covered 

different modes including air, truck, rail, and ship. As in this research, only ship and truck 

modes are considered, the data for both these modes is used. While for some years all the 

data was available, for rest of them there was no data. For the year 2003 all the data was 

available. Based on this data, the corresponding costs for ton-mile are computed (shown 

in Table 3.16). Suppose, for example, if we assume that 90% of distance is covered by 

ship and 10% by truck, the revenue for ton-mile is calculated as follows: 

 

    

 0.9        0. 1 

     

Similarly, the data for energy consumed in terms of BTU per ton-mile for both truck 

and ship modes of transportation is obtained (Davis et al., 2009). From this data, the 

corresponding energy consumption per ton-mile, for the example case, is computed using 

the expression 

        

 0.9         0. 1 
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Table 3.16: Sample Transportation Cost and Energy per Ton-Mile Computations 

Mode of 
Transportatio

n 

Revenue 
Per 

Ton-
Mile ($)

Average 
Cost Per 
Ton-Mile 

($) 

Energy 
Consumed 
in BTU Per 
Ton-Mile 

Average 
Energy 

Consumed in 
BTU Per Ton-

Mile 

Truck 0.13 
0.9

0.02
0.1 

0.13
.

3699.41 
0.9 
 562.02 

0.1 
 3699.41

.  
Ship 0.02 562.02 

 

In this research, all the transportation costs are assumed to be proportional to the 

amount of energy consumed. This is because, as more distance is travelled more energy is 

consumed, and therefore more cost are incurred. For the above example problem, it is 

considered that for each 0.03 dollars spent on transportation costs, 875.75 BTU of energy 

is consumed. For all the eight different SC transportation activities, corresponding 

transportation energy is computed from their MLCEco costs as shown in Table 3.17. Each 

of the MLC costs is converted into corresponding energy by multiplying them with 

factor .

.
. Also, the total transportation energy for each MLC year is computed. 
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Table 3.17: Sample Notations for Transportation Energy 

SC Costs  

Costs for each year in 
period T ($) 

Energy for each year in period T (BTU) 

…  …   …  

Transportation Cost 
(Supplier - OEM) 

C11 C1n C1f C11 
.

.
 C1n 

.

.
 C1f 

.

.
 

Transportation Cost 
(Collection - 

Remanufacturing) 
C21 C2n C2f C21 

.

.
 C2n 

.

.
 C2f 

.

.
 

Transportation Cost 
(Collection -

Disposal) 
C31 C3n C3f C31 

.

.
 C3n 

.

.
 C3f 

.

.
 

Transportation Cost 
(Collection -

Recycle) 
C41 C4n C4f C41 

.

.
 C4n 

.

.
 C4f 

.

.
 

Transportation Cost 
(Remanufacturing - 

OEM) 
C51 C5n C5f C51

.

.
 C5n

.

.
 C5f

.

.
 

Transportation Cost 
(Recycle - 
Suppliers) 

C61 C6n C6f C61
.

.
 C6n

.

.
 C6f

.

.
 

Transportation 
Costs (Collection - 

OEM) 
C71 C7n C7f C71

.

.
 C7n

.

.
 C7f

.

.
 

Transportation Cost 
(Use - Collection) 

C81 C8n C8f C81
.

.
 C8n

.

.
 C8f

.

.
 

Total Transportation Energy  
 

sum of all above values for corresponding year 
 

 

Processing Energy: Seven different processing related activities are involved in 

the closed-loop SC including the raw material processing, assembly operations, collection 

center processing, refurbishing operations, disassembly, remanufacturing operations, and 

recycling operations. Unlike transportation energy, processing energy cannot be 

considered as proportional to cost. This is because, besides from cost, the processing 

energy depends on the materials involved, the skill of the workers ect. Therefore, in order 

to calculate this value, individual energy per kilogram of material consumed for each of 
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the seven different activities is considered. Boustani (2010) provided data on the energy 

consumed for some of these operations including raw material processing, manufacturing 

and assembly, disassembly, recycling for a household appliance based on its material 

composition. Using this data as reference, in this research the energy values for these 

operations is estimated. For the other data such as collection centers processing, 

refurbishing, and remanufacturing operations, the energy consumption is estimated. As 

most of the collection centers sort the products not much energy is consumed, hence, an 

estimate of 1 Btu/kg is assumed for the collection center processing operations. Similarly, 

refurbishing and remanufacturing activities in this research involves cleanup of the 

product or component, which too involves less energy consumption, therefore 1.25 

BTU/kg of energy is estimated to be used for these operations. Although the energy 

consumption data is approximated, these values are still reasonable considering the nature 

of operations. However, if the actual energy data is available for a given company, these 

values could be replaced. The energy consumption data (presented in Table 3.18) is based 

on the weight of the material being processed. While some of the processing activities are 

performed on the components, others are performed on the product itself (as shown) and 

therefore the weight varies. Also, the weight can vary among different PDSCC 

combinations.  

 

The total annual energy consumed for each of these operations is based on the 

total weight of material, and therefore depends on the material quantity. As the quantity 

of products/components processed for each of these activities is known from the MLCEco 

results, one way to compute the total energy is to compute the amount of energy 

consumed per product or component for each operation, and multiply this by total units 

processed. Therefore, the BTU/kg value is converted into corresponding BTU per-unit 

value using the weights.   
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Table 3.18: Energy Consumed by Different Processing Activities in a SC 

Processing 
Activity 

BTU/Kg Unit BTU/Unit 

Raw Material 
Processing 

21579.76 Component 
21579.76  

  

Assembly 2584.96 Product 
2584.96 

   

Collection 1.00 Product 
1.00 

   

Refurbishing 1.25 Product 
1.25 

   

Disassembly 11.20 Product 
11.20 

   

Remanufacturing 1.25 Component 
1.25 
  

Recycling 31.88 Component 
31.88 
  

 

Computation of Processing Quantities: The raw material processing quantity (new 

component) and assembly quantity is already available from MLCEco. The reverse loop 

quantities for collection center, refurbishing, disassembly, remanufacturing and recycling 

activities for the steady-state period are available and these values are used to compute 

the quantities for rest of the years in T using the demand ratio, as explained in MLCEco 

section. Each steady-state quantity is multiplied by the demand ratio for a given year, say 

, to obtain the quantity for year . This can be expressed by  

 

      

        

 

Therefore, the total processing energy is obtained by multiplying the quantity and the 

BTU/unit values, for each of the processing activities. Table 3.19 presents sample 

individual and total processing energy computations for a year  in period T. Similar 

computations are performed for rest of the years in period T. 
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Table 3.19: Sample Processing Energy Computations 

SC Processing 
Related Parameter 

BTU/Unit 
Quantity for 

Year  
Energy for Year 

 (BTU) 

Raw Material 
Processing 

(Components) 

21579.76 
 (11) 

(12) (11 x 12) = 13 

Assembly  (Products) 2584.96 (21) (22) (21 x 22) = 23 

Collection Center 
Processing (Products) 

1.00 (31) (32) (31 x 32) = 33 

Refurbishing (Product) 1.25  (41) (42) (41 x 42) = 43 

Disassembly 
(Products) 

11.20  (51)  (52) (51 x 52) = 53 

Remanufacturing 
(Components) 

1.25  (61) (62) (61 x 62) = 63 

Recycling 
(Components) 

31.88  (71) (72) (71 x 72) = 73 

Total Processing Energy for year  = Sum (13, 23, 33, 
43, 53, 63, 73) 

  = 1 to   

 

Use Energy: The US Department of Energy (2010) provided a formula for the 

energy consumed by a product or an appliance as shown below: 

   
Product Wattage  Hours Used Per Day

1000
  

From this equation, the annual energy consumption in BTU per-unit of product can be 

expressed by  

Energy Consumption BTU
 =  

Product Wattage  Hours Used Per Day x Days Used Per Year 
1000

  3413 

 

Therefore, the annual energy consumption for a unit of product can be estimated. 

Multiplying the BTU/unit with the demand for each year in period  , provides the annual 

use energy consumed. Therefore, the total energy usage for each year is given by 
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 1    

 

Emissions Released (Lb of CO2) 

In a closed-loop SC, all the transportation, processing and use activities release 

CO2 emissions. Lower the emissions, lower is the environmental impact. In this research, 

emissions are measured in terms of pounds of CO2 emissions released to air. Therefore, 

in this section, all the emissions computations related to transportation, processing and 

use activities are presented. 

 

Transportation Emissions: Each of the eight transportation activities in the 

closed-loop SC model releases CO2 emissions. Carbonfund.Org presented the data for 

CO2 emissions from different modes of transportation. For the example problem, the CO2 

emissions per ton-mile are computed in Table 3.20.  

 

Table 3.20: CO2 Emissions per Ton-Mile Computations 

Mode of 
Transportation 

CO2 emissions (Lb 
per Ton-Mile) 

CO2 emissions 
(Lb per Ton-

Mile) 

Truck 
 

0.37 
 

0.9 0.09
0.1 

0.37
.  Ship 0.09 

 

It is assumed that the CO2 emissions released are proportional to transportation 

costs, and as more distance is travelled more emissions are released. Therefore, for 

example case, every 0.03 dollar spent 0.12 pounds of CO2 emissions are released. Just 

similar to transportation energy computations all the transportation costs for each year in 

period T are multiplied by factor 
.

.
 to obtained corresponding CO2 emissions. Table 

3.21 presents the sample computations for CO2 emissions released through various SC 

transportation activities, for the example problem.  
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Table 3.21: Sample Computations for Transportation CO2 Emissions  

SC Cost 
Costs ($) CO2 Emissions (Lb) 

…  …   …  

Transportation Cost 
(Supplier - OEM) 

C11 C1n C1f C11 
.

.
 C1n 

.

.
 C1f 

.

.
 

Transportation Cost 
(Collection - 

Remanufacturing) 
C21 C2n C2f C21

.

.
 C2n 

.

.
 C2f 

.

.
 

Total 
Transportation Cost 

(Collection-
Disposal) 

C31 C3n C3f C31
.

.
 C3n 

.

.
 C3f 

.

.
 

Transportation Cost 
(Collection -

Recycle) 
C41 C4n C4f C41 

.

.
 C4n 

.

.
 C4f 

.

.
 

Transportation Cost 
(Remanufacturing - 

OEM) 
C51 C5n C5f C51

.

.
 C5n

.

.
 C5f

.

.
 

Transportation Cost 
(Recycle - 
Suppliers) 

C61 C6n C6f C61
.

.
 C6n

.

.
 C6f

.

.
 

Transportation 
Costs (Collection - 

OEM) 
C71 C7n C7f C71

.

.
 C7n

.

.
 C7f

.

.
 

Transportation Cost 
(Use - Collection) 

C81 C8n C8f C81
.

.
 C8n

.

.
 C8f

.

.
 

Total Transportation Emissions 
 

sum of above values for corresponding year 
  

 

Processing Emissions: All the processing activities release CO2 emissions. In 

order to compute the emissions released from each of the seven processing activities the 

conversion factor provided by the National Energy Foundation (NEF, 2010) is used. 

While, several carbon footprint calculators are provided, the NEF provides a simple easy-

to-use conversion factor which is developed based on the recommended values provided 

by Department for Environment, Food and Rural Affairs (DEFRA) in its Environmental 
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Reporting Guidelines. These factors are used by UK organizations and several individual 

companies to compute their carbon footprints. Hence in this research, the factor provided 

by the NEF is used. They presented that every KWh of energy releases approximately 

0.54 Kg of CO2 emissions. As in this research, energy is measured in BTU and emissions 

in pounds this value is converted into equivalent factor and therefore, for every BTU of 

energy consumed by industrial processing operations approximately 3.48e-4 pounds of 

CO2 emissions are released. Therefore, the processing energy values for each year is 

multiplied by 3.48e-4 to obtain the pounds of CO2 emissions released from these 

operations. Table 3.22 presents sample computations for individual and total processing 

emissions for all years in period T. 

 

Use Emissions: All the products when used release CO2 emissions. The US 

Environmental protection Agency (USEPA) provided a calculator for estimating the 

amount of CO2 emissions released from household appliance and different products. As 

the model is developed to be used across all the industries, and the USEPA being a well-

recognized source of data, in this research the USEPA calculator is used to compute the 

annual average CO2 emissions released from each product. The calculator estimates that 

for every KWh of energy used by a product a pound of CO2 is emitted in a year. 

Therefore, as most of the ratings are in KWh, the input data is taken in terms of annual 

KWh usage and the corresponding pounds of CO2 emissions released per product is 

computed. To calculate the total use emissions for each year the emissions/product is 

multiplied by the annual demand for that year. The computations are illustrated in Table 

3.23.  

 

 

 

 

 

 

 

 



122 
 

Table 3.22:  Sample Processing CO2 Emissions Computations 

SC Processing 
Related Parameter 

BTU/Unit 
Quantity 
for Year 

 

Energy for 
Year 
 (BTU) 

 
CO2 

emissions 
for Year 

(Lbs) 
Raw Material 

Processing 
(Components) 

21579.76 
 (11) 

(12) (11 x 12) = 13 13 x 3.48e-4 

Assembly  
(Products) 

2584.96 
 (21) 

(22) (21 x 22) = 23 23 x 3.48e-4 

Collection Center 
Processing 
(Products) 

1.00  (31) (32) (31 x 32) = 33 33 x 3.48e-4 

Refurbishing 
(Product) 

1.25   (41) (42) (41 x 42) = 43 43 x 3.48e-4 

Disassembly 
(Products) 

11.20   (51)  (52) (51 x 52) = 53 53 x 3.48e-4 

Remanufacturing 
(Components) 

1.25   
(61) 

(62) (61 x 62) = 63 63 x 3.48e-4 

Recycling 
(Components) 

31.88 
 (71) 

(72) (71 x 72) = 73 73 x 3.48e-4 

 
Total Processing Emissions for year  

 

sum of all 
above  

  = 1 to   

 

Table 3.23:  Sample Use CO2 Emissions Computations 

SC Parameter 
Year in Period T ($) 

…  …  

Product 
KWh/Year 

 

Annual Demand … …  

Total Annual 
CO2 Emissions 

(Lb)     

 

3.10.4 MLCEnv Tool 

The MLCEnv tool is developed in Microsoft Excel Spreadsheet. This MLCEnv is a 

part of the MLCEco tool, and it has the ‘Environmental Input Spreadsheet’ which takes the 

annual energy usage data for a product, the reverse loop quantities, the product and 
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component weights for processing computations, and displays other transportation, 

processing, use related conversion factors used in the model. A snapshot of the 

spreadsheet is shown in Figure 3.19. The data that must be entered for each PDSCC is 

shaded while the conversion factors are displayed in red.  

 

 

Figure 3.19: Snapshot of ‘Environmental Input’ Sheet 

 

The sheet ‘Environmental Analysis, Results’ gathers all the SC costs and 

refurbished and remanufactured quantity related data from the economic MLC results to 

perform the analysis by computing the environmental impact for each PDSCC separately 

as discussed above. Figure 3.20 shows a snapshot of the ‘Environmental MLC analysis 

and Results’ sheet and its computations. As the analysis part is described in detail in this 

section, only the final results are captured.  
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Figure 3.20: Snapshot of ‘Environmental Analysis, Results’ Sheet  

 

For each of the environmental performance criteria, corresponding cumulative 

values for all the years in period T are computed. Therefore, the MLCEnv tool is run for all 

the PDSCC combinations separately, and the cumulative environmental impact of each of 

these PDSCC combinations is computed and compared at end of period T. Towards the 

end, the best PDSCC combinations that have minimal environmental impact are selected 

for the societal MLC analysis. 

 

3.11 Societal Multi Life-cycle Analysis Description 

In this section, a description of the societal MLC analysis is presented. Following a 

review of the societal performance criteria and analysis assumptions, a detailed 

description of the analysis procedure is presented. Finally, the societal MLC analysis tool 

(MLCSoc) developed to identify the best PDSCC combination is explained. 
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3.11.1 Societal Performance Criteria  

The field of societal sustainability has been gaining increased recognition during 

the recent years. Most of the work performed in this area is in the form of developing 

Corporate Societal Responsibility (CSR) metrics mostly generated by the companies. The 

ISO developed a set of guidelines for societal responsibility (ISO 26000). This document 

provides an extensive background on core principles of societal responsibility, guidelines 

on how to implement social responsibility practices in organizations. Most of the 

currently used societal metrics include simple measures such as accident rate, heath rate, 

number of illness complaints, employee diversity, employee training and development 

related metrics such as hours of training, number of learning activities available, 

educational development activities including tuition reimbursement ect., employee 

satisfaction, customer safety with products, employee safety, supplier training and 

development, customer satisfaction (IBM Supplier Social Conduct Principles, 2009; 

Apple, 2010). The major challenge in developing societal metrics is that most of these 

aspects are not quantifiable, due to the nature of the societal aspect and hence most of the 

companies use simple metrics to overcome this challenge. These metrics can be classified 

under six different stakeholder sectors including suppliers, employees, financial 

institutions, customers, community, and NGO/media.  

 

As in this research, the objective is to develop a tool that can evaluate the societal 

performance of the PDSCC combinations, only the metrics that are relevant to this 

research are considered. Due to the relevance to this research, metrics within the supplier, 

employee and customer stakeholder sectors are considered (closed-loop SC model 

includes, suppliers, employees and customers). Therefore, criteria such as supplier 

societal-compliance ratio, supplier training and development, employee training and 

development, and product customization rate are considered for the societal MLC 

analysis. Each of this metric is defined below:  

 

Supplier societal-compliance ratio: This metric is defined as the number of 

suppliers complying with societal responsibility policies over total number of suppliers. 
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Supplier training and development: This metric is measured in terms of average 

number of training hours spent by a supplier. 

 

Employee training and development: This metric is measured in terms of average 

number of training hours spent by an employee. 

 

Product Customizability Rate: This metric is measured in terms of the percentage 

(converted to a number between 0 and 1, hence rate) of components that can be 

customized in a given product. 

 

Again, as the closed-loop SC network includes several SC partners, each of these 

criteria must be computed at different partners. Table 3.24 presents the different metrics 

considered for the societal MLC analysis categorized under three different stakeholder 

sectors, their formula, and their desired direction to reduce societal impact. 

 

Table 3.24  Societal Performance Criteria and Their Formulas 

Stakeholder 
Sector   

Societal Metric Formula 
Desired 
Direction 

Supplier  

Supplier societal -
compliance ratio  

   

Supplier training 
and development  

 * 
 

Employee  
Employee training 
and development 

* 
 

Customer   
Product 

customizability 
Rate 

   
 

 

*Values are Annual Averages  

 

Societal Impact of the Closed-loop SC 

In this section, the location at which the metrics must be computed is presented. 

As the names of the stakeholders indicate, all the supplier and employee related metrics 

are computed at the suppliers and employees respectively. In the model, employees are 

present at each SC partner except for suppliers and use. However, the customer related 

metric ‘product customizability rate’ is a product related metric, and hence it remains 

constant for a given product throughout its life-cycle. Hence, the metric is measured at 
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the product design stage.  Figure 3.21 illustrates the different closed-loop SC partners and 

their societal performance criteria considered in this research.   

 

 

Figure 3.21: Closed-loop SC Societal Performance Criteria   

 

3.11.2 Assumptions 

All the analysis is performed based on the steady-state data. The data for the 

training hours per supplier and employee are estimated annual averages and are assumed 

to remain constant during the steady-state period (  to ). The demand ratio computed 

in the MLCEco tool, is used to compute these values during the introduction and decline 

period. 

3.11.3 Analysis Description  

The objective of this analysis is to select the best PDSCC combinations that have 

minimal societal impact. Each of the performance criteria is computed as follows: 
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Supplier societal-compliance ratio: For each of the suppliers, the data on whether 

they are complaint with societal responsibility policies is identified by the following 

expression during the steady-state period: 

 

 
1       

0    1 . . .  

 

It is assumed that the supplier societal-compliance ratio remains constant during the 

steady-state period (  to ). This assumption is made due to the huge complexity 

involved in gathering the data for all the years in period T. However, for the Introduction 

and Decline phases the steady-state value is multiplied by corresponding year’s demand 

ratio computed in the MLCEco tool, to obtain the values for remaining years. Due to lack 

of relevant data, and as only demand data is available for all the years this approximation 

is made. Table 3.25 presents an example of supplier societal-compliance ratio 

computations for years in period T. 

 

Table 3.25  Supplier Societal-compliance Ratio Computations 

Supplier Criteria 
MLC Year ($) 

…  …  

Demand Ratio … …  

Supplier Societal-compliance 
Ratio     

 
Supplier Training and Development: The estimated annual average number of 

hours the supplier is trained for the steady-state period is considered as an input. 

Therefore, this value is used to compute the average training hours for all suppliers for 

the steady-state period. Similar, to the above case, the training hours for the introduction 

and decline phases is computed by multiplying the steady-state value with the 

corresponding year’s demand ratio to obtain the values for rest of the years. Table 3.26 

presents sample computations for the supplier training hours for each year in period T. 
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Table 3.26:  Average Supplier Training Hours Computations 

Supplier 
Criteria 

MLC Year ($) 

…  …  

Demand 
Ratio 

… …  

Supplier 
Training 

Hours 

 
  

 
 

 

Employee Training and Development: The estimated annual average number of 

hours an employee is trained for the steady-state period is considered as an input. Similar 

to supplier training hours, the average training hours for all employees for the steady-

state period is computed. Also, the training hours for the introduction and decline phases 

is computed by multiplying the steady-state value with corresponding year’s demand 

ratio to obtain the values for rest of the years in T.  

 

Product Customizability Rate: The percentage of product that can be customized 

is taken as input for this metric. As this is a product related metric this value remains 

constant over period T.  

 

3.11.4 Societal MLC Analysis (MLCSoc) Tool 

Similar to economic and environmental MLC analysis, a Microsoft Excel 

Spreadsheet tool is developed to conduct the societal MLC analysis on the best PDSCCs 

selected by the MLCEco and MLCEnv tools. The aim of the MLCSoc tool, which is a part of 

the MLCEco and MLCEnv is to assess the societal impact of each PDSCC combinations 

separately, to identify the best combination with minimal societal impact. 

  

The ‘Societal Input data’ spreadsheet takes all the steady-state input values such 

as supplier societal-compliance, average supplier and employee training hours, product 

customizability rate and computes the corresponding societal metrics for all the years in 

period T. Figure 3.22 shows a snapshot of the ‘Societal Input data’ sheet of the MLCSoc 

tool. The data is entered into the highlighted cells. 
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Figure 3.22: Snapshot of the ‘Societal Input data’ Sheet  

 

Therefore, from the input data, the ‘Societal MLC Analysis & Results’ sheet 

performs all the MLC analysis computations. Figure 3.23 illustrates the societal MLC 

analysis criteria and the results.  

 

 

Figure 3.23: Snapshot of the ‘Societal Analysis & Results’ Sheet  
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As it can be observed, the economic, environmental and societal MLC analysis 

spreadsheets are connected to one another and data is transferred from economic MLC 

analysis to environmental and societal analysis spreadsheets, as needed, for 

computational purposes. Therefore, for each PDSCC combination, the societal MLC 

analysis is performed and the cumulative values are computed for each performance 

criteria over period T. 
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4. CHAPTER FOUR: MODEL APPLICATION, RESULTS AND 

DISCUSSIONS 

 
To illustrate the working of the CSD model using hierarchical approach, the 

developed EOM model and the MLCEco, MLCEnv and MLCSoc tools are used to identify 

the best PDSCC combination that generates highest economic, environmental and 

societal benefits for an example problem. Following the description of the product design 

and the supply chain configuration, the four sub-models are formulated and used to 

identify the best PDSCC with maximum sustainability benefits. All the product and 

closed-loop SC related data, such as the product design characteristics (reuse, 

remanufacture and recycling probabilities), steady-state demand, capital costs, distances, 

processing costs are generated based on realistic estimates. 

 

4.1  Example Problem Description  

Four alternate product designs from the NPD stage are considered. While the design 

consists of several components, for this problem three different critical components are 

chosen. Each of the three components for the alternate product designs varies with 

respect to type of design, type of material etc. and is supplied by different supplier. It is 

considered that few of the product designs already exist in market, while others are 

hypothetical designs studied at the NPD stage to be launched in future. Table 4.1 presents 

the weights of the alternate product designs and their components (used to determine the 

product’s/component’s transportation cost). The higher the weight the greater is the cost 

of transporting the product/component for a given distance. The alternate product designs 

are identified by PD1, PD2, PD3, and PD4. The variation among the three components for 

each product design (in terms of their reuse, remanufacturing and recycling ratings and 

probabilities) is presented in Appendix B. 
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Table 4.1: Weights of Alternate Product Designs and their Components 

Unit 
Weight (Lb) 

PD1 PD2 PD3 PD4 

Component1 50 45 30 60 

Component2 25 30 21 29 

Component3 43 47 40 46 

Product  400 450 370 410 

 

4.2 SC configuration Description 

This section presents the SC configuration data for each alternate product design in 

terms of SC operations performed across the four product life-cycle stages. 

 

Components/Parts Acquisition Data 

Each supplier provides one component. Table 4.2 presents the supplier ID for the 

components and their corresponding cost. As only three components are evaluated 

individually, the cost for acquiring rest of the components is considered (used for 

computing the price of the product) and this data is presented in ‘others’ column. Based 

on the given location of the supplier, the distances from suppliers to OEM are calculated 

and this data along with weights in Table 4.1 is used to compute the transportation costs 

presented in the Appendix A.  
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Table 4.2: Supplier Related Information for Example Problem 

Produc
t ID 

Supplier Name Supplier Component Cost ($/unit) 

Componen
t1 

Componen
t2 

Componen
t3 

Componen
t1 

Componen
t2 

Componen
t3 

Other
s 

PD1 S3 S1 S2 350 230 200 400 

PD2 S1 S2 S3 300 270 180 450 

PD3 S1 S3 S2 310 240 300 480 

PD4 S2 S1 S3 380 410 330 500 

 

Manufacturing  

The OEM plant assembles the components to form final products to be distributed 

to various customer locations. The demand for alternate product designs, the OEM 

annualized capital costs, OEM assembly and holding costs are all presented in the 

Appendix A.   

 

Use 

Table 4.3 presents the distribution of the annual steady-state demand to different 

customer locations. 

 

Table 4.3: Demand Market: Example Problem 

Use Location ID 
Demand (in Thousands of Products) 

PD1 PD2  PD3 PD4 

U1 25 30 23 28 

U2 25 35 37 20 

U3 25 15 10 22 

U4 25 30 20 10 

Total 100 110 90 80 
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Collection 

The average lifespan of products in this problem is assumed to be 4 years and at 

the end of the use stage, 40% of the total products sold are considered to be recovered. 

Three possible collection centers are considered in this problem. Table 4.4 presents the 

potential collection center IDs, annualized capital costs, processing costs, and their 

capacity information for each alternate product design. All collection centers are assumed 

to have the capability to perform collecting and sorting operations.  

 

Table 4.4: Collection Center Data for Example Problem 

Collection 
Center ID 

Annualized Capital Cost 
(Millions of $) 

Processing Cost ($/Product) 
Capacity (Thousands of 

Product) 

PD1 PD2 PD3 PD4 PD1 PD2 PD3 PD4 PD1 PD2 PD3 PD4 

C1 1 1.02 0.98 1.80 3 2 2 5 26 30 19 15 

C2 1.1 1.08 1.09 1.82 2 1 4 3 21 21 26 20 

C3 1.03 1.06 1.30 1.85 4 3 5 2 23 29 25 23 

 

The distance from use locations to collection centers and the corresponding 

transportation costs for the alternate product designs are computed and presented in 

Appendix C.  

 

Sorting Operations: Collection Centers 

The sorting operations are performed as described in the methodology section.  

 

Evaluating Alternate Product Designs: Example Problem 

The reuse, remanufacturing and recycling ratings for alternate product designs are 

used to compute the corresponding probabilities as described in the methodology section 

and the values are presented in Appendix B. These probabilities are compared with 
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threshold limits for each design separately, to select the products or components for 

refurbishing, or remanufacturing, or recycling or disposal operations respectively.  

The cost for refurbishing and disassembly at each collection center is presented in 

Appendix A. The distances from collection centers to the OEM and the corresponding 

transportation costs are presented in Appendix C. The components that can be 

remanufactured and recycled are sent to the remanufacturing and recycling centers. The 

rest of the components are disposed at location DP. The distance and the transportation 

costs from each collection center to the disposal location are presented in Appendix C. 

 

Remanufacturing  

All the components chosen for remanufacturing at the collection centers are sent 

to remanufacturing centers for their operations. Table 4.5 presents the potential 

remanufacturing center ID and their annualized capital costs. The capital costs vary for 

each design for the same centers as each design has different set-up requirements. The 

remanufacturing costs, capabilities and capacities of potential remanufacturing centers, 

for each design, are presented in Appendix A. 

 

Table 4.5: Possible Remanufacturing Center Related Data: Example Problem 

Remanufacturing 
Center ID 

Annualized Capital Cost (in Millions of $) 

PD1 PD2 PD3 PD4 

RM1 2 2.01 1.8 1.85 

RM2 2.02 2.06 1.75 1.7 

RM3 1.8 1.9 1.6 1.9 

 

The Appendix C provides the distances and the transportation costs from 

collection centers to possible remanufacturing centers. As discussed earlier, the CSD 

model selects remanufacturing centers that must be opened and the quantity of 

components that must be sent to each center so that the profit is maximized based on 

associated capital, transportation and processing costs and their capacities and 

capabilities. The distances and the associated transportation costs from possible 

remanufacturing centers back to OEM are shown in Appendix C.  
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Recycling 

All the components chosen for recycling at the collection center are sent to 

recycling centers for their subsequent operations. Table 4.6 presents the IDs and 

annualized capital costs for possible recycling centers. The processing costs, capabilities 

and capacities of possible recycling centers for each design are presented in Appendix A.  

 

Table 4.6: Possible Recycling Center Related Data: Example Problem 

Recycle 
Center ID 

Annualized Capital Cost (Millions of $) 

PD1 PD2 PD3 PD4 

RY1 2 2.1 1.85 1.8 

RY2 2.1 2.09 1.96 1.9 

RY3 1.8 1.98 1.9 1.99 

 

The Appendix C provides distances and transportation costs from each collection 

center to potential recycling centers where major material from components is extracted 

and sent to component suppliers for use in new components. The distances and 

transportation costs from recycling centers to suppliers are shown in Appendix C.  

 

Therefore, a generalized version of possible closed-loop SC configuration based on 

the 6R concept of SM, for each of the four alternate product designs is illustrated in 

Figure 4.1. As the number of potential SC partners is similar for each design, in this case, 

each SC partner is represented with a suffix  and  where  is the design ID and  is SC 

partner ID.  
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Figure 4.1: Possible Closed-loop SC Configuration (Example problem) 

 
4.3 CSD Model Framework 

The demand graph for this problem is illustrated in Figure 4.2. The EOM is run at 

the steady-state condition in year 6 . The time horizon for this model is considered as 

10  years. The steady-state period ranges from 3  to 8  years. The economic, 

environmental and societal MLC analysis is conducted for all years between 1 to 10 using 

the tools MLCEco, MCEnv, and MLCSoc tools as described in methodology section.  

 

Figure 4.2: Demand Graph (Example Problem) 



139 
 

4.4  Economic Optimization Model (EOM) 

The EOM formulated and described in the methodology section is used to identify 

for each product design a corresponding optimal SC configuration that maximizes profit. 

The EOM for this problem is run at steady-state condition for year 6. The input data 

described previously, is entered for each PDSCC combination separately into the EOM. 

Figure 4.3 illustrates a snapshot of the EOM model run using the IBM ILOG CPLEX 

optimization software for PD1.  

 

 

Figure 4.3: Snapshot of the Economic Optimization Model for PD1 

 

4.4.1 Model Assumptions  

All the assumptions presented for the EOM earlier are considered for the example 

problem.  

4.4.2 Results 

Table 4.7 presents the optimal SC configuration identified by the EOM for each 

alternate product design. Each SC partner is represented by  where  is the SC partner, 
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 is the product design ID, and  is the partner ID. As the partner can vary for each design, 

they are identified using the product design and name of the partner.  

 

Table 4.7: Optimal SC Partners for Alternate Product Designs  

SC Partner 

Product Design (Optimal SC 
Configuration) 

PD1 

(SCC1) 
PD2 

(SCC2) 
PD3 

(SCC3) 
PD4 

(SCC4) 

Supplier 
S11 S21 S31 S41 
S12 S22 S32 S42 
S13 S23 S33 S43 

OEM OEM 

Use 

U11 U21 U31 U41 
U12 U22 U32 U42 
U13 U23 U33 U43 
U14 U24 U34 U44 

Collection 
C11 C21 C31 C41 

C13 C23 C32 C43 

Remanufacturing RM12 RM21 RM31 RM43 

Recycle RY12 RY23 RY33 
RY41 

RY42 

Maximum Profit (in Millions of $) 14.65 6.57 10.6 6.65 

 

4.4.3 Summary  

For each product design, a corresponding SC configuration is selected by EOM 

with an objective to maximize the profit. The reverse loop SC partners are selected based 

on their costs, capabilities, capacities and distances. No selection is performed among 

suppliers. Hence, all the forward loop SC partners such as suppliers, OEM and use 

locations that are provided initially are considered in the optimal SC configuration as 

shown in Table 4.7. The selection of reverse loop partners highly depends on the 

recovered quantity and hence on steady-state demand. The opening of reverse loop 

facilities, such as collection, remanufacturing and recycling centers highly depend on the 

recovered quantity (at the collection center) and the product design aspects. As more 
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products are recovered, more collection centers are opened. However, the collection 

center that maximizes total profit is given priority. Once the quantity is allocated to this 

collection center, if there exists more products the next best collection center is opened 

that maximizes the total profit. Among these recovered products, the quantity that can 

qualify for reuse, remanufacturing and recycling depends on product design 

characteristics. The more sustainable a design is, the more chances it has for second life. 

Therefore, the entire SC performance is optimized for each alternate product design as 

opposed to individual partner’s performance. These types of optimization models that 

consider entire SC as a single entity can help the companies to choose the optimal closed-

loop SC partners for a given design that benefit the overall organizational performance.  

 

The profit during the steady-state period depends mainly on the steady-state 

demand, and the number of remanufactured components or refurbished products used to 

satisfy the demand. As more demand is satisfied by refurbished products or 

remanufactured components, the total forward loop costs are reduced. This implies that 

more sustainable a product design is, the more products and components can be 

refurbished or remanufactured, and hence the forward loop costs are less, thereby 

generating more profits to the company. However, as discussed in previous paragraph, 

the sustainable products can have more chances of being refurbished at the end-of-life, 

and its components can have higher chances of being remanufactured or recycled. Hence, 

the sustainable design as compared to conventional designs can have higher reverse loop 

costs during the steady-state. However, for measuring true sustainability, it is not enough 

to make decisions based on a steady-state demand. Although the reverse loop costs are 

incurred for sustainable designs, in future life-cycles these designs have reduced forward 

loop costs and can also generate more profit over multiple years in time horizon  all of 

which must be studied. Therefore, the performance of each design must be studied over 

MLCs, to quantify the overall SC benefits/impact of performing reverse loop operations.  

 

Hence, from the EOM only the optimal SC configurations for each product design 

are considered and the decisions on the best PDSCC that maximizes total economic 

performance is made at the end of economic MLC analysis.  
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4.5 Economic Multi Life-cycle Analysis  

In this section, the economic MLC analysis performed on the example problem is 

presented. The objective of performing the analysis is to identify and select the best 

PDSCC combinations that have maximum economic performance at the end of the 10 

year period. At the end, the PDSCC combinations are ranked based on their maximum 

cumulative profit. Secondly, the impact of pursing a closed-loop flow on each of the 

PDSCC combination is studied in this section. To do so, for each PDSCC combination, 

the cumulative profits for each of the 10 years obtained from the closed-loop SC model is 

compared with the cumulative profits from the open-loop SC model.  

4.5.1 Analysis Assumptions 

All the assumptions considered in methodology section for the economic MLC 

analysis are considered for this problem, too. In addition, the following aspects are 

considered: the use stage of the product is 4 years ; the reverse loop SC operations 

take 1 year ; and the economic MLC analysis is performed for a period of 10 years 

 for each PDSCC combination identified by EOM (Table 4.7) separately.  

4.5.2 Analysis Description 

The economic MLC analysis is performed using the MLCEco tool described in the 

methodology section. Each PDSCC combination is analyzed separately.   

 

Input Data 

For each PDSCC, the data available from EOM such as the EOM results, the 

steady-state year (year 6) price and demand, the number of refurbished and 

remanufactured components returned from year 1 sales and are available for year 6 

(steady-state year), the number of critical components considered, the 6th year per-unit 

costs such as the supplier component cost, the transportation cost from suppliers to OEM, 

the assembly and holding cost is captured in the ‘Economic MLC Input Data’ sheet.  

 

The additional input data required for the economic MLC analysis such as the 

demand for the year 1 and 10, probability for refurbished and remanufactured 

components returned from each past years 1 through 5 and the interest or the discount 
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rate all presented in Table 4.8. As an example, the ‘Economic MLC Input Data’ sheet for 

PD1 is illustrated in the Figure 4.4.  

 

Table 4.8: Economic MLC Additional Input Data (Example Problem) 

SC Parameter 
Product Design ID 

PD1 PD2 PD3 PD4 

Demand for 1st year 20000 35000 21000 20000 

Demand for 10st year 30000 29000 9000 11000 

Interest/Discount rate 0.05 
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Year 1 0.4 0.7 0.6 0.63 

Year 2 0.45 0.64 0.5 0.65 

Year 3 0.36 0.59 0.3 0.64 

Year 4 0.45 0.64 0.7 0.7 

Year 5 0.07 0.4 0.54 0.59 
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Year 1 0.5 0.6 0.55 0.71 

Year 2 0.65 0.58 0.49 0.42 

Year 3 0.7 0.51 0.52 0.64 

Year 4 0.56 0.65 0.61 0.6 

Year 5 0.87 0.57 0.7 0.59 
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Figure 4.4: ‘Economic MLC Input Data’ Sheet for PD1  

 

Therefore, from the input data, the price, the demand for each of the 10 years, and 

the refurbished and remanufactured component quantity returned for each year is 

computed in sheet ‘Demand Computations’ as shown in Figure 4.5. 
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Figure 4.5: ‘Demand Computations’ Sheet for PD1  

4.5.3 Results  

For each PDSCC combination, the MLCEco tool uses the input data and demand 

computations, to calculate the annual quantities, annual costs, annual prices, annual 

revenue and annual profit for the 10 year period. All of these computations are performed 

in the ‘Economic MLC Analysis and Results’ sheet of the tool. As an example, the results 

obtained for PD1 are shown (Figure 4.6).  
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Figure 4.6: ‘Economic MLC Analysis and Results’ Sheet for PD1  

 

Due to huge amount of data involved, only the results of the economic MLC 

analysis are shown in this spreadsheet. However, all the computations explained in the 

methodology section are performed to obtain the results.   

 

For the rest of the PDSCC combinations, the economic MLC analysis is 

performed and results are obtained in a similar manner. Table 4.9 summarized the results 

for all the PDSCC combinations. It presents the cumulative profits for each year in a 10 

year time period. As the cumulative profit at the end of the 10th year is considered for 

evaluating the economic performance of each PDSCC combination, the combinations are 

ranked based on the cumulative profit at the end of 10th year.  
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Table 4.9: Summary of Economic MLC Analysis Results (Example Problem) 

 
PDSC

C 

Annual Cumulative Profit (in Millions of $)  Ran
k 1 2 3 4 5 6 7 8 9 10 

PD1 – 
SCC1 

5.73 
25.3

3 
67.2

9 
105.7

8 
145.7

2 
196.3

7 
247.9

5 
307.8

8 
343.8

7 
369.2

4 
3 

PD2 – 
SCC2 

13.0
8 

40.8
5 

92.1
1 

140.4
3 

190.6
8 

245.6
4 

312.8
2 

390.6
1 

441.8
1 

469.4
9 

1 

PD3 – 
SCC3 

7.60 
29.4

4 
74.1

7 
115.9

0 
158.9

0 
210.0

4 
264.8

4 
323.7

3 
358.7

7 
382.8

1 
2 

PD4 – 
SCC4 

7.98 
29.3

3 
72.1

7 
108.7

7 
146.5

9 
191.4

5 
239.7

6 
293.7

6 
317.5

1 
324.2

7 
4 

 
The hierarchical approach in the methodology section identifies the best PDSCC 

combinations that have maximum economic performance at the end of the economic 

MLC analysis stage, and only those combinations are sent to the subsequent stages. The 

reason for do so is that, if there are numerous designs at the NPD stage, this approach 

helps a company in narrowing down the PDSCC combination to select the best 

combination that has maximum economic, environmental and societal performance. 

However, as there are only four designs for this problem, all the PDSCC combinations 

are ranked according to their maximum profit potential and sent to next stage. Hence, for 

this problem, no PDSCC combination is eliminated, yet.  

 

4.6 Economic MLC Analysis for Open-loop SC Model 

The impact of pursing a closed-loop flow for each PDSCC combination is studied in 

this section. As the closed-loop results are already obtained, the open-loop SC is run 

using the MLCOsc tool for each PDSCC combination separately, to obtain the profits for 

each of the 10 years in an open-loop flow.  

4.6.1 Analysis Assumptions 

All the assumptions considered for the MLCOsc tool are considered in this model. 

The open-loop MLC analysis is performed for a period of 10 years  for each PDSCC 

combination identified by EOM separately. 

4.6.2 Analysis Description 

The open-loop MLC analysis on each PDSCC combination is performed 

separately by the MLCOsc tool as described in methodology section.  
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Input Data 

For each PDSCC combination, the price and demand steady-state period (year 6), 

and the demand for the year 1 and 10 in this case, the steady-state cost data including 

supplier component cost, transportation cost from supplier to OEM, the assembly cost, 

and the OEM annualized capital costs and the interest/discount rate are all acquired by 

the ‘Input Data’ sheet. This data is available from the input data sheet of the MLCEco tool. 

As an example, the sheet for PD1 is shown in Figure 4.7. 

 

 

Figure 4.7: MLCOsc ‘Input Data’ Sheet for PD1 

 

From the price, cost and the demand related data, the price and the demand for 

each of the 10 years is computed in sheet ‘Demand Computations’ sheet. An example of 

this sheet is shown in Figure 4.8 for design PD1. 
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Figure 4.8: MLCOsc ‘Demand Computations’ Sheet for PD1  

4.6.3 Results  

For each PDSCC combination, the MLCOsc tool uses the input data and demand 

computations, to calculate the different annual SC costs, annual SC prices, annual SC 

revenue and thereby annual profit for the 10 year period. All these computations are 

performed in the ‘Open-loop MLC Analysis and Results’ sheet. As an example, the 

results obtained for PD1 are illustrated in Figure 4.9.  

 

 

 

 

 



150 
 

 
Figure 4.9: MLCOsc ‘Open-loop MLC Analysis and Results’ Sheet for PD1  

 

The Open-loop MLC analysis is performed in a similar way for other PDSCC 

combinations and the results are obtained. Table 4.8 summarized the annual cumulative 

profits obtained for each combination in a 10 year time period.  

 

 

 

 

 

 

 

 

 

 

 



151 
 

Table 4.10: Cumulative Profits from Open-loop SC Model (Example Problem) 

PDSC
C 

Annual Cumulative Profit (in Millions of $) 

1 2 3 4 5 6 7 8 9 10 

PD1 –
SCC1 

$10.1
2 

$36.9
2 

$78.89 
$122.9

5 
$169.2

2 
$217.8

0 
$268.8

1 
$322.3

7 
$342.0

9 
$349.5

8 
PD2 – 
SCC2 

$20.9
5 

$57.9
4 

$109.2
0 

$163.0
2 

$219.5
3 

$278.8
7 

$341.1
8 

$406.6
0 

$430.4
5 

$439.0
1 

PD3 – 
SCC3 

$12.7
7 

$42.1
4 

$86.87 
$133.8

3 
$183.1

4 
$234.9

2 
$289.2

9 
$346.3

7 
$361.6

6 
$361.9

9 
PD4 –
SCC4 

$13.9
3 

$43.5
4 

$86.38 
$131.3

7 
$178.6

1 
$228.2

1 
$280.2

9 
$334.9

7 
$349.9

3 
$351.3

2 
 
 

4.7 Closed-loop versus Open-loop Models 

In this section, the annual cumulative profits obtained from closed-loop and open-

loop SC models are compared for each PDSCC combination for a period of 10 years 

(Figure 4.10).   

 
 

Figure 4.10: Comparision of Annual Cumulative Profits 
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4.7.1 Results Summary 

From Figure 4.10, it can be observed that during the first few years, the open-loop 

model generates more profits as compared to the closed-loop. This is due to the fact that 

the closed-loop model incurs additional reverse loop related costs, and during the initial 

years, until the first year’s products are used and returned, year 6 in this case, all the 

demand is satisfied by only new products. However, from the year the recovered products 

are available to satisfy the demand, less new products are produced, and therefore, 

cumulative profit increases for the closed-loop model. The annual demand and the 

number of refurbished and remanufactured products used to satisfy the demand impact 

profit to a large extent. However, the open-loop model’s profit merely depends on the 

demand satisfied from new products and the price of the product.  

 

Therefore, in this case, the results indicate that at the end of the 10 year period, 

for the PD1-SCC1, PD2-SCC2, PD3-SCC3 the closed-loop model generates more 

cumulative profits as compared to open-loop. However, for PD4-SCC4 the closed-loop 

model is not able to generate better profits, as of year 10, as compared to the open-loop 

because the demand for the design is 80,000 units which is comparatively low as 

compared to that of PD1 (100,000 units) , PD2(110,000 units),  PD3 (90,000 units), 

respectively. Also, the total reverse loop capital cost of PD4-SCC4 combination is $9.25 

million which is very high as compared to that of PD1-SCC1, PD2-SCC2, PD3-SCC3, 

whose costs are $6.15, $6.07, $5.77 million, respectively. Hence, for the PD4-SCC4 

combination to realize benefits from closed-loop flow either the demand has to increase 

or the potential reverse loop facilities must be readdressed, with an aim to reduce the 

huge annualized capital costs.  

 

Therefore, this type of decision-support tool that can compare the benefits of 

pursuing the closed-loop flow among PDSCC alternatives and can provide areas for 

improvements both with respect to product design and with respect to SC configuration, 

can answer several sustainability-related questions from both product and SC design 

perspective, such as for which product types pursuing the closed-loop flow provides 

greater benefits? and, why for some products greater benefits are achieved within fewer 
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years while for others it takes several years to achieve the benefits?, what are the product 

design and SC configuration related factors that impact these closed-loop economic 

benefits? Therefore, at the end of this stage, all the ranked PDSCC combinations, are sent 

to the environmental MLC analysis stage.  

 

4.8 Environmental Multi Life-cycle Analysis Description 

A description of the environmental MLC analysis performed on the ranked PDSCC 

combinations is presented here.  

4.8.1 Assumptions 

All the assumptions considered in the methodology are considered for the 

example problem.  

4.8.2 Analysis Description 

For each ranked PDSCC combination, the environmental MLC analysis is 

performed using the MLCEnv tool as described in the methodology section to identify the 

combinations having minimal environmental impact. The performance criteria used are 

Material Usage (Number of new components used to satisfy the demand), Energy 

Consumed (BTU), CO2 Emissions (Lb). Just similar to others, each PDSCC combination 

is analyzed separately. 

 

Input data 

The transportation, processing, use related conversion factors computed and 

explained in methodology section are used for the analysis. For each PDSCC 

combination, the MLCEnv tool’s ‘Environmental Input Spreadsheet’ takes in the annual 

product’s energy usage data in KWh/Year. This data is presented in Table 4.11.  

 

Table 4.11: Energy Usage Data (Example Problem) 

Product Design ID Annual Energy Usage (KWh) 
PD1 400 
PD2 340 
PD3 600 
PD4 550 
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The other data required for analysis such as the reverse loop quantities (shown in 

Table 4.12); the weights of the product and the average weight of components (shown in 

Table 4.1) are all provided in the spreadsheet. A snapshot of the spreadsheet for PD1 is 

shown in Figure 4.11.  

 

Table 4.12: Reverse Loop Processing Quantities (Example Problem) 

Processing Operation (Unit) PD1 PD2 PD3 PD4 

Collection (Product) 40000 44000 36000 32000 

Refurbishing (Product) 10000 32000 22800 8000 

Disassembly (Product) 30000 12000 13200 24000 

Remanufacturing (Component) 60000 12000 18400 17600 

Recycling (Component) 10000 12000 21200 43200 

 

 
Figure 4.11: MLCEnv ‘Environmental Input Spreadsheet’ for PD1 

4.8.3 Results  

For each PDSCC combination, the SC costs and refurbished and remanufactured 

quantity related data from the economic MLC results is gathered by the ‘Environmental 

Analysis, Results’ sheet to perform the MLC analysis by computing the environmental 

impact for each PDSCC separately. The seven performance criteria (total material usage, 

total processing energy and CO2 emissions, total transportation energy and CO2 
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emissions and use energy and CO2 emissions) are all computed to evaluate the 

environmental performance for each combination. Figure 4.12 shows a snapshot of the 

‘Environmental MLC analysis and Results’ sheet for PD1.  

 

 
Figure 4.12: MLCEnv ‘Environmental Analysis, Results’ sheet for PD1  

 
The MLCEnv tool is used to compute the environmental performance criteria for 

rest of the PDSCC combinations. At the end of analysis, each of the seven performance 

criteria across SC are compared for each ranked PDSCC combination to select the best 

combinations. Table 4.13 presents the summary of results obtained for each ranked 

PDSCC combination.  
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Table 4.13: Summary of Environmental MLC Analysis Results (Example Problem) 

PDS
CC  

Cumulative Transportation Energy ( 109 BTU) 

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 
Year 
10 

PD1-
SCC1 

3.21 12 29.6 48.2 74.7 112 169 228 278 324 

PD2-
SCC2 

10 29.6 64.4 101 147 202 267 332 374 411 

PD3-
SCC3 

6.1 21.2 50.5 81.2 133 212 336 466 574 682 

PD4-
SCC4 

10.4 34.4 80.3 128 192 271 378 488 568 635 

PDS
CC  

Cumulative Transportation Emissions (105 Lb of CO2) 

PD1-
SCC1 

4.2 15.9 39.6 64.4 99.9 149.3 226.2 304.5 371.7 433.3 

PD2-
SCC2 

13.4 39.5 86.0 134.8 197.0 270.4 356.8 443.2 500.5 549.4 

PD3-
SCC3 

8.27 28.3 67.5 108.6 178.2 283.3 449.6 623.4 767.4 912.4 

PD4-
SCC4 

13.9 46.0 107.3 171.7 256.5 361.9 504.9 652.9 759.4 849.1 

PDS
CC  

Cumulative Use Energy (1010 BTU) 

PD1-
SCC1 

2.73 9.83 23.5 37.1 50.8 64.4 78.1 91.7 99 103 

PD2-
SCC2 

4.06 1.16 24.4 37.1 49.9 62.7 75.4 88.2 94.7 98.1 

PD3-
SCC3 

4.3 1.43 3.27 51.1 69.5 88 106 125 132 134 

PD4-
SCC4 

3.75 12 2.7 4.2 57.1 72.1 87.1 102 108 111 

PDS
CC  

Cumulative Use Emissions (108 Lb of CO2) 

PD1-
SCC1 

0.08 0.28 0.68 1.09 1.49 1.89 2.29 2.69 2.9 3.02 

PD2-
SCC2 

0.1 0.34 0.71 1.09 1.46 1.84 2.21 2.58 2.77 2.87 

PD3-
SCC3 

0.1 0.41 0.95 1.5 2.04 2.58 3.12 3.66 3.87 3.93 

PD4-
SCC4 

0.1 0.35 0.79 1.23 1.67 2.11 2.55 2.99 3.18 3.24 
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PDS
CC 

Cumulative Processing Energy (1013 BTU) 

PD1-
SCC1 

0.07 0.25 0.61 0.96 1.32 1.57 1.81 2.02 2.11 2.12 

PD2-
SCC2 

0.14 0.4 0.84 1.28 1.72 2.02 2.3 2.56 2.63 2.65 

PD3-
SCC3 

0.06 0.22 0.52 0.82 1.12 1.31 1.51 1.7 1.72 1.72 

PD4-
SCC4 

0.07 0.23 0.52 0.82 1.1 1.3 1.5 1.69 1.75 1.76 

PDS
CC  

Cumulative Processing Emissions (109 Lb of CO2) 

PD1-
SCC1 

0.2 0.89 2.13 3.37 4.6 5.47 6.29 7.03 7.33 7.38 

PD2-
SCC2 

0.48 1.39 2.92 4.46 5.99 7.04 8.02 8.91 9.16 9.23 

PD3-
SCC3 

0.24 0.79 1.83 2.86 3.89 4.57 5.25 5.91 5.99 5.99 

PD4-
SCC4 

0.25 0.81 1.83 2.84 3.86 4.52 5.21 5.88 6.09 6.11 

PDS
CC  

Cumulative Material Usage (105 Units of Components) 

PD1-
SCC1 

8 2.8 6.8 10.8 14.8 17.6 20.2 22.6 23.5 23.6 

PD2-
SCC2 

1.4 4 8.4 12.8 17.2 20.1 22.9 25.4 26.2 26.4 

PD3-
SCC3 

0.8 2.7 6.3 9.9 13.5 15.9 18.2 20.5 20.8 20.8 

PD4-
SCC4 

0.8 2.5 5.7 8.9 12.1 14.2 16.3 18.4 19.1 19.1 

 

To compare the performance of each PDSCC combination, graphs are plotted for 

each of the energy, emissions, and material usage related criteria. Figure 4.13 presents the 

energy consumption results for each combination. 
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Figure 4.13: Energy Consumption of PDSCC Combinations (Example Problem) 

 
Figure 4.14 presents the emissions released from each PDSCC combination. 

 

 
Figure 4.14: Emissions Released from PDSCC Combinations (Example Problem) 
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Figure 4.15 presents the material usage for each PDSCC combination. 

 

 

Figure 4.15: Material Usage for PDSCC Combinations (Example Problem) 

 
The total energy, emissions and material usage for each PDSCC is computed at 

the end of the 10th year to select the best PDSCC combinations with maximum 

environmental performance (Table 4.14). However, as in case, as no PDSCC 

combinations are eliminated in economic MLC analysis stage the best combinations with 

respect to economic performance are also presented for comparison.  

 

Table 4.14: Cumulative MLC Performance (Example Problem) 

PDSCC  

Economic MLC 
Performance 

Environmental MLC Performance 

Profit (106 
$) 

Rank 
Energy 

(109 
BTU) 

Emissions 
(109 of Lb 

CO2) 

Material 
Usage (106 

Components) 

Ranking 
Based on 
‘Energy 

and 
Emissions’ 

Ranking 
Based on 
‘Material 
Usage’ 

PD1-SCC1 369.24 3 22567 7.72 2.36 3 3 

PD2-SCC2 469.49 1 27909 9.57 2.64 4 4 

PD3-SCC3 382.81 2 19249 6.47 2.08 1 2 

PD4-SCC4 324.27 4 19292 6.51 1.91 2 1 
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4.8.4 Summary 

Energy: The energy consumption for transportation depends on the transportation 

quantity, the distance and the cost of transportation.   

 

    , ,

  

 

The higher the transportation distances, cost and quantity the greater is the 

transportation energy consumed. Therefore in this case, the PD1-SCC1 combination 

consumes least transportation energy, followed by PD2 –SSC2, PD4 –SCC4, PD3-SCC3 

combinations.  

 

The processing energy depends on processing quantity, their weights and the energy 

consumed during each operation such as (raw material processing, assembly, collection, 

disassembly, remanufacturing and recycling).  

 

  

     ,    

 

Therefore, as more products or components are processed for each operation, the 

more energy is consumed. Also, the higher the energy consumed per operation, the higher 

is the total processing energy. As the weight of quantities increases, more energy is 

consumed for processing activity.  In this case, the PD3-SCC3 combination consumes less 

energy which is followed by PD4-SCC4, PD1-SSC1, PD2-SCC2.  

 

The energy consumed during use stage depends on the annual energy usage and the 

annual demand. For this problem, the combination PD2-SCC2 consumes less energy, 

followed by PD1-SSC1, PD4-SCC4, PD3-SCC3. 

 

     ,    
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The tool besides from computing the environmental performance of the alternate 

PDSCC combinations can also help a company improve its performance through 

identifying the critical factors that impact the total SC energy.  

 

Emissions: The emissions released for each PDSCC combination follows similar 

patterns as that of energy. This is because of the fact that the transportation emissions 

depend on the transportation quantities and cost and distances. Similarly, the processing 

emissions depend on processing energy. And the use emissions depend on annual energy 

usage and annual demand. Therefore, the PDSCC combination that has less 

transportation energy releases less transportation emissions, and the one with less 

processing energies releases fewer emissions. Also, in the use stage, the PDSCC 

combination that consumes less energy releases fewer emissions.  

       

 

Material Usage: The PDSCC combination that enables more products to be reused, 

and components to be refurbished and remanufactured consumes less material. As more 

refurbished and remanufactured products and components are used to satisfy the demand 

less new components are used. Eventually, after a period of time all the demand could 

also be satisfied by refurbished and remanufactured products and components, if a 

company prefers to do so. Also, lower the annual demand lower is the material 

consumption. Therefore, in this case, the combination PD4-SCC4 consumes less material, 

followed by PD3-SSC3, PD1-SCC1, PD2-SCC2. 

 

  

  

 ,    ,  ,  

           

 

The objective of the environmental MLC analysis is to identify and select the best 

PDSCC combinations that have maximum environmental performance. As opposed to 

economic performance criteria the environmental performance is measured with respect 



162 
 

to energy, emissions and material usage criteria. Hence, each combination can perform 

differently with respect to each of these three criteria and the best combination identified 

for all the three criteria can vary. As in this case, it can be observed that the while some 

combinations perform best with respect to energy and emissions criteria, others perform 

well with respect to material usage. Therefore, the four PDSCC combinations are ranked 

based on the environmental performance and sent to next stage. If several combinations 

are present at this stage, and a selection has to be made, one way a company can narrow 

down their PDSCC alternatives is to identify the common PDSCC combinations that 

perform best will respect to all three criteria. In this example, the PD3-SCC3 and PD4-

SCC4 have best environmental performance from both energy and emissions and material 

usage perspective. However, it has to be remembered that no selection is performed at the 

economic MLC stage, however, if selection is performed, then the PD4-SCC4 may or may 

not be selected, as it has least economic performance. If there are no common 

combinations that perform best with respect to all three criteria, then the company can 

select the combinations that perform best based on their most important criteria. Given 

the situation, this can be a reasonable approach for companies to follow if there are 

focused on a single environmental criteria in particular. Therefore, at the end of the 

environmental MLC analysis, the PDSCC are ranked based on their environmental 

performance and are sent to next stage.  

 

4.9 Societal Multi Life-cycle Analysis Description  

In this section, the societal MLC analysis performed on the PDSCC combinations 

ranked based on their economic and environmental performance is presented.  

4.9.1 Assumptions 

All the assumptions presented in the methodology section for the societal MLC 

analysis are considered here.  

4.9.2 Analysis Description  

All the alternate PDSCC combinations are evaluated based on their societal 

performance. The MLCSoc tool developed and described in the methodology section is 

used to perform the analysis for each combination separately. The performance criteria 
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used are supplier societal-compliance ratio, supplier training and development, employee 

training and development, product customizability rate. 

 

Input Data 

The ‘Societal Input data’ spreadsheet takes all the steady-state input values such 

as supplier societal compliance, average supplier training hours, average employee 

training hours, product customizability rate and computes the corresponding societal 

metrics for period of 10 years. The input data for this problem is established based on the 

subjective estimated values. Table 4.15 presents the input data for each of the PDSCC 

combinations.  

Table 4.15: Societal Input Data (Example Problem) 

Optimal SC Partner* Criteria Parameter  

Product design ID 
(PDi) 

PD1 PD2 PD3 PD4 

S
up

pl
ie

r 

Si1 Supplier 
Societal-

compliance 
Ratio 

Societal 
Compliance (1 

or 0) 

1 1 1 0 
Si2 1 1 1 0 

Si3 0 1 0 1 

Si1 Supplier 
Training and 
Development 

Average Annual 
Training Hours 

per Supplier 

45 65 45 70 
Si2 60 84 41 75 
Si3 55 62 39 84 

O
E M
 

OEM 

Employee 
Training and 
Development 

Average Annual 
Training  Hours 
Per Employee 

120 140 80 100 

C
ol

le
ct

io
n 

C
en

te
r 

Ci1 50 40 50 55 

Ci2 54 45 60 45 

Ci3 69 39 45 28 

R
em

an
uf

ac
tu

ri
ng

 
C

en
te

r 

RMi1 80 82 90 120 

RMi2 85 87 98 130 

RMi3 75 89 96 125 

R
ec

yc
li

ng
 

C
en

te
r Ryi1 95 104 110 100 

Ryi2 98 120 115 105 

Ryi3 100 95 85 106 

Product Customizability Rate 
Rate of 

Customization 
Offered 

0.3 0.4 0.8 0.6 

* i = 1,2,3,4 (refers to product design ID) 
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Figure 4.16 shows a snapshot of the ‘Societal Input data’ sheet of the MLCSoc 

tool. The data is entered into the highlighted cells. 

 

 

Figure 4.16: MLCSoc ‘Societal Input Data’ Sheet for PD1  

 

4.9.3 Results  

For each PDSCC combination, the ‘Societal MLC Analysis & Results’ sheet 

performs the societal MLC analysis as described in methodology section. The four 

performance criteria (supplier societal-compliance ratio, supplier training and 

development, employee training and development, product customizability rate) are 

computed to evaluate the societal performance for each PDSCC combination. Figure 4.17 

illustrates the societal MLC analysis criteria and the results for PD1. 
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Figure 4.17: MLCSoc ‘Societal MLC Analysis, Results’ sheet for PD1  

 

The MLCSoc tool is used to compute the societal performance criteria for rest of 

the PDSCC combinations. At the end of analysis, each of the four performance criteria 

across SC is compared for each PDSCC combination to select the best combinations. 

Table 4.16 presents the summary of results obtained for all the PDSCC combinations.  
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Table 4.16: Societal MLC Analysis Results (Example Problem) 

PDSCC 
Cumulative Supplier Compliance Rate 

Year 
1 

Year 
2 

Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 
Year 
10 

PD1-SCC1 0.13 0.48 1.15 1.81 2.48 3.15 3.81 4.48 4.84 5.04 

PD2-SCC2 0.32 0.91 1.91 2.91 3.91 4.91 5.91 6.91 7.42 7.68 

PD3-SCC3 0.16 0.52 1.18 1.85 2.52 3.18 3.85 4.52 4.78 4.85 

PD4-SCC4 0.08 0.27 0.60 0.93 1.27 1.60 1.93 2.27 2.41 2.45 

PDSCC 
Cumulative Supplier Training  and Development 

Year 
1 

Year 
2 

Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 
Year 
10 

PD1-SCC1 10.67 38.40 91.73 145.07 198.40 251.73 305.07 358.40 386.84 402.84 

PD2-SCC2 22.38 63.94 134.27 204.61 274.94 345.27 415.61 485.94 521.75 540.29 

PD3-SCC3 9.72 32.22 73.89 115.56 157.22 198.89 240.56 282.22 298.89 303.06 

PD4-SCC4 19.08 61.07 137.40 213.73 290.07 366.40 442.73 519.07 551.51 562.00 

PDSCC 
Cumulative Employee Training and Development 

Year 
1 

Year 
2 

Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 
Year 
10 

PD1-SCC1 16.52 59.47 142.07 224.67 307.27 389.87 472.47 555.07 599.13 623.91 

PD2-SCC2 26.76 76.45 160.55 244.65 328.75 412.85 496.95 581.05 623.87 646.04 

PD3-SCC3 19.34 64.11 147.01 229.91 312.81 395.71 478.61 561.51 594.67 602.96 

PD4-SCC4 22.85 73.12 164.52 255.92 347.32 438.72 530.12 621.52 660.37 672.93 

PDSCC Customization 

PD1-SCC1 0.30 

PD2-SCC2 0.40 

PD3-SCC3 0.80 

PD4-SCC4 0.60 

 
To compare the performance of each PDSCC combination, graphs are plotted for 

the supplier compliance, supplier training and development, and employee training and 

development criteria. Since the product customizability remains same for all years a bar 

graph is plotted. Figure 4.18 presents comparison of societal performance across PDSCC 

combinations.   
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Figure 4.18: Societal Performance Criteria (Example Problem) 

 

The total cumulative value of each performance is computed at the end of the 10th 

year to select the best PDSCC combinations with maximum societal performance. 

However, as no PDSCC combinations are eliminated in economic and environmental 

MLC analysis stages, the best combinations with respect to these criteria are also 

presented for comparison in Table 4.17.  
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Table 4.17: PDSCC Combinations Ranked based on their TBL Performance 

 
 

4.9.4 Summary  

From the above results, it can be observed that the supplier societal compliance 

rate, supplier training and development, employee training and development all depend 

on their steady-state values and the annual demand. As there is no quantitative data 

available, the values are estimated to depend on the annual demand. As the product 

customization rate remains constant throughout the 10 years, it is independent of annual 

demand, and depends only on the steady-state value.  

 

Each of the PDSCC combinations may perform differently with respect to the four 

societal criteria. In this case, while the PDSCC combinations performance remains same 

with respect to supplier and employee training and development criteria (similar raking 

for both criteria), for rest of the two criteria their societal performance differs. Therefore 

the PD2-SCC2 performs best with respect to societal-compliance ratio, while the PD4-

SCC4 and PD3-SCC3 performs best with respect to supplier and employee training and 

development and product customization rate. 

 

4.10  Selection of Best PDSCC Combination 

The objective of the societal MLC analysis is to identify and select the best PDSCC 

combination that has maximum societal performance. As the number of design 

alternatives is comparatively less, in this problem, all the combinations are ranked based 

on their economic and environmental performance and sent to next stage, as opposed to 

selecting only few best ones. Ideally, if selection is performed at the economic and 

environmental MLC stages, the Table 4.17 would be much simpler with fewer rankings 

and the decision making would have been very easy.  

PD-SCC 
Combination 

Cumulative 
Economic MLC 

Performance 
Cumulative Environmental MLC Performance Cumulative Societal MLC Performance 

Maximum 
Profit 

(Millions 
of $) 

Rank 
Energy 

(Billions 
of BTU) 

Emissions 
(Billions 
of Lb of 

CO2) 

Material 
Usage 

(Millions of 
Components) 

Rank 
Based on 
‘Energy 

and 
Emissions’ 

Rank 
Based on 
‘Material 
Usage’ 

Supplier 
Compliance 

Rate 

Supplier 
Training and 
Development 

(Hours) 

Employee 
Training and 
Development 

(Hours) 

Customization 
Rate 

Rank Based 
on Supplier 
Compliance 

Rank 
Based 

on 
Training 

Hours 

Rank Based 
on 

Customization

PD1-SCC1 369.24 3 22567 7.72 2.36 3 3 5.04 402.84 623.91 0.30 2 3 4 

PD2-SCC2 469.49 1 27909 9.57 2.64 4 4 7.68 540.29 646.04 0.40 1 2 3 

PD3-SCC3 382.81 2 19249 6.47 2.08 1 2 4.85 303.06 602.96 0.80 3 4 1 

PD4-SCC4 324.27 4 19292 6.51 1.91 2 1 2.45 562.00 672.93 0.60 4 1 2 
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Therefore, following the hierarchical approach, the top three best combinations, 

PD2-SCC2, PD3-SCC3, PD1-SCC1, are chosen at the end of economic MLC analysis, in 

order of their sequence. In the next stage, two combinations from the above three that 

perform best with respect to the environmental performance are selected. As the PD2-

SCC2 has least environmental performance, it is eliminated at this stage, while the 

remaining combinations are sent to societal MLC analysis stage. As both PD3-SCC3, 

PD1-SCC1 perform differently with respect to the societal performance criteria, the one 

with minimum societal impact, PD3-SCC3 (the total ranking is 8, which is better than the 

total ranking for PD1-SCC1(9)) is selected as the final combination that maximizes 

sustainability benefits. The reason for choosing total ranking as the basis is for ease of 

computation, the less the rank the better is the PDSCC combination’s performance. 
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5. CHAPTER FIVE: CASE STUDY 

 
The CSD model is applied for the case of refrigerators. In this section, a detailed 

description of the refrigerator case is presented.  

 

5.1  Company Description  

A case example from a company located in the USA and is one of the leading 

domestic (we focus on domestic or household refrigerators, as opposed to industrial, 

here) refrigerator manufacturers was selected to evaluate the application of the CSD 

model. While some refrigerator parts are made in-house most are acquired from suppliers 

located within the US and other parts of the world. Refrigerators are assembled at the 

OEM plant located in USA. Once the refrigerators are manufactured, they are distributed 

through retailers primarily to customers within North America and USA and also to 

different parts of the world.  

 

Currently, the company conducts forward loop SC activities and no reverse loop 

operations are performed. Therefore, to evaluate the benefits of pursuing closed-loop 

flow and MLC analysis a closed-loop SC model is considered. While the forward loop 

information is obtained from company sources, reverse loop data is estimated from 

reverse loop SC literature on refrigerators. The CSD model is applied for a single product 

type (side-by-side refrigerators) to study and identify the benefits/impact of considering a 

closed-loop flow within SC operations over MLCs.  

 

5.2  Refrigerators: Components and Functionality 

All refrigerators work in a similar fashion. The major components of a domestic 

refrigerator are the compressor, condenser, capillary tube, evaporator, and a thermostat. 

The refrigeration process is based on the following two principles: (a) whenever a gas 

expands its temperature reduces, and (b) when two surfaces of different temperatures 

come in contact with each other, the surface at a higher temperature cools and the surface 

at a lower temperature warms up, based on the second law of thermodynamics.  
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Refrigeration Process 

The refrigeration cycle starts with the compressor, the workhorse of a refrigerator. 

The refrigerant gas is passed through compressor, where it gets mechanically compressed 

and the gas pressure increases. This in turn increases the temperature of the gas. The 

high-pressure gas flows through a set of condenser coils which consists of bent tubes. As 

the gas flows through the tubes it releases heat to the surroundings lowering its 

temperature and becoming a liquid. The capillary tube connects the condenser coils to the 

evaporator coils. As the refrigerant passes through the exit of the capillary tube, the liquid 

refrigerant becomes a cold, low-pressure gas which flows through the evaporator coils 

where the gas absorbs heat and therefore cools the items in the refrigerator. The hot 

refrigerant enters the compressor where the cycle is repeated. A thermostat controls the 

temperature of the refrigeration process. Figure 5.1 illustrates the refrigerator cycle.  

 

Figure 5.1: Refrigerator Cycle (Air-Conditioning-and-Refrigeration-Guide) 

5.2.1 Energy Driving Components of a Refrigerator   

Domestic refrigerators consume about 24% of the electricity consumed by all 

household electrical appliances (James, 2003). It has been identified that the performance 

of domestic refrigerators can be improved through encouraging manufacturers to: (a) 

develop new energy efficient designs for refrigerator parts/components, (b) develop 

innovative technologies that are environmentally safe and, (c) provide more opportunities 

to the customers to adapt to sustainable use and disposal practices (recycle old 

refrigerators, take up more efficient models). During past decade, several developments 
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were made in the areas of designing energy efficient refrigerators, environmentally safe 

fluids, etc. (Radermacher and Kim, 1996). A majority of these improvements have been 

driven by the federal standards that have mandated domestic refrigerator manufacturers 

to embrace environmentally safe practices within their operations.  

 
Several studies in the past have repeatedly proven that producing refurbished and 

remanufactured refrigerators consumes much less energy compared to a new refrigerator 

(Boustani, 2010). Recently, Sundin (2007) investigated product design properties in 

general for successful remanufacturing. His work considered six different case studies, 

with a few focusing on domestic refrigerators. Based on the theoretical and case study 

results the paper concluded that producing a new refrigerator consumes 50% more energy 

than refurbishing one.  

The excessive energy consumed by a domestic refrigerator is due to the inefficient 

operation of the compressor(s), the heat gain from polyurethane insulation, improper door 

sealing and due to inefficient operation of the evaporator(s) (data from company sources). 

The compressor is the single major energy consuming component of a refrigerator. 

Following the compressor, the insulation material, the door gasket and the evaporator are 

the major components that consume energy. A brief description of how the four major 

components impact the energy efficiency of a refrigerator is presented below: 

 

Compressor  

An inefficient compressor could consume more energy to deliver the same 

performance as that of a normal one. Also, the compressor design plays a major role in 

the noise levels generated from the refrigerator (USEPA, 1993). Two types of 

compressor, reciprocating and rotary, are used in domestic refrigerators. Both of these are 

welded hermetic, that is the compressor pump and motor are sealed inside a welded shell. 

Some factors that influence compressor performance include speed of rotation, size, 

pressure at suction and discharge and type of refrigerant being used. During the past 

years, several new and improved compressor designs such as a liner compressor, variable 

capacity compressors have been developed (Monyane et al., 2004). These compressor 

designs have a potential in reducing the energy consumption up to 30%, depending on 
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other components used and noise reduction to a great extent. Figure 5.2(a) shows a 

typical hermetic compressor used in a domestic refrigerator.  

 

Insulation 

One of the common ways to reduce energy consumption in domestic refrigerators 

is to improve the insulation. This can be performed through providing thicker insulation 

material or through providing insulation with lower coefficient of thermal transmission. 

The drawback of using thick insulation is that the storage space is reduced inside the 

cabinet. Conventionally, polyurethane (PUR) foams were widely used as insulation 

material due to their excellent binding properties. Until recently, CFC-11 has been used 

as a blowing agent to produce PUR foam. However, since the Montreal Protocol (1987) 

the domestic refrigerator manufacturing industry is expected to completely transit from 

CFC-11 to alternative blowing agents. This accelerated research in the field and thereby 

alternative materials have been studied. Among the alternatives, the non-ozone depleting 

ones include several HFCs, as well as pentane and cyclopentane. Recently, Vacuum 

Insulation Panels (VIP) technology has been developed and it has been observed that 

with these panels, depending on the cabinet design; almost 20-30% of energy savings 

could be achieved. In addition, these panels are environmentally friendly (Wacker et al., 

1996). Figure 5.2(b) shows types of different insulation used in domestic refrigerators.  

 

Evaporator  

Three different types including bare tube, finned and plate surface evaporator are 

most commonly used in refrigerators. The latter is most commonly used in domestic 

refrigerators (Figure 5.2(c)). The evaporator must be designed in such a way that it can be 

operated at a minimum temperature difference. This enables the refrigerant heat 

extraction temperature to be as high as possible thereby requiring less energy to cool the 

items. Some of the aspects that effect the energy efficiency of an evaporator include 

refrigerant distribution, circuiting and velocity, use of enhanced surfaces, air speeds (for 

air coolers) etc. (International Institute of Refrigeration, 1993). Recently, the dual 

evaporators were developed, which proved to perform efficiently. It has been observed 
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that when the dual evaporators are coupled with efficient compressors they produced 

even better energy savings (Gerlach and Newell, 2001). 

 

Door Gasket   

The sealing function of the door gasket is another critical aspect that determines a 

refrigerator’s energy efficiency. If the door gaskets are damaged, warm air enters the 

refrigerator and more energy is consumed to maintain the desired temperature inside the 

cabinet. Further, the door gasket’s sealing properties also determine the life-span of the 

compressor to a large extent. Five major types of door gaskets, are used for domestic 

refrigerators including magnetic, compression, snap-on, push-in, and screw-on. Typical 

door gaskets available in market are shown in Figure 5.2(d).  

 

 
 
 
 
 
 
 

 
 

(a) Hermetic Refrigerator (USEPA, 1993) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(b) PUR Foams and Vacuum Insulation 

Panels (Top and Bottom) (Home 
Improvement Place; Bavarian Center for 
Applied Energy Research) 

 

(c) Plate Surface Evaporator (Ananthanarayanan, 
2003) 

 

 

 

 

 

 
 

(d) Refrigerator Door Gaskets (Al Rawan 
Industrial Co. Ltd) 

Figure 5.2: Major Components of a Domestic Refrigerator 
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Although there are many other components in a refrigerator, to reduce the 

complexity, the CSD model considers only the above four critical components. The 

design of these critical components influences the refrigerator’s energy efficiency and the 

economic, environmental and societal impact. In reality, all of the components could be 

considered as needed.  

 

5.3 Case Study Model Formulation   

This section describes the model formulation for the case example. The forward-loop 

logistic data is obtained from the company. Most of the data for fixed and processing 

costs is obtained from literature (Srivastava, 2008). The reuse, remanufacture and 

recycling ratings, estimated demand, and the reverse loop logistic data were generated 

based on realistic estimates due to unavailability of accurate data.  

5.3.1 Product Design Description 

Four alternate side-by-side refrigerator designs identified at the NPD stage are 

chosen. While most components for these refrigerators vary with respect to type of 

design, type of material etc, for simplicity, only four major components that influence the 

TBL aspects are considered. These include the insulation material, compressor, 

evaporator and door gasket.  

 

Alternate Refrigerator Design Description  

The alternate refrigerator designs selected for this case study are derived by 

drawing inferences from actual refrigerator models produced by the company. A few of 

the alternate designs already exist in market while others are hypothetical designs studied 

at the NPD stage to be launched in future. Due to lack of available data the actual designs 

produced by the company are not considered. Four critical components of refrigerator 

models are considered in this model. A description of each of the alternate refrigerator 

designs and their specific characteristics are presented below: 

 

Design 1 (Model Number: RD1): This is a conventional side-by-side refrigerator model 

(and the number) that was produced in the early 1990s. The model’s TBL performance is 
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assessed based on the 1990 design specification for the four major components identified 

above. Thus, based on past literature, this design is considered to include a non-magnetic 

(compression) door gasket, a conventional single speed compressor, a standard 

evaporator and a Polyurethane (PUR) foam insulation material with Carboflouro-

Compounds (CFC) as blowing agent. This model does not currently exist in the market, 

however, for the purpose of this study, the model is considered to compare its 

performance with current models. 

 

Design 2 (Model Number: RD2): This is a side-by-side refrigerator model introduced in 

2010. The components considered are: a snap in magnetic door gasket, an efficient single 

speed compressor, an efficient evaporator and a thick PUR foam insulation material with 

cyclopentane as blowing agent.  

 

Design 3 (Model Number: RD3): This is a side-by-side energy efficient refrigerator 

model. The components considered are: a screw on magnetic gasket (which makes a good 

seal and reduces installation time), a two compressor and dual evaporator system (which 

consumes less energy and has a quite operation), and a PUR foam insulation material 

with HFC-245 FA as a blowing agent. HFC-245 FA provides very good insulation even 

with thin insulation layers unlike other alternatives.  

 

Design 4 (Model Number: RD4): This is a hypothetical sustainable side-by-side 

refrigerator model and is assumed to have economically, environmentally and socially 

beneficial features to provide overall sustainability benefits. The four components 

include: a top quality magnetic door gasket, a variable capacity compressor, a dual 

evaporator and Vacuum insulation panel. All the components are assumed to be designed 

and manufactured from the latest technological developments. Hence, this model is 

assumed to have enhanced performance features while simultaneously reducing 

environmental and societal impact.  

Table 5.1 captures the variations between four components for the alternate 

refrigerator models. The component design aspects are derived from reviewing relevant 

literature as discussed above.  
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Table 5.1: Component Design Aspects for Alternate Refrigerator Models 

Component 
Name Characteristic 

Model Number

RD1 RD2 RD3 RD4 

Insulation 
Material 

Type PUR foam 
(CFC-11) 

PUR foam 
(Cyclopentane) 

PUR foam 
(HFC-245 

FA)  
VIP 

Weight (lb) 2 2 2 3 

Property  

Thick layers, 
causes 

environmental 
impact, good 

insulation 

Thick layers, 
environmental 
friendly, strong 

insulation  

Thin layer, 
strong 

insulation 

Thin layer, 
very strong 
insulation, 
high cost 

Compressor 

Type 
Conventional 
single speed 
compressor 

Efficient single 
speed 

compressor  

Two 
compressors 

Variable speed 
compressor 

Weight (lb) 25 20 30 10 

Property  

Energy 
consuming, 
high noise 

levels 

Efficient 
design, 

medium noise 
levels 

Energy 
efficient, 
low noise 

levels 

Energy 
efficient, very 

low noise 
levels 

Evaporator 

Type 
Conventional 

evaporator 
design 

Efficient 
evaporator 

design  

Dual 
evaporator  

Dual 
evaporator  

Weight (lb) 11 9 15 15 

Property  
Very less 

energy 
savings 

Good energy 
savings 

Very good 
energy 
savings 

High energy 
savings* 

Door Gasket 

Type 

Non- 
magnetic 

compression 
gasket

Snap-on gasket
Screw-in 

gasket 

Top quality 
magnetic 

gasket 

Weight (lb) 2.5 3 3 2 

Property  

Sealing 
capability 

reduces over 
years 

Time 
consumed 

during 
installation  

Less time 
consumed 

during 
installation 

Very good 
sealing 

capability 

*High energy saving as a result of an efficient (compressor + evaporator) system
 

Table 5.2 presents the key performance features of the different models that 

depend on properties of critical components.  
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Table 5.2: Key Performance Attributes of Alternate Refrigerator Designs 

Performance 
Attributes 

Model Number 

RD1 RD2 RD3 RD4 

Air Flow 
Type 

No multi air 
flow system 

No multi air 
flow system 

Multi air flow 
system 

Multi air 
flow system 

Noise Level 
Rating (1-5; 
1- very low, 

5 - very 
high) 

5 3 2 1 

Color White Black Stainless steel 
Stainless 

steel 

Estimated 
Weight (lb) 

400 344 340 335 

Estimated 
Electricity 

Usage 
(KWh/Year) 

1100 612 542 350 

 

5.3.2 SC configuration Description 

The scope of the company’s operations is very broad and their SC spans across 

multiple countries. Moreover the consideration of both forward and reverse-loop SC 

partners makes the SC network very complex. Thus the optimal SC configuration for 

alternate refrigerator designs can be very different. This section presents the potential SC 

configuration considered for each alternate refrigerator design, including detailed 

description of the SC operations across the four refrigerator life-cycle stages. 

 

Components/Parts Acquisition 

The CSD model assumes that each of the four major components is provided by a 

different supplier. Table 5.3 presents the distance from each supplier to the OEM Plant 

and their corresponding transportation costs. The estimated cost for acquiring 

components from each supplier is also presented. The transportation costs are computed 

as described in methodology chapter and depends on the distance travelled, weight of the 

component and the mode of transportation.  
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Table 5.3: Supplier Related Information for Alternate Refrigerator Models 

Model 
Numbe

r 
RD1 RD2 RD3 RD4 

C
om
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nt
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d 
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D
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C
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D
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r 
G
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AI, 
USA 

178.8 21 
AR, 
USA 

78.8 23 AI, USA 178.8 22 
AR, 
USA 

78.8 24

E
va

po
ra

to
r 

AC, 
Jiangsu, 
China 

7047.
7 

20 
AS, 

Shanghai
, China 

7127.
7 

18
AS, 

Shanghai
, China 

7127.
7 

21 
AC, 

Jiangsu
, China 

7047.
7 

21

C
om

pr
es

so
r AE, 

Santa 
Catarina

, 
Brasil 

5269.
8 

26 
AZ, 

Tianjin, 
China 

6708.
4 

28

AL, 
Greater 
Noida, 
India 

7591.
7 

29 
AZ, 

Tianjin
, China 

6708.
4 

30

In
su

la
tio

n 
M

at
er

ia
l 

ABC,  
USA 

725.1 15 
AD, 
USA 

713.4 17
ABC, 
USA 

725.1 16 
ABC, 
USA 

725.1 19

(estimated distance in miles, average cost in dollars) 

 

Manufacturing 

The OEM holds inventory of the following three categories (a) new components 

from suppliers (b) refurbished refrigerators from past life-cycles and, (c) remanufactured 

components. The total demand is satisfied by a mixture of refrigerators made from (a) all 

new components, (b) one or more remanufactured components and (c) refurbished 

refrigerators from past life-cycles. Always a specific percentage of refurbished 

refrigerators and remanufactured components are used to satisfy current life-cycle 

demand. The OEM assesses current inventory and based on the annual demand acquires 

the additional quantity required from suppliers. The OEM assembles the components to 

produce the refrigerators that are then distributed to customers. As only four components 
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are considered in this case, the model assumes a certain cost for acquiring rest of the 

components needed for assembling the refrigerator. The demand data for alternate 

refrigerator designs is presented in Appendix A. Several costs are incurred by the OEM 

in performing the assembly and holding operations including fixed, assembly and holding 

costs (presented in Appendix A). The fixed costs incurred by OEM are annualized.  

 

Use 

The projected annual steady-state demand for alternate refrigerators designs is 

presented in Table 5.4. On an average 600,000 energy efficient units are sold annually. 

While there exists different refrigerator types: side-by-side refrigerators, top-freezer 

refrigerators, bottom-freezer refrigerators, previous studies have indicated that side-by-

side refrigerators contribute to about 35% of total refrigerator sales (USEPA and 

USDOE, 2007). As we consider only side-by side refrigerators, the demand for only this 

type is considered. Based on this value, the annual demand for rest of the models is 

estimated. As RD1 is conventional model from 1990’s, it was assumed that demand is 

low for this model. However, while increasing number of customers are aware of benefits 

of sustainable models, the current market prices indicate that they are priced a little 

higher than the non-sustainable ones (such as current model and energy efficient model in 

this case) and therefore, not every customer can afford them. Hence, the steady-state 

demand for the RD4 (sustainable) model is assumed to be approximately mid-way 

between conventional and energy efficient models. As the company is US-based, most of 

the demand is satisfied within USA. This is because different regions have different 

electrical supply (voltage and frequency) which differ from that of USA, have different 

safety and regulatory requirements, different consumer expectations all of which makes it 

difficult to sell the US-based models in those regions. Also, for large products like 

refrigerators the cost of product combined with the shipping costs to transport them to 

those regions could make the refrigerators very expensive. While, the company sells a 

very small volume of customized and expensive refrigerators in these regions, these are 

not considered in the model. Therefore, the demand in this model is considered to be 

distributed within the USA. The use locations are assumed to be centralized and the 

delivery charges from OEM to use locations are paid by the customer. The current census 
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population data from the U.S. Census Bureau (2009) is used to estimate the demand 

distribution to locations.   

 

Table 5.4: Demand Market for Alternate Refrigerator Models 

ID  Location Population Ratio 
Estimated Demand Market (Quantity) 

RD1 RD2 RD3 RD4 

UNY 
New York, New 

York 
8,391,881 0.433 43300 110000 95000 65000 

ULA 
Los Angeles, 

California 
3,831,868 0.197 19700 49000 43000 30000 

UCH Chicago, Illinois 2,851,268 0.147 14700 36000 32000 22000 

UHO Houston, Texas 2,257,926 0.116 11600 29000 25000 17000 

UJV 
Jacksonville, 

Florida 
813,518 0.041 4500 11000 9000 6500 

USA Seattle, Washington 616,627 0.031 3200 6000 7000 4500 

UDV Denver, Colorado 610,345 0.031 3000 9000 9000 5000 

Total 19,373,433 ≈ 1 100,000 250,000 220,000 150,000 

 

Collection  

The average lifespan of refrigerators is assumed to be 8 years (data from company 

sources). At the end of use, refrigerators are collected by the collection centers. Since all 

the refrigerators are not likely to be collected at end of use, a specific recovery rate is 

used to indicate the percentage collected. The collection centers are geographically 

dispersed within USA and have different processing and fixed costs, capacities and 

capabilities. The collection centers are distributed in regions similar to that of demand, to 

reduce transportation costs. Table 5.5 presents the locations, fixed and processing costs, 

and maximum capacity data for each possible collection centers for each alternate 

refrigerator design. All collection centers are assumed to have the capability to perform 

collecting and sorting operations. The collection costs are established using literature as a 

guideline. However, due to differences in operations performed in each collection center 

(collection centers also perform disassembly operations) the fixed costs for setting-up 

disassembly equipment is also considered. The fixed and processing costs at facilities 

also vary based on that location’s cost of living. The distance from each use location to 
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collection centers and the corresponding transportation costs for all designs are presented 

in Appendix C.  

 

Sorting Operations 

The sorting operations are performed as described in the methodology section.  

 

Evaluation of Alternate Refrigerator Designs 

The evaluation of alternate refrigerator designs is performed as described in the 

methodology section. In this case, too, the probabilities for the criteria for the alternate 

refrigerator designs are subjective and are based on a rating from 0 to 10. Similarly, only 

two possibilities 1 or 0 is considered for recycling. The ratings for each of the criteria that 

affect reuse, remanufacturing and recycling probabilities for alternate refrigerator designs 

are presented in Appendix B.   

 

The reuse and remanufacturing ratings between 0-10 are converted into 

probabilities as described in the methodology section. The probabilities obtained are 

compared with corresponding threshold limits set to select refrigerators or components 

for refurbishing and remanufacturing, respectively. The probabilities for one model, RD1 

is presented in Table 5.6, while those for others are presented in Appendix B. 
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Table 5.5: Collection Center Data for Alternate Refrigerator Models 

ID Location 

Fixed Cost 
($/Year) 
(Hong et 
al., 2008) 

Processing Cost ($/Unit) 
(Srivastava, 2008; 

Beamon 2004) 

Capacity 
(Thousands of Quantity) 

RD1 RD2 RD3 RD4 RD1 RD2 RD3 RD4 

CMX 
Tijuana, 
Mexico 

50000 2 1.9 1.8 1.7 19 31 22 18 

CSC 
Greenville, 

South Carolina 
52500 2.1 1.92 1.82 1.71 9 17 14 21 

CAK 
Little Rock, 

Arkansas 
54000 2.15 1.95 1.84 1.75 18 23 25 24 

CMN 
Duluth, 

Minnesota 
58000 2.21 1.96 1.87 1.79 14 29 24 7.5 

CID Boise, Idaho 59850 2.3 2.09 1.89 1.83 26 27 29 18 

CNB 
Grand Isaland, 

Nebraska 
61000 2.34 2.1 1.91 1.84 15 10 25 23 

CKY 
Louisville, 
Kentucky 

62500 2.9 2.2 1.93 1.86 17 14 16 19 

CNE 
Carson City, 

Nevada 
65000 2.95 2.4 1.98 1.89 19 23 26 16 

  

All the collection centers perform refurbishing and disassembly operations on the 

recovered refrigerators. The refurbished refrigerators are sent back to OEM for their next 

life. The distances from each collection center to the OEM and the associated 

transportation costs are presented in Appendix C. The components that can be 

remanufactured and recycled are sent to remanufacturing and recycling centers. The rest 

of the components are considered to be disposed at Guadalajara, Mexico. The distance 

from each collection center to the disposal location along with associated transportation 

costs are presented in Appendix C.  

 

The refurbishing cost is established from Srivastava (2008) who indicated that 

refurbishing a unit of refrigerator can cost anywhere in between $10 and $76. Using this 

range, the per-unit refurbishing cost of alternate refrigerator designs is established 

(Appendix A). Due to lack of accurate data, the disassembly cost at each collection center 

is estimated and presented in Appendix A. There is evidence from literature that 

sustainable designs are designed for ease of performing reverse loop operations such as 
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refurbishing, disassembly etc. Hence, these models incur lower costs for above operations 

as compared to the energy efficient, current and conventional models.  

 
Remanufacturing 

All the components chosen for remanufacturing operations at the collection 

centers are sent to remanufacturing centers for their subsequent operations. Table 5.7 

presents the location and the fixed costs for each possible remanufacturing center. Similar 

to collection centers, the potential remanufacturing centers are distributed within the 

USA, close to potential collection facilities for reduced transportation costs. Srivastava 

(2008) mentioned that it costs approximately $15,900,000 to open a new refrigerator 

remanufacturing facility. This value is annualized for total number of years a facility 

remains open in a given period (  years), in this case 13 years. The 

remanufacturing facilities will be opened  years before the first year’s products are 

retuned at end of their life, year 8 in this case. The capital cost for each remanufacturing 

facility is established from this data, cost of electricity, cost of goods and services for 

these locations.  
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Table 5.6: Reuse, Remanufacturing and Recycling Probabilities for Model RD1 

Criteria for Model RD1 
Use Center 

UMex UGer UFra Uind UJap UBra UArg 

Reuse 

Up 0.13 0.13 0.13 0.13 0.13 0.13 0.13 

Qe 0.13 0.20 0.18 0.14 0.17 0.16 0.14 

Sa 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Total 0.37 0.43 0.42 0.38 0.40 0.39 0.37 

Threshold  0.39 

Remanufacture 

IM 

As 0.13 0.13 0.13 0.13 0.13 0.13 0.13 

Hl 0.10 0.15 0.13 0.13 0.15 0.14 0.12 

Tl 0.18 0.18 0.18 0.18 0.18 0.18 0.18 

Im 0.06 0.10 0.09 0.08 0.10 0.07 0.07 

Total 0.46 0.55 0.52 0.50 0.54 0.51 0.49 

Threshold  0.45 

CP 

As 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Hl 0.13 0.16 0.15 0.13 0.15 0.15 0.13 

Tl 0.13 0.13 0.13 0.13 0.13 0.13 0.13 

Im 0.04 0.07 0.08 0.05 0.06 0.07 0.03 

Total 0.39 0.46 0.45 0.41 0.43 0.45 0.38 

Threshold  0.41 

ER 

As 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

Hl 0.09 0.13 0.12 0.09 0.13 0.13 0.11 

Tl 0.14 0.14 0.14 0.14 0.14 0.14 0.14 

Im 0.05 0.06 0.07 0.08 0.10 0.09 0.10 

Total 0.42 0.48 0.47 0.46 0.52 0.50 0.50 

Threshold  0.49 

DG 

As 0.18 0.18 0.18 0.18 0.18 0.18 0.18 

Hl 0.14 0.16 0.17 0.15 0.17 0.17 0.15 

Tl 0.18 0.18 0.18 0.18 0.18 0.18 0.18 

Im 0.05 0.07 0.06 0.08 0.07 0.07 0.05 

Total 0.54 0.58 0.59 0.58 0.59 0.59 0.54 

Threshold  0.48 

Recycle* 

IM 

EC 

1 0 1 0 0 0 1 

CP 1 1 0 1 0 0 1 

ER 1 0 1 0 1 0 1 

DG 0 1 0 0 0 1 0 
*1 -Yes, 0 – No 

IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
 

Srivastava (2008) estimated $17-$84/unit processing cost. However, as individual 

components such as the insulation material, compressor, evaporator and door gasket are 

considered in this case as opposed to the entire refrigerator a proportional cost is 

considered. Also, the costs for alternate refrigerators are established in such a way that it 
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is cheaper to remanufacture the components of the sustainable model as compared to that 

of an energy efficient, current and conventional models, in order of their sequence. This 

is because sustainable models are designed for not only manufacturing and assembly, but 

also for disassembly and remanufacturing. The capabilities and capacities of potential 

remanufacturing centers vary with respect each refrigerator design (Presented in Table 

5.8). 

 
Table 5.7: Location and Fixed Cost for Possible Remanufacturing Centers 

ID Location 
Annualized Fixed 

Cost ($/Year)  

RMMX Albuquerque, New Mexico 1,210,000 

RMMO Kansas City, Missouri   1,219,000 

RMMI Detroit, Michigan 1,237,000 

RMOR Portland, Oregon 1,249,000 

 

The CSD model selects remanufacturing centers that must be opened and the 

quantity of components that must be sent to each center to maximize profit. Appendix C 

provides the distances and transportation costs from each collection center to possible 

remanufacturing centers. The selected components are transported to remanufacturing 

centers and the remanufacturing operations performed. The remanufactured components 

are sent back to OEM to be used in new refrigerators. The distances and associated 

transportation costs from possible remanufacturing centers to OEM are shown in 

Appendix C.  

 

Recycling:  

All the components chosen for recycling at the collection centers are sent to 

recycling centers for their subsequent operations. Table 5.9 presents the locations and 

fixed costs for potential recycling centers. The capital costs for these facilities are 

assumed to be in similar range to that of remanufacturing facilities due to unavailability 

of appropriate data. The estimated processing costs, capabilities and capacities of all 

possible recycling centers vary with respect each design and are presented in Appendix 

A. The processing costs of four alternate designs are established such that the costs are 
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higher for recycling a conventional model, followed by the current, energy efficient and 

the sustainable models (assuming latter are designed for ease of extracting major material 

from components).  

 

Table 5.8: Data for all the Possible Remanufacturing Centers 

ID 
Capability (1 - Yes, 0 - No) 

Processing Cost 
($/Component) 

Capacity (Quantity in 
Thousands) 

RD1 RD2 RD3 RD4 RD1 RD2 RD3 RD4 RD1 RD2 RD3 RD4

RMMX 

Insulation 
Material 

1 1 1 1 2.00 NA 1.81 1.71 17 28 25.7 28 

Compressor 1 1 1 0 2.12 2.01 NA 1.82 12 42 31.2 NA 

Evaporator 1 1 0 1 NA 2.04 1.94 1.84 10 30 NA 11.4 

Door 
Gasket 

0 1 1 1 NA 2.09 NA NA NA 32 19.9 12 

RMMO 

Insulation 
Material 

1 1 1 1 NA 2.09 1.95 1.81 10 40 20 24 

Compressor 1 1 1 1 2.24 NA 1.94 1.80 16 29 19 14 

Evaporator 1 0 0 0 NA 1.99 1.85 NA 15 NA NA NA 

Door 
Gasket 

1 1 1 1 2.17 2.02 1.88 1.75 15.5 45 18 19 

RMMI 

Insulation 
Material 

0 1 1 1 NA 2.04 1.89 NA NA 44.5 12.5 10 

Compressor 1 0 0 0 2.20 2.05 1.90 NA 14.5 NA NA NA 

Evaporator 0 0 1 1 NA 2.00 1.86 1.73 NA NA 21 22 

Door 
Gasket 

1 1 1 1 2.18 NA 1.89 NA 20 30 16 10 

RMOR 

Insulation 
Material 

1 0 0 1 NA NA NA NA 24 NA NA 12 

Compressor 0 1 1 1 NA NA 1.99 1.85 NA 45 25 20 

Evaporator 1 1 1 1 2.31 2.15 2.00 NA 24 34 14 11 

Door 
Gasket 

0 0 1 1 NA NA 2.02 1.88 NA NA 19 14 

0 - Not capable, NA - Not applicable as a result of no capability 

 

Table 5.9: Location and Fixed Cost for Possible Recycling Centers 

ID Location 
Annualized Fixed 

Cost ($/Year) 
RYMX Mexico City, Mexico 1,250,000 

RYNC 
Raleigh, North 

Carolina 
1,270,000 

RYUT Salt Lake City, Utah 1,275,000 

RYMN Saint Paul, Minnesota 1,285,000 
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The Appendix C provides the distances and transportation costs from each 

collection center to potential recycling centers. The distances and transportation costs 

from recycling centers to suppliers are also shown.  

 

Therefore, the possible closed-loop SC configuration for each of the four alternate 

product designs is illustrated in Figure 5.3. The suppliers are represented with suffix 

ranging from  through , use locations are represented with suffix ranging from 

 through , and collection, remanufacturing and recycling facilities are represented by 

suffix ranging from , , through , , , respectively.  
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Figure 5.3: Possible Closed-loop SC Configuration (Refrigerator Case Study) 

 

5.4 CSD Model Framework 

The estimated demand over total period in this problem is illustrated in Figure 5.4. 

The EOM is run at the steady-state condition in year 10 . The time horizon for this 

model is considered as 20  years. Considering that a refrigerator has a use life from 
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anywhere between 8-12 years (data from company sources), the use life for all alternate 

refrigerators is assumed to be 8 years, and therefore the MLC analysis is performed for 

20 years to identify the benefits of pursuing the closed-loop flow for each model. The 

steady-state period ranges from 5  to 15  years. The economic, environmental 

and societal MLC analysis is conducted for all years between 1 to 20 using the tools 

MLCEco, MCEnv, and MLCSoc tools as described in methodology section.  

 

Figure 5.4: Demand Graph for Refrigerator Case Study 

 

5.5 Economic Optimization Model (EOM) Description  

A detailed description of the EOM for the refrigerator case study is presented in this 

section. The EOM developed and described in the methodology section is used to identify 

an optimal SC configuration for each refrigerator design that maximizes the SC profit. 

The EOM in this case is run at steady-state condition for year 10. Figure 5.5 illustrates a 

snapshot of EOM for the refrigerator model RD1.  
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Figure 5.5: Economic Optimization Model for Refrigerator Design RD1 

 

The impact of the components on refrigerator performance is evaluated separately 

based on their probabilities for recovery, reuse, recycling, remanufacturing operations 

with associated SC partner costs (such as fixed, and recurring costs), their capabilities 

and capacities. The objective of this model is to select an optimal closed-loop SC 

configuration for each refrigerator design that maximizes the profit.  

5.5.1 Model Assumptions  

All the assumptions presented for the EOM in the methodology section are 

considered for the refrigerator case study, too. In addition, the following specific 

assumptions are considered for the case study. The actual distance between each SC 

partner is computed and the corresponding transportation costs are computed for each 

refrigerator design based on their individual weights and the per-unit transportation costs. 

The transportation distance from and to suppliers is travelled 90% by ship and 10% by 
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truck. However, for transportation of units within USA, all the distances are assumed to 

be travelled by truck only. This assumption is based on the fact the transporting units by 

ship could become more expensive within USA, however, if the partners are located 

outside USA, like the suppliers, transporting the items by ship will create better economic 

and environmental benefits. Brody, Weiser and Burns, a consultant company in 

Baltimore, USA, identified that if a used refrigerator is priced at approximately 20% to 

40% of the new unit cost, demand existed for thousands of used refrigerators. However, 

their assumption was that the refrigerators are of suitable quality. Therefore, in this 

model, the price discount for the refurbished and remanufactured refrigerators for 

alternate refrigerator designs is varied in this range. The additional data including other 

component cost, recovery rates, capacity threshold multiplication factors for collection, 

remanufacturing and recycling facilities and the profit margin for alternate refrigerator 

designs is presented in Table 5.10. 

 

Table 5.10: Additional EOM Data for Refrigerator Case Study 

Refrigerator 
Model 

Other 
Component  

Cost 
($/Refrigerator) 

Recovery 
Rate 

Capacity 
Threshold 

Multiplication 
Factor  

Profit 
Margin 

 
Price Discount 

for Refurbished 
and 

Remanufactured  
Products (Rate) 

C
ol

le
ct

io
n

  

R
em

an
uf

ac
tu

ri
n

g 
 

R
ec

yc
le

  

RD1 560 

0.3 

0.5 0.3 0.3 0.1 0.3 

RD2 590 0.45 0.25 0.27 0.09 0.25 

RD3 600 0.4 0.21 0.2 0.11 0.23 

RD4 605 0.43 0.2 0.21 0.095 0.21 

 

5.5.2 Results 

The outputs from the EOM are optimal SC configurations that maximize the 

profit for each alternate refrigerator design. The potential SC partners, together with their 

linkages, and the optimal SC configuration chosen by the EOM for model RD1 are 

graphically illustrated in Figure 5.6. Figure 5.6(a) illustrates the locations of SC partners 
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on a map. Figure 5.6(b) illustrates all the possible SC partners and the transportation 

routes between each of them. Figure 5.6(c) illustrates the optimal SC configuration 

chosen by the EOM solved in the IBM ILOG CPLEX software.     
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(a) Locations of Potential SC Partners for Refrigerator Model RD1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Supplier

Original Equipment Manufacturer (OEM)

Use Location

Collection facility

Remanufacturing Facility

Recycling Facility 

Disposal Location

PS_rkcheruk
Text Box

PS_rkcheruk
Text Box



 

194 

 

 

(b) Possible SC Partners and Transportation Routes for Refrigerator Model RD1 
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(c) Optimal SC Partners and Transportation Routes for Refrigerator Model RD1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.6: Locations of Possible and Optimal SC Partners for Model RD1 
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Table 5.11 presents the alternate refrigerator designs and the optimal SC 

configuration identified for each design through EOM, ranked in order of their maximum 

profit. The optimal SC configurations identified for RD1, RD2, RD3 and RD4 are 

represented by RSC1, RSC2, RSC3, and RSC4, respectively. 

 

Table 5.11: Optimal SC Configuration for Alternate Refrigerator Designs 

SC Partner 
Refrigerator Model (Optimal SC Configuration) 

RD1 (RSC1) RD2 (RSC2) RD3 (RSC3) RD4 (RSC4) 

Supplier 

SPa SDe SPa SPa 

SJo STi SNo STi 

SJi SSh SSh SJi 

SSc SBr SSc SBr 

OEM USA 

Use 

UNY 

ULA 

UCH 

UHO 

UJV 

USA 

UDV 

Collection 

CSC CSC CSC CSC 

CKY CAK CAK CAK 

CNE 
CMN CMN 

CNE CKY CKY 
CNE CNE 

Remanufacturing 
RMOR RMOR RMMO RMMI 

RMMI RMMO RMMX RMMX 

Recycle RYMX RYUT RYUT 
RYUT 

RYNC 
Maximum Profit  
(in Millions of $) 

-1.64 7.48 9.61 4.27 
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5.5.3 Summary 

As it can be observed from Table 5.11, the refrigerator model RD3 gives the 

maximum profit, followed by model RD4, RD2 and RD1. It has been observed that the 

profit depends on several factors, while the major ones include the steady-state demand, 

and the number of refurbished and remanufactured components used to satisfy this 

demand. As the steady-state demand increases the annual profit also increases, as more 

revenue is generated by the SC. This factor alone, however, does not contribute to the 

total steady-state profit. This is because, although higher demand exists, if all demand is 

satisfied by new components, then the profit realized will not be significant (because the 

cost for manufacturing a new refrigerator is very high, as compared to refurbished and 

remanufactured components). One the other hand if increasing demand is satisfied by 

refurbished refrigerators or remanufactured components, the total SC costs will be 

comparatively less, as no supplier and other component costs are incurred. Hence, the 

total profit is a function of demand and quantity of refurbished and remanufactured 

components (which depends on how sustainable a design is) used to satisfy the demand. 

Due to this reason, although the demand for model RD2 (250,000 units) is greater than 

RD3 (220,000 units), the quantity of refurbished refrigerators and remanufactured 

components are more for RD3 than RD2 which lead to RD3 generating better profits. On 

the other hand, although the RD4 model is ‘the sustainable’ one among all the designs, 

and considers maximum quantity of refurbished and remanufactured units to satisfy the 

steady-state demand (100,000 units), this criteria alone is not sufficient for it to generate 

maximum profit, as the annual demand for this model is very less compared to RD2 and 

hence the RD4, is still holding second place due to insufficient demand.  

 

Moreover, in steady-state analysis, reverse loop costs are incurred, which depend on 

the recovery rate. Considering steady-state alone, one might think that performing reverse 

loop operations adds to the total costs for that particular year, as higher the recovery rate 

more quantity of products or its components must be sent for reverse loop operations. In 

reality, the actual benefits of performing these closed-loop operations are not observed in 

short-term, as initially only the capital and operational costs are incurred. However, once 

the recovered products are ready for their next lives they start bringing in the desired 
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closed-loop benefits. Therefore, one must not derive conclusions based on EOM results 

which can be misleading. Hence, during steady-state period only optimal SC 

configuration is identified and no selection of designs is performed. However, the 

economic MLC analysis performed in the next section captures the true economic 

performance of alternate refrigerator designs over their total life-cycle.  

 

5.6 Economic Multi Life-Cycle (MLC) Analysis 

In this section, all the economic MLC analysis performed on the PDSCC 

combinations is presented. The objective of performing the Economic MLC analysis is to 

identify and select the best PDSCC combinations that have maximum cumulative profit 

at the end of the total period (  =20, in this case). In addition, the benefits/impact of 

pursing a closed-loop flow on each of the PDSCC combination is studied in detail. This is 

performed by comparing the closed-loop SC performance with the open-loop SC 

performance for 20 years to gain insights into such models.  

 
5.6.1 Assumptions 

All the assumptions presented in the methodology section are considered for the 

case study too. In addition, the following aspects are considered: the use stage of the 

product is 8 years ; the reverse loop SC operations take 1 year ; and the economic 

MLC analysis is performed for a period of 20 years  for each PDSCC combination 

identified by EOM separately.  

 
5.6.2 Analysis Description 

The economic MLC analysis is performed using the MLCEco tool as described in 

the methodology section. Each PDSCC combination is analyzed separately and the 

cumulative profit at the end of year 20 is compared to select the best combinations for 

next stage. 

 

Input Data 

The input data for this analysis are the results of EOM, the steady-state year (year 

10) price and demand, the number of refurbished and remanufactured components 

available for sales for year 10, the number of critical components considered, the per-unit 
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costs such as the supplier component cost, the transportation cost from suppliers to OEM, 

the assembly and holding cost for year 10. All the input data is captured in the ‘Economic 

MLC Input Data’ sheet.  

 

Further, additional data (presented in Table 5.12) such as the demand for the year 

1 and 20, the probability for refurbished and remanufactured components returned from 

each past years 1 through 11 are generated based on estimates. Beamon and Fernandas 

(2004) in their multi-period model for a SC configuration with product recovery used an 

interest rate of 0.11. Due to unavailability of data, this value is used for the case study in 

this research.  

 

As an example, the ‘Economic MLC Input Data’ sheet for refrigerator model RD1 

is illustrated in the Figure 5.7.  
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Table 5.12: Economic MLC Analysis Additional Input Data (Case Study) 

SC Parameter 
Refrigerator Model 

RD1 RD2 RD3 RD4 
Demand for year 1 30000 50000 45000 43000 

Demand for year 20 40000 55000 60000 50000 

Interest/Discount rate 0.11 
P
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 c
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 d
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(a
) 

Year 1 0.4 0.5 0.45 0.5 

Year 2 0.66 0.72 0.6 0.92 

Year 3 0.45 0.49 0.5 0.65 

Year 4 0.55 0.60 0.7 0.77 

Year 5 0.34 0.37 0.46 0.97 

Year 6 0.76 0.83 0.96 0.65 

Year 7 0.67 0.73 0.85 0.84 

Year 8 0.5 0.55 0.63 0.70 

Year 9 0.75 0.82 0.95 0.65 

Year 10 0.6 0.66 0.76 0.84 

Year 11 0.5 0.65 0.74 0.33 

P
ro
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(b

) 

Year 1 0.35 0.35 0.86 0.8 

Year 2 0.69 0.76 0.80 0.88 

Year 3 0.47 0.52 0.55 0.60 

Year 4 0.58 0.64 0.67 0.74 

Year 5 0.36 0.39 0.41 0.46 

Year 6 0.80 0.48 0.92 0.52 

Year 7 0.70 0.78 0.81 0.90 

Year 8 0.53 0.58 0.61 0.67 

Year 9 0.79 0.87 0.91 0.71 

Year 10 0.63 0.69 0.73 0.80 

Year 11 0.73 0.21 0.47 0.73 
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Figure 5.7: ‘Economic MLC Input Data’ Spreadsheet for Model RD1 

 

From the input data, the price, the demand for each of the 20 years, and the 

refurbished and remanufactured component quantity returned for each year is computed 

as described in methodology section by the MLCEco tool in sheet ‘Demand 

Computations’ as shown in Figure 5.8. 
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Figure 5.8: ‘Demand Computations’ Sheet for Refrigerator Model RD1  

5.6.3 Results  

The results of the economic MLC analysis are presented in this section. Using the 

input data and the demand computations, the MLCEco tool computes the annual 

transportation quantities, annual costs, annual prices, annual revenue and annual profit for 

the 20 year period in the ‘Economic MLC Analysis and Results’ sheet. As an example, 

the MLC results obtained for each year in 20 year period for the refrigerator model RD1 

are shown (Figure 5.9).  
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Figure 5.9: ‘Economic MLC Analysis and Results’ for Model RD1  

 

The economic MLC analysis is performed separately for rest of the PDSCC 

combinations identified at end of EOM, and the cumulative profits for each year in 20 

year time period are summarized in Table 5.13. Finally, the PDSCC combinations are 

ranked based on the cumulative profit at the end of year 20.  
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Table 5.13: Economic MLC Analysis Results (Case Study) 

Year 
Cumulative Profit for PDSCC ($) 

RD1-RSC1 RD2-RSC2 RD3-RSC3 RD4-RSC4 
1 -0.86 -0.36 -0.24 -0.54 
2 -1.01 1.34 1.69 0.01 
3 -0.62 4.66 5.36 1.41 
4 0.35 9.75 10.88 3.72 
5 2.44 18.05 19.81 7.74 
6 4.77 27.27 29.71 12.20 
7 7.36 37.50 40.71 17.15 
8 7.05 45.59 49.67 18.46 
9 5.80 53.35 58.59 18.91 
10 59.49 207.84 198.63 109.15 
11 60.42 218.92 214.26 117.77 
12 60.90 229.30 232.06 124.53 
13 62.00 239.99 255.42 134.08 
14 62.59 251.22 279.74 150.29 
15 68.41 271.45 321.00 159.98 
16 70.91 280.37 350.63 173.06 
17 69.03 281.36 370.62 180.46 
18 68.26 280.88 400.01 185.60 
19 63.00 271.82 414.91 194.50 
20 53.23 261.36 430.60 183.73 

Rank 4 2 1 3 
 

If there were numerous PDSCC combinations, at this stage some of the designs can 

be eliminated. However, as there are only few combinations (four), all the combinations 

are ranked and then sent to the environmental MLC analysis stage, but no combination is 

eliminated yet, at this stage.  

 

5.7 Economic MLC Analysis for Open-loop SC Model 

In this section, the economic open-loop MLC performance of the PDSCC 

combinations is evaluated in order to compare these results with those obtained from 

closed-loop SC model. This is performed with an objective to study the impact of 

pursuing the closed-loop flow for different PDSCC combinations and answer some of the 

research questions raised in chapter 1 of this dissertation. As the closed-loop results are 

already obtained, the open-loop SC is run using the MLCOsc tool for each PDSCC 
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combinations to obtain the cumulative profits for a period of 20 years in one year 

increment in an open-loop flow.  

5.7.1 Analysis Assumptions 

The assumptions considered for the MLCOsc tool are all considered for this model. 

The MLC analysis is performed for a period of 20 years  for each of the PDSCC 

combinations identified by EOM. 

5.7.2 Analysis Description 

The open-loop MLC analysis for each PDSCC combination is performed 

separately, as described in the methodology section, by the MLCOsc tool.  

 

Input Data 

The input data such as the price and demand for steady-state year 10, and the 

demand for the first and the year 20, the steady-state per-unit costs (supplier component 

cost, transportation cost from supplier to OEM, the assembly cost), the OEM annualized 

capital costs and the interest/discount rate are acquired by the ‘Input Data’ sheet for each 

PDSCC combination. As an example, the input data sheet for RD1 is shown (Figure 

5.10). 
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Figure 5.10: MLCOsc ‘Input Data’ Sheet for Refrigerator Model RD1  

 

From this input data, the price and the demand for each of the 20 years is computed 

in ‘Demand Computations’ sheet (Figure 5.11). 
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Figure 5.11: MLCOsc ‘Demand Computations’ Sheet for Model RD1  

 

5.7.3 Results  

The results of the open-loop MLC analysis are presented in this section. Using the 

input data and demand computations, the MLCOsc tool, calculates the annual SC costs, 

prices, revenue and thereby the annual profit for each year in the 20 year period. All these 

computations are performed in the ‘Open-loop MLC Analysis and Results’ sheet 

illustrated in Figure 5.12 for refrigerator model RD1.  
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Figure 5.12: ‘Open-loop MLC Analysis and Results’ Sheet for Model RD1  

 

For the rest of the PDSCC combinations, the Open-loop MLC analysis is 

performed in a similar way and the results (annual cumulative profits) are summarized in 

Table 5.14.  
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Table 5.14: Cumulative Profits from Open-loop SC Model (Case Study) 

Year 
Cumulative Profit for PDSCC (Millions of $) 

RD1-RSC1 RD2-RSC2 RD3-RSC3 RD4-RSC4 

1 3.37 6.70 6.11 5.36 
2 8.80 20.58 18.83 13.92 
3 14.70 36.73 33.80 23.28 
4 20.24 52.84 49.03 32.24 
5 22.34 61.14 57.96 36.26 
6 24.67 70.36 67.86 40.72 
7 27.26 80.59 78.86 45.67 
8 30.12 91.95 91.06 51.16 
9 33.31 104.56 104.61 57.27 
10 36.84 118.55 119.65 64.04 
11 40.77 134.09 136.34 71.55 
12 45.12 151.33 154.87 79.90 
13 49.96 170.47 175.44 89.16 
14 55.32 191.71 198.27 99.44 
15 61.28 215.29 223.61 110.85 
16 56.72 213.63 225.92 107.27 
17 45.89 199.31 216.04 95.33 
18 30.52 177.77 198.61 77.79 
19 11.13 152.11 175.77 55.83 
20 -11.26 125.11 150.12 30.99 

 
 

5.8 Closed-loop versus Open-loop Models 

For each PDSCC combination, the annual cumulative profits obtained from closed-

loop and open-loop SC models are compared for a period of 20 years in increments of 

one year and plotted in Figure 5.13.  
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Figure 5.13: Comparison of Annual Cumulative Profits 
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5.8.1 Results Summary 

For all the PDSCC combinations, for the first few years, the open-loop model 

generates more profits as compared to the closed-loop model. This is because until the 

year recovered products are available for their next life, all the demand is satisfied by 

only new products in closed-loop model. However, in the open-loop, while all the 

demand is satisfied by only new product throughout the 20 year period, the additional 

reverse loop related costs are not incurred. Hence, the open-loop SC model generates 

better profits during the first few years. However, once the refrigerators returned from 

year 1 are processed and are available for their next life, the closed-loop model starts 

performing better than the open-loop. As it can be observed, for all the PDSCC 

combinations, the closed-loop model generated higher profits compared to the open-loop 

at the end of 20 year period.  

 

From this graphs, several research questions mentioned in the introduction 

chapter can be answered. For example, if a company is currently operating in an open-

loop flow, as in this case, the above comparison can provide information on the minimum 

number of years that must be considered for a given refrigerator model (that is the 

minimum years that a product is designed to exist in market (introduction, maturity, and 

decline phases) for it to start generating the benefits of closed-loop flow. For example, if 

a closed-loop flow is pursued for the RD1-RSC1 combination, then the refrigerator model 

RD1 must exist in the market for at least 10 years (T =10) for it to generate better profits 

than the open-loop SC model. If for some reason, the RD1-RSC1 combination is not 

designed to be sold in the market for at least 10 years then pursuing closed-loop flow on 

this combination could result in more losses than profits. Also from this analysis, an 

interesting observation has been made. For all the PDSCC combinations, the refrigerators 

returned from year 1 are available to satisfy the demand for year 10. Therefore, a sudden 

rise in the cumulative profit is observed during the year 10, as the demand from this 

period onwards is satisfied by new, refurbished and remanufactured refrigerators as 

opposed to the demand from year 1 to 9 which is satisfied by only new refrigerators.  
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Secondly, once the minimum value of T  is identified for all PDSCC 

combinations, the above comparison can also enable in identifying the best combination 

for which pursuing closed-loop flow generates more economic benefits. For example, in 

this case, while all PDSCC combinations must exist in market for at least 9 years to 

realize the closed-loop benefits, the amount of benefits obtained from each combination 

is very different. From the plot, the RD3-RSC3 combination has the best economic 

performance, as it generates maximum cumulative profit at the end of year 20, followed 

RD2-RSC2, RD4-RSC4, and RD1-RSC1.  

 

Thirdly, using the EOM and the MLCEco tool, the main factors that drive the 

economic performance of the closed-loop SC models can also be identified. As discussed 

earlier the annual total demand and the number of refurbished and remanufactured 

products used to satisfy this demand, impact the economic performance of the closed-

loop SC models to a large extent. Ideally higher the demand, the costs incurred are more 

and therefore the revenue generated is also higher. However, as more refurbished and 

remanufactured quantity satisfies the demand, better profits are realized as no material 

acquisition costs are incurred. However, the open-loop model’s profits merely depend on 

the total demand and the price of the product. Therefore, all the ranked PDSCC 

combinations are sent to the environmental MLC analysis stage.  

 
5.9 Environmental MLC Analysis Description 

In this section the environmental MLC analysis performed on the ranked PDSCC 

combinations is presented.  

5.9.1 Assumptions 

All the assumptions considered in the methodology are considered for the case 

study.  

5.9.2 Analysis Description 

The environmental MLC analysis is performed using the MLCEnv tool as 

described in the methodology section to identify the best combinations that have minimal 

environmental impact. The performance criteria used are material usage (number of new 

components used to satisfy the demand), energy consumed (BTU), CO2 emissions (Lb). 
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Each PDSCC combination is analyzed separately, to evaluate their performance with 

respect to above three criteria.  

 

Input data 

The transportation, processing, and use related energy and emission conversion 

factors computed in methodology section are used. As the per-unit energy consumption 

data for processing operations is based on refrigerators, the same data is used to evaluate 

the energy performance of alternate PDSCC combinations.  

 

Just similar to the example problem, for each PDSCC combination, the annual 

refrigerator’s energy use data in KWh, the weight of the refrigerator and the average 

weight of its components, the reverse loop processing quantities, shown in Table 5.15, 

are entered in to the MLCEnv tool’s ‘Environmental Input Spreadsheet’ separately. A 

snapshot of the spreadsheet for RD1 is shown in Figure 5.14.  

 
Table 5.15: Input Data for Environmental Multi Life-cycle Analysis 

Input Parameter RD1 RD2 RD3 RD4 

Reverse 
Loop 

Processing 
Quantities 

(Units) 

Collection (Product) 30000 75000 66000 45000

Refurbishing (Product) 12630 14700 25200 17400

Disassembly (Product) 17370 60300 40800 27600

Remanufacturing (Component) 39120 132000 85500 19500

Recycling (Component) 26880 61800 21900 56700

Weights 
(Lb) 

Refrigerator 400 344 340 335 

Average Component 10.125 8.5 12.5 7.5 

Annual 
Energy 
Usage 
(KWh) 

Refrigerator 1100 612 542 50 
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Figure 5.14: MLCEnv ‘Environmental Input Spreadsheet’ for RD1  

 

5.9.3 Results  

The SC costs, the past refurbished and remanufactured quantity data from the 

economic MLC results is gathered by the ‘Environmental Analysis, Results’ spreadsheet 

to compute the environmental impact for each PDSCC separately. The total material 

usage, the total processing energy, total processing CO2 emissions, total transportation 

energy, total transportation CO2 emissions, total use energy and total use CO2 emissions 

are all computed for each PDSCC combination separately to evaluate their environmental 

performance. Figure 5.15 presents the results obtained for the model RD1.  
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Figure 5.15:  ‘Environmental Analysis, Results’ sheet for Model RD1  

 
Similar computations are performed to calculate the environmental performance 

of rest of the PDSCC combinations using the MLCEnv tool. At the end of analysis, each of 

the seven performance criteria across SC are compared for each ranked PDSCC 

combinations to select the best combinations for the subsequent stage. Table 5.16 

presents the summary of results obtained for ranked PDSCC combination.  
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Table 5.16: Summary of Environmental MLC Analysis Results (Case Study) 
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To compare the environmental performance of each PDSCC combination, graphs 

are plotted for the total cumulative energy (Figure 5.16), total cumulative CO2 emissions 

(Figure 5.17), and total cumulative ratio of cumulative material used and cumulative 

annual demand (Figure 5.18). As the materials used is directly proportional to the 

individual year’s demand, the ratio of cumulative materials used for new components 

over cumulative demand is plotted for comparison. 

 

 

Figure 5.16: Comparison of Total Cumulative Energy Consumption  
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Figure 5.17: Comparison of Total Cumulative Emissions Released  

 

 
Figure 5.18: Cumulative Ratio of Material Usage over Demand  
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The total cumulative energy, total cumulative CO2 emissions and total cumulative 

material usage ratio for each PDSCC is computed at the end of the 20th year to select the 

best PDSCC combinations with maximum environmental performance for the next stage 

(Table 5.17).   

 

As the environmental performance criteria are highly impacted by the demand, 

comparing just the cumulative energy and emissions values at the end of year 20 may not 

be the best way to evaluate the alternate PDSCC environmental performance. The high 

demand for the alternate refrigerator models is impacting the cumulative energy and 

emissions values to an extent that the actual environmental performance is not clearly 

observed. Hence for comparison purposes, the ratio of the cumulative energy and 

emissions values at the end of the year 20 values over the cumulative demand at the end 

of the year 20 is computed to evaluate the environmental performance of the PDSCC 

combinations. As the material usage plot already considers the total cumulative demand 

factor, the cumulative ratio values at the end of year 20 are used to compare the alternate 

PDSCC combinations. However the transportation, processing and use activities related 

graphs for the energy and emissions criteria compare the actual values, as each of these 

depend on several other individual parameters apart from demand. The combinations are 

finally ranked based on their economic and environmental performance.  
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Table 5.17:  MLC Performance of PDSCC Combinations (Case Study) 

PDSCC 

Economic Environmental 

Maximum 
Profit 

(Millions 
of $) 

Ranking 
Energy 
Ratio  

(BTU/Unit) 

Emission 
Ratio 
(Lb/ 
Unit) 

Cumulative 
Material 

Usage 
(Ratio) 

Rank  
‘Energy 

and 
Emissions’ 

Rank 
‘Material 

Usage’ 

RD1-
RSC1 

53.23 4 35830090 12091.44 77.12 4 1 

RD2-
RSC2 

261.36 2 30198824 10262.57 77.67 3 4 

RD3-
RSC3 

430.60 1 29183730 9905.45 77.20 2 2 

RD4-
RSC4 

183.73 3 28880792 9854.05 77.50 1 3 

 

5.9.4 Summary 

Energy 

The transportation energy for alternate PDSCC combinations increases with 

increase in the transportation quantity, the distance transported and the cost of 

transportation. Therefore in this case, the RD1-RSC1combination consumes least 

transportation energy, as the demand for this combination is very less, followed by RD4-

RSC4, RD2-RSC2, RD3-RSC3combinations.  

  

The processing energy increases with increase in the processing quantity and the 

average weights of the refrigerator and its critical components. As the average weights 

among alternate PDSCC combinations does not differ much in this case, it can be 

observed that the processing quantity (annual demand) impacts the processing energy to a 

large extent. While the energy consumed during each operation such as (raw material 

processing, assembly, collection, disassembly, remanufacturing and recycling) impacts 

the processing energy components, these values remain constant among alternate PDSCC 

combinations. Hence, the RD1-RSC1 combination consumes least processing energy, 

followed by RD4-RSC4, RD3-RSC3, RD2-RSC2 combinations following the demand 

pattern.  
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The energy consumed during use stage increases as the annual energy usage and 

the annual demand increases for PDSCC combination. Therefore, the combination RD4-

RSC4 consumes least use energy, followed by RD1-RSC1, RD3-RSC3 and RD2-RSC2. 

Although the energy usage for the RD1-RSC1 is very high the combination still ranks 

second place because of its very low demand.  

 

Therefore, from above energy plots it has been observed that the annual demand 

plays a major role in energy consumptions and also making decisions based on this 

demand does not provide accurate environmental assessment. Hence, to evaluate the 

alternate PDSCC combinations the total cumulative energy consumed by each 

combination is divided by cumulative demand at the end of year 20, so that the actual 

environmental performance is observed. The RD4-RSC4, combination has least total 

energy ratio followed by RD3-RSC3, RD2-RSC2, and RD1-RSC1.  

 

Emissions 

The emissions released from each combination depend on energy consumption. 

Therefore, the combination that consumes less transportation energy, less processing 

energy, and less use energy releases less transportation emissions, less processing 

emissions and less use emissions. As energy is highly dependent on the demand, the 

emissions also depend on the demand. Therefore, in this case too, the ratio of the total 

cumulative emissions released over cumulative annual demand at the end of year 20 is 

computed to evaluate the emissions related environmental criteria and the rankings of 

PDSCC combinations is shown in Table 5.17. 

 

Material Usage 

The material usage criteria depends on steady-state refurbished and 

remanufactured quantities, the demand ratio for each year in the period of 20 years, and 

the percentage of past refurbished and remanufactured quantities that can be used for 

each year in the 20 year period. In this case, the ratio of the cumulative quantity of new 

components over cumulative demand is plotted to observe the performance of each 

combination. From these plots it has been observed that RD1-RSC1 combination requires 
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least quantity of new components followed by RD3-RSC3, RD4-RSC4 and RD2-RSC2. 

While it is not an expected outcome for the RD1-RSC1 combination to perform better than 

others, as the conventional model has the least refurbishing, remanufacturing and 

recycling probabilities, these results indicate that this criteria considerably depends on the 

other factors such as demand ratios, the steady-state results, and the percentages values 

given by the user and these values are highest for the RD1-RSC1 combination in this case, 

as compared to others. Therefore, from these plots it has been observed that merely 

having high refurbishing, remanufacturing and recycling ratings is not enough for a 

PDSCC to perform well with respect to material consumption criteria over MLCs. 

Several other factors as mentioned above, such as demand ratios, steady-state results and 

percentages play an important role in the material usage criteria. 

 

Therefore, the environmental MLC analysis is performed and the best PDSCC 

combinations that have maximum environmental performance are ranked. As all the 

combinations do not have similar performance with respect to the energy, emissions and 

material usage criteria the ranking for each of these criteria are presented separately. As 

there are only four combinations, the combinations are ranked based on the 

environmental performance and are sent to next stage.  

 

If selection has to be made at this stage, one way is to identify the common PDSCC 

combinations that have best performance with respect to all three environmental criteria. 

However, in this case, as the rankings for energy, emissions and material usage are very 

different, one way to select the best combinations is to sum the energy, emissions and 

material usage rankings of each PDSCC combination and select the top combinations 

with least ranks. Therefore, following this approach, the combinations RD4-RSC4, and 

RD3-RSC3 have a total ranking of 4 which is less than the ranks of combinations RD1-

RSC1 (5) and RD2-RSC2(7), respectively. Therefore, at the end of the environmental 

MLC analysis, all the PDSCCs are ranked based on their environmental performance and 

are sent to next stage.  
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5.10 Societal MLC Analysis Description 

In this section, the societal MLC analysis performed on the PDSCC combinations 

ranked based on their economic and environmental performance is presented.  

5.10.1 Assumptions 

All the assumptions presented in the methodology section for the societal MLC 

analysis are considered here.  

5.10.2 Analysis Description  

The MLCSoc tool developed and described in the methodology section is used to 

perform the analysis for each combination separately. The performance criteria used are 

supplier societal-compliance ratio, supplier training and development, employee training 

and development, product customizability rate. 

 

Input Data 

The steady-state input values such as supplier societal compliance, average 

supplier training hours, average employee training hours, product customizability rate are 

entered into the ‘Societal Input data’ spreadsheet  to compute the corresponding societal 

metrics for a period of 20 years. Due to unavailability of actual company data, the input 

data for the case study problem is established based on the subjective estimated values. 

However, if the actual data is provided the MLCSoc tool computes the societal 

performance of PDSCC combinations. Table 5.18 presents the input data for each of the 

combinations.  
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Table 5.18: Societal Metrics Data for PDSCC Combinations (Case Study) 

Stakeholde
r Sector 

Metric Parameter 

RD1 RD2 RD3 RD4 

P
ar

tn
er

 

V
al

u
e 

P
ar

tn
er

 

V
al

u
e 

P
ar

tn
er

 

V
al

u
e 

P
ar

tn
er

 

V
al

u
e 

Supplier 

Societal- 
Compliance 

Ratio 

Societal 
Compliance 

(1 or 0) 
 

SPa 0 SDe 1 SPa 1 SPa 1 
SJo 1 STi 0 SNo 1 STi 1 
SJi 0 SSh 1 SSh 1 SJi 1 
SSc 0 SBr 0 SSc 0 SBr 1 

Training 
(Hours/Supplier) 

Average 
Annual 

Training 
Hours 

SPa 50 SDe 54 SPa 55 SPa 60 
SJo 30 STi 34 SNo 35 STi 37 
SJi 40 SSh 45 SSh 50 SJi 55 
SSc 25 SBr 29 SSc 31 SBr 35 

Employee 

Training and 
Development 

(Hours/Employe
e) 

Average 
Annual 

Training  
Hours Per 
Employee 

OEM 
10
0 

OEM 
11
0 

OEM 
12
1 

OEM 
13
3 

CSC 60 CSC 66 CSC 69 CSC 65 
CKY 65 CAK 72 CAK 75 CAK 79 
CNE 78 CMN 86 CMN 79 CNE 87 
RMO

R 
90 CKY 81 CKY 79 RMMI 

10
5 

RMM

I 
95 CNE 79 CNE 82 

RMM

X 
11
1 

RYM

X 
10
4 

RMO

R 
99 

RMM

O 
10
3 

RYUT 
11
7 

 
 
 

RMM

O 
10
2 

RMM

X 
10
7 

RYNC 
11
9 

RYUT 
11
0 

RYUT 
11
5  

Customer 
Customization 

Level (%) 
Customizatio

n Rate 
25 38 54 75 

 

A snapshot of the ‘Societal Input data’ sheet of the MLCSoc tool is shown in Figure 5.19. 

The data is entered into the highlighted cells. 

 



225 
 

 

Figure 5.19: MLCSoc ‘Societal Input Data’ Sheet for Model RD1  

 

5.10.3 Results  

The ‘Societal MLC Analysis & Results’ sheet performs all the societal MLC 

analysis as described in methodology section for each of the PDSCC combinations 

separately. The four performance criteria (supplier societal-compliance Ratio, supplier 

training and development, employee training and development, product customizability 

rate) are all computed to evaluate the societal performance for each combination. Figure 

5.20 illustrates the societal MLC analysis criteria and the results for model RD1. 
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Figure 5.20: MLCSoc ‘Societal MLC Analysis, Results’ sheet for Model RD1  

 
The MLCSoc tool is used to compute the societal performance criteria for rest of 

the PDSCC combinations. At the end of analysis, each of the four performance criteria is 

compared for each combination to select the best combination with minimum societal 

performance. Table 5.19 presents the summary of results obtained for the combinations.  
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Table 5.19: Summary of Societal MLC Analysis Results (Case Study) 

 
 

To compare the performance of each PDSCC combination, graphs are plotted for 

the supplier compliance, supplier training and development, and employee training and 

development criteria. Since the product customizability remains same overall years as it 

depends on the refrigerator model, a bar graph for this criterion is plotted. Figure 5.21 

presents comparison of societal performance of all combinations.   

 

 

Figure 5.21: Societal Performance of PDSCC Combinations (Case Study) 
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The total cumulative value of each performance is computed at the end of year 20 

to select the best PDSCC combinations with maximum societal performance (Table 

5.20). As no PDSCC combinations are eliminated in economic and environmental MLC 

analysis steps, the best combinations with respect to these criteria are presented for 

comparison.  

 

Table 5.20: TBL Performance of PDSCC Combinations (Ranks in Parenthesis)  

PDSCC 

Economic Environmental Per-unit Societal 

Profit  
(106  of $) 

Energy 
Ratio  
(106 

BTU) 

Emission 
Ratio  
(Lb 

CO2) 

Cumulative 
Material 

Usage 
(Ratio) 

Supplier 
Compliance 

Rate 

Supplier 
Training 
(Hours) 

Employee 
Training 
(Hours) 

Customization 
Rate 

RD1-
RSC1 

53.23  
[4] 

35.83 
[4] 

12091  
[4] 

77.12  
[1] 

4.04  
[4] 

586.70 
 [4] 

1368.78 
[4] 

0.25  
[4] 

RD2-
RSC2 

261.36  
[2] 

30.19 
[3] 

10262  
[3] 

77.67 
 [4] 

7.65  
[3] 

620.05 
[3] 

1369.39 
[3] 

0.38  
[3] 

RD3-
RSC3 

430.60 
 [1] 

29.18 
[2] 

9905 
 [2] 

77.20  
[2] 

11.63  
[2] 

662.86 
[2] 

1429.96 
[2] 

0.54  
[2] 

RD4-
RSC4 

183.73  
[3] 

28.88 
[1] 

9854 
[1] 

77.50 
 [3] 

15.91 
 [1] 

744.21 
 [1] 

1623.73 
[1] 

0.75  
[1] 

 

5.10.4 Summary 

The supplier societal compliance rate, supplier training and development, employee 

training and development all depend on their steady-state values and the annual demand 

over MLC years. These values are estimated to depend on the demand over the 20 year 

period, due to lack of available data. The product customization rate remains constant 

throughout the period of 20 years and is equal to the input value. Each of the PDSCC 

combinations may perform differently with respect to the four societal criteria. However, 

in this case, the PDSCC combinations performance remains same with respect to all the 

four different criteria (Table 5.20). Therefore, the RD4-RSC4 performs best followed by 

RD3-RSC3, RD2-RSC2 and RD1-RSC1. If PDSCC combinations rank differently with 
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respect to each individual criteria then the total ranking for each combination can be 

computed and the one with least rank could be considered as the best combination. 

 
5.11 Selection of Best PDSCC Combination 

Based on the hierarchical approach, at the end of the societal MLC analysis the best 

PDSCC combination with maximum societal performance is selected. However, in this 

case study, as the number of design alternatives is comparatively less, all the 

combinations are ranked based on their economic and environmental performance and 

sent to next stages, as opposed to selecting only few best ones at each stage. Ideally, if 

selection is performed at the economic and environmental MLC stages, the Table 5.20 

would have been much simpler. However, to select the best combination the hierarchical 

approach must be followed.  

 

Therefore, to select the best PDSCC combination, based on the hierarchical 

approach, the top three combinations that have maximum economic performance (RD3-

RSC3, RD2-RSC2, and RD4-RSC4) are chosen at the end of economic MLC analysis. In 

the next stage, two combinations from the above three that perform best with respect to 

the environmental performance criteria are selected. As the total ranking for the 

combinations RD3-RSC3 and RD4-RSC4, is four which is less than the ranking of RD2-

RSC2 combination, the combinations RD3-RSC3 and RD4-RSC4, are selected at the end of 

environmental MLC analysis to be sent to the next stage. The combination RD4-RSC4, 

ranks first between the two combinations with respect to societal performance and 

therefore the best combination is RD4-RSC4.  

 

As some of the data used for this case study is estimated due to lack of availability, 

performing sensitivity analysis provides insights on the closed-loop SC behavior during 

various situations. This analysis also provides information on the key factors that 

influence the closed-loop SC behavior and also provides areas for overall performance 

improvement. Hence, in the next chapter the sensitivity analysis performed on the best 

PDSCC combination, RD4-RSC4, is presented.  
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6. CHAPTER SIX: SENSITIVITY ANALYSIS 

6.1 Overview 

Sensitivity analysis is an important tool in model development and validation 

process. It is the process of systematically varying the input parameter values to evaluate 

the impact of these variations on the system’s behavior. This type of analysis enables a 

company to predict the outcome of a decision in a variety of situations, and also helps in 

identifying the critical factors that affect the system. Usually in sensitivity analysis one 

parameter value is changed, while others are kept constant, and the effect of the change in 

this value on the system’s outcome is observed. By experimenting with different input 

parametric values, the most important parameters that have influence on the system 

outcome can be identified. In reality, SC models are often subject to numerous 

uncertainties with several conflicting objectives. Although it is very challenging to 

capture all the dynamics of the SC, performing sensitivity analysis can provide insights 

into the system’s behavior during a variety of situations.  

 

The parameters of the EOM (such as the steady-state demand, recovery rate, steady-

state probability of refurbished refrigerators used to satisfy the demand, steady-state 

probability of remanufactured refrigerators used to satisfy the demand) used to compute 

the optimal SC configuration for each refrigerator design are static values. As these 

values are based on estimates, it is useful to study how these parametric values impact the 

optimal SC configuration and the cumulative profit at the end of the 20 year period for 

each of the PDSCC combination. While performing sensitivity analysis on the four 

combinations is possible, however, in this research the analysis is performed on the best 

combination selected at the end of hierarchical approach. As only the best PDSCC 

combination is chosen, it is reasonable to perform an in-depth analysis on this 

combination to observe the system’s behavior under various situations. Therefore, in this 

section all the sensitivity analysis performed on the RD4-RSC4 combination is presented. 

 

6.2 Analysis Description 

As discussed earlier, several input parameters are involved in the EOM. Four key 

parameters were identified for the RD4-RSC4 combination, to study in detail their 
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influence on the system’s behavior. Table 6.1 presents the parameters, their ranges and 

the increment steps considered for the sensitivity analysis.  

 

Table 6.1: Parameters for the Sensitivity Analysis 

Parameters 
Lower 
Bound

Upper 
Bound 

Increment 
Steps 

Other 
Variables 

Steady-state demand 30,000 273,000 27000 

Steady-state 
forward loop 

costs and 
cumulative 

profit 

Recovery rate 0.15 0.7 0.05 

Steady-state 
reverse loop 

costs and 
cumulative 

profit 

Steady-state probability 
of refurbished quantity 

used to satisfy the  
demand 

0 1 0.1 Steady-state 
forward loop 

costs and 
cumulative 

profit 
Steady-state probability 

of remanufactured 
quantity used to satisfy 

the demand 

0 1 0.1 

 
The steady-state demand is market driven and there is always an uncertainty 

associated with this value. Therefore, this is an important variable whose impact must be 

studied. The recovery rate impacts the entire reverse loop SC network and has a bearing 

on overall profitability as well as environmental and societal performance due to the 

reverse SC. Hence, the impact of the recovery rate is studied on steady-state optimal 

profit and the cumulative profit values. The steady-state probability of refurbished and 

remanufactured refrigerators used to satisfy the demand influences the number of new 

refrigerators and components to be manufactured and the total steady-state forward loop 

costs and also the environmental performance. Each parameter in Table 6.1 is varied one 

at a time to capture its impact on the SC system. By performing this type of analysis on 
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the model, the behavior of the actual SC system in real-life can be predicted which can 

help companies to make informed decisions to improve their overall benefits.  

 

6.3 Results  

This section presents the results of the sensitivity analysis performed for the best 

combination identified for the case study problem.  The impact of each parameter on the 

system’s outcome (steady-state profit, optimal cumulative profit at the end of year 20) is 

presented for RD4-RSC4 combination in this section.   

6.3.1 Effect of change in Steady-state demand 

Figure 6.1 shows the impact of change in steady-state demand on the cumulative 

profit at the end of 20 year period. The related parameters such as demand distributed for 

different use locations, demand for year 1 and year 20 in the economic MLC analysis are 

changed proportionately with change in steady-state demand to maintain the consistency. 

The capacity threshold factors for collection, remanufacturing and recycling facilities are 

maintained same for demand greater than 150,000 units and are adjusted proportionally 

for demand less than 150,000 units. This is because when the demand is less than 

150,000 units, less quantity is transported to the corresponding facilities, and using same 

factors returns infeasibility. Therefore, the minimum quantity limit is adjusted 

accordingly. However, this issue does not arise when the demand is greater than 150,000 

units.  
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Figure 6.1: Effect of Change in Demand on Cumulative Profit 

 

Table 6.2 summarizes the results obtained from varying the steady-state demand 

for the RD4-RSC4 combination. The results obtained from varying the steady-state 

demand: the total steady-state forward loop costs, the opening of reverse loop facilities, 

and the cumulative profit at the end of 20 years are presented. Also, the steady-state 

demand used for the optimization model is highlighted. 
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Table 6.2: Results from Varying Steady-state Demand 

Demand 
(Thousands 

of Units) 

Steady-state  
Forward 

Loop Cost 
(Millions of 

Dollars) 

Number of 
Facilities 
Opened 

Cumulative Profit 
(Millions of Dollars)

30 19.21 
Collection = 2 

Remanufacturin
g = 1 

Recycling = 2 

-111.71 

57 41.08 -39.22 

84 62.94 33.28 

111 84.80 Collection = 3 
Remanufacturin

g = 1 
Recycling = 2 

104.68 

138 106.65 177.20 

150 116.37 Collection = 3 
Remanufacturin

g = 2 
Recycling = 2 

183.72 

165 128.53 224.69 

192 150.35 

Collection = 4 
Remanufacturin

g = 2 
Recycling = 2 

296.18 

219 172.18 Collection = 4 
Remanufacturin

g = 2 
Recycling = 3 

342.28 

246 194.14 412.27 

273 216.05 

Collection = 5 
Remanufacturin

g = 3 
Recycling = 3 

458.12 

 

Results Summary 

As the steady-state demand increases from 30,000 units to 273,000 units 

additional collection, remanufacturing and the recycling facilities are opened for 

processing the used refrigerators. Table 6.2 presents the change in number of opened 

facilities with the increase in demand. Also as expected, the cumulative profit is directly 
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proportional to the steady-state demand, as more revenue is generated with increase in 

sales. Therefore, maximum cumulative profit over 20 years is obtained when the steady-

state demand is 273,000 units. However, the steady-state forward loop costs increase 

with increase in steady-state demand, as more resources are required to satisfy this 

demand.  

6.3.2 Effect of change in recovery rate 

The recovery rate, as discussed earlier influences not only the reverse loop SC 

costs, but also determines the number of past refurbished or remanufactured refrigerators 

available to satisfy next life-cycle’s demand. In order to observe the impact of this 

recovery rate on the steady-state optimal profit, and the cumulative profit at the end of 20 

year period, experimentations are conducted for different recovery rate values varying 

from 0.15 to 0.7 in steps of 0.05 and the results are plotted as shown in Figure 6.2.  

 

 

Figure 6.2: Effect of Varying Recovery Rate on Profitability 
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Table 6.3 summarizes the results obtained from varying recovery rate on the RD4-

RSC4 combination. 

Table 6.3: Results from Varying Recovery Rates 

Recove
ry Rate 

Reverse Loop Costs 
(Millions of Dollars) 

Number of 
Facilities 
Opened 

Optimal Profit 
(Millions of 

Dollars) 

Total Cumulative Profit 
(Millions of Dollars) 

0 0 

Collection =0 
Remanufacturin

g = 0 
Recycling = 0 

13.32 30.99 

0.15 5.21 

Collection =2 
Remanufacturin

g = 1 
Recycling = 2 

7.35 158.35 

0.2 5.58 Collection =3 
Remanufacturin

g = 1 
Recycling = 2 

6.79 176.58 

0.25 6.08 6.12 192.81 

0.3 7.74 

Collection =3 
Remanufacturin

g = 2 
Recycling = 2 

4.27 183.72 

0.35 8.23 

Collection =4 
Remanufacturin

g = 2 
Recycling = 2 

3.60 199.75 

0.4 9.94 Collection =4 
Remanufacturin

g = 2 
Recycling = 3 

1.72 190.12 

0.45 10.42 1.05 206.35 

0.5 10.90 0.28 223.93 

0.55 12.57 

Collection =5 
Remanufacturin

g = 3 
Recycling = 3 

-1.61 218.74 

0.6 14.31 Collection =6 
Remanufacturin

g = 3 
Recycling = 4 

-3.60 212.90 

0.65 14.81 -4.39 232.88 

0.7 16.50 

Collection =6 
Remanufacturin

g = 4 
Recycling = 4 

-6.36 229.78 

 

Results Summary 

When the recovery rate is zero, no used products are recovered. This implies that 

the steady-state reverse loop SC costs are not incurred and therefore the steady-state 

optimal profit is maximum at this value. This system is similar to that of an open-loop SC 
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model. From results it has been observed that as the recovery rate increases, more 

facilities are opened to recover and refurbish the used refrigerators and to remanufacture 

and recycle their components. Therefore, the reverse loop SC costs begin to increase and 

hence the steady-state optimal profit decreases. Also, in steady-state period (year 10) the 

refurbished refrigerators and remanufactured components are available from only year 1. 

Hence, less quantity of previous year’s products and components are available to satisfy 

the year 10 demand, thereby increasing the demand for new products (hence forward loop 

costs). Therefore, the optimal profit decreases with increase in number of recovered 

products during the year 10. However, if the cumulative profits at the end of year 14 or 

15 are computed (refurbished and remanufactured quantities available from years 1, 2, 3, 

4, 5, and/or 6) the cumulative profit increases with increase in recovery rate, as more 

quantities from previous years are satisfying the demand and therefore less forward loop 

costs.  

 

While in short-term (from the steady-state results) recovering products and 

performing reverse loop operations increase the steady-state reverse loop SC costs 

(decreases steady-state profit in Figure 6.2), pursuing the closed-loop flow generates 

much higher cumulative profits in a long-term (shown in cumulative profit graph). While 

the cumulative profit (end of year 20) increases with increase in recovery rate from 0.15 

to 0.7, however it does not increase at a steadily at every 0.05 increment (the peaks and 

lows) because whenever a new facility is added the cumulative profit decreases as more 

capital and processing costs are incurred. Therefore considering only steady-state profit 

values (as opposed to the total period) might mislead a company in making right financial 

decisions (for a recovery rate of 0.7, steady-state optimal profit = -$6.36 million, 

cumulative profit at the end of total period = $229.78 million). Therefore, pursuing a 

closed-loop flow generates better profits in a long-term and if company is intended to 

consider only short-term benefits, then it might be better off pursuing an open-loop SC 

flow.  

 

From this analysis, the best recovery rate that generates more cumulative profits 

at end of year 20 is observed to be 0.65. Although only financial benefits are observed 
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explicitly through this analysis, a higher recovery rate also implies better environmental 

and societal benefits in a closed-loop SC model as the recovered products are used to 

satisfy the demand for next life-cycles, thereby reducing the overall energy usage, 

emissions released and reducing the disposal to landfill (improving the living conditions 

of society).  

 

6.3.3 Effect of change in Probability of Refurbished Products  

The steady-state probability of refurbished products used to satisfy the demand 

determines the number of new products to be produced and therefore the steady-state 

forward loop SC costs. Therefore, the steady-state optimal profit and the overall 

cumulative profit at the end of 20 year period is also impacted with change in this 

probability. To study the impact of the refurbished product probability on the steady-state 

optimal profit and the cumulative profit, experiments are conducted by varying the 

probability in the range of 0 to 1 in steps of 0.1. Figure 6.3 presents the results obtained 

from these experimentations for the RD4-RSC4 combination.  
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Figure 6.3: Effect of Probability of Refurbished Products on Profitability 

 

Table 6.4 summarizes the results obtained from varying the steady-state 

probability of refurbished products. The value used for the optimization model is 

highlighted. 
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Table 6.4: Results from Varying Steady-state Probability of Refurbished Products 

Probability 
of 

Refurbishe
d Products 

Forward 
Loop SC 

Costs 
(Millions 

of 
Dollars) 

Number 
of 

Facilities 
Opened 

Optimal Profit 
(Millions of Dollars) 

Cumulative Profit 
(Millions of Dollars) 

0 125.19 

3,2,2 

-2.86 175.82 

0.1 123.43 -1.44 180.22 

0.2 121.66 -0.01 182.84 

0.3 119.90 1.41 184.07 

0.4 118.14 2.84 184.27 

0.5 116.37 4.27 183.72 

0.6 114.61 5.70 182.68 

0.7 112.84 7.13 181.34 

0.8 111.08 8.56 179.85 

0.9 109.32 9.99 178.33 

1 107.55 11.41 176.82 

 

Results Summary 

As the steady-state probability of refurbished products increases more demand is 

satisfied by refurbished products available from year 1, and less new products are 

required from suppliers, thereby reducing the steady-state forward loop SC costs ( trend 

is observed in Table 6.4). However, the steady-state probability of refurbished products 

does not have an impact on the reverse loop SC configuration and costs because the 

demand at each use location does not change (and therefore all the reverse loop 

transportation quantities remain same). Hence, the selection of reverse loop SC partners 

is not influenced by change in the steady-state probability of refurbished products. Also, 

with increase in the quantity of refurbished products satisfying the demand, the total 

revenue decreases because these products are sold at a discounted price. As the rate of 

decrease in total revenue is comparatively low as compared to rate of reduction in steady-
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state forward loop costs, the steady-state optimal profit is observed to increases with 

increase in this probability.  

 

The overall cumulative profit obtained at the end of 20 year period follows a 

different pattern. The cumulative profit increases with increase in the steady-state 

probability value upto a certain limit, 0.4 in this case, reaches a peak at this point, and 

decreases from there onwards. This is because the cumulative revenue (at end of year 20) 

decreases considerable as more demand is satisfied by refurbished products. When a 

probability of 0.4 is crossed the rate of decrease in this cumulative revenue is much 

higher than the rate of reduction in cumulative forward loop costs. Therefore, the 

cumulative profits decrease from that point.  

 

To summarize, in this case, an increase in steady-state probability of refurbished 

products always produces higher steady-state optimal profits but does not always produce 

higher total cumulative profits. From the Figure 6.3, it can be observed that using a 

steady-state probability value of 0.4 generates maximum cumulative profits at the end of 

20 years.  

6.3.4 Effect of Steady-State Probability of Remanufactured Components  

The effect of change in steady-state probability of refurbished products used to 

satisfy the demand is already observed in the previous section. In this section, the effect 

of varying the steady-state probability of remanufactured components used to satisfy the 

steady-state demand is studied. Ideally, the more remanufactured components are used to 

satisfy the demand the less number of new components are acquired from the suppliers 

and this influences the forward loop SC costs.  However, as opposed to refurbished 

products the remanufactured products incur the additional ‘other component acquisition 

costs’ which again influences the steady-state forward loop costs.  In order to study the 

impact of this probability value on the steady-state forward loop SC costs, steady-state 

optimal profit and the cumulative profit at the end of 20 year period, experimentations are 

conducted with varying this value in the range of 0 to 1 with 0.1 increments. Figure 6.4 

presents the results obtained from varying the steady-state probability of remanufactured 

components for the RD4-RSC4 combination. 
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Figure 6.4: Effect of Probability of Remanufactured Components on Profitability 

 

Table 6.5 summarizes the results of varying the steady-state probability of 

remanufactured components satisfying the demand on profitability. The value considered 

in the optimization model is also highlighted.  
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Table 6.5: Results from Varying Probability of Remanufactured Components 

Probability of 
Remanufacture
d Components 

Forward 
Loop SC 

Costs 
(Millions 

of 
Dollars) 

Number of 
Facilities 
Opened 

Optimal 
Profit 

(Millions 
of 

Dollars) 

Cumulative 
Profit  

(Millions of 
Dollars) 

0.00 117.42 

3,2,2 

4.87 184.47 

0.10 117.29 4.79 184.19 

0.20 117.16 4.72 183.99 

0.30 117.03 4.65 183.85 

0.40 116.90 4.57 183.77 

0.50 116.77 4.50 183.73 

0.60 116.64 4.42 183.72 

0.70 116.51 4.35 183.72 

0.80 116.38 4.28 183.73 

0.90 116.25 4.20 183.74 

1.00 116.12 4.13 183.74 

 

Results Summary 

For each unit of remanufactured refrigerator the other component acquisition cost 

is incurred.  As more number of remanufactured components are used to satisfy the 

steady-state demand, the higher is the other component acquisition cost. However, the 

supplier cost for acquiring the remanufactured components is not incurred. Both of these 

parameters impact the steady-state forward loop costs. It has been observed from Table 

6.5 that increasing the steady-state probability of remanufactured components reduces the 

steady-state forward loop costs. However, the rate of decrease in steady-state forward 

loop costs is very low as compared to that of the case of refurbished products. The 

reverse loop SC configuration and costs remain same as the quantities are not changed. 

The remanufactured components too, are sold at a discounted price and as more number 

of these components are used to satisfy the demand the total steady-state revenue 

decreases. Therefore, the steady-state optimal profit (factor of steady-state forward loop 
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costs and revenue) is observed to decreases with increase in steady-state probability of 

remanufactured components. This is because of the increased steady-state forward loop 

costs incurred from the ‘other component acquisition cost’ (which is not incurred for 

refurbished products, as they are already assembled).  

 

The cumulative profit at the end of 20 year period also decreases with increase in 

steady-state probability from 0 to 0.8 and then starts increasing from there onwards. This 

decreasing trend is due to the high other component acquisition cost incurred for 

remanufactured products coupled with decreased cumulative revenue generated from 

them. The cumulative profit starts increasing from probability of 0.8, due to lesser 

supplier related costs (as more remanufactured components are used in place of new 

components). However, the decreased revenue and increased other component 

acquisition costs are overshadowing the economic benefits of increasing the steady-state 

probability of remanufactured components.  

 

Both the steady-state profit and the cumulative profits are highly influenced by 

the other component acquisition cost parameter. From the above results it can be 

observed that if other component acquisition cost is lowered, then increasing the steady-

state probability of remanufactured components can generate better economic benefits. 

However, for this case it can be concluded that if no remanufactured components are 

used to satisfy the steady-state demand then the maximum cumulative profit over 20 year 

period is realized. However, meeting the demand with new components when it could be 

satisfied by remanufactured components is not environmentally friendly as more raw 

material and resources are utilized during new component production.  
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7. CHAPTER SEVEN: CONCLUSIONS AND FUTURE RESEARCH 

 
This Chapter presents the findings of this research and summarizes the conclusions. 

Future research opportunities and ideas for extending the developed CSD model are also 

presented.  

 

7.1 Summary and Conclusions 

In this dissertation, a decision support model for coordinating product and SC 

design from a sustainability perspective is presented. The model developed using a 

hierarchical approach considers a total life-cycle approach and incorporates a closed-loop 

flow within the SC to promote sustainability. The model evaluates the impact of alternate 

product designs on their corresponding SC configurations to select the best PDSCC 

combination that maximizes the economic, environmental and societal benefits. An 

optimization model (EOM) is first developed which selects for each product design an 

optimal closed-loop SC configuration combination that maximizes profit. The EOM is 

formulated as a MILP problem and solved using the IBM ILOG CPLEX Optimization 

software. Following this, the economic, environmental and societal MLC analysis is 

performed for each PDSCC combination separately to select the best combination that 

maximizes the overall SC profit, and also minimizes environmental and societal impacts. 

The MLCEco, MLCEnv, and MLCSoc models, developed for performing the economic, 

environmental and societal MLC analysis, are easy-to-use, Microsoft Excel based 

software tools that compute the TBL performance of each PDSCC combination over a 

given time period T. An open-loop SC tool (MLCOsc), created for computing the 

economic performance of product designs and open-loop SC configurations over MLCs, 

is also developed using a Microsoft Excel Based Application. The MLC economic 

performance of PDSCC combinations obtained from the MLCEco and MLCOsc tools are 

compared to quantify the benefits/impact of pursuing a closed-loop flow.  

 

In order to show the solution procedure, the CSD model is first applied for an 

example problem that considers four alternate product designs with three critical 



246 
 

components. The EOM and the MLCEco, MLCEnv, and MLCSoc tools are used in multiple 

stages to identify the best PDSCC combination that maximizes all the TBL benefits. The 

MLCOsc tool is also used to compute the economic performance of each PDSCC 

combination in an open-loop SC network. Later, the model is applied for a refrigerator 

case study to identify the best PDSCC combination that maximizes all the TBL benefits. 

Similar procedure to that of the example problem is followed to find the best PDSCC 

combination with maximum TBL performance. However, for this case, actual data from 

company is used wherever available, and rest of the data is gathered from literature. 

Hence, this problem is more realistic and comparatively larger as compared to the 

example problem. The sensitivity analysis is also performed on the optimization model 

(corresponding to the best PDSCC combination) for the case study problem to gain 

insights into the SC system’s behavior under various situations. Four major parameters of 

the optimization model were varied to determine the best values for these parameters that 

produced maximum economic benefits.  

 

The results indicated that both product design and SC design play an important role 

in improving the TBL performance of entire SC. From the results, several product design 

and SC design related parameters that significantly influence this performance have been 

identified. For given designs, the minimum total period T that must be considered to gain 

economic benefits from pursuing a closed-loop flow (as compared to that of an open-loop 

flow) can be determined. The designs for which pursuing closed-loop flow will provide 

greater benefits can also be identified from these results. It has been observed that 

pursuing a closed-loop flow generates more benefits in a long-term and therefore 

companies that are interested in obtaining short-term benefits may be better off with an 

open-loop SC model. However, the product type also plays an important role in 

determining these benefits. For example, the length of the use stage can significantly 

impact how quickly a company can realize the benefits from pursuing closed-loop flow. 

Ideally, more quickly the products are made available for next life (used, recovered, and 

refurbished/remanufactured/recycled), more demand is satisfied by these products within 

shorter period, and hence, the benefits are realized faster (assuming that demand exists 

for the product, company has established its reverse loop facilities, etc.,). Also, the 



247 
 

demand has a significant influence on all economic, environmental and societal 

performance of PDSCC combinations. The results from sensitivity analysis provided 

information on the system’s behavior when steady-state parameters such as demand, 

recovery rate, and the probabilities for refurbished products and remanufactured 

components are varied. From the results, the best values for the above parameters that 

will maximize the economic performance of the best PDSCC combination have been 

identified. The results also indicated that these models tend to be very complex, due to 

the nature of the SCs operations and the complex relationships between product design 

and SC design variables. These models grow exponentially in size when the number of 

product designs or number of components or number of SC partners increase. 

 

The developed model provides significant addition to the existing SSC research 

through coordinating product and SC design decisions from a sustainability perspective, a 

critical aspect for improving the SSC performance. This research aims to fill in the gap in 

SSC literature which lacks an integrated approach to SSCs through considering all the 

four product life-cycle stages, the TBL aspects, and incorporating a 6R approach to 

promote a closed-loop flow among multiple product life-cycles. Well-established product 

design and the SC design criteria are considered in this research. The TBL performance 

metrics considered in this research are commonly used by most of the companies. The 

developed CSD model, which can be applicable to any type of product, is solved using an 

MILP approach and Excel Based tool. The model is applied and tested for the case of 

domestic refrigerators and the results proved the efficiency of the model in identifying 

best solution and provided several insights into the closed-loop SC systems. Decision 

support models such as above can help companies identify the best product designs that 

will bring highest sustainability benefits to the entire SC. The CSD model helps the 

decision makers to view a holistic picture and the long-term and the short-term impact of 

their decisions and also areas for performance improvements. Further, the economic, 

environmental and societal MLC analysis models are easy-to-use Excel based tools that 

can be used with minimum supervision.  
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7.2 Future Research Directions 

In this research, the CSD model is developed using a hierarchical approach and the 

optimization is performed for economic aspect and economic, environmental and societal 

MLC analysis is performed. The CSD model can be extended to include optimization of 

all the economic, environmental and societal aspects for multiple product life-cycles.  

 

There is also a need for an in-depth study to identify the most suitable metrics that 

can be used to evaluate environmental and societal sustainability for the PDSCC 

combinations. These environmental and societal metrics must be quantifiable. Also, when 

all the TBL aspects are considered in an optimization model, the relative importance for 

each aspect must be determined.  

 

While the deterministic approach employed in this dissertation identifies most 

important product design and SC design criteria, explicitly modeling the stochastic 

variables can be another extension to this research. Several uncertainties influence the 

performance of SC’s to a great extent. Therefore, to develop more effective CSD models, 

there is a need to consider these uncertainties during the modeling stage for stochastic 

optimization. These models must comprehensively consider the uncertainties associated 

with new products, both in forward and reverse loop SC operations within the SC.  

 

In this research, the CSD model has been applied to the case of domestic 

refrigerators. The model can be further applied to different case studies to study the 

performance of different types of products and to identify common factors that influence 

the SC’s performance. While the sensitivity analysis performed in this research presented 

the system’s behavior when major steady-state parameters are varied, further analysis can 

be performed on the Excel based MLC tools to evaluate the vulnerability to such factors. 
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APPENDIX A 

 
Demand and SC Cost Related Data 

(a) Example Problem  

Demand Related Data (Estimated) 

Design  

Steady-
state 

demand
* 

Refurbished 
Product 

Quantity*  

Remanufactured 
Component 
Quantity* 

Percent (%) 

C1 C2 C3 

R
ef

u
rb

is
h

ed
 

R
em

an
u

fa
ct

u
re

d
 

PD1 100 10 8 7 5 85 67 

PD2 110 7 9 10.5 7.8 30 20 

PD3 90 14 5.6 4.5 5 45 56 

PD4 80 9 8 8.5 6.4 23 50 
*Quantity in Thousands 

 

OEM Cost Related Data (Average values) 

Product 
Design 

Fixed 
Cost 

($/Yr) 

Assembly 
Cost ($/Unit) 

Holding Cost 
($/Component) 

PD1 3000000 100 1 

PD2 3200000 105 2 

PD3 3090000 98 1.75 

PD4 2950000 101 0.75 
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Collection Center Cost Related Data 

Collection Center  

Cost ($/Product) 

Refurbishing Disassembly 

PD1 PD2 PD3 PD4 PD1 PD2 PD3 PD4 

C1 10 12 9 9 29 20 25 22 

C2 12 9 10 12 28 25 21 23 

C3 11 8 8 7 27 24 24 21 

 

Data for Possible Remanufacturing Centers 

Design Component 

RM1 RM2 RM3 
P

ro
ce

ss
in

g 
C

os
t*

 

C
ap

ab
il

it
y*

* 

C
ap

ac
it

y*
**

 

P
ro

ce
ss

in
g 

C
os

t*
 

C
ap

ab
il

it
y*

* 

C
ap

ac
it

y*
**

 

P
ro

ce
ss

in
g 

C
os

t*
 

C
ap

ab
il

it
y*

* 

C
ap

ac
it

y*
**

 

PD1 

C1 1.17 1 22 1.35 1 21 1.24 0 NA

C2 2.15 0 NA 1.71 1 21 2.55 1 34 

C3 1.82 1 30 1.77 1 44 1.03 1 21 

PD2 

C1 1.10 1 22 1.71 0 38 1.55 0 NA

C2 1.58 1 35 1.51 1 30 1.06 1 31 

C3 2.69 1 35 1.17 0 NA 1.64 1 35 

PD3 

C1 1.83 1 39 2.25 1 34 1.33 0 NA

C2 1.26 0 NA 1.08 1 26 2.77 1 44 

C3 2.15 1 30 2.30 1 35 2.06 0 NA

PD4 

C1 1.01 0 NA 2.41 1 27 1.77 1 40 

C2 1.95 1 30 2.92 0 NA 1.67 1 44 

C3 1.40 1 21 2.51 1 43 2.80 1 23 

* Units: $/Components,** 0 - Not capable 
NA - Not applicable as a result of no capability 

*** Units: thousands  
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Data for Possible Recycling Centers 

Product  Component  

RY1 RY2 RY3 

P
ro

ce
ss

in
g 

C
os

t*
 

C
ap

ab
il

it
y*

* 

C
ap

ac
it

y*
**

 

P
ro

ce
ss

in
g 

C
os

t*
 

C
ap

ab
il

it
y*

* 

C
ap

ac
it

y*
**

 

P
ro

ce
ss

in
g 

C
os

t*
 

C
ap

ab
il

it
y*

* 

C
ap

ac
it

y*
**

 

PD1 

C1 2.15 1 33 2.17 0 NA 2.49 1 15 

C2 2.4 0 NA 2.5 1 29 2.51 0 NA

C3 3.21 1 27 2.18 1 19 0.88 1 29 

PD2 

C1 2.47 1 28 0.57 0 NA 1.64 0 NA

C2 2.81 0 NA 2.65 1 29 1.23 1 17 

C3 0.66 1 44 0.55 0 NA 2.66 0 NA

PD3 

C1 3.07 1 37 3.18 0 NA 2.07 1 17 

C2 3.5 1 39 1.57 1 24 2.02 1 26 

C3 1.11 0 NA 3.23 1 22 3.26 1 20 

PD4 

C1 1.36 1 26 3.13 0 NA 0.77 0 NA

C2 1.01 0 NA 2.63 1 27 2.7 0 NA

C3 1.71 1 28 3.47 0 NA 0.58 1 21 
* Units: $/Components,** 0 - Not capable 

NA - Not applicable as a result of no capability 
*** Units: thousands 

 

(b) Case Study Problem 

Demand Related Data (Estimated) 

Model  
Steady-

state 
demand* 

Refurbished 
Refrigerator 

Quantity* 

Remanufactured 
Component Quantity* 

Percent (%) 

In
su

la
ti

on
 

M
at

er
ia

l 

C
om

p
re

ss
or

 

E
va

p
or

at
or

 

D
oo

r 
G

as
k

et
 

R
ef

u
rb

is
h

ed
 

R
em

an
u

fa
ct

u
re

d
 

RD1 100 10 8 8.5 9 9.4 40 35 
RD2 250 14 9 10.2 9.2 9.6 50 35 
RD3 220 17 11 11.5 12 11.7 45 86 
RD4 150 22 12.5 13.4 13.7 14 50 80 

*Units: Thousands 
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OEM Cost Related Data (Average values) 

Refrigerator 
Design 

Fixed Cost 
($/Yr)  

Assembly 
Cost ($/Refrigerator) 

Holding Cost 
($/Component) 
(Beamon, 2004) 

RD1 4,670,000 175 0.02 

RD2 4,665,000 150 0.019 

RD3 4,650,000 120 0.018 

RD4 4,655,000 100 0.017 
 

Collection Center Costs Related Data 

Collection Center  

Cost ($/Refrigerator) 

Refurbishing  Disassembly 

RD1 RD2 RD3 RD4 RD1 RD2 RD3 RD4 
CMX 24 23.5 22.75 21 34 32.5 31.4 30.1 
CSC 24.5 24 23.5 21.5 34.5 33 31.9 30.4 
CAK 25 24.75 23.9 21.75 35.2 33.7 32.4 30.9 
CMN 26 25.1 24.1 22 35.4 34.3 32.5 31.1 
CID 26.5 25.6 24.9 22.4 35.9 34.6 32.9 31.4 
CNB 26.7 25.9 25.1 22.8 36.1 35.1 33.4 31.9 
CKY 27.5 26.1 25.9 23.1 36.4 35.6 33.9 32.1 
CNE 27.9 26.8 26.1 23.4 37 36.4 34.7 32.4 
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Data for Possible Recycling Centers 

Recycling 
Center  

Capability (1 - 
Yes, 0 - No) 

Processing Cost 
($/Component) 

Capacity (Quantity 
in 103) 

R
D

1 

R
D

2 

R
D

3 

R
D

4 

R
D

1 

R
D

2 

R
D

3 

R
D

4 

R
D

1 

R
D

2 

R
D

3 

R
D

4 

RYMX 

IM 1 1 1 1 11.10 NA 9.09 7.91 21.0 33 22.4 15 

CP 1 0 1 1 11.50 10.3 9.42 8.19 15.0 NA 24 20 

ER 1 1 1 1 11.00 NA 9.01 7.84 21.0 25 23 14 

DG 1 0 0 0 NA 10.4 NA NA 5 NA NA NA

RYUT 

IM 1 1 1 0 NA 10.9 9.96 8.67 14 34 17.8 NA

CP 1 1 1 1 11.20 NA 9.38 8.16 24 40 20 21 

ER 1 1 1 1 NA 10.7 9.80 8.52 10.5 23 34.1 14 

DG 1 1 1 1 11.40 NA NA NA 19 29 12 10 

RYMN 

IM 1 1 1 1 NA 10.7 9.80 8.52 7 17 26 20 

CP 1 1 0 0 12.10 NA NA NA 24.0 27 NA NA

ER 0 1 1 1 NA 10.76 9.58 8.33 NA 19 21 13 

DG 1 1 1 1 11.40 10.49 NA 8.12 19.0 31 19.7 17 

RYNC 

IM 0 1 1 1 NA 11.13 9.91 8.62 NA 30 20 21 

CP 1 1 1 1 12.40 11.66 10.37 NA 10.0 20 10 11 

ER 1 1 0 1 11.90 NA NA 8.48 25.0 25 NA 21 

DG 0 1 1 0 NA 10.53 9.37 NA NA 15 26 NA

NA - Not applicable as a result of no capability 
IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
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APPENDIX B 

 
(a) Example Problem  

Ratings  
 

Criteria for Design PD1 
Use Center 

U1 U2 U3 U4 

Reuse 

Up 6 6 6 6 

Qe 8 6.5 7 7.1 

Sa 7 7 7 7 

Remanufacture 

C1 

As 8 8 8 8 

Hl 4 4.6 5 5.1 

Tl 6 6 6 6 

Im 5 5.6 6 5.8 

C2 

As 7 7 7 7 

Hl 5 5.3 5.7 5.9 

Tl 6.4 6.4 6.4 6.4 

Im 6.1 6.5 6.7 7.2 

C3 

As 7.5 7.5 7.5 7.5 

Hl 8 8.3 8.5 7 

Tl 6.1 6.1 6.1 6.1 

Im 5 5.8 6 6.5 

Recycle* 

C1 

EC 

1 0 1 1 

C2 0 1 1 1 

C3 0 1 0 0 

*1 -Yes, 0 - No 
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Criteria for Design PD2 
Use Center 

U1 U2 U3 U4 

Reuse 
Up 8 8 8 8 
Qe 7 7.1 7.3 7.6 
Sa 8 8 8 8 

Remanufacture 

C1 

As 6 6 6 6 
Hl 6.1 6.4 6.8 6.9 
Tl 7 7 7 7 
Im 5 5.1 5.6 6 

C2 

As 7 7 7 7 
Hl 7.6 7.1 7.9 7 
Tl 6 6 6 6 
Im 6 6.7 7.1 7.5 

C3 

As 8 8 8 8 
Hl 5.4 5.7 6.4 6.8 
Tl 7 7 7 7 
Im 6.8 7.2 7.5 7 

Recycle* 
C1 

EC 
1 1 0 0 

C2 1 1 1 1 
C3 0 1 1 1 

*1 -Yes, 0 - No 
 
 

Criteria for Design PD3 
Use Center 

U1 U2 U3 U4 

Reuse 
Up 9 9 9 9 
Qe 7 7.9 7.2 8 
Sa 8 8 8 8 

Remanufacture 

C1 

As 8 8 8 8 
Hl 9 8.3 8.5 8.9 
Tl 9 9 9 9 
Im 7.8 8 8.3 8.9 

C2 

As 8 8 8 8 
Hl 8.1 8.7 8.3 8.1 
Tl 9 9 9 9 
Im 9.1 9.3 9.3 9.7 

C3 

As 8.9 8.9 8.9 8.9 
Hl 8 7.6 7.4 7.9 
Tl 9.1 9.1 9.1 9.1 
Im 9 9.2 9.3 9.4 

Recycle* 
C1 

EC 
1 1 1 0 

C2 1 1 1 1 
C3 0 1 1 1 

*1 -Yes, 0 - No 
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Criteria for Design PD4 
Use Center 

U1 U2 U3 U4 

Reuse 
Up 9 9 9 9 
Qe 8 8.9 7.8 8 
Sa 8 8 8 8 

Remanufacture 

C1 

As 9 9 9 9 
Hl 7 7.9 8.3 8.1 
Tl 8 8 8 8 
Im 8.1 8.7 8.6 8.9 

C2 

As 9 9 9 9 
Hl 8.9 8.1 8.7 8.7 
Tl 8 8 8 8 
Im 7.8 9 8.9 8.5 

C3 

As 9 9 9 9 
Hl 8.1 9.8 9 8.7 
Tl 7 7 7 71 
Im 9 9.1 8.9 9.3 

Recycle* 
C1 

EC 
1 1 1 1 

C2 1 1 1 1 
C3 0 1 1 1 

*1 -Yes, 0 - No 
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Probabilities 
 

Criteria for Design PD1 
Use Center 

U1 U2 U3 U4 

Reuse 

Up 0.20 0.20 0.20 0.20 

Qe 0.27 0.22 0.23 0.24 

Sa 0.23 0.23 0.23 0.23 

Total 0.70 0.65 0.67 0.67 

Threshold 0.66 

Remanufacture 

C1 

As 0.20 0.20 0.20 0.20 

Hl 0.10 0.12 0.13 0.13 

Tl 0.15 0.15 0.15 0.15 

Im 0.13 0.14 0.15 0.15 

Total 0.58 0.61 0.63 0.62 

Threshold 0.60 

C2 

As 0.18 0.18 0.18 0.18 

Hl 0.13 0.13 0.14 0.15 

Tl 0.16 0.16 0.16 0.16 

Im 0.15 0.16 0.17 0.18 

Total 0.61 0.63 0.65 0.66 

Threshold 0.62 

C3 

As 0.19 0.19 0.19 0.19 

Hl 0.20 0.21 0.21 0.18 

Tl 0.15 0.15 0.15 0.15 

Im 0.13 0.15 0.15 0.16 

Total 0.67 0.69 0.70 0.68 

Threshold 0.68 

Recycle* 

C1 

EC 

1 0 1 1 

C2 0 1 1 1 

C3 0 1 0 0 

*1 -Yes, 0 - No 
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Criteria for Design PD2 
Use Center 

U1 U2 U3 U4 

Reuse 

Up 0.27 0.27 0.27 0.27 

Qe 0.23 0.24 0.24 0.25 

Sa 0.27 0.27 0.27 0.27 

Total 0.77 0.77 0.78 0.79 

Threshold 0.66 

Remanufacture 

C1 

As 0.15 0.15 0.15 0.15 

Hl 0.15 0.16 0.17 0.17 

Tl 0.18 0.18 0.18 0.18 

Im 0.13 0.13 0.14 0.15 

Total 0.60 0.61 0.64 0.65 

Threshold 0.60 

C2 

As 0.18 0.18 0.18 0.18 

Hl 0.19 0.18 0.20 0.18 

Tl 0.15 0.15 0.15 0.15 

Im 0.15 0.17 0.18 0.19 

Total 0.67 0.67 0.70 0.69 

Threshold 0.62 

C3 

As 0.20 0.20 0.20 0.20 

Hl 0.14 0.14 0.16 0.17 

Tl 0.18 0.18 0.18 0.18 

Im 0.17 0.18 0.19 0.18 

Total 0.68 0.70 0.72 0.72 

Threshold 0.68 

Recycle* 

C1 

EC 

1 1 0 0 

C2 1 1 1 1 

C3 0 1 1 1 

*1 -Yes, 0 - No 
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Criteria for Design PD3 
Use Center 

U1 U2 U3 U4 

Reuse 

Up 0.30 0.30 0.30 0.30 

Qe 0.23 0.26 0.24 0.27 

Sa 0.27 0.27 0.27 0.27 

Total 0.80 0.83 0.81 0.83 

Threshold 0.66 

Remanufacture 

C1 

As 0.20 0.20 0.20 0.20 

Hl 0.23 0.21 0.21 0.22 

Tl 0.23 0.23 0.23 0.23 

Im 0.20 0.20 0.21 0.22 

Total 0.85 0.83 0.85 0.87 

Threshold 0.60 

C2 

As 0.20 0.20 0.20 0.20 

Hl 0.20 0.22 0.21 0.20 

Tl 0.23 0.23 0.23 0.23 

Im 0.23 0.23 0.23 0.24 

Total 0.86 0.88 0.87 0.87 

Threshold 0.62 

C3 

As 0.22 0.22 0.22 0.22 

Hl 0.20 0.19 0.19 0.20 

Tl 0.23 0.23 0.23 0.23 

Im 0.23 0.23 0.23 0.24 

Total 0.88 0.87 0.87 0.88 

Threshold 0.68 

Recycle* 

C1 

EC 

1 1 1 0 

C2 1 1 1 1 

C3 0 1 1 1 

*1 -Yes, 0 - No 
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Criteria for Design PD4 
Use Center 

U1 U2 U3 U4 

Reuse 

Up 0.30 0.30 0.30 0.30 

Qe 0.27 0.30 0.26 0.27 

Sa 0.27 0.27 0.27 0.27 

  Total 0.83 0.86 0.83 0.83 

  Threshold 0.66 

Remanufacture 

C1 

As 0.23 0.23 0.23 0.23 

Hl 0.18 0.20 0.21 0.20 

Tl 0.20 0.20 0.20 0.20 

Im 0.20 0.22 0.22 0.22 

Total 0.80 0.84 0.85 0.85 

Threshold 0.60 

C2 

As 0.23 0.23 0.23 0.23 

Hl 0.22 0.20 0.22 0.22 

Tl 0.20 0.20 0.20 0.20 

Im 0.20 0.23 0.22 0.21 

Total 0.84 0.85 0.87 0.86 

Threshold 0.62 

C3 

As 0.23 0.23 0.23 0.23 

Hl 0.20 0.25 0.23 0.22 

Tl 0.18 0.18 0.18 1.78 

Im 0.23 0.23 0.22 0.23 

  Total 0.83 0.87 0.85 2.45 

  Threshold 0.68 

Recycle* 

C1 

EC 

1 1 1 1 

C2 1 1 1 1 

C3 0 1 1 1 

*1 -Yes, 0 - No 
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(b) Case Study Problem 

Ratings 

Criteria for Model RD1 
Use Center 

UNY ULA UCH UHO UJV USA UDV 

Reuse 
Up 4 4 4 4 4 4 4 
Qe 4 6 5.5 4.3 5 4.8 4.2 
Sa 3 3 3 3 3 3 3 

Remanufacture 

IM** 

As 5 5 5 5 5 5 5 
Hl 4 5.9 5.3 5 5.9 5.4 4.9 
Tl 7 7 7 7 7 7 7 
Im 2.5 4 3.6 3 3.8 2.9 2.6 

CP** 

As 4 4 4 4 4 4 4 
Hl 5 6.4 6.1 5.3 5.8 6 5.2 
Tl 5 5 5 5 5 5 5 
Im 1.7 2.9 3 2.1 2.5 2.8 1 

ER** 

As 6 6 6 6 6 6 6 
Hl 3.4 5.3 4.6 3.7 5.1 5 4.5 
Tl 5.5 5.5 5.5 5.5 5.5 5.5 5.5 
Im 2 2.5 2.7 3 4 3.5 3.9 

DG** 

As 7 7 7 7 7 7 7 
Hl 5.5 6.5 6.9 6.1 6.9 6.8 5.8 
Tl 7 7 7 7 7 7 7 
Im 2 2.7 2.5 3 2.8 2.7 1.9 

Recycle* 

IM 

EC 

1 0 1 0 0 0 1 
CP 1 1 0 1 0 0 1 
ER 1 0 1 0 1 0 1 
DG 0 1 0 0 0 1 0 

*1 -Yes, 0 – No, ** Symbols for criteria are described in Table 3.2  
IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
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Criteria for Model RD2 
Use Center 

UNY ULA UCH UHO UJV USA UDV 

Reuse 
Up 7 7 7 7 7 7 7 
Qe 6.5 7.8 7.5 6.3 7 6.8 6 
Sa 8 8 8 8 8 8 8 

Remanufacture 

IM 

As 6 6 6 6 6 6 6 
Hl 7 9 7.5 6 7.8 8.6 8 
Tl 6 6 6 6 6 6 6 
Im 6.5 5.2 6.1 5.8 6 6.5 6.7 

CP 

As 5 5 5 5 5 5 5 
Hl 7.5 6.3 6.4 7.5 7.4 6.9 7.4 
Tl 6 6 6 6 6 6 6 
Im 5.6 6.5 5.4 6.8 6.3 6.1 5.7 

ER 

As 4 4 4 4 4 4 4 
Hl 6 5.4 5.1 5.8 5.6 5.2 5.6 
Tl 6 6 6 6 6 6 6 
Im 6.4 5.3 6.9 7 5.7 6.5 5.1 

DG 

As 5 5 5 5 5 5 5 
Hl 5.5 6.9 6.8 5.7 5.4 6.2 6.7 
Tl 7 7 7 7 7 7 7 
Im 4.5 6 5.6 5.1 5.3 4.9 5.7 

Recycle* 

IM 

EC 

1 0 0 1 0 0 1 
CP 1 1 1 0 0 1 1 
ER 1 0 0 1 1 1 0 
DG 0 1 0 1 0 1 1 

*1 -Yes, 0 – No 
IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
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Criteria for Model RD3 
Use Center 

UNY ULA UCH UHO UJV USA UDV 

Reuse 
Up 9 9 9 9 9 9 9 
Qe 7.5 8.7 8.3 7.3 7.9 8 7.3 
Sa 7 7 7 7 7 7 7 

Remanufacture 

IM 

As 7 7 7 7 7 7 7 
Hl 7.2 8.6 8.7 7.5 8.1 7.8 7.2 
Tl 5 5 5 5 5 5 5 
Im 8 8.2 8.1 8.6 8.4 8.9 8.7 

CP 

As 8 8 8 8 8 8 8 
Hl 6.2 7.5 8 7.1 7.3 6.8 6.7 
Tl 7 7 7 7 7 7 7 
Im 8 8.2 8.4 8.7 8.6 8.9 8 

ER 

As 7 7 7 7 7 7 7 
Hl 6.5 7.4 7.6 8 7.2 6.7 6.4 
Tl 6 6 6 6 6 6 6 
Im 7.6 8.9 8.4 7.9 8 8.4 8.5 

DG 

As 7 7 7 7 7 7 7 
Hl 6.2 7.5 7.6 6.9 8 7.1 6.7 
Tl 8 8 8 8 8 8 8 
Im 8 7.8 6 6.4 6.9 6.7 6.3 

Recycle* 

IM 

EC 

1 1 1 1 0 1 0 
CP 1 1 0 1 0 0 1 
ER 0 0 1 0 0 1 1 
DG 1 1 0 0 1 1 0 

*1 -Yes, 0 – No 
IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
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Criteria for Model RD4 
Use Center 

UNY ULA UCH UHO UJV USA UDV

Reuse 

Up 10 10 10 10 10 10 10 

Qe 6.4 8 7 6.3 7.3 7.9 6.3 

Sa 8 8 8 8 8 8 8 

Remanufacture 

IM 

As 8 8 8 8 8 8 8 

Hl 7.8 8.1 8.5 9 8.4 7.8 7.6 

Tl 7 7 7 7 7 7 7 

Im 8.9 8.1 8.6 8.4 8.7 8.6 8.7 

CP 

As 9 9 9 9 9 9 9 

Hl 6.5 6.2 8 7.9 6.9 7.1 7.6 

Tl 7 7 7 7 7 7 7 

Im 9 8.6 8.7 8.2 8.6 8.7 8.5 

ER 

As 8 8 8 8 8 8 8 

Hl 7.2 7.4 6.9 6.3 6.7 7.9 7.5 

Tl 7 7 7 7 7 7 7 

Im 9 8.7 8.6 8.1 8.4 7.5 7.2 

DG

As 9 9 9 9 9 9 9 

Hl 7.4 7.6 7.9 8.5 8.7 8.9 8.1 

Tl 9 9 9 9 9 9 9 

Im 8.9 8.4 8.6 7.5 7.1 7.9 8 

Recycle* 

IM 

EC 

1 1 0 1 1 1 1 

CP 0 1 1 1 1 0 1 

ER 1 1 1 1 1 1 1 

DG 0 1 0 1 0 1 0 
*1 -Yes, 0 – No 

IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door 
Gasket 
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Probabilities 

Criteria for Model RD2 
Use Center 

UNY ULA UCH UHO UJV USA UDV

Reuse 

Up 0.23 0.23 0.23 0.23 0.23 0.23 0.23
Qe 0.22 0.26 0.25 0.21 0.23 0.23 0.20
Sa 0.27 0.27 0.27 0.27 0.27 0.27 0.27

Total 0.72 0.76 0.75 0.71 0.73 0.73 0.70
Threshold  0.70 

Remanufacture 

IM 

As 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Hl 0.18 0.23 0.19 0.15 0.20 0.22 0.20
Tl 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Im 0.16 0.13 0.15 0.15 0.15 0.16 0.17

Total 0.64 0.66 0.64 0.60 0.65 0.68 0.67
Threshold 0.63 

CP 

As 0.13 0.13 0.13 0.13 0.13 0.13 0.13
Hl 0.19 0.16 0.16 0.19 0.19 0.17 0.19
Tl 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Im 0.14 0.16 0.14 0.17 0.16 0.15 0.14

Total 0.60 0.60 0.57 0.63 0.62 0.60 0.60
Threshold 0.61 

ER 

As 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Hl 0.15 0.14 0.13 0.15 0.14 0.13 0.14
Tl 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Im 0.16 0.13 0.17 0.18 0.14 0.16 0.13

Total 0.56 0.52 0.55 0.57 0.53 0.54 0.52
Threshold 0.52 

DG 

As 0.13 0.13 0.13 0.13 0.13 0.13 0.13
Hl 0.14 0.17 0.17 0.14 0.14 0.16 0.17
Tl 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Im 0.11 0.15 0.14 0.13 0.13 0.12 0.14

Total 0.55 0.62 0.61 0.57 0.57 0.58 0.61
Threshold 0.58 

Recycle* 

IM 

EC 

1 0 0 1 0 0 1 
CP 1 1 1 0 0 1 1 
ER 1 0 0 1 1 1 0 
DG 0 1 0 1 0 1 1 

*1 -Yes, 0 – No 
IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
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Criteria for Model RD3 
Use Center 

UNY ULA UCH UHO UJV USA UDV 

Reuse 

Up 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
Qe 0.25 0.29 0.28 0.24 0.26 0.27 0.24 
Sa 0.23 0.23 0.23 0.23 0.23 0.23 0.23 

Total 0.78 0.82 0.81 0.78 0.80 0.80 0.78 
Threshold  0.80 

Remanufacture 

IM 

As 0.18 0.18 0.18 0.18 0.18 0.18 0.18 
Hl 0.18 0.22 0.22 0.19 0.20 0.20 0.18 
Tl 0.13 0.13 0.13 0.13 0.13 0.13 0.13 
Im 0.20 0.21 0.20 0.22 0.21 0.22 0.22 

Total 0.68 0.72 0.72 0.70 0.71 0.72 0.70 
Threshold 0.70 

CP 

As 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Hl 0.16 0.19 0.20 0.18 0.18 0.17 0.17 
Tl 0.18 0.18 0.18 0.18 0.18 0.18 0.18 
Im 0.20 0.21 0.21 0.22 0.22 0.22 0.20 

Total 0.73 0.77 0.79 0.77 0.77 0.77 0.74 
Threshold 0.76 

ER 

As 0.18 0.18 0.18 0.18 0.18 0.18 0.18 
Hl 0.16 0.19 0.19 0.20 0.18 0.17 0.16 
Tl 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
Im 0.19 0.22 0.21 0.20 0.20 0.21 0.21 

Total 0.68 0.73 0.73 0.72 0.71 0.70 0.70 
Threshold 0.72 

DG 

As 0.18 0.18 0.18 0.18 0.18 0.18 0.18 
Hl 0.16 0.19 0.19 0.17 0.20 0.18 0.17 
Tl 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Im 0.20 0.20 0.15 0.16 0.17 0.17 0.16 

Total 0.73 0.76 0.72 0.71 0.75 0.72 0.70 
Threshold 0.73 

Recycle* 

IM 

EC 

1 1 1 1 0 1 0 
CP 1 1 0 1 0 0 1 
ER 0 0 1 0 0 1 1 
DG 1 1 0 0 1 1 0 

*1 -Yes, 0 – No 
IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
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Criteria for Model RD4 
Use Center 

UNY ULA UCH UHO UJV USA UDV

Reuse 

Up 0.33 0.33 0.33 0.33 0.33 0.33 0.33
Qe 0.21 0.27 0.23 0.21 0.24 0.26 0.21
Sa 0.27 0.27 0.27 0.27 0.27 0.27 0.27

Total 0.81 0.87 0.83 0.81 0.84 0.86 0.81
Threshold  0.82 

Remanufacture 

IM 

As 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Hl 0.20 0.20 0.21 0.23 0.21 0.20 0.19
Tl 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Im 0.22 0.20 0.22 0.21 0.22 0.22 0.22

Total 0.79 0.78 0.80 0.81 0.80 0.79 0.78
Threshold 0.78 

CP 

As 0.23 0.23 0.23 0.23 0.23 0.23 0.23
Hl 0.16 0.16 0.20 0.20 0.17 0.18 0.19
Tl 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Im 0.23 0.22 0.22 0.21 0.22 0.22 0.21

Total 0.79 0.77 0.82 0.80 0.79 0.80 0.80
Threshold 0.78 

ER 

As 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Hl 0.18 0.19 0.17 0.16 0.17 0.20 0.19
Tl 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Im 0.23 0.22 0.22 0.20 0.21 0.19 0.18

Total 0.78 0.78 0.76 0.74 0.75 0.76 0.74
Threshold 0.76 

DG 

As 0.23 0.23 0.23 0.23 0.23 0.23 0.23
Hl 0.19 0.19 0.20 0.21 0.22 0.22 0.20
Tl 0.23 0.23 0.23 0.23 0.23 0.23 0.23
Im 0.22 0.21 0.22 0.19 0.18 0.20 0.20

Total 0.86 0.85 0.86 0.85 0.85 0.87 0.85
Threshold 0.81 

Recycle* 

IM 

EC 

1 1 0 1 1 1 1 
CP 0 1 1 1 1 0 1 
ER 1 1 1 1 1 1 1 
DG 0 1 0 1 0 1 0 

*1 -Yes, 0 – No 
IM-Insulation Material, CP-Compressor, ER-Evaporator, DG-Door Gasket 
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APPENDIX C 

 

(a) Example Problem 

Transportation Distance  

 

From 
/To 

(PD1) 

 Distance (103 Miles) 

O
E

M
 

C
1 

C
2 

C
3 

R
M

1 

R
M

2 

R
M

3 

R
Y

1 

R
Y

2 

R
Y

3 

S
1 

S
2 

S
3 

D
p
 

S1 3                           
S2 2                           
S3 5                           
U1   12 10 3                     
U2   5 11 2                     
U3   3.4 5.4 10                     
U4   12 6 1                     
C1 2       13 2 15 1.2 14.5 6       6 
C2 3       2.3 1 7 12 0.4 0.7       2 
C3 1.2       1.9 3.4 0.3 13 0.2 17.6       4 

RM1 2.5                           
RM2 4                           
RM3 1                           
RY1                     0.2 14.5 2.3   
RY2                     4.5 2 1   
RY3                     2.7 1.4 10   

 

From 
/To 

(PD2) 

 Distance (103 Miles) 

O
E

M
 

C
1 

C
2 

C
3 

R
M

1 

R
M

2 

R
M

3 

R
Y

1 

R
Y

2 

R
Y

3 

S
1 

S
2 

S
3 

D
p
 

S1 1.2                           
S2 3.9                           
S3 12                           
U1   1.3 12 3.4                     
U2   13 23 1                     
U3   2.3 4.5 1.3                     
U4   1 2 6                     
C1 1.4       1.4 7.2 11.1 6.3 2.2 13.2       9 
C2 0.5       2.5 9.1 4.3 13.6 1.9 13.8       8.7 
C3 1.2       7.5 14.6 11.9 10.2 4.4 2.3       7.8 

RM1 2.6                           
RM2 3                           
RM3 4.5                           
RY1                     1.2 1.4 2.4   
RY2                     10 2 5   
RY3                     2 5 10   



269 
 

 

From/ 
To  

(PD3) 

 Distance (103 Miles) 

O
E

M
 

C
1 

C
2 

C
3 

R
M

1 

R
M

2 

R
M

3 

R
Y

1 

R
Y

2 

R
Y

3 

S
1 

S
2 

S
3 

D
p
 

S1 5.6                           
S2 8                           
S3 12.4                           
U1   9.1 3.5 11.3                     
U2   1.1 7.6 11.2                     
U3   13.1 7.4 15.6                     
U4   7.9 3.6 1.0                     
C1 15.3       9.2 11.8 14.2 7.9 2.9 11.2       9.3 
C2 10.6       5.3 14.4 10.5 14.5 5.7 13.5       16.8 
C3 8.7       7.7 9.4 16.1 16 6.0 2.1       16.3 

RM1 9.3                           
RM2 8.2                           
RM3 5.7                           
RY1                     10.9 14.5 13.5   
RY2                     4.3 3.2 16.3   
RY3                     4.6 15.3 14.4   

 

 

From 
/To 

(PD4) 

 Distance (103 Miles) 

O
E

M
 

C
1 

C
2 

C
3 

R
M

1 

R
M

2 

R
M

3 

R
Y

1 

R
Y

2 

R
Y

3 

S
1 

S
2 

S
3 

D
p
 

S1 11.6                           

S2 6.1                           

S3 13.6                           

U1   9.1 12.7 6.6                     

U2   10.7 8.1 5.1                     

U3   2.2 9.1 10.1                     

U4   6.9 11.2 4.7                     

C1 10       5.4 0.5 5.4 10.3 9.1 0.9       13.9 

C2 1.5       12.1 13.8 2.3 13.1 5.3 2.5       7.5 

C3 3.6       4.1 6.3 2.5 3.6 0.9 0.4       9.7 

RM1 7.8                           

RM2 0.4                           

RM3 7                           

RY1                     1.7 5.1 4.9   

RY2                     2.8 8.5 8.7   

RY3                     0.4 7.1 1.4   
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Transportation Costs 

Product Design 1 

 

 

 

 

 

 

 

 

 

 

From/To 
(Component1) 

Remanufacturing Center 
($/Unit) 

Recycle Center ($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 10.75 1.65 12.41 0.99 11.99 4.96 

C2 1.90 0.83 5.79 9.92 0.33 0.58 

C3 1.57 2.81 0.25 10.75 0.17 14.60 

From/To 
(Component2) 

Remanufacturing Center 
($/Unit) 

Recycle Center ($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 5.38 0.83 6.20 0.50 6.00 2.48 

C2 0.95 0.41 2.89 4.96 0.17 0.29 

C3 0.79 1.41 0.12 5.38 0.08 7.30 

From/To 
(Component3) 

Remanufacturing Center 
($/Unit) 

Recycle Center ($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 9.25 1.42 10.67 0.85 10.31 4.27 

C2 1.64 0.71 4.98 8.53 0.28 0.50 

C3 1.35 2.42 0.21 9.25 0.14 12.56 
 

From/To 
OEM 

($/Unit) 
OEM 

Collection 
Center 

C1 13.23 
C2 19.85 
C3 7.94 

From/To 
Collection Center 

($/Unit) 
C1 C2 C3 

Use 
Location 

U1 79.39 66.16 19.85

U2 33.08 72.78 13.23

U3 22.49 35.73 66.16

U4 79.39 39.70 6.62 

Component Supplier To OEM ($/Unit) 
Component1 S3 4.13 

Component2 S1 1.24 

Component3 S2 1.42 
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From/To Dp ($/Unit) 
Collection 

Center 
Component1 Component2 Component3 

C1 4.96 2.48 4.27 
C2 1.65 0.83 1.42 
C3 3.31 1.65 2.84 

 

From/To OEM ($/Unit) 
Remanufacturing 

Center 
Component1 Component2 Component3 

RM1 2.07 1.03 1.78 
RM2 3.31 1.65 2.84 
RM3 0.83 0.41 0.71 

 

From/To 
Supplier ($/Unit) 
S1 S2 S3 

Recycle 
Center 

RY1 0.08 10.31 1.91 
RY2 1.86 1.42 0.83 
RY3 1.12 1.00 8.27 

 

Product Design 2 

Component Supplier  To OEM ($/Unit) 
Component1 S1 0.89316 
Component2 S2 1.93518 
Component3 S3 9.32856 

 

From/To 
Collection Center ($/Unit) 

C1 C2 C3 

Use Location 

U1 9.68 89.32 25.31 
U2 96.76 171.19 7.44 
U3 17.12 33.49 9.68 
U4 7.44 14.89 44.66 

 

 

 

 

 

 

From/To OEM ($/Unit) 

Collection Center 

C1 10.42 

C2 3.72 

C3 8.93 
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From/To 
(Component1) 

Remanufacturing Center 
($/Unit) 

Recycling Center ($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 1.05 5.38 8.27 4.74 1.70 9.84 
C2 1.91 6.81 3.21 10.15 1.42 10.29 
C3 5.62 10.87 8.88 7.60 3.33 1.72 

From/To 
(Component2) 

Remanufacturing Center 
($/Unit) 

Recycling Center ($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 0.70 3.59 5.51 3.16 1.14 6.56 
C2 1.27 4.54 2.14 6.77 0.95 6.86 
C3 3.74 7.25 5.92 5.07 2.22 1.14 

From/To 
(Component3) 

Remanufacturing Center 
($/Unit) 

Recycling Center ($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 1.10 5.62 8.64 4.95 1.78 10.28 
C2 1.99 7.11 3.35 10.61 1.49 10.74 
C3 5.87 11.35 9.28 7.94 3.48 1.79 

 

From/To Dp ($/Unit) 
Collection 

Center 
Component1 Component2 Component3 

C1 6.70 4.47 7.00 

C2 6.48 4.32 6.76 

C3 5.87 3.92 6.13 

 

 

 

 

 

 

 

 

 

 

From/To OEM ($/Unit) 

Remanufacturing 
Center 

Component1 Component2 Component3 

RM1 1.94 1.29 2.02 

RM2 2.23 1.49 2.33 

RM3 3.35 2.23 3.50 
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Product Design 3 

 

Component  Supplier  To OEM ($/Unit) 

Component1 S1 2.81 

Component2 S3 4.33 

Component3 S2 5.35 

 

 

From/To 
Collection Center ($/Unit) 

C1 C2 C3 

Use 
Location 

U1 55.99 21.49 69.67 

U2 6.21 46.83 68.71 

U3 79.92 45.78 95.89 

U4 48.46 22.47 6.21 
 

 

 

 

 

 

 

 

 

 

From/To 
Supplier ($/Unit) 

S1 S2 S3 

Recycle 
Center 

RY1 0.89 0.69 1.87 

RY2 7.44 0.99 3.89 

RY3 1.49 2.48 7.77 

From/To OEM ($/Unit) 

Collection Center 
C1 93.91 
C2 65.17 
C3 53.55 
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From/To Dp ($/Unit) 
Collection 

Center 
Component1 Component2 Component3 

C1 4.62 3.24 6.16 
C2 8.37 5.86 11.16 
C3 8.13 5.69 10.84 

 

 

From/To 
(Component1)

Remanufacturing 
Center ($/Unit) 

Recycling Center 
($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 4.61 5.88 7.07 3.96 1.46 5.60 

C2 2.64 7.18 5.26 7.24 2.83 6.73 

C3 3.86 4.67 8.01 7.98 3.02 1.07 

From/To 
(Component2)

Remanufacturing 
Center ($/Unit) 

Recycling Center 
($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 3.22 4.11 4.95 2.77 1.03 3.92 

C2 1.85 5.02 3.68 5.07 1.98 4.71 

C3 2.70 3.27 5.61 5.59 2.12 0.75 

        

From/To 
(Component3)

Remanufacturing 
Center ($/Unit) 

Recycling Center 
($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 6.14 7.84 9.43 5.28 1.95 7.47 

C2 3.52 9.57 7.01 9.65 3.78 8.97 

C3 5.14 6.23 10.68 10.65 4.03 1.43 
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From/To OEM ($/Unit) 
Remanufacturing 

Center 
Component1 Component2 Component3 

RM1 4.62 3.24 6.16 

RM2 4.09 2.87 5.46 

RM3 2.86 2.00 3.81 

 

 

 

 

 

 

 

Product Design 4 

 

Component  Supplier  To OEM ($/Unit) 
Component1 S2 6.03 
Component2 S1 5.59 
Component3 S3 10.41 

 

From/To 
Collection Center ($/Unit) 

C1 C2 C3 

Use 
Location 

U1 61.45 86.40 45.31 
U2 72.95 55.50 34.98 
U3 15.01 61.98 68.66 

U4 47.08 76.41 32.31 
 

 

 

 

 

 

 

 

From/To 
Supplier ($/Unit) 

S1 S2 S3 

Recycle 
Center 

RY1 5.41 9.65 4.71 

RY2 2.14 2.12 5.68 

RY3 2.33 10.16 5.03 

From/To 
OEM 

($/Unit) 

Collection 
Center 

C1 67.81 

C2 10.17 

C3 24.41 
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From/To 
(Component1) 

Remanufacturing 
Center ($/Unit) 

Recycling Center 
($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 5.44 0.54 5.37 10.32 9.11 0.90 

C2 11.97 13.72 2.38 13.05 5.30 2.54 

C3 4.08 6.26 2.53 3.63 0.91 0.44 

From/To 
(Component2) 

Remanufacturing 
Center ($/Unit) 

Recycling Center 
($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 2.63 0.26 2.60 4.99 4.40 0.44 

C2 5.79 6.63 1.15 6.31 2.56 1.23 

C3 1.97 3.03 1.22 1.75 0.44 0.21 

From/To 
(Component3) 

Remanufacturing 
Center ($/Unit) 

Recycling Center 
($/Unit) 

RM1 RM2 RM3 RY1 RY2 RY3 

Collection 
Center 

C1 4.17 0.42 4.12 7.91 6.99 0.69 

C2 9.18 10.52 1.82 10.00 4.07 1.94 

C3 3.13 4.80 1.94 2.78 0.69 0.34 
 

From/To Dp ($/Unit) 
Collection 

Center 
Component1 Component2 Component3 

C1 13.86 6.70 10.63 
C2 7.47 3.61 5.72 
C3 9.71 4.69 7.45 

 

 

 

 
 
 
 
 
 
 

 

 

 

From/To OEM ($/Unit) 
Remanufacturing 

Center 
Component1 Component2 Component3 

RM1 7.74 3.74 5.93 
RM2 0.45 0.22 0.34 
RM3 6.95 3.36 5.33 

From/To 
Supplier ($/Unit) 

S1 S2 S3 

Recycle 
Center 

RY1 0.84 5.15 3.74 
RY2 1.35 8.46 6.69 
RY3 2.14 6.96 1.12 
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(b) Case Study problem 
 
Distances between SC partners 
 

From/To 

Distance (Miles) 

CNE CMX CKY CNB CSC CAK CMN CID 

U
se

 L
oc

at
io

n 

UNY 2397.16 2206.94 648.36 1267.51 610.45 1077.44 992.21 2145.54 

ULA 362.87 551.64 1824.5 1185.56 2030.82 1475.26 1619.16 669.15 

UCH 1686.26 1556.52 267.61 557.15 560.45 550.92 405.42 1446.08 

UHO 1526.83 925.84 802.69 788.58 833.5 388.01 1188.07 1491.08 

UJV 2228.51 1741.56 594.8 1184.64 315.06 689.39 1265.66 2094.75 

USA 596.86 1411.86 1937.31 1266.3 2222.64 1779.77 1410.18 404.24 

UDV 788.19 797.13 1034.68 358.97 1281.97 777.26 808.11 636.73 

 
 

From/To 
Remanufacturing Facility- Distance (Miles) 

RMOR RMMI RMMO RMMX 

C
ol

le
ct

io
n 

Fa
ci

li
ty

 

CNE 463.44 1918.17 1344.64 1030.22 

CMX 2208.9 1734.78 1291.1 785.39 

CKY 1944.05 315.66 478.74 1174.86 

CNB 1259.38 794.26 235.53 605.27 

CSC 2221.88 517.57 732.46 1369.14 

CAK 1754.2 722.64 326.02 812.74 

CMN 1455.43 540.92 544.95 1104.62 

CID 344.43 1666.29 1159.52 777.97 
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From/To 
Recycle Facility-Distance (Miles) 

RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

Fa
ci

li
ty

 

CNE 430.97 1417.18 1526.9 2246.66 

CMX 1605.49 1701.75 295.15 1574.92 

CKY 1397.49 596.77 1423.86 428.19 

CNB 707.05 383.77 1255.72 1121.73 

CSC 1651.42 896.52 1435.48 220.88 

CAK 1144.64 705.4 999.99 772.22 

CMN 1066.68 135.54 1731.78 1029.76 

CID 295.71 1142.2 1636.95 2048.85 
 
 

From/To 
Distance (Miles) 

SPa SDe SJo STi SNo SJi SSh SBr SSc 

R
ec

yc
le

 RYUT 1910.07 1902.62 6141.2 6106.2 7599.17 7104.18 5435.06 1417.11 1389.31 

RYMN 961.03 962.2 5652.6 6325.5 7309.16 7343.86 5708.06 561.83 572.87 

RYMX 1959.5 1928.7 4918.8 7447.6 8860.42 8431.25 6769.99 1508.48 1443.92 

RYNC 359.92 322.08 4705.5 7158.39 7710.02 8160.24 7987.39 430.09 440.47 

 
 
 

From/To 
Distance (Miles) 

OEM DisposalMX 

Collection Facility 

CNE 1769.28 1055.53 

CMX 1538.76 209.22 

CKY 75.27 1484.2 

CNB 635.7 1080.5 

CSC 374.84 1591.25 

CAK 440.48 1054.58 

CMN 596.38 1589.84 

CID 1558.92 1207.35 

Remanufacturing 
Facility 

RMOR 1879.24 

 
RMMI 284.43 

RMMO 431.12 

RMMX 1140.51 

 



279 
 

Transportation costs  
 
Refrigerator Model RD1 
 

Component Supplier To OEM ($/Unit) 

Insulation Material SPa 
 

0.02 
 

Compressor 
 

SJo 

 

 
2.18 

 

Evaporator 
 

SJi 

 

 
1.28 

 

Door Gasket 
 

SSc 

 
0.01 

 
 

From/To 
Collection Facility ($/Unit) 

CNE CMX CKY CNB CSC CAK CMN CID 

Use 
Location 

UNY 127.53 117.41 34.49 67.43 32.48 57.32 52.79 114.14

ULA 19.30 29.35 97.06 63.07 108.04 78.48 86.14 35.60 

UCH 89.71 82.81 14.24 29.64 29.82 29.31 21.57 76.93 

UHO 81.23 49.25 42.70 41.95 44.34 20.64 63.21 79.33 

UJV 118.56 92.65 31.64 63.02 16.76 36.68 67.33 111.44

USA 31.75 75.11 103.06 67.37 118.24 94.68 75.02 21.51 

UDV 41.93 42.41 55.04 19.10 68.20 41.35 42.99 33.87 

 
 

From/To OEM ($/Unit) 

Collection 
Facility 

CNE 94.13 
CMX 81.86 
CKY 4.00 
CNB 33.82 
CSC 19.94 
CAK 23.43 
CMN 31.73 
CID 82.93 
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Insulation 
Material 

Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 
RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.12 0.51 0.36 0.27 0.11 0.38 0.41 0.60 
CMX 0.59 0.46 0.34 0.21 0.43 0.45 0.08 0.42 
CKY 0.52 0.08 0.13 0.31 0.37 0.16 0.38 0.11 
CNB 0.33 0.21 0.06 0.16 0.19 0.10 0.33 0.30 
CSC 0.59 0.14 0.19 0.36 0.44 0.24 0.38 0.06 
CAK 0.47 0.19 0.09 0.22 0.30 0.19 0.27 0.21 
CMN 0.39 0.14 0.14 0.29 0.28 0.04 0.46 0.27 
CID 0.09 0.44 0.31 0.21 0.08 0.30 0.44 0.54 

Compressor 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 

CNE 1.54 6.38 4.47 3.43 1.43 4.71 5.08 7.47 
CMX 7.34 5.77 4.29 2.61 5.34 5.66 0.98 5.24 
CKY 6.46 1.05 1.59 3.91 4.65 1.98 4.73 1.42 
CNB 4.19 2.64 0.78 2.01 2.35 1.28 4.18 3.73 
CSC 7.39 1.72 2.44 4.55 5.49 2.98 4.77 0.73 
CAK 5.83 2.40 1.08 2.70 3.81 2.35 3.32 2.57 
CMN 4.84 1.80 1.81 3.67 3.55 0.45 5.76 3.42 
CID 1.15 5.54 3.86 2.59 0.98 3.80 5.44 6.81 

Evaporator 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 

CNE 0.68 2.81 1.97 1.51 0.63 2.07 2.23 3.29 

CMX 3.23 2.54 1.89 1.15 2.35 2.49 0.43 2.30 

CKY 2.84 0.46 0.70 1.72 2.04 0.87 2.08 0.63 
CNB 1.84 1.16 0.34 0.89 1.03 0.56 1.84 1.64 
CSC 3.25 0.76 1.07 2.00 2.42 1.31 2.10 0.32 
CAK 2.57 1.06 0.48 1.19 1.67 1.03 1.46 1.13 
CMN 2.13 0.79 0.80 1.62 1.56 0.20 2.53 1.51 
CID 0.50 2.44 1.70 1.14 0.43 1.67 2.39 3.00 

Door Gasket 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 

CNE 0.15 0.64 0.45 0.34 0.14 0.47 0.51 0.75 
CMX 0.73 0.58 0.43 0.26 0.53 0.57 0.10 0.52 
CKY 0.65 0.10 0.16 0.39 0.46 0.20 0.47 0.14 

CNB 0.42 0.26 0.08 0.20 0.24 0.13 0.42 0.37 

CSC 0.74 0.17 0.24 0.46 0.55 0.30 0.48 0.07 
CAK 0.58 0.24 0.11 0.27 0.38 0.23 0.33 0.26 
CMN 0.48 0.18 0.18 0.37 0.35 0.05 0.58 0.34 
CID 0.11 0.55 0.39 0.26 0.10 0.38 0.54 0.68 
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Collection 
Facility 

DisposalMX ($/Unit) 

Insulation Material Compressor Evaporator Door Gasket 
CNE 0.28 3.51 1.54 0.35 
CMX 0.06 0.70 0.31 0.07 
CKY 0.39 4.93 2.17 0.49 
CNB 0.29 3.59 1.58 0.36 
CSC 0.42 5.29 2.33 0.53 
CAK 0.28 3.51 1.54 0.35 
CMN 0.42 5.29 2.33 0.53 
CID 0.32 4.01 1.77 0.40 

 

Remanufacturing 
Facility 

OEM ($/Unit) 
Insulation 
Material 

Compressor Evaporator 
Door 

Gasket 
RMOR 0.50 6.25 2.75 0.62 
RMMI 0.08 0.95 0.42 0.09 
RMMO 0.11 1.43 0.63 0.14 
RMMX 0.30 3.79 1.67 0.38 

 

Recycle 
Facility 

Supplier ($/Unit) 
Insulation 
Material 

Compressor Evaporator 
Door 

Gasket 
RYUT 0.06 2.54 1.29 0.06 
RYMN 0.03 2.34 1.34 0.02 
RYMX 0.06 2.03 1.53 0.06 
RYNC 0.01 1.95 1.48 0.02 

 
Refrigerator Design RD2 

 
Component Supplier TO OEM ($/Unit) 

Insulation Material SDe 0.02 
Compressor STi 2.21 
Evaporator SSh 1.06 

Door Gasket SBr 0.01 
 

From/To 
Collection Facility ($/Unit) 

CNE CMX CKY CNB CSC CAK CMN CID 

Use 
Location 

UNY 109.67 100.97 29.66 57.99 27.93 49.30 45.40 98.16
ULA 16.60 25.24 83.47 54.24 92.91 67.50 74.08 30.61
UCH 77.15 71.21 12.24 25.49 25.64 25.21 18.55 66.16
UHO 69.86 42.36 36.72 36.08 38.13 17.75 54.36 68.22
UJV 101.96 79.68 27.21 54.20 14.41 31.54 57.91 95.84
USA 27.31 64.60 88.64 57.94 101.69 81.43 64.52 18.49
UDV 36.06 36.47 47.34 16.42 58.65 35.56 36.97 29.13
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From/To OEM ($/Unit) 

Collection Facility 

CNE 80.95 
CMX 70.40 
CKY 3.44 
CNB 29.08 
CSC 17.15 
CAK 20.15 
CMN 27.29 
CID 71.32 

 

Insulation Material 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.12 0.51 0.36 0.27 0.11 0.38 0.41 0.60 
CMX 0.59 0.46 0.34 0.21 0.43 0.45 0.08 0.42 
CKY 0.52 0.08 0.13 0.31 0.37 0.16 0.38 0.11 
CNB 0.33 0.21 0.06 0.16 0.19 0.10 0.33 0.30 
CSC 0.59 0.14 0.19 0.36 0.44 0.24 0.38 0.06 
CAK 0.47 0.19 0.09 0.22 0.30 0.19 0.27 0.21 
CMN 0.39 0.14 0.14 0.29 0.28 0.04 0.46 0.27 
CID 0.09 0.44 0.31 0.21 0.08 0.30 0.44 0.54 

Compressor 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 1.23 5.10 3.58 2.74 1.15 3.77 4.06 5.98 
CMX 5.88 4.61 3.43 2.09 4.27 4.53 0.79 4.19 
CKY 5.17 0.84 1.27 3.13 3.72 1.59 3.79 1.14 
CNB 3.35 2.11 0.63 1.61 1.88 1.02 3.34 2.98 
CSC 5.91 1.38 1.95 3.64 4.39 2.38 3.82 0.59 
CAK 4.67 1.92 0.87 2.16 3.04 1.88 2.66 2.05 
CMN 3.87 1.44 1.45 2.94 2.84 0.36 4.61 2.74 
CID 0.92 4.43 3.08 2.07 0.79 3.04 4.35 5.45 

Evaporator 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.55 2.30 1.61 1.23 0.52 1.70 1.83 2.69 
CMX 2.64 2.08 1.55 0.94 1.92 2.04 0.35 1.89 
CKY 2.33 0.38 0.57 1.41 1.67 0.71 1.70 0.51 
CNB 1.51 0.95 0.28 0.72 0.85 0.46 1.50 1.34 
CSC 2.66 0.62 0.88 1.64 1.98 1.07 1.72 0.26 
CAK 2.10 0.87 0.39 0.97 1.37 0.84 1.20 0.92 
CMN 1.74 0.65 0.65 1.32 1.28 0.16 2.07 1.23 
CID 0.41 1.99 1.39 0.93 0.35 1.37 1.96 2.45 

Door Gasket 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.18 0.77 0.54 0.41 0.17 0.57 0.61 0.90 
CMX 0.88 0.69 0.52 0.31 0.64 0.68 0.12 0.63 
CKY 0.78 0.13 0.19 0.47 0.56 0.24 0.57 0.17 
CNB 0.50 0.32 0.09 0.24 0.28 0.15 0.50 0.45 
CSC 0.89 0.21 0.29 0.55 0.66 0.36 0.57 0.09 
CAK 0.70 0.29 0.13 0.32 0.46 0.28 0.40 0.31 
CMN 0.58 0.22 0.22 0.44 0.43 0.05 0.69 0.41 
CID 0.14 0.66 0.46 0.31 0.12 0.46 0.65 0.82 
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Collection 
Facility 

DisposalMX($/Unit) 
Insulation 
Material 

Compressor Evaporator Door Gasket

CNE 0.28 2.81 1.26 0.42 
CMX 0.06 0.56 0.25 0.08 
CKY 0.39 3.95 1.78 0.59 
CNB 0.29 2.87 1.29 0.43 
CSC 0.42 4.23 1.90 0.63 
CAK 0.28 2.81 1.26 0.42 
CMN 0.42 4.23 1.90 0.63 
CID 0.32 3.21 1.45 0.48 

 

Remanufacturing 
Facility 

OEM ($/Unit) 
Insulation 
Material 

Compressor Evaporator 
Door 

Gasket
RMOR 0.50 5.00 2.25 0.75 
RMMI 0.08 0.76 0.34 0.11 
RMMO 0.11 1.15 0.52 0.17 
RMMX 0.30 3.03 1.37 0.46 

 
 

Recycle 
Facility 

Supplier ($/Unit) 
Insulation 
Material 

Compressor Evaporator
Door 

Gasket 
RYUT 0.06 2.02 0.81 0.07 
RYMN 0.03 2.09 0.85 0.03 
RYMX 0.06 2.46 1.01 0.07 
RYNC 0.01 2.37 1.19 0.02 

 
Refrigerator Model RD3 
 

Component Supplier To OEM ($/Unit) 

Insulation Material SPa 0.02 

Compressor SNo 3.76 

Evaporator SSh 1.76 

Door Gasket SSc 0.01 
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From/To 
Collection Facility ($/Unit) 

CNE CMX CKY CNB CSC CAK CMN CID 

U
se

 L
oc

at
io

n 

UNY 108.40 99.80 29.32 57.32 27.60 48.72 44.87 97.02

ULA 16.41 24.95 82.50 53.61 91.83 66.71 73.22 30.26

UCH 76.25 70.39 12.10 25.19 25.34 24.91 18.33 65.39

UHO 69.04 41.87 36.30 35.66 37.69 17.55 53.72 67.43

UJV 100.77 78.75 26.90 53.57 14.25 31.17 57.23 94.72

USA 26.99 63.84 87.61 57.26 100.51 80.48 63.77 18.28

UDV 35.64 36.05 46.79 16.23 57.97 35.15 36.54 28.79
 
 

From/To OEM ($/Unit) 

Collection Facility 

CNE 80.01 
CMX 69.58 
CKY 3.40 
CNB 28.75 
CSC 16.95 
CAK 19.92 
CMN 26.97 
CID 70.49 

 
 

Insulation 
Material 

Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 
RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.12 0.51 0.36 0.27 0.11 0.38 0.41 0.60 
CMX 0.59 0.46 0.34 0.21 0.43 0.45 0.08 0.42 
CKY 0.52 0.08 0.13 0.31 0.37 0.16 0.38 0.11 
CNB 0.33 0.21 0.06 0.16 0.19 0.10 0.33 0.30 
CSC 0.59 0.14 0.19 0.36 0.44 0.24 0.38 0.06 
CAK 0.47 0.19 0.09 0.22 0.30 0.19 0.27 0.21 
CMN 0.39 0.14 0.14 0.29 0.28 0.04 0.46 0.27 
CID 0.09 0.44 0.31 0.21 0.08 0.30 0.44 0.54 

Compressor 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 

CNE 1.85 7.65 5.37 4.11 1.72 5.65 6.09 8.96 
CMX 8.81 6.92 5.15 3.13 6.41 6.79 1.18 6.28 
CKY 7.76 1.26 1.91 4.69 5.58 2.38 5.68 1.71 
CNB 5.02 3.17 0.94 2.42 2.82 1.53 5.01 4.48 
CSC 8.87 2.07 2.92 5.46 6.59 3.58 5.73 0.88 
CAK 7.00 2.88 1.30 3.24 4.57 2.81 3.99 3.08 
CMN 5.81 2.16 2.17 4.41 4.26 0.54 6.91 4.11 
CID 1.37 6.65 4.63 3.10 1.18 4.56 6.53 8.17 
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Evaporator 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 
CNE 0.92 3.83 2.68 2.06 0.86 2.83 3.05 4.48 
CMX 4.41 3.46 2.58 1.57 3.20 3.39 0.59 3.14 
CKY 3.88 0.63 0.96 2.34 2.79 1.19 2.84 0.85 
CNB 2.51 1.58 0.47 1.21 1.41 0.77 2.51 2.24 
CSC 4.43 1.03 1.46 2.73 3.29 1.79 2.86 0.44 
CAK 3.50 1.44 0.65 1.62 2.28 1.41 1.99 1.54 
CMN 2.90 1.08 1.09 2.20 2.13 0.27 3.45 2.05 
CID 0.69 3.32 2.31 1.55 0.59 2.28 3.27 4.09 

Door Gasket 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 

CNE 0.18 0.77 0.54 0.41 0.17 0.57 0.61 0.90 
CMX 0.88 0.69 0.52 0.31 0.64 0.68 0.12 0.63 
CKY 0.78 0.13 0.19 0.47 0.56 0.24 0.57 0.17 

CNB 0.50 0.32 0.09 0.24 0.28 0.15 0.50 0.45 

CSC 0.89 0.21 0.29 0.55 0.66 0.36 0.57 0.09 
CAK 0.70 0.29 0.13 0.32 0.46 0.28 0.40 0.31 
CMN 0.58 0.22 0.22 0.44 0.43 0.05 0.69 0.41 
CID 0.14 0.66 0.46 0.31 0.12 0.46 0.65 0.82 

 
Collection 

Facility 
DisposalMX ($/Unit) 

Insulation Material Compressor Evaporator Door Gasket 
CNE 0.28 4.21 2.11 0.42 
CMX 0.06 0.83 0.42 0.08 
CKY 0.39 5.92 2.96 0.59 
CNB 0.29 4.31 2.16 0.43 
CSC 0.42 6.35 3.17 0.63 
CAK 0.28 4.21 2.10 0.42 
CMN 0.42 6.34 3.17 0.63 
CID 0.32 4.82 2.41 0.48 

 

Remanufacturing 
Facility 

OEM ($/Unit) 
Insulation 
Material 

Compressor Evaporator Door Gasket 

RMOR 0.50 7.50 3.75 0.75 
RMMI 0.08 1.13 0.57 0.11 
RMMO 0.11 1.72 0.86 0.17 
RMMX 0.30 4.55 2.28 0.46 

 

Recycle Facility 
Supplier ($/Unit) 

Insulation 
Material 

Compressor Evaporator Door Gasket 

RYUT 0.06 3.77 1.35 0.07 
RYMN 0.03 3.63 1.42 0.03 
RYMX 0.06 4.40 1.68 0.07 
RYNC 0.01 3.83 1.98 0.02 
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Refrigerator Model RD4 
 

Component Supplier To OEM ($/Unit) 

Insulation Material SPa 0.03 

Compressor STi 1.10 

Evaporator SJi 1.74 

Door Gasket SBr  0.01 

 
 

From/To 
Collection Facility ($/Unit) 

CNE CMX CKY CNB CSC CAK CMN CID 

Use 
Location 

UNY 106.81 98.33 28.89 56.47 27.20 48.01 44.21 95.59

ULA 16.17 24.58 81.29 52.82 90.48 65.73 72.14 29.81

UCH 75.13 69.35 11.92 24.82 24.97 24.55 18.06 64.43

UHO 68.03 41.25 35.76 35.14 37.14 17.29 52.93 66.44

UJV 99.29 77.60 26.50 52.78 14.04 30.72 56.39 93.33

USA 26.59 62.91 86.32 56.42 99.03 79.30 62.83 18.01

UDV 35.12 35.52 46.10 15.99 57.12 34.63 36.01 28.37
 
 

From/To OEM ($/Unit) 

Collection 
Facility 

CNE 78.83 

CMX 68.56 
CKY 3.35 
CNB 28.32 
CSC 16.70 
CAK 19.63 
CMN 26.57 
CID 69.46 
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Insulation 
Material 

Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 
RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.18 0.77 0.54 0.41 0.17 0.57 0.61 0.90 
CMX 0.88 0.69 0.52 0.31 0.64 0.68 0.12 0.63 
CKY 0.78 0.13 0.19 0.47 0.56 0.24 0.57 0.17 
CNB 0.50 0.32 0.09 0.24 0.28 0.15 0.50 0.45 
CSC 0.89 0.21 0.29 0.55 0.66 0.36 0.57 0.09 
CAK 0.70 0.29 0.13 0.32 0.46 0.28 0.40 0.31 
CMN 0.58 0.22 0.22 0.44 0.43 0.05 0.69 0.41 
CID 0.14 0.66 0.46 0.31 0.12 0.46 0.65 0.82 

Compressor 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.62 2.55 1.79 1.37 0.57 1.88 2.03 2.99 
CMX 2.94 2.31 1.72 1.04 2.14 2.26 0.39 2.09 
CKY 2.59 0.42 0.64 1.56 1.86 0.79 1.89 0.57 
CNB 1.67 1.06 0.31 0.81 0.94 0.51 1.67 1.49 
CSC 2.96 0.69 0.97 1.82 2.20 1.19 1.91 0.29 
CAK 2.33 0.96 0.43 1.08 1.52 0.94 1.33 1.03 
CMN 1.94 0.72 0.72 1.47 1.42 0.18 2.30 1.37 
CID 0.46 2.22 1.54 1.03 0.39 1.52 2.18 2.72 

Evaporator 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.92 3.83 2.68 2.06 0.86 2.83 3.05 4.48 
CMX 4.41 3.46 2.58 1.57 3.20 3.39 0.59 3.14 
CKY 3.88 0.63 0.96 2.34 2.79 1.19 2.84 0.85 
CNB 2.51 1.58 0.47 1.21 1.41 0.77 2.51 2.24 
CSC 4.43 1.03 1.46 2.73 3.29 1.79 2.86 0.44 
CAK 3.50 1.44 0.65 1.62 2.28 1.41 1.99 1.54 
CMN 2.90 1.08 1.09 2.20 2.13 0.27 3.45 2.05 
CID 0.69 3.32 2.31 1.55 0.59 2.28 3.27 4.09 

Door Gasket 
Remanufacturing Facility ($/Unit) Recycling Facility ($/Unit) 

RMOR RMMI RMMO RMMX RYUT RYMN RYMX RYNC 

C
ol

le
ct

io
n 

F
ac

ili
ty

 CNE 0.12 0.51 0.36 0.27 0.11 0.38 0.41 0.60 
CMX 0.59 0.46 0.34 0.21 0.43 0.45 0.08 0.42 
CKY 0.52 0.08 0.13 0.31 0.37 0.16 0.38 0.11 
CNB 0.33 0.21 0.06 0.16 0.19 0.10 0.33 0.30 
CSC 0.59 0.14 0.19 0.36 0.44 0.24 0.38 0.06 
CAK 0.47 0.19 0.09 0.22 0.30 0.19 0.27 0.21 
CMN 0.39 0.14 0.14 0.29 0.28 0.04 0.46 0.27 
CID 0.09 0.44 0.31 0.21 0.08 0.30 0.44 0.54 

 
 
 
 
 
 
 
 



288 
 

Collection 
Facility 

DisposalMX ($/Unit) 
Insulation 
Material 

Compressor Evaporator 
Door 

Gasket 
CNE 0.42 1.40 2.11 0.28 
CMX 0.08 0.28 0.42 0.06 
CKY 0.59 1.97 2.96 0.39 
CNB 0.43 1.44 2.16 0.29 
CSC 0.63 2.12 3.17 0.42 
CAK 0.42 1.40 2.10 0.28 
CMN 0.63 2.11 3.17 0.42 
CID 0.48 1.61 2.41 0.32 

 
 

Remanufacturing 
Facility 

OEM ($/Unit) 
Insulation 
Material 

Compressor Evaporator 
Door 

Gasket 
RMOR 0.75 2.50 3.75 0.50 

RMMI 0.11 0.38 0.57 0.08 

RMMO 0.17 0.57 0.86 0.11 

RMMX 0.46 1.52 2.28 0.30 
 
 

Recycle 
Facility 

Supplier ($/Unit) 
Insulation 
Material 

Compressor Evaporator 
Door 

Gasket 
RYUT 0.09 1.01 1.76 0.05 
RYMN 0.05 1.05 1.82 0.02 
RYMX 0.10 1.23 2.09 0.05 
RYNC 0.02 1.18 2.02 0.01 
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