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1 Introduction

Supply Chain Management (SCM) embodies a strategic framework meticulously crafted to
strategize and execute optimal decisions surrounding the intricate dynamics of product and raw
material flows, alongside establishment strategies for facilities. It also encompasses the
adoption and integration of technologies, operational methodologies, and procedural
frameworks, ensuring streamlined efficiency and agility in the Supply Chain (SC) network.

The intricate interaction between environmental changes and the acceleration of global
warming poses a serious threat to biodiversity, ecosystems, and human health (Albrecht, 2021,
Ghosh et al., 2020; Kumar et al., 2023). Scholars and scientists take into account additional
factors, such as the negligent actions and processes of diverse industries, as potential dangers
to this issue (Rajeev et al., 2017). Humans and the environment are negatively affected by the
perpetuation of this process. For example, from 1998 to 2017, disasters associated with climate
and geophysics resulted in the loss of 1.3 million lives and caused 4.4 billion individuals to
experience injury, homelessness, displacement, or a need for emergency aid (Wallemacq,
2018). Besides, it is projected that climate change will result in an estimated 250,000 annual
fatalities between 2030 and 2050, attributed to malnutrition, malaria, diarrhea, and heat stress.
It is anticipated that the actual expenses associated with health damage, which excludes costs
incurred in sectors that determine health such as agriculture, water, and sanitation, will range
between USD 2-4 billion annually by the year 2030 (WHO, 2021). It is noteworthy that the
escalation of temperature, the recession of glaciers, the rise of sea levels, the acidification of
oceans, the depletion of biodiversity, bushfires, and other similar phenomena are indicative of
the perpetuation of this situation. The aforementioned implies that implementing sustainable
practices and green strategies is imperative in mitigating or eradicating detrimental changes. In
other words, the green concept, environmental protection, and developing sustainable industries
have become particularly crucial to a sustainable future for humanity and mitigating the effects
of climate change (Kagawa et al., 2015; Sazvar et al., 2018).

Over the past two decades, there has been a substantial increase in all aspects of production and
manufacturing due to global trade (Olhager et al., 2015; Siddiq et al., 2022). Moreover, the
advent of cross-border SCs presents prospects for the growth of the global economy through
the facilitation of the importation of necessary raw materials, using economies of scale, access
to the worldwide market, and specialization. On the other hand, the ecological ramifications
resulting from the overflow effects of stated activities have resulted in significant environmental

problems (Wang et al., 2022). Recently, companies and organizations have taken several
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actions toward a sustainable world by considering the environmental aspect of SCs or focusing
on green SCs (Tseng et al., 2019). Besides, they are attempting to reduce their ecological
footprint by incorporating environmental considerations into the SCM practices and strategies.

Incorporating environmental considerations into the management of SCs is commonly known
as Green Supply Chain Management (GSCM) (Sarkis, 2012). Under this approach, firms should
not contaminate the environment or adversely affect people's health with their products and
services (Nurjanni et al., 2017). Within the context of GSCM, corporations consider ecological
concerns in their interactions with suppliers, manufacturers, and customers. Production
processes must prioritize environmental sustainability and avoid causing harm to the ecosystem
(Haiyun et al., 2021). Furthermore, procurement processes necessitate consideration of
environmental sensitivity. It is also essential for the supplier responsible for providing products

to consider environmental metrics (Qiao et al., 2022).

One of the categories within the realm of sustainability in SC is related to the influence of green
practices and strategies, such as government regulations contingent on environmental
protection, customer demand for environmentally friendly products, and media pressure to
produce green goods (Diabat & Govindan, 2011; Eltayeb et al., 2011; Olugu et al., 2011; Sarkis
et al., 2009; Wu & Chang, 2015). Specifically, increasing consumer awareness and adoption of
environmentally conscious consumption has led to a growth of green markets and heightened
recognition among enterprises of the green expectations (Peng et al., 2022). Therefore, one of
the most effective strategic approaches to conserve the environment is to pay attention to and
support a sustainable lifestyle among customers (Gu et al., 2018). The research on the
significant role of customers in the environment revealed that the number of consumers who
accept and intend to use green products is increasing globally (Freire et al., 2021; Rhein &
Schmid, 2020; Tong et al., 2019). For example, 85% of customers in the United States have
purchased green products since 2009 (Zhou, 2018). European citizens care about the
environment and tend to buy green products, even if these products are more expensive (Zhang
et al., 2021). Customers' growing environmental concerns express the green inclination, and
manufacturers respond by providing green goods and services as a competitive advantage for
SCs. In fact, one goal of any company is to maximize profit by focusing on customer

satisfaction associated with services and products (H. Zhang et al., 2019).

In the annals of SCM, due to the lack of resources, governmental regulations, disruption risks
associated with by-products on human health, and concerns for ecological sustainability, there

has been a growing focus on the design of reverse logistics and a closed-loop SC network
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(Tordecilla et al., 2021). In conjunction with the closed-loop design for the SC network, it is
imperative to incorporate the ecological effects of all SC operations as a critical consideration
in the decision-making process (Yavari & Ajalli, 2021). A tangible association between Closed-
loop Supply Chain Network Design (CLSCND) and sustainability is evident, as the CLSCND
integrates forward and reverse logistics involving the recovery, recycling, and reuse of
products, thereby enhancing the greenness of the SC by minimizing environmental impacts and
waste; therefore, a CLSCND can improve the greenness in the SC (Huang et al., 2020; Y.
Kazancoglu et al., 2022; Zhen et al., 2019). In a period marked by widespread environmental
awareness across society, SC networks have embraced greenness and environmental
consciousness at all levels, operations, and decisions, responding to the demands of
environmentally aware customers and societal expectations for sustainable development (Hong
et al., 2018). Therefore, manufacturing firms are motivated to invest in green practices and
achieve low-carbon manufacturing despite the required financial incentives, as customers are
increasingly willing to pay a premium for environmentally friendly products (Ding et al., 2018;
Yu et al., 2022). Achieving green goals from both companies' and customers' perspectives is
possible if closed-loop SC networks can completely understand the risks and disruptions that

might occur in their business environment (Fahimnia et al., 2018).

Although often perceived as similar concepts, SC disruption and risk are related but distinct
entities. While risk is a broad concept encompassing various disruptions, SC disruption
represents a specific type of risk within this spectrum including challenges such as material
shortages, production delays, and transportation interruptions, highlighting the
interconnectedness and vulnerability of the SC network. Managing the risk of SC disruption
involves identifying potential sources of disruption, assessing their likelihood and potential
impact, and then developing resilience strategies to mitigate or respond to these disruptions
should they occur (Ambulkar et al., 2022; Shahed et al., 2021; Shekarian & Mellat Parast,
2021). The SC network are significantly impacted by disruptions and subject to numerous
unexpected changes, and consequently, the repercussions of such disruptions are extensive
(Berger et al., 2023). This was particularly evident during COVID-19, highlighting how sudden

disorders like the pandemic can influence the entire SC network (Nikolopoulos et al., 2021).

As a result, the concept of resilience, long recognized as vital in the literature, has gained
increasing prominence (Zhao et al., 2022). Its importance continues to grow daily, especially

as the world encounters heightened levels of uncertainty and more frequent disruptions. This
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shift underscores the pressing need to focus on and enhance resilience within SCM (Maharjan
& Kato, 2022).

SC resilience refers to the inherent capacity of SCs to recover and return to their initial state or
even enhance their performance in the face of disruptions (Shishodia et al., 2023). Being
resilient allows the SC network to benefit from long-lasting operational efficiency, more
flexibility in the face of disruptions, and competitive advantage in the market and business
(Mehrjerdi & Shafiee, 2021). Resilience can effectively predict and control the extent of
deviation within SC networks, enabling resilience strategies to mitigate adverse consequences
rooted in disruptions and risks (Tukamuhabwa et al., 2015). It can potentially facilitate the
restoration of the superconducting state back to its original or ideal conditions (Spieske &
Birkel, 2021; Xu et al., 2023). In other words, SC resilience intends to enhance collaboration,
flexibility, and visibility within a network that prevents or reduces the unpredicted and
unplanned changes in the intended performance of the SC network (Bag, Gupta, Choi, et al.,
2021; Gani et al., 2023). The concept of SC resilience offers an array of strategic advantages
that might effectively manage the destructive impacts of unforeseen events, notably disruptions
and natural disasters. Furthermore, a high level of sustainability in the concept of the SC can be
guaranteed by implementing SC resilience (Laguir et al., 2023). SC resilience is a multiple-
faceted field of study, and it is difficult to comprehend and identify all elements that exist or
influence it (Ali et al., 2017). Extensive endeavors have been made to discover the various
elements that contribute to it (Shen & Sun, 2023). A broad spectrum of features that directly
impact the resilience level in an SC includes flexibility (Chunsheng et al., 2020), redundancy
(Tan etal., 2019), diversification (Lin et al., 2021), agility (1. Kazancoglu et al., 2022), visibility
(Sunmola et al., 2023), collaboration (Scholten & Schilder, 2015), information sharing (Li et
al., 2017), adaptive capacity (Canevari-Luzardo, 2019), and risk management (Anbumozhi et
al., 2020).

One of the most challenging responsibilities in SC network design is addressing uncertainty to
anticipate future planning and design processes effectively (Karbassi Yazdi et al., 2023;
Tordecilla et al., 2021). Disregarding uncertainty might lead to an unreliable solution since the
resulting optimization model might be either infeasible or suboptimal (Bertsimas et al., 2011;
Shabani & Sowilati, 2016). Hence, effective management and hedging of uncertainty assume
the utmost importance in creating SC optimization models (Shabani & Sowlati, 2016). In other
words, organizations need to explore novel approaches and methodologies to manage their SCs

effectively under uncertainty. This entails making optimum decisions in the face of worst-case
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scenarios, ensuring the ability to fulfill customer needs and sustain profitability across all
periods (Prakash et al., 2020). When adopting the optimal approach for modeling under
uncertainty, several factors must be taken into account, including the attributes of the data under
analysis (imperfect information), the origin and level of reliability of the available data, the
computational complexity and time required to solve the model, and the level of complexity
that decision-makers can manage (Shabani & Sowlati, 2016). The categorization of
uncertainties in parameters may be delineated into three distinct groups: (1) randomness, (2)
epistemic, and (3) deep uncertainty (Bairamzadeh et al., 2018). These classifications are based
on the reliability and accuracy of available data, the amount of available data, types of
variability (inherent or randomness), and predictability (historical data or expert knowledge)
(Al-Gabalawy et al., 2021).

To adopt the randomness approach for uncertainty in input data, access to historical data that is
both accessible and sufficient is crucial (Torabi et al., 2016). Additionally, this historical data
must be credible to extract the probability distribution. Moreover, it is crucial to verify that the
current pattern observed in historical data remains applicable to potential future trends.
Additionally, epistemic uncertainty arises from a lack of understanding of input data, often
characterized by qualitative aspects derived from expert opinions (Zarei et al., 2023). Finally,
deep uncertainty considers an interval and perturbation without taking a specific probability or
possibility (Bairamzadeh et al., 2018). To effectively address the uncertainties mentioned, a
combination of methodologies can be employed. These include scenario-based analysis for
exploring diverse futures, stochastic programming to integrate randomness into decision-
making, and leveraging fuzzy logic to express linguistic uncertainty. Additionally, robust
optimization strategies can be implemented to ensure the feasibility of solutions even under
worst-case scenarios (Bertsimas et al., 2011; Birge & Louveaux, 2011). Robust optimization
can handle different types of uncertainties and seek feasible and near-optimal solutions for all
possible values of the uncertain parameters within a given uncertainty set. There has been an
array of methodologies, such as robust stochastic programming (Rabbani et al., 2022), robust
scenario-based stochastic programming (Govindan & Cheng, 2018), robust multi-stage
stochastic programming (Shabani & Sowlati, 2016), robust adaptive stochastic programming
(Basciftci et al., 2019), robust possibilistic programming (Goli et al., 2022), interval
programming (Yang & Chen, 2021), robust fuzzy optimization (X. Zhang et al., 2019),
uncertainty budget (Hosseini-Motlagh et al., 2020), and robust convex programming

approaches (Bairamzadeh et al., 2018).
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In this research, a closed-loop SC network is designed to integrate environmental goals,
resilience strategies, and optimization, employing a novel robust optimization approach
alongside fuzzy and stochastic programming approaches. The CLSCND encompasses all
processes and activities, spanning supply, production, recycling, and transportation, with a
dedicated emphasis on environmentally friendly criteria. Additionally, the research delves into
various resilience strategies aimed at mitigating disruptions in the closed-loop SC, addressing
aspects such as material supply and production capacities. Throughout this research,
"greenness” refers to a quality compatible with the environment-friendly process, being eco-
friendly and nature-friendly by considering services, laws, guidelines, and policies that do not

have destructive impacts on ecosystems or the environment.

In addition, this research adopts robust methodologies, employing Scenario-based Stochastic
Programming (SSP), Fuzzy Chance-Constrained Programming (FCCP), and a novel robust
Columnwise Uncertainty (CWU) approach to effectively manage uncertainty. Within the CWU
approach, which incorporates budget uncertainty, a departure from traditional constraintwise
perspectives to columnwise evaluations is observed. This approach assesses each constraint
independently, mitigating overly conservative solutions by addressing worst-case scenarios
individually. To address the bi-objective problem, the Augmented Epsilon Constraint (AEC)
method is utilized, and implementation of examples is facilitated using the GAMS solver.

1.1 Research Statement

In the face of mounting global challenges across environmental, economic, and societal
domains, a pressing need exists for research to address and alleviate the disruptive forces that
affect SCs. The intricate and uncertain nature of contemporary business landscapes demands
heightened precision in addressing uncertain demand parameters, facilitating informed
decision-making within SCM. The imperative of effective risk management necessitates the
development of resilient and adaptive mathematical models capable of navigating uncertainty

and ensuring uninterrupted SC functioning in the face of unforeseen disruptions.

Furthermore, the indispensability of innovative methodologies and resilience strategies
becomes apparent within the context of sustainability. The increasing emphasis on
environmentally and socially responsible practices places customer preferences at the forefront
of SCM considerations. Thus, aligning SC strategies with customer sustainability expectations
yields planetary benefits, cultivates competitive advantages, and fosters enduring customer

relationships over time.
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The dynamic nature of SC environments accentuates the crucial need to imbue mathematical
models with flexibility and adaptability, empowering SCs to respond adeptly to evolving
contexts and unforeseen obstacles. Bridging the theoretical-practical gap assumes heightened
significance, particularly in the design of closed-loop SCs, where practical implementation of
sustainable solutions ensures theoretical alignment and delivers tangible performance

enhancements, positively impacting the global ecosystem.

As the global SC ecosystem grapples with unprecedented challenges, the elevation of resilience
takes center stage. Therefore, this research necessity underscores the urgency for
comprehensive exploration and advancement of SCM methodologies and strategies. Through
proactive engagement with uncertainties, integration of sustainable practices, and enhancement
of adaptability, this research endeavours to design the SC network, fostering green, resilient,
and robust approaches, thereby making meaningful contributions to the business domain and

society.
1.2 Research Roadmap

The research framework, as depicted in Figure 1.1, is organized into ten main chapters, each
featuring distinct sections and subsections. These encompass critical components, including
literature review, problem descriptions and definitions, models and methodologies, analysis,
and results. After the above explanation in Chapter 1, which provides an introduction
delineating the research scope and objectives, Chapter 2 embarks on a thorough literature
review, focusing on identifying research gaps crucial for designing a green closed-loop SC
under deterministic conditions and considering the environmental consciousness of customers
in designing an SC network. This stage lays the groundwork for Chapter 3, where the closed-
loop SC problem is mathematically modeled as a Mixed Integer Linear Programming (MILP)
problem, thereby generating an optimization problem from both economic and environmental

goals.

In Chapter 4, existing literature on closed-loop SC network design under uncertainty and
disruption is explored, providing insights into research gaps and unveiling areas of novelty that

could potentially revolutionize the field. This sets the stage for subsequent chapters.

Chapter 5 focuses on mathematical modeling techniques tailored to address uncertainty and risk
within SCs, including practical mathematical approaches for managing uncertainties and

disruption.
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Chapters 6 and 7 present the final model, elucidating the mathematical modeling process using
optimization approaches to handle uncertainties. Additionally, the solution method and
implementation details are outlined, accompanied by a comprehensive analysis of results
through illustrative examples in the subsequent section, ensuring a thorough understanding and

confidence in the research findings.

Chapter 8 serves as the conclusion and research summary, summarizing key findings and
contributions made throughout the research. Chapter 9 comprises references cited throughout

the research, providing a comprehensive list of references utilized.

Lastly, Chapter 10 serves as an appendix, containing supplementary information from other

studies relevant to the research.

S —— Chapter Chapter Chapter Chapter
ntroduction 23 4,5 6,7 8,9, 10
Exploring green e Exploring SC e Presenting the e Research
What SC Literature literature under final model summary
Identifying uncertainty and e Addressing e Research
research gaps disruptions problem contributions
¢ Identifying assumptions o Addressing
research gaps research
questions
® Research
suggestions
Presenting an e Considering e Mathematical
optimization uncertainty and modeling of the
How problem disruption in SC MILP problem
(economic) e Dealing with ¢ Solution method
Mathematical uncertaintiesand e Implementation
modeling disruption e Examples
Building a novel e Developing a e Results analysis
environmental novel approach
objective function
A deterministic o A framework for e A bi-objective e References
Output bi-objective managing model within the Appendix
model disruption and proposed
uncertainty approach

Figure 1.1: Research Roadmap
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2 Review of Supply Chain Management under Deterministic
Conditions

Chapter 2 delves into a review of the existing literature concerning SCM, with a particular focus
on the imperatives of GSCM. It reviews the GSCM's diverse requirements and essential
components, highlighting its distinctive features and green performance indicators. By
synthesizing and analyzing this body of knowledge, it aims to make a meaningful research
contribution that advances the understanding of sustainable business practices and enhances the

field of SCM in the context of environmental responsibility.

2.1 Supply Chain Management

SCM involves coordinating product, information, and financial flows from suppliers to
customers to meet demand efficiently and minimize costs encompassing strategic, tactical, and
operational levels, focusing on optimizing SC processes for competitive advantage (Mentzer et
al.,, 2001). SC network consists of several components (e.g., raw material suppliers,
manufacturers, carriers, retailers, etc.) to transform raw material into the final product and make
it available to the end customer Sarmah et al. (2006). In principle, all steps encompass
procurement of raw materials to prepare the final product and are handled in the SC network,
connecting raw materials provided by suppliers through manufacturers, distribution centers,
and retailers to the end customer. The SC network could be considered a group of companies
transforming raw materials into the final product and its delivery to the last customer. One of
the most significant discussions in SCM is by focusing on customers. Steinrticke and Jahr
(2012) noted that the SC is a network that includes suppliers, producers, and distribution centers
to meet customer demand. They focused on planning an SC to satisfy customer demand in terms
of essential volume and delivery time with an efficient guarantee of operation of all network
capacities. Fakhrzad et al. (2019) define the SC as comprising all elements contributing directly
or indirectly to meeting customer demands. They highlight several key points: the SC involves
diverse operational components and multiple members without strict legal definition; while
customer demands are crucial, SC activities extend beyond direct response, encompassing tasks
like transportation and insurance; communication between SC members and customers is
limited, with customers generally indifferent to specific logistics providers; and diverse

customer needs lead to market segmentation, necessitating tailored SC designs.

In response to heightened business competition and the expansion of global markets, companies

are intensifying efforts to streamline their SCs, prioritizing efficient meeting of diverse
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customer needs in terms of time and cost. SCM involves overseeing manufacturing and delivery
processes from raw material extraction to customer delivery, covering the entire value chain
and even recycling of materials in some cases (Feng et al., 2017). These SC follows a closed-

loop design and planning approach, as per existing literature.

2.1.1 Closed-loop Supply Chain

In a closed-loop SC, the dynamic interplay of forward and reverse flows is pivotal. Initially, the
forward SC encompasses the unidirectional movement of materials and products from upstream
suppliers to downstream customers. Conversely, the reverse SC involves the return flow of
materials and products, whether unused or unsold by customers, back into the SC for
refurbishment and reutilization. This integration underscores the holistic approach to resource
circulation within the SC, emphasizing not only the traditional linear progression of goods but
also the essential loop of product recovery and renewal (Amin & Zhang, 2013). The
restructuring of forwarding and reverse SC networks significantly influences each other's
effectiveness. Hence, to achieve the best design for both direct and reverse networks and
mitigate the risk of inadvertent sub-optimization resulting from disparate strategies, it's
imperative to concurrently evaluate the structures of these network types. Establishing a closed-
loop SC system could prove advantageous in enhancing the economic and environmental
performance of enterprises. (Vahdani et al., 2012). The design of reverse SC encompasses
crucial decisions regarding the quantity, placement, and capability of collection, recycling, and
disposal facilities. This includes determining the inventory levels at each site and managing the

flow of materials between every pair of facilities in the SC network (Gobbi, 2011).

Numerous companies, such as Kodak, Xerox, and HP, have undertaken strategic restructuring
efforts aimed at enhancing operational efficiency, leading to notable successes in this domain
(Uster et al., 2007). Meade et al. (2007) delineate two primary categories of drivers fostering
heightened attention and investment in reverse SCM: environmental and business factors. The
environmental factors encompass legislative mandates and evolving consumer environmental
consciousness, whereas business factors underscore the economic advantages derived from
reusable products and effective return policies aimed at bolstering customer satisfaction.
(Albrecht, 2021) underscores that a closed-loop SC embodies the simultaneous coordination of
both forward and reverse logistics to reintegrate essential resources following appropriate
processing. More precisely, a closed-loop SC encompasses the entirety of forward logistics

activities, inclusive of coordination and oversight of comprehensive logistics services.
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Motivated by growing environmental consciousness and the necessity for compliance with
regulations, closed-loop SC present manufacturers with opportunities to optimize revenue
through the efficient management of end-of-life products (Shankar et al., 2018). The closed-
loop SC networks aim to optimize product value throughout the lifecycle by incorporating
collection, reprocessing, and reuse techniques such as recycling and remanufacturing (Ullah et
al., 2021).

This research focuses on designing a closed-loop SC network involving the forward and reverse
flow of materials and end products. The forward flow encompasses the shipment of products
from suppliers to customers. Conversely, the reverse flow involves collecting used products
from customers and their transportation via collection and recycling centers to production
centers for remanufacturing and reuse. This research emphasizes the importance of
incorporating recycling centers in the reverse flow process to ensure the efficient collection and

remanufacturing of recycled material.

2.1.2 Sustainable vs. Green Supply Chain Management

GSCM and Sustainable Supply Chain Management (SSCM) share commonalities but also
exhibit distinct characteristics. While GSCM primarily focuses on environmentally conscious
practices within SC operations, SSCM encompasses a broader scope, taking into account
ecological, social, and economic ramifications (Singh & Trivedi, 2016). In the examination of
the literature comparing GSCM and SSCM definitions, Ahi and Searcy (2013) discovered that
GSCM definitions tend to be narrower in scope compared to those of SSCM. The term green
predominantly emphasizes environmental concerns, while sustainable incorporates a more
comprehensive perspective, evaluating the impacts of products or organizations not only

environmentally but also socially and economically.

Table 2.1 reviews the characteristics of GSCM and SSCM in other studies. Although some
reports of SSCM significantly overlap with definitions of GSCM, it is argued that SSCM is
essentially an extension of GSCM. It is almost certain that the present research refers more to
the evidence of GSCM.
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Reference

GSCM

(Handfield et al.,
1997)

Application of environmental management principles to all activities
throughout the customer order cycle, including design, procurement,
manufacturing and assembly, packaging, logistics, and distribution.

(Zhu et al., 2005)

An essential new archetype for companies seeking to achieve their profit and
market share goals by reducing their environmental risks and impacts while
increasing their environmental efficiency.

(Hervani et al.,

Green purchasing, green manufacturing / materials management, green

2005a) distribution / marketing, reverse logistics.
(Sheu et al., Combination of the SC for product manufacturing and the reverse logistics
2005) for used products.
Integration of environmental aspects into the management of the SC,
(Wee etal., including product design, material sourcing and selection, manufacturing
2011) processes, delivery of the final product to consumers, and end-of-life
management of the green product.
(Sarkis et al., Integration of environmental concerns into SCM inter-organizational
2011) practices, including reverse logistics.
(Andig et al., Minimization and preferably elimination of negative SC impacts on the
2012) environment.
Reference SSCM

(Jorgensen &
Knudsen, 2006)

The tools by which companies discharge their social responsibilities in
dislocated production processes across organizational and geographic
boundaries.

(Carter &
Rogers, 2008)

Integration of strategic, and realization of an organization's social,
environmental, and economic goals in the systemic coordination of key cross-
organizational business processes to improve the long-term financial
performance of the individual company and its SC.

Integration of sustainable development and SCM whereby merging these two
concepts, environmental and social aspects along the SC need to be taken into

(Seuring & ) . .

Milller, 2008) account to avoid related problems and achieve more sustainable products and
processes.

(Ciliberti et al., The management of SCs considers all three dimensions of sustainability:

2008) economic, environmental, and social.

(Schwartz et al.,
2008)

Addition of sustainability to existing SCM processes to address the
environmental, social, and economic impacts of business activities.

(Haake &
Seuring, 2009)

The set of SCM principles, actions are taken, and relationships entered into in
response to the natural environment and social concerns with respect to the
design, acquisition, production, distribution, use, reuse, and disposal of the
company's goods and services.

(Wolf, 2011)

The extent to which a manufacturer strategically collaborates with its SC
partners and jointly manages intra- and inter-firm processes for sustainability.

(Wittstruck &
Teuteberg, 2011)

Extension of the traditional concept of SCM includes environmental and
social / ethical aspects.

Table 2.1: Review of GSCM and SSCM
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2.1.3 Green Supply Chain Management Requirements

As a tactic to improve environmental sustainability, academics and business experts promote
GSCM. Although the idea behind GSCM dates back to the early 1990s, various academic
papers show that it took off after the year 2000 (Fahimnia, Sarkis, & Davarzani, 2015; Seuring
et al., 2005) and another idea is that the GSCM goes back to the environmental management
movement of the 1960s (Sarkis et al., 2011). Although there is no clear definition of GSCM,
several studies have noted various drivers and requirements of GSCM, including green
marketing (Roh et al., 2022; Yildiz Cankaya & Sezen, 2019), green purchasing and
procurement (Rane & Thakker, 2020; Singh & Chan, 2022), green logistics (Jermsittiparsert et
al., 2019; Khan et al., 2023), and green / renewable energy (Mastrocinque et al., 2020; Zimon
et al., 2020), green supplier (Abdel-Baset et al., 2019; Bag, Gupta, Kumar, et al., 2021; Haiyun
et al., 2021), green design (Abdel-Baset et al., 2019; Younis & Sundarakani, 2020; Zimon et
al., 2020), green packaging (Silva et al., 2019; Yildiz Cankaya & Sezen, 2019), green
innovation in the manufacture (Burki et al., 2019; Seman et al., 2019) such as green technology
(Lisi et al., 2020).

Likewise, Xing and Liu (2023) stated that GSCM encompasses every stage of a product's life
cycle, from product creation through manufacture, distribution, and consumption by end users
through disposal by the consumer at the end of the product's life cycle. Additionally, GSCM
can be described as a concept that enables the integration of environmental standards to enhance
the efficiency of processes and services (Abakumova et al., 2021; P. A. Khan et al., 2021).

The primary goal of GSCM is to enhance the proficiency of SCM, a key driving force behind
its implementation, and it is achieved through the meticulous coordination of various business
operations, seamlessly integrating them, and strategically aligning the entirety of the SC (Chin
et al., 2015). According to research conducted by experts in this field, the overarching aim is
not just to meet but to consistently surpass customer expectations (Ho et al., 2002; Luthra et al.,
2016; Sarkis et al., 2009).

Other researchers have cited several greenness indicators of SC and, despite their diversity,
show compelling convergence. Moreover, Albrecht (2021) mentioned that five essential
practices are commonly identified in GSCM. First, eco-design determines product attributes to
minimize environmental impact during production by optimizing materials, energy usage, and
reuse. Moreover, green purchasing emphasizes environmentally friendly procurement of

materials and components. Shang et al. (2010) outlined five dimensions of green SC, including



31

green design, green suppliers, green logistics, green marketing, and green production. Hervani

et al. (2005a); Zhu and Sarkis (2006) expressed that GSCM includes green purchasing, green

production, and material management, green distribution and marketing, and reverse logistics.

Wu (2009) mentioned that GSCM factors include green purchasing, customer collaboration,

green design, and return on investment.

Table 2.2 summarizes some requirements of GSCM in previous studies highlighting key green

practices encompassing design, procurement, production, packaging, and transportation in

SCM. These practices include energy-efficient design, eco-friendly sourcing, and compliance

with environmental laws in production, sustainable packaging, and energy-efficient

transportation methods.

Reference

Green Design

(Olugu et al., 2011)
(Diabat & Govindan, 2011)
(Wu et al., 2012)

(Shang et al., 2010)
(Eltayeb et al., 2011)

(Kuo et al., 2010)

Designing products in order to reduce the consumption of materials or

energy (lead, mercury, and chrome)

Reusing and recyclability of manufactured products

Designing products in order to reduce or avoid the consumption of

hazardous substances or improper production processes

Designing products considering environmental standards

Reference

Green Supplier and Procurement

(Olugu et al., 2011)
(Diabat & Govindan, 2011)
(Wuetal., 2012)

(Shang et al., 2010)
(Eltayeb et al., 2011)

(Kuo et al., 2010)

Providing environmentally friendly products from suppliers

Having Environmental standard certificates such as 1SO 14000,
Restriction of Hazardous Substances Directive (RoHS)

Organizing seminars in order to make suppliers aware of environmental
issues

Supporting suppliers to improve their environmental performance

Selecting the suppliers by considering the features required to design
products compatible with the environment

Purchasing recyclable materials from suppliers

Making efforts of suppliers to achieve products and processes compatible
with the environment

Reference

Green production

(Olugu et al., 2011)

(Diabat & Govindan, 2011)

Being committed and supporting senior and middle managers to comply
with environmental law

Having total quality environmental management,

Having Environmental standard certificates such as RoHS, and EUP
(Exceptional Use Policy process)
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(Wuetal., 2012) e Using substances that are less harmful to the environment
(Shang et al., 2010) o Using technology, equipment, and machinery with less pollution for the

environment

(Eltayeb et al., 2011) . . .
o Controlling the production of hazardous gases such as ammonia and CO2

(Kuo et al., 2010) e Using the appropriate method for wastewater disposal
(Hsu & Hu, 2009) ¢ Having the opportunity of suitable environmental
e position compared to other manufacturers
Reference Green Packaging
(Olugu et al., 2011) e Using environmentally friendly materials in packaging products

(Diabat & Govindan, 2011) | « Using labels to indicate the suitability of the product to environmental
(Wu et al., 2012) standards

(Shang et al., 2010) e Using tags to display the recyclability of packaging

Reference Green Transportation and Distribution
(Olugu etal., 2011) « Returning products to the company for recycling
(Diabat & Govindan, 2011) | , Haying a better competitive position compared to other
(Wu et al., 2012) competitors
(Shang et al., 2010) o Selecting distribution networks and customers with an emphasis on
(Eltayeb et al., 2011) environmental criteria
(Kuo et al., 2010) » Marketing products based on environmental issues, such as

emphasizing environmental certificates

Table 2.2: Review of GSCM Requirements

This research examines particular indicators of environmental sustainability within the domain
of GSCM, including green energy, green packaging, green technology, green recycling, and
green suppliers. These facets have been previously scrutinized in discussions on environmental

sustainability.

2.2 Green Customers

Consumers who demonstrate awareness of and interest in environmental issues are commonly
called green consumers (Soonthonsmai, 2000). Green customers play a pivotal role in fostering
innovation and sustainability within SC networks. Integrating them into the innovation process
not only reduces costs and improves product quality but also accelerates the development of
green products. As environmental awareness among consumers continues to rise, their
preferences increasingly gravitate towards products and services that reflect their sustainability
values. These environmentally conscious consumers prioritize resource conservation, pollution

mitigation, and social responsibility when making purchasing decisions (Zhu et al., 2017).
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In the realm of GSCM, environmentally-aware customers drive the demand for sustainable
goods, prompting companies to integrate eco-friendly practices into their SCs. By actively
selecting products with environmentally-friendly attributes, customers exert significant
influence over businesses, compelling them to incorporate green strategies into various
operational facets. This includes initiatives such as incorporating renewable materials, adopting
energy-efficient production techniques, minimizing waste generation, and implementing
responsible disposal approaches (Li et al., 2016). Green customer integration as external
partners offers manufacturers opportunities to produce more effectively, resulting in
international problem-solving associated with environmental concerns (Wu, 2013). Besides,
customer awareness or customer attitude toward the environment refers to the customer's
knowledge concerning product performance and their positive and negative effects of them on
the environment (Suki, 2013), and this implies the attributes of customer preferences to
environmentally friendly products and maintains a healthy lifestyle such as consuming organic
vegetables (Alamsyah & Mohammed, 2019).

Zhao et al. (2020) explored the relationship between green customer integration and green
product innovation, focusing on process and information integration. Their findings indicate
that both dimensions significantly influence information sharing quality, impacting green
product innovation. Importantly, green customer process integration shows a stronger effect on
information sharing quality. Managers can utilize these insights to strategically integrate

customers, prioritize resources for internal integration, and accelerate green product innovation.

Du et al. (2018) delved into the complex relationship between green customer and supplier
integration and green innovation performance, revealing positive impacts on performance.
Internal integration moderates the link between green customer integration and performance,
with effects varying by firm size. Their study underscores the importance of maximizing
synergies between green integration dimensions and provides valuable insights for enhancing

environmental policies.

Maniatis (2016) discussed influential variables when customers buy green products and
mentioned significant features, including consumer knowledge, commitment, and general
awareness. They worked on a case study and analyzed customers of a shopping mall in Athena
when making decisions about green food products and showed 15 indicators that reflect the

above features.

Tseng et al. (2008) examined service quality instruments to develop a green product instrument

to measure the gaps between consumers' expectations and their perceptions of green products.
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This green product instrument is based on the primary attributes of product quality,

environmental performance measurement, and green product eco-certification.

Sarmiento and ElI Hanandeh (2018) revealed that environmental awareness had created a
necessity in people's minds to buy eco-friendly products. Their study evaluated customers of
green restaurants focusing on factors such as awareness, gender, and age. Findings show that
men would pay more for the green service than women. However, more women were willing
to pay an extra fee than men, and the willingness to pay was also positively correlated with the
level of education. The youngest age group and the lowest income were more willing to pay a
higher premium than other demographic groups. Moreover, they assessed that, opposite to the
general idea, the factor of income did not significantly affect customers' green tendencies. Their
results also revealed a gender bias in the green trends of the customers; for instance, women

have a higher green index than men.

Huang et al. (2014) explored that the motivation displacement effect occurs during the process
in which consumers try to be environmentally friendly. Their work illustrated the impact of
incentive mechanisms on the relationship between environmental awareness and green
consumer behavior using a hierarchical regression model. They examined the effect of
environmental awareness or intensive agents on green customer behavior. After critiquing 458
hotel guests, they concluded that environmental awareness positively affects green customer

behavior, especially among female and younger guests, while intensive discount has no effect.

Wei et al. (2018) mentioned that various evidence evaluated consumers' willingness to pay
more for green products and showed that customer participation improves their willingness to
pay more even with low sustainability-oriented motivation (environmental concern) and ability
(eco-literacy). Their finding is helpful for practitioners searching for practical ways to alleviate

green purchase barriers.

Yu (2001) found that consumers are aware that their purchases impact the environment, and
they are encouraged to pay attention to the quality of the goods and the production conditions.
They added that green consumerism began in Europe and peaked in the 1980s, intensifying in
Germany, leading to a competitive advantage for producers whose products meet environmental

standards.

Consumer behavior stands as a pivotal consideration for decision-makers within SC
companies. In this research, a significant contribution lies in the examination of customer

expectations regarding green products. Specifically, the research focuses on understanding
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customer attitudes toward environmentally friendly purchases, a crucial aspect in the design of
SC networks. Upon reviewing existing literature, it became evident that while numerous studies
have delved into the factors influencing customer attitudes toward environmental concerns, a
research gap persists in the absence of a comprehensive mathematical framework to quantify
customer environmental expectations and integrate green customer preferences into the

mathematical modeling of SC network design.

The study conducted by Coskun et al. (2016), shed light on the influence of customers within
the green SC network, delineating them into three distinct segments: green customers,
inconsistent customers, and red customers. While informative, this segmentation lacked a
quantitative methodology, posing a research gap. In response to this gap, the current research
presents a novel approach by introducing a spectrum of greenness expectations for customers,
conceptualized within an index ranging from 0 to 1. This index shows the varying degrees of
environmental consciousness among consumers, acknowledging that every customer exhibits
some level of green inclination. By quantifying these expectations, businesses gain deeper
insights into customer preferences and can customize their offerings accordingly, thus
facilitating the adoption of more sustainable practices throughout the SC. This index serves as
a tool in constructing an environmental key performance indicator that addresses the level of
green satisfaction among customers in the SC network. To refine and evaluate this index, the
research proposes a formulation derived from data gathered through a questionnaire. This
questionnaire should be strategically designed to evaluate the degree of green inclination among
customers. However, for effectively evaluating customer greenness inclination, the
questionnaire needs to incorporate criteria that have been investigated in prior research and

have shown a correlation with green customer behavior and awareness.

Thus, this section first shifts the focus toward understanding green customer behavior and

satisfaction and then criteria influencing green behavior.

2.2.1 Integrating Green Dimensions into Consumer Satisfaction and
Loyalty

Customer satisfaction can be understood as the fulfillment of consumers' consumption
objectives as perceived and articulated by the consumers themselves (Oliver, 2006) and
Customers who are satisfied are more likely to make repeat purchases over time (Zeithaml et
al., 1996).
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Green customer satisfaction pertains to a consumer's assessment that a product, service
feature, or the overall product or service itself is delivering a satisfactory level of fulfillment in
terms of consumption-related experiences, encompassing both adequate and excessive levels of
fulfillment (Oliver, 1997). Customers' environmental knowledge about products significantly
impacts customer behavior by considering some factors such as natural ingredients, no animal
testing, organic product, green forests, ozone-friendly, and minimum material (Rashid et al.,
2014; Suki et al., 2016). Similarly, some features of distinguishing green awareness of
customers revealing their environmental attention when receiving green products include
knowledge of green labelling, special symbols and slogans of green products, and green image
of companies (Rizwan et al., 2014). In other respects, consumers do not choose products based
on price; other factors, such as the product's inherent value, influence their decisions
(Palihawadana et al., 2016). On occasion, customer selection is based more on product quality
than profit or loss value, which gives them a greater sense of satisfaction; this concept is referred

to as perceived quality (Beneke et al., 2013).

Chang and Fong (2010) delved into a gap in previous research, which has predominantly
focused on traditional factors like product quality, corporate image, customer satisfaction, and
loyalty, neglecting their application in the realm of green innovation and environmental
management. To address this void, the study introduces the concept of green customer
satisfaction and green customer loyalty while presenting a robust research framework to explore
their interplay with green product quality and corporate image. Through a targeted
questionnaire survey of consumers who have engaged with green or environmental products,
the study uncovers positive correlations among green product quality, corporate image,
customer satisfaction, and loyalty. These findings emphasize the strategic significance of
investing in green initiatives for sustained business performance and competitive edge.
Moreover, the study underscores the pivotal role of corporate image in shaping consumer
perceptions, advocating for companies to prioritize the cultivation and preservation of a robust

green corporate identity amidst escalating consumer demand for eco-conscious offerings.

Saeednia and Valahzaghard (2012) explored the increasing significance of green product
management in today's economy, driven by the growing consumer interest in environmentally
friendly products. This empirical investigation aims to assess the influence of customer
perception, product quality, environmental concern, and satisfaction on green customer loyalty.
The study proposes two hypotheses, one examining the direct impact of green product quality
on customer satisfaction, and the other on customer loyalty. Targeting individuals in Tehran,
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Iran, who use paper-based products such as drinking glasses, napkins, and packaging,
particularly in locations like hospitals and universities, the study distributed a questionnaire to
300 participants, gathering 283 responses for analysis. The findings reveal significant
correlations, highlighting the crucial role of environmental concern in shaping customer
satisfaction and fostering loyalty towards green products. These insights offer a valuable

understanding of consumer behavior in the expanding green market.

CavuGoglu et al. (2020) explored the influence of attitudes toward green behavior on green
image, customer satisfaction, and loyalty in the context of green hotels in Turkey. Utilizing
Smart PLS 3 for analysis, findings revealed a positive correlation between attitude towards
green behavior and green image, which in turn impacted customer satisfaction and loyalty
positively. Green hotels, defined as eco-friendly accommodation facilities, have gained
significance within the tourism industry due to increasing environmental concerns. Green
image refers to consumers' perceptions of a business's environmental responsibilities and
concerns, influencing their purchasing decisions and brand loyalty. It plays a crucial role in
differentiating businesses and fostering strong consumer relationships, ultimately impacting
overall corporate image positively. Consumer demand for environmentally friendly options in
tourism services aligns with the growing trend towards green practices. Their study suggests
that integrating green initiatives into marketing strategies can enhance brand image and

competitiveness.

Laari et al. (2016) investigated the direct and indirect relationships between customer-oriented
GSCM practices and environmental and financial performance in the manufacturing sector.
They concluded that customer requirements are essential for implementing internal GSCM
practices. The result illustrates that manufacturers can respond to customers by passing on
environmental requirements through collaboration and monitoring suppliers' environmental
performance. More collaborative relationships should be established with customers to improve

financial performance to achieve ecological goals.

Gadenne et al. (2011) highlighted the impact of environmental beliefs on norms surrounding
actions and prices, particularly with price norms correlating with environmental attitudes.
Moreover, intrinsic and extrinsic environmental factors, as well as social norms and community
influence, play pivotal roles in shaping environmental attitudes. However, cost barriers may
hinder these attitudes. Importantly, the study reveals a strong association between
environmental attitudes and energy-saving behaviors, unaffected by government policies or

subsidies.
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The factors influencing the purchase of eco-friendly products among green and non-green
consumers is examined in research by Barbarossa and De Pelsmacker (2016). It develops a
model encompassing positive altruistic, positive ego-centric, and negative ego-centric factors
and validates it using structural equation modeling. Results indicate differences in purchasing
patterns between green and non-green consumers, with altruistic motives being more important
for the former. Negative ego-centric factors impact non-green consumers' intentions more,
while their effect on behavior is stronger for green consumers. Their study offers insights into
the eco-friendly purchasing process and highlights the distinct influences on purchase intention

and behavior across consumer groups.

Table 2.3 presents a summary of findings from various studies related to green consumer
behavior, highlighting significant correlations, influences, and moderating factors impacting

green trust, attitudes, purchase intentions, and loyalty towards eco-friendly products and brands.
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Reference

Focus

Finding

Alamsyah and
Febriani (2020)

Gren trust

Finding reveals that green brand awareness has a strong correlation with the improvement of consumer green trust.

The study aims to investigate consumers' environmental concerns, awareness, and knowledge regarding environmental

%gg; maran, Green advertisement issues, _and how these factors influence their purchasing behavior towards eco-friendly products and their willingness to pay
a premium for such products.

(van Tonder et Green consumption value Finding reveals that green consumption values and feeling emotionally connected to nature positively impacts green attitudes

al., 2020) and encourages feedback behavior.

(Chen & Chang,
2013)

Green trust by integrating
concepts from green marketing
and relationship marketing

The empirical findings suggest that higher perceived green quality positively influences green satisfaction and green trust,
while higher perceived green risk has a negative impact on both. Additionally, green satisfaction partially mediates the
relationship between green trust and its antecedents. This highlights the importance of investing in improving green
perceived quality and reducing green perceived risk to enhance green satisfaction and trust among consumers.

(Saeed &
Shafique, 2021)

Customer-based brand equity of
green brands and its influence on
green purchase consumption

Findings indicate a significant positive relationship between Customer-based brand equity and green purchase consumption.
Moreover, the study reveals that religious commitment moderates this relationship, highlighting the importance of
considering religious beliefs when understanding consumer behavior towards green brands. The research provides valuable
insights for green companies, emphasizing the need to focus on all aspects of brand performance to encourage green purchase
and repurchase consumption, ultimately bridging the attitude-behavior gap in green consumption.

(Arshad et al.,

Employee environmental concern
influences ecological behavior

Results show a positive association between environmental concern and ecological behavior, partially mediated by employee
and customer-oriented extra-role behavior and organizational commitment. This highlights the importance of fostering

2020) . ) ; employee commitment and extra-role behavior to encourage ecological green behavior and promote sustainability in the
and job satisfaction industry

(Albayrak et al Examining environmental The study findings indicate that customers with heightened environmental concern and lower levels of scepticism exhibit a

2013)y " | concern and scepticism on green favorable attitude, along with a strong subjective norm and perceived behavioral control. This encourages them to express
purchase behavior in Turkey stronger intentions of becoming e-invoice subscribers in the future.

(Sapna A. Narula . The study identifies gaps in green consumer behavior research, emphasizing the need for advanced studies addressing

. Green marketing and consumer . . : - .
& Anupriya consumer perceptions, product design, segmentation, and willingness to pay for green attributes. It underscores the

Desore, 2016)

behavior

importance of focusing on consumers as the key stakeholders in green marketing endeavors.

(Sharma, 2021)

Green marketing, Consumer
attitudes ,Purchase behavior
towards green products

The study reviews 232 papers and identifies three main themes: personal factors, the purchasing process, and marketing mix.
It finds that eco-concerns, labeling, past experiences, and perceived usefulness impact consumer behavior. Barriers include
knowledge gaps, pricing concerns, risks, image, trust, and willingness to pay, creating a gap between attitude and behavior.

(Raza & ur
Rehman)

Price promotions on green food
purchase intentions

The study finds that consumers prioritize price when buying green food products, but other factors like product knowledge
and marketing also impact sustainable consumption. Positive attitudes toward green purchases increase the intention to buy
eco-friendly items, especially when perceived product quality is high. Environmental awareness and perceived product
impact on the environment are significant factors influencing green purchase decisions.

(Chen, 2010)

Green perceived value, Green
satisfaction, Green trust, Green
loyalty

Results reveal that augmenting green perceived value, satisfaction, and trust positively impacts green loyalty. Moreover,
green perceived value not only directly affects green loyalty but also indirectly influences it through satisfaction and trust
mediation.

Table 2.3: Empirical Studies on Factors Influencing Green Consumer Behavior
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2.2.2 Consumer Preferences and Barriers in Green Markets

After a comprehensive review of the factors outlined in this literature regarding customer
behavior and the determinants of their green expectations and influences, several crucial
insights emerge. These insights serve as fundamental principles for crafting targeted questions

aimed at understanding consumer preferences and behaviors towards green market.

Eco-friendly consumer preferences aims to find out what consumers love and dislike toward
environmentally friendly products, and to know the understanding and interest of consumers of
environmentally friendly products in the modern market. Eco-friendly products are designed
and manufactured products such as plastic wrappers, cup coffee, cake wrap, pouches,
foodstuffs, electronic products and others. No types of the products pollute the environment

once they are used up (Soegoto, 2018).

Attitudes reflect consumers' preferences and aversions, influencing their decisions when
purchasing products (Engel et al., 2006). Zelezny and Schultz (2000) suggest that attitudes
toward environmental concern stem from an individual's self-concept and their perception of
their connection to the natural environment. Tsen et al. (2006) indicates that attitudes are the
most reliable predictor of consumers' willingness to pay for green products. This implies that
price is not the primary deterrent for consumers in purchasing green products if they hold pro-
environmental beliefs. Additionally, consumers' perceived level of self-involvement in
environmental protection may hinder them from participating in eco-friendly activities like
recycling (Wiener & Sukhdial, 1990).

However, consumers may have a preference for certain products, as noted by Kotler (2012),
their ultimate choice can be influenced by various factors. Consumer preferences, as detailed
in Best (2000), are influenced by awareness and attraction, shaping their response to marketed
products. Through effective communication strategies, consumers develop understanding and
interest in the offerings, with particular emphasis on products promoted through green
marketing. The preference-for-prototypes theory of Whitfield and Slatter (1979) suggests that
the more prototypical an object is, the more aesthetically preferred it will be, highlighting the
importance of environmental considerations in product design, labeling, packaging, use, and
disposal. Protecting the environment involves navigating a complex trade-offs across social,
economic, political, and technological spheres. Additionally, the impact of environmental
attitudes varies based on consumers' levels of environmental knowledge, with stronger effects

observed among those with higher levels of awareness (Noor et al., 2012).
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Environmental education plays a pivotal role in shaping citizens' green behavior, according
to a study by Varela-Candamio et al. (2018). Their comprehensive model identifies
intrapersonal, motivational, interpersonal, and educational factors as determinants of green
behavior. Key factors influencing green behavior include global warming, energy conservation,
recycling, green purchasing, and pollution. Colom and Sureda (1981) underscores the
importance of environmental education, defined as a means to rethink the relationship with the
biosphere and drive social change toward sustainable development. Specifically, environmental
education and intrapersonal factors emerge as primary drivers of green behavior, highlighting

the significant role of human behavior in environmental protection.

Green advertisement, as explored in a study by D’souza and Taghian (2005), aims to uncover
differences in attitudes between high and low-involvement consumers. Their study investigates
the cognitive and affective responses of these consumer groups towards advertisements, while
also assessing the significance of specific themes like company image, environmental labels,
and product recycling symbols. Drawing from a random sample of 207 consumers in Victoria,
Australia, the findings reveal notable variations in attitude towards green advertising across
all dimensions between high and low-involvement consumers. Notably, low-involvement
consumers exhibit a stronger disregard for green advertising across various perceptual

measures.

Trust represents the reliance that individuals place on others during transactions, underpinned
by the expectation that the trusted party will fulfill their obligations faithfully (Fang et al.,
2011). Consumer trust encompasses the entirety of a consumer's knowledge and conclusions
regarding various objects, attributes, and benefits (Sangadji, 2013). It serves as the foundation
of consumer behavior, reflecting their confidence in the expectations set by others over an
extended period (Adji, 2014). Specifically in the context of green products, consumer trust
drives purchasing decisions towards environmentally safe products, indicating a willingness to
rely on products that are perceived to be environmentally friendly and safe (Yolanda &
Alamsyah, 2013). Green trust, on the other hand, stems from a fundamental belief or
expectation in a product, service, or brand, based on factors such as credibility, goodwill, and
environmental performance. It can be evaluated through several dimensions, including
environmental reputation, performance, claims, awareness, and commitment to environmental
protection (Chen & Chang, 2012).

Green marketing combines eco-friendly principles with traditional marketing strategies,

aiming to meet consumer needs while minimizing environmental impact. It emphasizes the
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creation and promotion of products and services that are environmentally friendly or produced
in an eco-conscious manner (Nedumaran, 2020). Green marketing serves as a communication
mechanism through which companies can portray themselves as environmentally conscious to
consumers. Additionally, it facilitates the establishment of relationships between consumers

and companies (Sapna A Narula & Anupriya Desore, 2016).

Social value refers to the utility or behavior derived from social group associations, influencing
individual perceptions and purchase decisions, particularly in the context of green products.
Consumers seek to align with societal norms and avoid negative outcomes, leading to a desire
for information and association with environmentally friendly concepts. This connection
between consumer behavior and societal identity tightens the bond between individuals and
society (Nedumaran, 2020).

Consumption value contributes to shaping consumer preferences for green products,
particularly among those with strong environmental concerns. Factors such as psychological
benefits, curiosity, and novelty-seeking drive consumer choices towards green products, with
price and quality being less significant determinants (Sapna A Narula & Anupriya Desore,
2016; Pedro Pereira Luzio & Lemke, 2013).

Price is a significant obstacle in the purchase of green products, often perceived as costlier
compared to conventional alternatives. Studies have explored consumers' willingness to pay for
green products (Gupta & Ogden, 2009) with cost frequently acting as a deterrent (Ginsberg &
Bloom, 2004). High prices often act as barriers to purchasing green products (Ginsberg &
Bloom, 2004; Hamzaoui Essoussi & Linton, 2010). Additionally, the availability of products
within reach of consumers plays a crucial role in determining their willingness to pay (Berger
& Corbin, 1992; Samdahl & Robertson, 1989).

Green packaging and eco-labeling play vital roles in shaping consumer perceptions and
purchase intentions regarding product efficacy. Pancer et al. (2017) reveal that when used in
isolation, such cues can lead to reduced efficacy perceptions due to category ambiguity,
activating competing schemas during evaluation. Combining eco-labels with the color green
proves effective in countering negative perceptions, yet caution is advised against using eco-
labels alone, as they may lower product quality perceptions. Sustainable packaging is
becoming increasingly prevalent among companies. In two studies examining detergent and
mixed nuts packages, the influence of visual appearance and verbal sustainability claims on
consumer attitudes and purchase intentions was investigated. Results indicate that consumers'

level of environmental concern shapes their responses to these packaging elements, with
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sensitivity varying based on their degree of concern. Furthermore, the study reveals that brand
ethicality plays a mediating role, underscoring the importance of aligning packaging cues with
consumer values to drive purchase intention (Magnier & Schoormans, 2015). Packaging
appearance positively influences perceived sustainability but may negatively impact perceived
usability. However, the presence of a high sustainability level on the eco-label enhances
perceptions of both sustainable and typical packaging, increasing consumer intention to choose
them. Additionally, the eco-label helps mitigate negative perceptions of usability associated

with sustainable packaging (Krah et al., 2019).

Environmental corporate social responsibility in the study by Sony et al. (2015) examines
the impact of specific voluntary strategies versus involuntary regulatory compliance on
consumer attitudes and purchase intentions. It reveals that combining green cause-related
marketing with the offering of green products yields a more positive response from consumers
than implementing either strategy alone. Additionally, the research indicates that these green
cause-related marketing and green product initiatives can serve as substitutes, underscoring the
crucial role of firms' commitment to environmental responsibility in shaping consumer

perceptions and behaviors.

Environmental responsibility emerges as a pivotal factor impacting consumers' green
consumption tendencies, as evidenced by Wu and Yang (2018) examination of moral identity's
effects on environmentally friendly behaviors. Through a comprehensive investigation
spanning five studies, the research illuminates how moral identity influences individuals'
proclivity towards selecting green products and embracing eco-conscious actions. The findings
underscore the role of moral identity in amplifying consumers' sense of responsibility for
environmental damage, consequently driving increased engagement in green consumption.
Furthermore, the study reveals that when moral identity is activated, consumers' exhibit reduced
inclination towards green consumption amidst decreased perceptions of their responsibility for
environmental harm. This elucidates the complex interplay between moral identity and

environmental responsibility, shaping consumer behavior towards sustainability.

This research selects the factors from the above explained, highlighted in Table 2.4, as the key
elements to focus on when evaluating customer green preferences. From these factors, the
research will formulate questions to assess consumer attitudes and behaviors towards eco-

friendly products.
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Reference

Influential Factor

Description

(Best, 2000),
(D’souza & Taghian, 2005)

Awareness and Attraction

Influence on consumer preferences through effective communication and
emphasis on green marketing.

(Whitfield & Slatter, 1979)

Environmental considerations
in design

Importance in product design, labeling, packaging, use, and disposal for
aesthetic preference.

(Noor et al., 2012)

Environmental knowledge

Impact on consumer attitudes, with stronger effects in more knowledgeable
consumers

(\Varela-Candamio et al., 2018)

Interpersonal and educational
factors

Drives green behavior; crucial in rethinking relationship with the biosphere
for sustainable development.

(Chen & Chang, 2012), (Yolanda &
Alamsyah, 2013)

Green trust

Driven by credibility and environmental performance, influencing green
purchasing decisions.

(Nedumaran, 2020), (Sapna A. Narula &
Anupriya Desore, 2016)

Green marketing and Social
value

Combines eco-friendly principles with traditional marketing; enhances
consumer-company relationships via societal norms

(Sapna A. Narula & Anupriya Desore, 2016),
(Pedro Pereira Luzio & Lemke, 2013)

Consumption value

Psychological benefits and novelty-seeking drive preferences, with less
emphasis on price and quality.

(Gupta & Ogden, 2009), (Ginsberg & Bloom,
2004)

Price and Availability

High costs and limited availability are significant barriers to green product
purchasing.

(Magnier & Schoormans, 2015), (Krah et al.,
2019)

Green Packaging and Eco-
labeling

Influences on consumer perceptions and purchase intentions, with nuances
based on environmental concern.

(Sony et al., 2015)

Environmental corporate
social responsibility

Impact of green marketing strategies on consumer attitudes and purchase
intentions.

(Wu & Yang, 2018)

Moral identity

Influences green consumption; linked to a sense of responsibility and ethical
self-identity.

Table 2.4: Factors Influencing Consumer Green Expectations used in this Research
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2.3 Green Performance of Supply Chain

Nowadays, organizations are attempting to reduce their detrimental effects on the environment
by incorporating ecological considerations into their SC activities (Younis & Sundarakani,
2020). The degree to which environmental concerns and sustainable practices are incorporated
into the operations of an SC is referred to as green performance of SC (Sharma & Gandhi,
2016). The green performance of SC has received wide attention in businesses' attempts to

enhance their sustainability performance and decrease their ecological footprint.

In SC network with diverse suppliers, manufacturers, distributors, and retailers, the evaluation
of green performance is a complex task. This complexity arises from the necessity of
measurement systems based on a set of agreed criteria. The use of non-standardized metrics is
not feasible due to various factors, including the unique conditions of different geographical
and cultural locations, organizational procedures, and the level of technology absorption. This

complexity in the evaluation process presents a challenge.

Table 2.2 in Subsection 2.1.3 compiles various references from academic literature that discuss
different aspects of green practices within organizations, focusing on green design, green
supplier and procurement, green, green packaging, and green transportation and distribution.
Each category encompasses specific actions and standards, such as designing products to
minimize material and energy consumption, ensuring suppliers meet environmental standards,
committing to environmentally compliant production processes, using eco-friendly materials in
packaging, and selecting transportation methods that emphasize recycling and environmental
standards. The practices outlined aim to enhance environmental responsibility across all stages
of production and SCM. From these categories, this research selects key indicators as shown in
Table 2.5 that are most relevant to assessing the effectiveness of green initiatives within the
targeted industry sectors. These indicators will serve as a basis for evaluating the environmental
performance and sustainability efforts of SC and this research calls them greenness indicators
including green suppliers, green production technology, green packaging, green energy, and

green recycling.

Greenness indicators serve as benchmarks to evaluate the environmental sustainability of SC,
directly influencing the green performance. These indicators encompass metrics such as carbon
footprint (Shen et al., 2013), energy consumption (Dey & Cheffi, 2013), waste generation
(Carvalho et al.,, 2010), and emissions reduction (Sharma et al., 2017), reflecting the

effectiveness of eco-friendly practices within the SC operations.
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(Azevedo et al., 2013) . . . .
(Azevedo et al., 2016) . . . .
(Zhu & He, 2017) .
(Kazancoglu et al., 2018) . .
(Topgul et al., 2020) . .
(M. Khan et al., 2021) . .
(Tapia-Ubeda et al., 2021) . . . .
(Wang et al., 2022) .
(Rosyidah et al., 2022) . .
(Zhou & Duan, 2022)
This Research . . . . . .

Table 2.5: Comparison of Green Indicators of SC: this Research vs. Prior Studies

I. Green Supplier

Green supplier, pertains to a participant in the SC network responsible for supply of raw
materials that demonstrates a commitment to the environment by integrating ecological factors
into their operational and strategic decision-making practices. Several studies focused the most
influential criteria for assessing green suppliers, such as cost (Awasthi et al., 2010; Ghodsypour
& O’Brien, 2001), delivery (Li et al., 2012; Wisner et al., 2014), quality (Manning et al., 2006;
Zu et al., 2008), service (Jung et al., 2008), and pollution control (Marshall & Farahbakhsh,
2013). Other fundamental properties of green suppliers are international certificates, a
background in waste reduction and recycling, and those suppliers strongly targeting green

procurement (Blome et al., 2013).

Il. Green Technology

Green technology as a criterion of SC greenness can be defined as a forward-thinking approach
to incorporating advanced, environmentally sustainable innovations that facilitate ecological
practices across the entire SC. The utilization of advanced technologies, including robotic
process automation, artificial intelligence, predictive analytics, internet of things, block chain,
advanced materials, augmented reality, and autonomous vehicles, is an actionable strategy for

enhancing resource efficiency, reducing waste, mitigating emissions, and promoting
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sustainable growth in SC operations and processes. Likewise, the domain of green technology
encompasses a wide range of technologies related to manufacturing as well as consumption.
The application of environmental technologies includes tracking, assessing, pollution
mitigating, and treating (Soni, 2015). Economic growth could have destructive impacts on the
environment (Sun et al., 2008); however, implementing green technology can reduce these
adverse effects to balance economic growth with environmental considerations. By the same
token, green technology may exhibit superior economic performance compared to non-green
technology, as environmental damage can lead to economic downturns in the long term, and
preserving the environment can lead to a more sustainable economy in the long run. The
employment of green technology is on the rise in current manufacturing operations. Trade-in
programs are commonly utilized to increase sales and promote product recycling, yielding
environmental advantages. The green technology and trade-in program co-implementation is a

commonly observed practice among different organizations (Dou & Choi, 2021).

I11. Green Packaging

Green packaging as a criterion of SC greenenss entails the integration of green materials,
inventive designs, and environmentally friendly techniques in the packaging of products
throughout the entire SC, intending to promote eco-consciousness. The utilization of
biodegradable and compostable materials, post-consumer recycled plastic or paper, lightweight
packaging, edible packaging, extending shelf life through packaging, and nanotechnology are
technological advancements that have proven to be beneficial for green packaging. Green
packaging practices directly impact the environment, which is considered one of the
requirements of GSCM and refers to concepts such as eliminating excessive packaging, using
paper wrapping, biodegradability, reducing the quantity of polystyrene, easy disassembly, and
the benefit of simplified material (Kung et al., 2012; Sarkis, 2003). Correspondingly, the
primary definition of sustainable packaging is taken from a stockholder survey study in
Australia presented by the sustainable packaging alliance by applying strategic and science-
based tools for packaging in the industry (Lewis et al., 2007). The sustainable packaging
coalition defines sustainable packaging as "a world where all packaging is sourced responsibly,
designed to be effective and safe throughout its life cycle, meets market criteria for performance
and cost, is made entirely using renewable energy, and once used, is recycled efficiently to

provide a valuable resource for subsequent generations" (Boz et al., 2020).
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IV. Green Energy

Green energy refers to the organized management of energy acquisition, distribution, and
consumption, preferably sourced from renewable resources (e.g., solar power, wind power,
nuclear power hydropower, bioenergy, wave, geothermal energy, biofuels, and biomass energy
or low-carbon resources. This approach aims to promote the development of SCs in harmony
with the environment. Green energy is obtained from resources that can sustain present
operations without negatively impacting future generations' energy demands or the
environment (Gawusu et al., 2022). It represents a key constituent of SC greenness that
endeavours to curtail the ecological impact of energy consumption and production throughout
SC (Gawusu et al., 2022). It should be pointed out that it is only possible to combat climate
change and ensure a sustainable future by making well-informed investment choices and
enacting green energy policies in the future (Berk & Ediger, 2016). Moreover, green energy can
be utilized to power sundry operations in the SC operations, including manufacturing,
transportation, and distribution (Thomas & Mishra, 2022). Using renewable energy sources
could potentially result in economic advantages by reducing energy costs and enhancing the

greenness of the SC (Stucki, 2019).

Although numerous studies have extensively explored the literature on energy in SC, prior
research on energy supply within SC networks has not sufficiently addressed the varying
degrees of greenness associated with different energy resources in mathematical modeling, as
undertaken in this research. This research endeavors to fill this gap by incorporating different
levels of greenness into the mathematical modeling of SC networks. According to existing
research, the optimal greenness scale value for energy in this research is achieved by sourcing
the required energy for the SC network from renewable resources. Renewable energy, derived
from natural resources such as sunlight, wind, rain, tides, waves, and geothermal heat,
represents the highest level of greenness in the evaluation framework. Following renewable
energy, biomass and fossil fuels are assigned lower greenness scale value in this research.
Biomass energy is generated from living or once-living organisms, typically derived from
plants and animals. Common biomass materials used for energy production include plant
matter, wood, and organic waste. In contrast, fossil fuels, formed over millions of years from
the decomposed remains of organisms, are considered less green due to their carbon-intensive
nature. Despite their widespread use, fossil fuels are ranked lower in terms of greenness

compared to renewable and biomass energy sources.
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V. Green Recycling

Green recycling considers green operations and processes in waste generation, collection,
sorting, processing, recycling, disposal, monitoring, and legislation with the purpose of
reducing environmental damage. The practice of waste management is pertinent to the
processing and handling of solid and liquid waste materials as well as the treatment of
atmospheric discharges, aiming to reduce any potentially harmful impacts on the environment
before they are discharged into the ecosystem. (Scur & Barbosa, 2017). In other words, the
prudent handling of waste can be regarded as a considerable concern within the purview of the
SC, given its multifaceted nature, which encompasses various stages such as generation,
collection, separation, transportation, treatment, distribution, and ultimate disposal
(Mohammadi et al., 2019). Therefore, establishing a well-organized SC for disposing and
recycling waste serves as a valuable mechanism for mitigating the pollution of the environment
(Ahangar et al., 2021). The realization of a circular economy necessitates the conversion of
waste into energy, a process that is contingent upon the existence of a well-arranged SC
network. This approach involves maximizing resource efficiency and minimizing waste
generation, with the ultimate objective of closing the loop of production and consumption
(Fernando et al., 2022). Thus, waste management aims to facilitate the reintegration of materials
back into the production process, thereby minimizing the amount of discarded waste and
promoting the efficient utilization of resources (Salmenpera et al., 2021). In this regard, the
practice of recycling, which plays a crucial role in waste management, refers to transforming
discarded materials into reusable items that can be utilized once more (Babaei et al., 2015;
Giovanis, 2015). Green recycling is considered a principal part of GSCM as crucial as other
requirements such as green procurement, green consumption, logistics, marketing, and
production (Abdallah et al., 2012; Olugu et al., 2011). Based on the definition by Handfield et
al. (2002) and Rao and Holt (2005), green recycling refers to reverse logistics, including
methods and processes for returning and reusing products after the end of their lifecycle. They
stated that returned products are reused through green practices like remanufacturing, repair,
refurbishment, or disposal (Eltayeb et al., 2011). Moreover, Ali et al. (2020) stated that green
recycling uses alternative resources and renewable energies to increase sustainability and
pointed to the reuse of waste in a valuable and effective way and the recovery of project wastes

at the end of their life cycle.
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2.3.1 Green Supplier Criteria

With the growing global awareness of environmental protection and the accompanying
tightening of laws and regulations, green procurement has become important for companies to
achieve environmental sustainability. Traditionally, companies consider criteria such as price,
quality, and lead time when evaluating suppliers and do not pay enough attention to
environmental criteria. Therefore, organizations face a greater responsibility in business and

management to minimize their ecological impact (Roehrich et al., 2017).

In gathering the necessary criteria to evaluate green suppliers, this research collected the main
criteria from existing literature, presented in Table 2.6. The highlighted criteria identified
through this research are compared in Table 2.7 to assess suppliers' greenness performance
value. In the next chapter, these criteria will collectively contribute to the evaluation process,

ultimately determining suppliers' green scale value.

Category Subcategory

C1 C11 Total quality environmental management
C12 Green R&D project
C13 Knowledge-based management
C14 Management commitment and environmental competency
C15 Staff environmental training
C2 C21 Return and reuse material
C22 Eco design-green design
C23 Green packaging
C24 Current environmental efficiency
C25 Energy and resource consumption
C26 Water pollution control
C27 Ozone depleting substances control
C28 Critical and hazardous substance control
C29 Air emission control
C3 C31 Environmental related certificate such as 1SO 1400
C4 C41 Green image
C42 Green market share
C43 Partnership with green organization

Table 2.6: Criteria and Sub criteria for Green Supplier Selection Used in this Research
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C1 C2 C3 C4
Reference
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(Azzonex & . .
Noci, 1996)
(Noci, 1997)
(Enarsson, . . .
1998)

(Sarkis, 1998)

(Sarkis, 2001)

(Handfield et
al., 2002)

(Humphreys et
al., 2003)

(Huang &
Keskar, 2007)

(Gonzélez et al.,
2008)

(Zhu et al.,
2007)

(Tuzkaya et al.,
2009)

(Leeetal.,
2009)

(Hsu & Hu,
2009)

(Kuo et al.,
2010)

(Bai & Sarkis,
2010)

(Awasthi et al.,
2010)

(Yeh & Chuang,
2011)

(Tseng & Chiu,
2013)

(Govindan &
Sivakumar,
2016)

Table 2.7: Review of Green Supplier Selection: Criteria Used in this Research
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2.3.2 Greenness Scale Value

Emadi et al. (2014) used the term "scale value" on dental materials to quantify the radiopacity
of various materials, providing a numerical representation of their density and helping to
compare their suitability for clinical applications. Similarly, in this research, the term "scale
value" is employed to quantify the greenness of different indicators within the SC. While the
dental study uses gray scale values to measure and compare the radiographic density of
materials, this research uses greenness scale values to identify the environmental performance
and sustainability level of various elements in SC network. The applications of scale value
serve to provide a standardized, quantifiable measure that facilitates comparison and

assessment. Similar concepts are used in the literature mentioned in the following.

Bailey et al. (2018) mentioned that the green scale, developed by Haws et al. (2014), measures
consumers' green consumption values, reflecting their environmental concerns through
purchasing behaviors. It quantifies the tendency to prioritize eco-friendly products, validated
for reliability and predictive validity. This scale aids in understanding consumer responses to

green marketing and communications.

Topgul et al. (2021) focused on developing a methodology to assess the greenness level of SC.
The term "greenness level™ in this context refers to the degree to which the activities within the
SC are environmentally friendly. Their study proposed a detailed and systematic methodology
for evaluating the greenness of SCs, considering four main logistics stages: in-bound, in-plant,
out-bound, and reverse logistics. Each of these stages is analyzed separately to understand their
specific characteristics and how they contribute to the overall greenness of the SC. The
greenness level assessment is performed using intuitionistic fuzzy-based techniques, to
determine the importance weights of various key performance indicators that reflect the
environmental performance of SC activities. This approach allows for a more nuanced and
comprehensive assessment by accounting for the uncertainty and vagueness inherent in the
decision-making process. By evaluating the greenness level, companies can identify their
strengths and weaknesses in different logistics stages and implement necessary improvements

to enhance their overall environmental performance.

M. Khan et al. (2021) explored the concept of greenness in service SCs, developing a
comprehensive scale to measure the extent of greenness. The research identified six dimensions
of greenness: managing operations, reducing resource requirements, building eco-friendly

infrastructures, green computing, avoiding risks and uncertainties, and monitoring utilities.
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In this research, the term greenness scale value is used similarly, drawing from existing

literature to quantify the environmental performance level of various elements within the SC.
2.4 Research Contributions for Deterministic Supply Chain Problem

The research contributions of this chapter are effectively outlined as follows:

> This chapter marks a significant advancement by introducing a continuous parameter-based
customer index focused on environmentally friendly expectations. This index not only
quantifies customers' environmental preferences for green products and practices but also
introduces a new cluster of influential factors that can shape customer greenness tendencies.

> Prioritized within this research is the assessment of the SC greenness performance,
characterized by a detailed analysis of five critical green indicators.

> A bridge is constructed between customer environmental preferences and SC greenness
performance, formulated as an objective function. This function maps various levels of SC
performance through targeted consumer-oriented questions.

> The inclusion of diverse energy sources in SC operations and transportation modeling
brings a novel dimension to the research. This innovative approach assigns unique
greenness scale value to different energy resources, enriching the framework for evaluating

environmental sustainability comprehensively.
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3 Closed-loop Supply Chain Network Design and Planning Problem

Figure 3.1 illustrates the structure of this chapter, which begins with an introduction to the
problem of Closed-loop Supply Chain Network Design and Planning (CLSCDP), primarily
focusing on cost minimization. This model, known as the economic model, is optimized under
deterministic parameters and standard conditions. A key aim of this chapter is to establish an
environmental objective for the CLSCDP by developing an initial model, building on the
extensive literature review presented in Chapter 2. Consequently, the secondary objective is
defined as reducing the discrepancy between customer expectations of the SC and the actual
service delivered. This goal seeks to align the SC environmental performance with customer
expectations, thereby enhancing the closed-loop SC by minimizing the gap between the Supply
Chain Greenness (SCG) performance level and customers Greenness Tendency Index (GTI).
This holistic approach leads to the development of the Closed-loop Supply Chain Network
Design and Planning regarding the Greenness Tendency of customers, abbreviated as the
CLSCDP-GT problem. This model integrates an environmental objective function alongside
other relevant parameters. It is presumed that customers can access information regarding the
SC's environmental performance through various avenues such as organizational
communications, governmental agencies, and environmental reports focused on firms'

sustainability endeavors.

Economic Environmental
model Construction of model
CLSCDP > environmental goal > CLSCDP-GT

Supply
Customer Chain
Question Greenness
Category Level

Formulation Formulation

Figure 3.1: Building the Environmental Goal in this Research
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* Introducing GTI

GTI in this research is a novel metric introduced to accurately measure how highly customers
value environmentally friendly attributes in products or services. The GTI quantifies the
importance customers place on environmental friendliness, reflecting their expectations
concerning product qualities. It is a continuous index that ranges from 0 to 1, providing a
granular scale that captures subtle variations in customer preferences. As a tool, the GTI helps
assess the extent of environmentally conscious anticipation among customers by employing a
series of structured questions and a precise formulation methodology. Through the GTI, this
research provides an understanding of customers' environmentally oriented preferences,

offering a nuanced and insightful tool for analyzing and assessing these preferences effectively.

* Introducing SCG

SCG level in this research serves as a measure of the environmental performance of the SC
across multiple dimensions. It reflects the extent of environmental responsibility and
sustainability practices integrated into SC operations. The SCG level ranges between 0 and 1,
clearly indicating the SC's level of environmental friendliness. The SCG is evaluated based on
specific greenness indicators encompassing technology adoption, recycling practices,
packaging considerations, energy usage, and the environmental consciousness of suppliers.
Each selected indicator is assigned a unique greenness scale value, contributing collectively to
assessing the SC's commitment to reducing environmental impact, enhancing resource
efficiency, and promoting a more eco-conscious approach to production, distribution, and other
operations. The SCG provides a framework for evaluating and benchmarking the environmental

sustainability of SC operations.

3.1 Description of CLSCDP Problem

The CLSCDP problem includes four stages in direct flow, which is to deliver products to
customers, and two stages in reverse flow. For this purpose, the required materials / items are
first provided by suppliers (S) to production centers (F) and, after producing with different
technology (T) and packaging type (P), delivered to customer zones (C) through distribution
centers (D) as shown in Figure 3.2. The last direct-flow stage is end users of product or customer
zone are different customers in a region. Afterward, collection centers (K) send used product
from customers to recycling centers (R) in reverse flow. The outputs of recycling centers

(disassembled items) are sent to the production centers for remanufacturing.



56

Figure 3.2: Key Elements of the Closed-loop SC in this Research

This research delves into decision-making within the CLSCDP problem, encompassing a range
of strategic, operational, and flow-related considerations, all with the ultimate goal of cost
minimization. Strategically, it entails supplier selection, optimal production technology
selection, packaging type selection, energy supply selection, and location-allocation for
distribution, collection and recycling centres. Complementing these strategic decisions are
operational and flow planning considerations, including order quantities from suppliers,
production quantities for diverse technologies and packaging, product and material flow,
collection and recycling quantities, and energy consumption. The holistic CLSCDP model
integrates these decisions to create an efficient economic model, advancing strategic and

operational goals.

3.1.1 Modeling of CLSCDP Problem

3.1.1.1 Sets and Indices of CLSCDP Problem

§={1.2,..,s..,15} Set of suppliers
M={12,...m,..,|M|} Set of required materials / items for production
F={12,..f, ..|F} Set of production centers

T={12,..,t..,|T} Set of production technologies
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P={12,..,p,..,|PI} Set of packaging types
D={12...d .. D} Set of potential distribution center locations: each location
oo explains a specified capacity size (small, medium, or large)
c={12,..,c, .., 1¢|} Set of customer zones
Set of potential locations of collection centers: each
K={12,.. .k .., |X|} location explains a specified capacity size (small, medium,
or large)
Set of potential locations of recycling centers: each
R={12,..,1, ... |R[} location explains a specified capacity size (small, medium,
or large)
N=SUFUDUCUKUR Set of locations of two nodes (i, j)
v={12..,v ..V} Set of capacity level of distribution center, collection
= {1)Small, 2)Medium, 3)Big} center, and recycling center
8 = {1;2; ey el L] |£|}

= {1)Natural, 2)Biomass, 3)Fossil}

Set of energy resources required for SC operation

3.1.1.2 Parameters of CLSCDP Problem

Note: In preparation for the forthcoming chapter, the parameters associated with demand and

returns have been illustrated, marked with indicators of uncertainty, to highlight their relevance

in the upcoming discussion. In this section, the nominal and exact data are considered for dem¢,

—_—

PR C
ﬁm1 aC'

TCsm

$
CaPsm

F
frt

Pt
pkc}fp
cap?,

Pm

Supplier

Fixed cost of materials / items ordering to supplier s
Unit cost of purchasing of material / item m from supplier s

Capacity of supplier s for providing material / item m
Production

Fixed cost of applying technology t in production center f

Fixed cost of applying packaging type p in production center f

Unit cost of applying production technology t in production center f
Unit cost of applying packaging type p in production center f
Capacity of production technology t in production center f

Item m usage rate per product unit in production centers
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Rate of energy consumption for production of per unit of production with technology t in
production center f

Distribution

Fixed cost of stablishing distribution center with capacity level v in potential location d

Capacity of a distribution center in potential location d, with a capacity level of v
Customer

Demand of customer zone ¢

Return rate of the used product by customer ¢
Collection

Fixed cost of establishing collection center with capacity level v in potential location k

Capacity of a collection center in potential location k, with a capacity level of v
Recycling

Fixed cost of establishing recycling center with capacity level v in potential location r

Unit cost of recycling of returned product in potential location r

Capacity of a recycling center in potential location r, with a capacity level of v

Rate of energy consumption per unit of recycled product in recycling center r

Recycling rate of item m in recycling centers
Energy

Unit cost of energy supply from source e
Binary parameter, indicating whether energy supply from source e is possible for
operations of production center f (=1); or not (=0)

Binary parameter, indicating whether energy supply from source e is possible for the
operations of recycling center r (=1); or not (=0)

Binary parameter, indicating whether energy supply from source e is possible for
transportation between two nodes (i, j) of the SC network (=1); or not (=0)

Transportation

Transportation capacity between two nodes (i, j)
Transportation cost per unit of product between two nodes (i, j)

Transportation cost per unit of material / item m between two nodes (i, j)
Rate of energy consumption per unit of product for transportation between two nodes

%))
Rate of energy consumption per unit of item m for transportation between two nodes

3)
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3.1.1.3 Decision Variables of CLSCDP Problem

Decision Variables

Y$ Binary variable, indicating whether supplier s is selected (=1); or not (=0)
Yff Binary variable, indicating whether technology ¢t is used in production center f (=1); or not
(=0)
F Binary variable, indicating whether packing method p is used in production technology t in

Ve production center f (=1); or not (=0)
Binary variable, indicating whether distribution center with capacity level v in potential

Vi location d is established (=1); or not (=0)

YK Binary variable, indicating whether collection center with capacity level v in potential
kv location k is established (=1); or not (=0)

VR Binary variable, indicating whether recycle center with capacity level v in potential
TV

location r is established (=1); or not (=0)

143 Quantity of energy supplied from resource e
Qs Quantity of material / item m provided by supplier s
WfT; Production quantity in production center f with technology t
GR Quantity of recycled item m in recycling center r
Q'sfm Material / item m flow from supplier s to production center f

Xrat Product flow with technology t from production center f to distribution center d

,7»p Product flow with packaging type p and technology t, from production center f to
det - - -
P distribution center d

Product flow with packaging type p and technology t, from distribution center d to
customer zone ¢

U&>*  Product flow (reverse) from customer zone c to collection center k

JK-R Product flow (reverse) from collection center k to recycling
ker center r

Material / item m flow (reverse) from recycling center r to production center f
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3.1.1.4 Economic Objective Function of CLSCDP Model

min 2, = Zf;SY;S + Zfofo{ +ZZZf§; ftp +ZZfdedv (3.1)
s f t f t p
F NI 4 D SRR + | cEve
k v r v e
1D rcinQn| + [0 pehWE
L s m f t
+ ZZZpkc WffY’ftp + Z:rcr ZUK_’R
§—>T 1S-F R -
+ [zzz | [T 3 g
| L f t
+ ZZth*CZZXZ-QS + ZZtCC*“ usox
N - [:R—)T /:R—)T
+ Zztckr RUK R ZZZ C rfm rfm
L k r

Equation (3.1) calculates the economic objective function of the CLSCDP problem in which

the total costs are minimized. The total cost of SC design includes 1) fixed costs related to the
facility establishment, applying production technologies and packaging type, 2) cost of energy
supply, 3) cost of supplying items from suppliers, 4) production cost, 5) cost of packaging and

final product preparation, 6) transportation costs among nodes of SC network facilities.

1 The term X2 Xp pkchl'OWffY’ﬁp in Equation (3.1) is subject to a linearization, elucidated as follows:
Step 1: A new variable Zﬂp for every f,t, and p, is defined which will replace the Wff * Y’ﬁp.

Step 2: For the linearization to hold, following constraints are added:

Zh, < Wy, for all £, t, p where ensures that Z, cannot exceed the production quantity.

Zﬁp <M= Y’ﬁp for all f, t, p, where M is a sufficiently large number. This constraint forces fotp to be 0 whenever the packing
method p is not used.

Zﬂp = Wff - M(l - Y’ﬂp) for all £, t, p which ensures that if the packing method p is used, then ZfT;p must at least be equal to
Wi
Zﬂp > 0 for all £, t, p which ensures non-negativity of the new variable.

Step 3: The term W = Y’ﬁp with Zﬁp in the original expression is replaced. This expression is now linear with respect to the
variables involved.
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3.1.1.5 Constraints of CLSCDP Model
QS <capey,Ys VSESVmMmEM (3.2)
Constraint (3.2) expresses the capacity of selected suppliers to provide the ordered item.

3.3)

sfm

im = ZQ"S_’T VSESYmMEM
f

Constraint (3.3) shows the balance between the quantity of items supplied and what is sent to

production centers.
1§S-F 1RHF 4
meijt:S Zstm +erfm VfEF,YmeEM (34)
t S r

Constraint (3.4) presents the required items for production in each production center. It should
be noted that items are either provided by suppliers or recycled items from the recycling center

in reverse flow.

WL < caplY; VfeF VteT (3.5)

Constraint (3.5) controls the production quantity for each production technology capacity.

z eci Wi < z bes?TYE vferF (3.6)

Constraint (3.6) ensures the required energy supply for the operations of each production
center.

(3.7)
zY’f{p =Y, VfeFVteT
p

Constraint (3.7) ensures that products in each production line are packed with just one method.

2X23?= Wl VfeFVvteT (3.8)

d
Constraint (3.8) ensures the production quantity with technology t in each production center

equals the amount sent to distribution centers.

X'?;tg—xfdtDthp VfEF,VAdEDVLET,VpEP (3.9)
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1F-D F-D
X'farp = Xfqr
Note: Linearization: X’Z;?r? < Y’Zip * M
1F-D F-D 1 F
X'tarp = Xggr — (1 —Y'gp) XM

where M is a sufficiently large number.
Constraint (3.9) specifies the product quantity sent from each production center to each

distribution center, considering different technologies and packaging types. This constraint is

linearized, as indicated in the mentioned Note.

Z Z Xl P < Z caph, Y2 VdeD (3.10)
G

\'%

Constraint (3.10) is related to the capacity of each distribution center to receive products from

production centers.

(3.11)

Constraint (3.11) restricts each distribution center to only one capacity size, which is defined
by different capacity levels for each center, allowing them to operate with a single designated

capacity at any given moment.

Zx'ﬁﬂ?=zX§;’g VAdEDVLET,VPEP (3.12)
f c

Constraint (3.12) is the product flow balance for each distribution center.

Zzzxdbc_{g >demé Vcec (313)
d t p

Constraint (3.13) is the principal constraint of the SC network under consideration, which
satisfies customer demand. When this constraint is removed, the SC network's cost and all

network flow become 0.

DUGHaE Y N N KB weee (3.14)
k d t p



63

Constraint (3.14) calculates the maximum number of collectible products from customer

zones?. Note that according to the previous constraint, the Equation .4 Y X, Xﬁ’c‘t’g = dem€ is

satisfied.
Z g™ < Z capX YK vkex (3.15)
C v

Constraint (3.15) regulates the capacity of the collection centers, considering their specific

capacity levels.

ZYIZf,Sl VkEX (3.16)
v

Constraint (3.16) restricts each collection center with only one capacity size defined by
different capacity levels for each center, allowing them to operate with a single designated

capacity at any given moment.

z uso¥ = z UKR vkex (3.17)

C r

Constraint (3.17) represents the product flow balance for each collection center. This
constraint ensures that the total amount of products collected and received at each collection
center is equal to the total amount of products sent from that center to other parts of the SC. It

maintains equilibrium in the flow of products at the collection centers.

z Ui % < Z capRYX vrewr (3.18)
k

A%

Constraint (3.18) controls the capacity of recycling centers with specific capacity level.

2 This research excludes a minimum return rate within the CLSCDP-GT problem due to:
o Without a fixed minimum return rate, companies can tailor return processes to individual customer needs, fostering loyalty
and positive brand perception.

o Different products have diverse lifespans; enforcing a uniform minimum return rate may lead to inefficiencies by prematurely
triggering returns for products with longer lifecycles.

o Fluctuations in return demand are influenced by various factors; a fixed minimum return rate may ignore these fluctuations,
creating artificial pressures on the SC.

o Omitting a minimum return rate during the initial phase allows companies to gather data on natural return rates and customer
behavior, informing more effective return policies in the future.

¢ Enforcing a minimum return rate requires additional administrative efforts and resources, diverting attention and funds from
other areas of the SC.

e Imposing a minimum return rate without considering capacities for reuse, recycle, or resale may lead to overstocking and
increased storage costs. Flexibility in return rates allows for better inventory management.
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ZY§,51 VreRr (3.19)

Constraint (3.19) restricts each recycling center with only one capacity size defined by
different capacity levels for each center, allowing them to operate with a single designated

capacity at any given moment.

ec'y Z UE-® < z beé7RYE vreRr (3.20)

Constraint (3.20) ensures the required energy supply for the operations of each recycling

center.

@ZUffr"R VIERVmMEM (3.21)

Constraint (3.21) controls the quantity of recycled items in each recycling center with respect
to its recycling rate.

(3.22)

rfm

_ ZQ’R_)T VreERYmEM

Constraint (3.22) is the balance of recycled items in each recycling center and items sent to

production centers.

z Q7 < capi® vsesvferF (3.23)
Y teciT QT < Zbeisﬁvg vsesvfer (3.24)
m

ZX&D < caply’? VfeF,vde D (3.25)
t

Etecf OXTD < Ebezfgﬂyg viervden (3:26)
ZZXZ{;{;’ < capg.© VdeDVceEC (3.27)

z z tecfy “Xias < z be22°Yé vdeDdvce ec (3.28)
e
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U5 < capi® veee vk ex (3.29)
tecg UG < Z beSo¥YE vceee vk €X (3.30)
UE"® < capf™® vkex,Vre R (3.31)
teciy * Uiy % < z beX-RYS vkex,vreRr (3.32)
Z QA7 < cap” vrervferF (3.33)

ROF rREF < > 3.34
ztec Qe Zbefrﬁ VIERVEF (3.34)

m

Constraints (3.23) to (3.34) relate to transportation capacity and the required energy supply

for transportation between different nodes of SC network.
Z Z ech, Wi + Z Z ec’FUL R 4 Z Z Z tec'SpT QST (3.35)
f t r s f m
+ Z Z Z teciy XD + Z Z Z Z tecy “Xiap
f d t
+ Z Z tecS X UST + Z Z tecic RUK R
C
IR— /lR—>T
+zZZtec RFQ e < zY‘8
r f m

Although the required energy for production operations, recycling, and transportation between
two nodes of the SC network are considered in previous constraints, constraint (3.35) ensures
that the total energy usage of the SC network should not exceed the total supplied energy via
different sources. Finally, Equation (3.36) refers to variables of strategic and operational

decisions of the CLSCDP problem, along with binary and non-negative variables.

S K R
Ys ,th,Y’ftp,YdV, Yiw Yrv € {0 1} (3.36)
£ R §-F F-D yv1F->D D-C 11C-K 7( R A ROF
Ye ) smr Wft; Grm: Q,sfm 'det ’X,fdtp ’ Xdc_t)p' U C U - ’ Q,rfm € R"'

The objective function of the CLSCDP model is an economic goal, and the environmental
objective function related to satisfying the GT of customers in the SC is not considered firstly.
The subsequent phase involves building the environmental objective function and evolving the
CLSCDP model into the bi-objective CLSCDP-GT model.
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3.2 Construction of Environmental Goal in CLSCDP-GT Problem

CLSCDP-GT extends the traditional CLSCDP by incorporating a Greenness Tendency (GT)
objective function. This eddition focuses on minimizing customer dissatisfaction by aligning
the economic elements of CLSCDP with environmental expectations. This section details the
formulation of the secondary environmental objective function. Its purpose is to reduce the gap
between customer environmental expectations and the actual performance of the SC. These
expectations are influenced by the customers’ sustainability preferences, which can vary based
on regional factors. The objective function considers two key metrics: GTI and SCG level. The

methodology is depicted in Figure 3.3 and explained in this section.

GTI Calculation Process

. Identifying Developing
Ir_el\tl?gs\tlure influential questions and GTI formulation
factors examples
SCG Calculation Process
Literature Identifying key \C/;;ﬁj eengﬁzs scale SCaG
review indicators formulation
examples
GTI & SCG
Bridging Mapping GTI factors Environmental
between SCG& -
and SCG indicators goal
GTI

Figure 3.3: Construction of Environmental Goal in CLSCDP-GT Problem
This alignment plays a key role in addressing the discrepancy between customer expectations
and SC performance, which this research calla GT-non-satisfaction. Ultimately, by addressing
customer perceptions and SC performance, the objective function contributes to fostering

greater environmental accountability and sustainability across the SC network.

3.2.1 GTI Calculation Process

Figure 3.3 illustrates the key steps involved in calculating the GTI:

» Literature review and identifying influential factors on GTI: The process begins with a
comprehensive review of existing literature to identify green customer behavior as detailed

in Table 2.3. Building on the literature review, this research identifies a range of influential
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factors that shape green preferences. These include willingness to pay premiums for eco-
friendly options, levels of awareness, the impact of green marketing, environmental
knowledge, trust in green brands, social and consumption values, pricing considerations,
availability of green products, packaging, labeling, and perceptions of environmental

responsibility, as outlined in Table 2.4.

» New category of influential factors and examples: The identified factors are then classified
into six categories, explained in this section. This categorization serves as the foundation

for developing questions aimed at assessing customer green preferences.

» GTI formulation: The GT1 is formulated by integrating the responses of questions with the

influential factors identified earlier.

3.2.1.1 Factors Structuring Question Clusters for GTI

This section integrates the influential factors identified in Table 2.4 into six categories and
names them: Green-Commitment & Consciousness (G-CC), Green-Visual & Symbols (G-VS),
Green-Responsibility (G-R), Green-Influenced (G-1), Green-Worthwhile (G-W), and Green-
Pay (G-P). These categories form the basis for developing questions aimed at assessing

consumer preferences, called question clusters in this research.

The relevance and application of these categories are visually represented in Figure 3.4 and
further elaborated in Table 3.1. This systematic approach ensures that question clusters cover a

broad spectrum of environmental perceptions and preferences among consumers.

Green-
Commitme
nt &
Consciousn
ess
Green-
Green-Pay Visual &
Symbols
Question
Cluster
Green-
Green- .
Worthwhile Resp_on5|b|I
ity
Green-
Influenced

Figure 3.4: Question Cluster in GTI Questionnaire
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Question Factor(s) from . o
Cluster Literature Literature References Description
This category evaluates the degree of
. est, , (D’souza | commitment and awareness individuals have
Fvareness and (Best, 2000), (D’ i d individuals h
G-CC Envir onm, ental & Taghian, 2005), regarding environmental issues, focusing on
(Noor et al., 2012) their willingness to adopt eco-friendly
knowledge .
behaviors.
Environmental - This cluster explores how visual cues,
considerations in g\g\;hs;fl(e':/?a&nis;?tgr, symbols, and branding—such as packaging
G-VS design, Green ’ g and labels—influence consumer perception
. Schoormans, 2015), - .
packaging and eco- (Krah et al., 2019) and decisions related to environmental
labeling B sustainability.
Personal Measures respondents’ sense of responsibility
responsibility, (Varela-Candamio et al., | towards environmental protection and their
G-R Environmental 2018), (Wu & Yang, commitment to incorporating eco-friendly
behavior, Moral 2018) practices in their daily lives.
identity
souza & Taghian, is category delves into the various externa
(D’ & Taghi Thi delves into th i I
Green marketin 2005), (Nedumaran, factors and influences, such as marketing,
G-I . g 2020), (Sapna A. Narula | social values, and environmental education,
and Social value . ,
& Anupriya Desore, that shape consumers' preferences and
2016) behaviors towards green products.
Questions in this cluster focus on assessing
(Pedro Pereira Luzio & how consumers perceive the value and
G-W Consumption value benefits of green products, and their
Lemke, 2013)
: willingness to prioritize environmental
considerations in their purchasing decisions.
This cluster examines how price sensitivity
and economic considerations influence
G-p Price and Eg?np:gefc C;Lgcéei*gmeO%), consumer behavior towards eco-friendly
Availability g : products, assessing the trade-offs consumers

2004)

are willing to make and their willingness to
pay premiums for sustainable options.

Table 3.1: Classification of Questions for Assessing GTI

By organizing cluster questions around these specific themes, the research strategically explores

the various dimensions of how consumers perceive and value environmentally friendly

products.

3.2.1.2 GTI Questionnaire Framework

This research includes a comprehensive explanation of the GTI questionnaire design and

analysis in Appendix 10.1.

Appendix 10.1.1 provides a literature review of the questionnaire framework and methods. It

outlines key aspects of designing a questionnaire, such as defining clear objectives, selecting

relevant items through expert opinions and focus groups, and creating clear, concise, and

unbiased questions. This section draws on works like those of Slattery et al. (2011), who
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emphasize structuring questions logically, starting with easy and engaging ones, and placing
demographic questions at the end to avoid initial perceptions of intrusion. It also highlights
innovative approaches, like the one described by de Séa et al. (2014) which enhance traditional
questionnaires by allowing respondents to express their answers on a continuous scale,

capturing the diversity, subjectivity, and imprecision inherent in human responses.

Appendix 10.1.2 details the framework for the questionnaire, including its structure and criteria.
The questionnaire is meticulously crafted to derive the GTI for each customer zone. It includes
a structured format comprising 32 questions distributed across six distinct clusters, each
weighted based on expert input to ensure analytical precision. This section references various
studies, such as those by Zhang et al. (2020) and Do Paco et al. (2019), which inform the design

and content of the questions.

Appendix 10.1.3 discusses the methodology of GTI evaluation as a cardinal value. This research
recommends employing the Fuzzy Delphi Method (FDM) to obtain expert opinions, as
introduced by Ishikawa et al. (1993). This method is applied in various studies, such as those
by Wu and Fang (2011) and Morales et al. (2018), to improve the accuracy and reliability of
consensus. The appendix outlines the stages of the FDM, including problem definition, expert
selection, initial survey, aggregation of fuzzy opinions, feedback and re-evaluation, consensus
measurement, and defuzzification. The defuzzification process recommended by Tzeng and

Teng (1993) is also detailed to ensure precise value determination.

Appendix 10.1.4 presents a sample questionnaire designed to explore public perceptions and
behaviors related to environmental sustainability. It outlines the purpose and scope of the
questionnaire, which includes assessing awareness and knowledge of environmental issues, the
impact of visual cues, personal responsibility, external influences, perceived value of green
products, and economic considerations. The questions are distributed across six clusters: G-CC,
G-VS, G-R, G-I, G-W, and G-P.

These appendices provide a complete framework for understanding the GTI questionnaire
design and analysis, ensuring a robust and scientifically grounded approach to measuring green

consumer behavior.
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3.2.1.3 GTI Formulation

The designed questionnaire is integrated into the formulation process in the following.

In this research, the GTI operates on a numerical scale bounded between approximately 0 and
1. In essence, a GTI close to 1 indicates an exemplary expectation toward green, reflecting a
high level of preference for and commitment to environmentally friendly products and
behaviors.

Outlined below are the symbols and their corresponding descriptions that are integral to the
formulation of the GT1I:

C Customers set
cecC Customers zone
kec Person k in customer zone ¢
90={12,..6} Questions clusters set (it is 6 in this research)
QeQ Question cluster
wo Weight of each question cluster Q
qEeQ Question g
S,gfl) Scale value of person k in customer zone ¢ for question g (between 0 and 1)
5© Scale value of person k in customer zone ¢ for question cluster Q (between 0
ke and 1)
CGTR(C) Greenness tendency of person k in customer zone ¢
GTI, Greenness tendency index of each customer zone ¢

1
589 = _z S VkecVceCVQEQ (3.37)
1Ql d
qaeQ
Equation (3.37) calculates the average scale value of person k in customer zone c related to
each question cluster Q.
Note: Referring to the literature outlined in Section 2.3.2, the scale value of person k in

customer zone ¢ for question cluster @, denoted as 51(3 in Equation (3.37), is introduced in

this research. The Sf(fl) is a cardinal value ranging between 0 and 1, representing the

individual's level of alignment with the environmental practices or attitudes assessed by the

specified question q. This scale value is calculated based on the responses provided by person
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k to a structured set of questions within the related cluster, considering the weight and

importance of each question as rated by expert analysis.

Detailed explanations and methodologies for calculating Sl((g) are provided in Appendix

10.1.5. This appendix provides an example using the Delphi fuzzy methodology, where three
experts give their opinions to reach a consensus on the greenness rating by fuzzy. The
example includes expert inputs for various greenness tendencies, calculation of consensus
triangular fuzzy numbers, defuzzification to determine the best crisp value, and normalization

to scale the values between 0 and 1. These normalized values are assigned as cardinal value

(©
of Syq-

ceT® = Z woSta VkecVceEC (3.38)

QeQ
Equation (3.38) calculates the greenness tendency of person k for each customer zone c.

It should be noted that w,, indicates the weight or importance of a question cluster, and it is
1

assumed wq = o

in the particular case.

1
GTI, = Hz CGT® €[0,1] Vcec (3.39)

kec

Finally, after calculating the greenness tendency of person k, Equation (3.39) calculates the
greenness tendency of customer zone c by the average of all greenness tendency of k in each

customer zone c.

Note: Appendix 10.1.6 provides an example of GTI calculation. It assumes a questionnaire
with two clusters with different weights and responses from three customers in a customer
zone. The appendix walks through the steps to calculate the GTI, including calculating the
average scale value for each customer in each cluster, determining the greenness tendency

for each customer, and finally computing the GT1 for the customer zone.
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3.2.2 SCG Assessment Process

Figure 3.3 illustrates the key steps involved in calculating the SCG:

> Literature review and identification of key indicators: Identifying the key indicators that
significantly impact the environmental friendliness performance of the SC is crucial. These
criteria have been meticulously compared and presented in Table 2.5, with detailed

explanations provided in Section 2.3.

» Introducing the greenness scale value for each indicator and providing examples: This
research assigns a unique value for each indicator, demonstrating its impact on the

environmental performance of the SC. Examples are explained in this section.

» SCG formulation: The SCG is formulated by integrating the greenness scale value of each
indicator with their respective weights, derived from their significance in contributing to

overall environmental performance.
3.2.2.1 SCG Indicators

In Figure 3.5 and Table 3.2 the greenness indicators for evaluating SCG in this research are

visually depicted and explained (see Section 2.3.)

Green
Supplier
Green
Green Production
R li
eeyeling SCG Technology
Indicator
Green Green
Energy Packaging

Figure 3.5: Indicators of SCG Assessment
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Literature References SCG Indicator Description
(Awasthi et al., 2010) Focuses on suppliers who incorporate
(Ghodsypour & O’Brien, Green Sunolier ecological considerations into their
2001) PP operations, assessed by factors like cost,
(Manning et al., 2006) quality, and pollution control.
(Soni, 2015) Invrc])IV(Ies t_he implemintation of s#stainable
(Sun et al., 2008) Green Technology ti(f:. nologies across the SQ toen anlc €
(Dou & Choi, 2021) efficiency and reduce environmenta

impacts.

(Kung et al., 2012) Utilizes environmentally friendly materials
(Sarkis, 2003) Green Packaging | and designs in packaging to minimize
(Lewis et al., 2007) ecological footprints.
(Gawusu et al., 2022) Manages energy use from renewable sources
(Berk & Ediger, 2016) Green Energy to support SC operations sustainably and
(Stucki, 2019) efficiently.
(Babaei et al., 2015) Covers waste management processes that
(Handfield et al., 2002) Green Recycling promote recycling and resource
(Rao & Holt, 2005) reintegration, aiming to close the loop in SC.

Table 3.2: Indicators of SCG Assessment in this Research

3.2.2.2 Greenness Scale Value for SCG Indicators

As outlined in the literature gathered in Section 2.3.2, this Research utilizes the greenness scale
value to quantify the environmental sustainability of various indicators within the CLSCND.
This Research defines the greenness scale value as a specific numerical rating that quantifies
the eco-friendliness of a subject, such as a supplier, production, recycling or other levels in SC
network. This value is derived using a predefined measurement system or scale that assesses
various factors related to environmental impact, including resource efficiency, pollution
reduction, waste management, and adherence to sustainable practices. By providing a
standardized method for comparing and evaluating the environmental performance of different
entities, the greenness scale value facilitates informed decision-making and promotes

sustainability.

In this Research, the greenness scale value is a numerical measure ranging from 0 to 1,
representing how environmentally friendly specific aspects such as suppliers, production
technology, packaging, energy sources, and recycling practices are. A higher scale value
indicates a greater level of eco-friendliness. Each SCG indicator is assigned a greenness scale
value, which evaluates the environmental performance and sustainability of various elements
within the SC. This value is predetermined based on expert evaluations, standardized criteria,
and established methodologies, serving as a crucial metric for enhancing the overall SCG level.

A higher greenness scale value indicates a greater alignment with environmentally conscious



74

practices and a more substantial commitment to reducing the ecological footprint of the SC.

This detailed evaluation process and its results are elaborated in Appendix 10.2.

Detailed explanations for each greenness scale value of SCG indicator are provided as follows:

I. Greenness Scale Value of Suppliers

In the context of this Research, the greenness scale value of supplier performance represented
by the GPS pertains to suppliers who align with environmentally conscious criteria, ensuring
the provision of essential raw materials and items within the SC Network. Rated on a scale from
0to 1, ahigher GPS signifies a stronger commitment to the specific environmental benchmarks
outlined earlier. This elevated GPS value is integrated into the mathematical model as a

predefined parameter.

Notably, an augmented GPS is directly associated with heightened sustainability practices
among suppliers, thereby fostering a more ecologically-responsible supplier base. This positive
correlation extends to the enhancement of the SCG, accentuating the competitive edge of these
environmentally committed suppliers. Moreover, this correlation between elevated GPS and
heightened SCG contributes to the amplification of the GTI, reflecting an overarching

advancement in eco-friendly trade practices and outcomes.
v" Criteria to Assess GPS:

In this phase of the Research, an evaluation of the environmental performance of 20 suppliers
is meticulously conducted. This comprehensive assessment is carried out employing a
comprehensive set of 18 intricately defined sub-criteria as detailed in Table 2.6 and compared
in Table 2.7. These sub-criteria have been systematically organized into four distinct clusters,

strategically designed to streamline and enhance the evaluation process.

This Research deliberately adopts specific categories to rank environmentally conscious
suppliers. The chosen categories referred to in Table 2.6 are explained as follows:

Category C1 (C11-C15) encompasses environmental management and commitment, focusing
on various factors contributing to the overall quality of environmental management. These
factors include total quality environmental management, green research and development
(R&D) projects, knowledge-based management, commitment management, and staff

environmental training.

Category C2 (C21-C29) examines resource efficiency and design, evaluating suppliers'

sustainability initiatives concerning material utilization and design practices. These sub-criteria
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encompass various aspects such as return and reuse of material, eco-design and green design,
green packaging, current environmental efficiency, energy and resource consumption, water
pollution control, ozone-depleting substances control, and critical and hazardous substance
control. The aim is to assess the effectiveness and environmental friendliness of the suppliers'

resource management and design approaches.

Category C3 (C31) emphasizes emissions and pollution control, highlighting suppliers' efforts
to reduce negative environmental impacts. This category includes elements such as air emission
control, water pollution control, and adherence to environmental certificates like ISO 14001.
The objective is to assess suppliers' initiatives in minimizing emissions and pollution while

ensuring compliance with environmental standards and certifications.

Category C4 (C41-C43) assesses the market and image aspects, reflecting suppliers' outward-
facing endeavors concerning environmental responsibility. This category encompasses

dimensions such as green image, green market share, and partnerships with green organizations.

To rank these suppliers, the Weighted Aggregated Sum Product Assessment (WASPAS)
method is employed based on the study by Chakraborty and Zavadskas (2014). This method
takes into consideration the assigned weights for each sub-criterion and calculates a
comprehensive scale value for each supplier. These scale values are then utilized to establish a

hierarchy among the suppliers based on their greenness level.

This meticulous evaluation approach offers a comprehensive insight into the GPS, aiding in
making well-informed decisions regarding their integration within the SC from an ecological

perspective.

Note: The methodology used to obtain cardinal values for greenness scales in SCG formulation
is outlined in Appendix 10.2.1. This methodology leverages the paired comparison matrix
within the Analytic Hierarchy Process (AHP) framework to prioritize different greenness
indicators. The appendix presents the steps involved in constructing and normalizing a paired
comparison matrix, performing pairwise comparisons, checking consistency, and deriving the
priority vector. These steps help quantify subjective assessments and derive numerical values
representing the relative importance of each item. The detailed procedures and examples are
explained in the appendix, providing a comprehensive guide for obtaining cardinal values for

greenness scales.
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v Example for GPSSES) calculation:

Appendix 10.2.2 describes the GPS of suppliers. It explains how relevant data are collected
from decision-makers within the SC network to assess the environmental friendliness of
potential suppliers. The appendix outlines the steps involved in the WASPAS methodology,
including defining the decision matrix, normalizing the matrix, calculating the sum and multiple
values, and determining the greenness scale value using the Weighted Sum Model (WSM) and
Weighted Product Model (WPM).

1. Greenness Scale Value of Production Technology
Greenness scale value of production technology shown in the modeling in this Research with
GSt(F), refers to a production line with more environmentally friendly technology in production
centers. Suppose that different technology types can be applied in a production line in
production centers, each of which has a different scale value in terms of being environmentally
friendly. Various factors could be considered to estimate GSt(F ). for instance, greenhouse gas
emission in the production process, energy consumption, or the final product quality (these
criteria may change and are case-oriented). The higher GSt(F Dindicates a more environmentally

friendly technology, leading to higher SCG and covering more GT-satisfaction.

v' Example for green technology types:
Here a roster of eco-friendly production technologies is given:

e Upcycling:
Repurposing discarded textiles to create new clothing or accessories.

e Green chemistry processes:

Developing non-toxic and biodegradable detergents using sustainable ingredients.

e Biodegradable materials:
Manufacturing single-use utensils from plant-based plastics that break down naturally.

e Water conservation techniques:

Implementing closed-loop water systems in textile dyeing processes to minimize water usage.

e Waste reduction strategies:

Minimizing excess packaging by utilizing reusable containers for consumer products.
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Ii. Greenness Scale Value of Packaging Types

The greenness scale value of packaging shown in the modeling in this Research with GS<"
refers to the final preparation process before delivering the product to end customers; the
packaging, which in this research refers to various preparation procedures for the end product,
such as putting the product in a container (lemonade in a bottle) or packing the product (cell
phone in a special package with accessories). Like different production technologies, each
packaging type has a unique greenness scale value determined based on the experts' opinions.

The higher GSISP) indicates a more environmentally friendly packaging type and more

alignment with the greenness of the SC and GT-satisfaction of customers.
v Example for GSIE,P):

In Appendix 10.2.3, an example of calculating the cardinal greenness scale value of packaging
types is explained. This appendix outlines the steps to define the set of items, construct a paired
comparison matrix, perform pairwise comparisons, normalize the matrix, calculate the priority
vector, and defuzzify the value scale to obtain a final normalized greenness scale value. The
process includes the definition of fuzzy sets for each priority level and the transformation of
these priorities into fuzzy values, followed by defuzzification and normalization to reach a

greenness scale between 0 and 1.

Iv. Greenness Scale of Energy

This research considers three energy sources for the SC network operations and transportation,
including (1) fossil fuels, (2) biomass, and (3) natural resources (wind, sun, etc.). Experts can

define other energy sources with different greenness scales of energy (GSéE)), and this research

assumes that the GSéE) for fossil fuel is 0.2, biomass is 0.6, and natural is 1. Therefore, to obtain
a higher SCG and high GT- satisfaction, providing energy should be via a natural source, which

is more compatible with ecological aims.

v. Greenness Scale of Recycling

The SCG scale, specifically from a recycling perspective, is a quantitative measure used to
assess the environmental friendliness or sustainability of an SC based on recycling practices. It
focuses on the ratio of the collected product to the total amount of used product in different
customer zones. In simple terms, it gauges how effectively the SC collects and recycles used
products in comparison to the total amount of products that could potentially be recycled.
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In the context of recycling, the greenness scale becomes higher when the amount of collected
and returned products is a significant portion of the total used products. This indicates a strong
recycling effort and a reduced environmental impact. The scale is derived from the relationship

between the collected product and the potentially used product in each customer zone.
Here's how the calculation works:

The total potentially used product in a customer zone is determined by multiplying the demand

for the product by the return rate in that zone.
v Example for green recycle scale:

For instance, if the demand is 1000 units and the return rate is 0.6, then the total potentially

used product for collection is 1000 * 0.6 = 600 units.

The actual amount of used products collected and transferred to the recycling center is 400 units

of used products collected.

The greenness scale is calculated by dividing the collected amount by the total potentially used
product. Using the collected amount of 400 units and the total potentially used product of
600 units, the greenness scale would be 400 /600 = 2 /3.

The resulting greenness scale of 2 /3 indicates that the SC's recycling efforts are relatively
efficient, as 2 /3 of the potentially recyclable products were collected and processed for
recycling. Higher scales indicate more sustainable practices, as they reflect a greater proportion
of products being effectively recycled.

In the context of green principles or environmentally conscious practices, a greenness scale
closer to 1 is desired. This would suggest that nearly all the potentially recyclable products are
being collected and recycled, leading to minimal waste and a higher level of environmental

responsibility.

Overall, the SCG level provides a quantifiable metric to assess the effectiveness of recycling

efforts and serves as a tool to drive environmentally friendly decision-making and practices.

3.2.2.3 SCG Formulation

Once the greenness indicators for each criterion have been determined, the assessment of SCG
is formulated. In this research, the SCG level is quantified on a scale ranging from 0 to 1. This
scale serves as a quantitative measure of SCG performance, where a scale of 1 signifies the

highest level of performance, indicating exemplary adherence to greenness principles.
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Conversely, a scale of 0 represents the lowest level of performance, reflecting minimal
alignment with greenness principles.

In SCG formulation, a weight is assigned to each indicator, representing its relative importance
within the given context or case. The weight reflects the significance of the indicator in
contributing to the overall evaluation of SCG. This weightage scheme ensures that different
indicators are appropriately considered based on their respective importance, enabling a
comprehensive and balanced assessment of the organization's sustainability performance.
Symbols and descriptions in SCG assessment are as follows:
C Set of customers c € C
dem, Demand of customer zone ¢
S Set of supplierss € §
M Set of required item m € M for production
GPS'  Greenness scale value of supplier s
T Set of production technologies t € T
Gst(f ) Greenness scale value of production technology ¢
P Set of packaging types p € P
Gs®  Greenness scale value of packaging type p
D Set of distribution centersd € D
K Set of collection centers k € K
& Set of energy supply source e € &

GSE) Greenness scale value of energy source e

Qs Material / item m quantity provided by supplier s

Doe Product flow with packaging type p and technology t, from distribution center d to customer

Xacep zone ¢

US>%  Reverse flows of used products from customer zone ¢ to collection center k

143 Amount of energy supply from source e
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SCG®  SC greenness level from supplier perspective (depends on SC decisions)

SCGC(F ) SC greenness level from production technology perspective (depends on SC decisions)
SCGC(P ) SC greenness level from packaging type perspective (depends on SC decisions)
ScG®E  SC greenness level from energy perspective (depends on SC decisions)

SCGC(R) SC greenness level from recycling perspective (depends on SC decisions)

Equations of SCG measurement are as follows:

SCGE® = 5 Z ZZGPS(S)Q e[0,1] (3.41)

Equation (3.41) calculates SCG with respect to the supplier selection (see Appendix 10.2.2).

1 (3.42)
F F) D
scq® =EZZEGSE )xgctg ef0,1] ,vceec
p

Equation (3.42) calculates SCG with respect to the production technology of products delivered

to the customer zone.
1 (3.43)
(P) _ (P)yD-cC
SCG; "~ = FIHCZZZGSP Xdctp €[0,1] ,vcec
b

Equation (3.43) calculates SCG with respect to the packaging type of products

delivered to customer zones (see Appendix 10.2.3).

SCG® = ZGS(E)YE [0,1] (3.44)

Equation (3.44) calculates SCG with respect to the energy resource for SC operations and
transportation.

scGP = Z uéo® ef0,1] ,vcee (345)

Equation (3.45) computes the SCG concerning the recycling of items gathered from customer
zones. It is emphasized that af represents the return rate of used products specific to each
customer zone.

SCG,. = w®SCG® + w®SCCE + wPScCP + 1w ®SCG® + w®scc®  (3.46)
€[0,1] ,vcece
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Equation (3.46) shows the total SCG level by calculating SCG values for supplier, production
technology, packaging, energy, and recycling, using respective weights wS + w/ + w? +

wt + w® = 1. The total of all weights equals 1, signifying their combined significance in the
evaluation.

3.2.3 Bridging between SCG and GTI to Set Environmental Goal

To provide an effective strategy for linking customer environmental preferences with actual SC
practices, this research proposes a detailed mapping between the GTI question clusters/ GTI
factors and the SCG indicators. This approach not only highlights the alignment of consumer

expectations with SC operations but also facilitates targeted connection to set the goal of
sustainability.

3.2.3.1 Linking GTI Factors to SCG Indicators

Figure 3.6 Mapping GTI factors to specific SCG indicators to reflect consumer environmental

expectations; Table 3.3 provides detailed explanations of these connections.
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Figure 3.6: Connection of GTI Factors to SCG Indicators
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GTI Factor(s)

SCG Indicator(s)

Explanation

Green-Commitment
& Consciousness (G-
CC)

Green Supplier,
Green Recycling

Consumers scoring high in G-CC have elevated
expectations regarding the environmental integrity of
the SC. They demand that suppliers adhere to stringent
sustainability standards and integrate effective
recycling processes within their operations.

Green-Visual &
Symbols (G-VS)

Green Packaging

This GTI category highlights the importance of visual
and informational transparency in sustainability efforts.
Consumers  expect  sustainable, biodegradable
packaging materials adorned with clear, verifiable
sustainability certifications.

Green-Responsibility
(G-R)

Green Energy,
Green Production
Technology

Consumers with high G-R scales are sensitive to the use
of energy and production methods within the SC. They
expect the adoption of renewable energy and the
integration of advanced, less polluted manufacturing
technologies.

Green-Influenced (G-

1)

Green Supplier

Influenced by external green marketing and social
norms, this category shapes consumer expectations
about the environmental standards of suppliers, who
should not only engage in sustainable practices but also
transparently communicate their efforts.

Green-Worthwhile
(G-W) and Green-
Pay (G-P)

Green Recycling,

Green Packaging

These categories focus on the economic and practical
benefits of green practices. Consumers expect that their
willingness to pay a premium for green products is
matched by tangible environmental benefits like
enhanced recyclability and sustainable packaging.

Table 3.3: Explaining the Correlation of GTI Factors and SCG Indicators

3.2.3.2 Initial Insights into Environmental Goals within CLSCDP-GT

The secondary objective, GT-non-satisfaction, shown with DeGT,., seeks to minimize

discrepancies between the GTI and SCG level. By quantifying this gap with the parameter

DeGT, in Equation (3.47), areas requiring improvement are identified, facilitating alignment

with sustainability goals. In this part, Equation (3.48) is only a brief preview of the concept of

environmental objective of this research, and the second objective function of the optimization

problem will be fully explained in Chapter 6. The reason for this explanation is to clarify how

this research intend to build the second objective.
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DeGT, = (GTI, — SCG,) sign(GTI, — SCG,) = {%TIC — SCGe ggz 2 gggz (3.47)

VCEC

min Z dem DeGT, (3.48)
C

This approach emphasizes the intricate connection between customer expectations,

environmental awareness, and the drive for optimal SC performance.

3.3 Summary

The research has culminated in a bi-objective mathematical model for CLSCDP problem. The
first objective was an economic one, resulting in the construction of an economic model. The
second objective, which emerged through an extensive review of green SC literature, led to the
formation of a second objective of the model. All conditions were considered with certainty,
implying that the parameters under investigation were based on precise data, and the SC was

assumed to operate without disturbances.

However, in reality, such concepts do not hold true, as the world is rife with uncertainty that
continues to increase over time. Uncertainty in SCs stems from unpredictability in various
aspects such as demand, supply, technology, markets, and regulations, significantly impacting
performance. It includes demand fluctuations, supply disruptions, technological advancements,
market changes, and policy shifts. Addressing uncertainty involves effective decision-making
under unknown outcomes. This challenge is common in SCM due to complexity. Strategies for
decision-making involve risk management, scenario analysis, simulation, flexibility, agility,
and collaboration. Uncertainty is intrinsic to SCM, demanding adaptable strategies for
resilience and success amidst intricate and unpredictable conditions. Acknowledging,

assessing, and responding to uncertainty are vital in ensuring SC efficiency and effectiveness.

Consequently, it is imperative to account for uncertainty in SC designs and diverse strategies
to address existing risks. With this in mind, this research transitions into the second phase where

the focus shifts to exploring SC literature under uncertainty and risk of disruptions.
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4 Review of Supply Chain under Uncertainty and Disruption

This chapter delves into the intricate landscape of SCM in the face of uncertainty and disruption,
drawing insights from seminal academic works in the field. SCs operate within an environment
characterized by dynamic and unpredictable factors, ranging from market volatilities to
geopolitical instabilities and technological advancements. These uncertainties pose significant
challenges to SC operations, often leading to disruptions in supply flows, delivery delays, and

price fluctuations, which can severely impact overall SC performance.

Effective management of risks inherent in SC operations emerges as a critical imperative to
mitigate adverse consequences such as financial losses, reputational damage, and market share
erosion. Academic studies highlight various risk factors, including supplier failures,
transportation disruptions, quality issues, and regulatory changes, underscoring the need for

proactive risk management and mitigation strategies to ensure SC continuity and resilience.

Furthermore, designing SCs with a proactive approach towards risk and uncertainty enables
businesses to enhance responsiveness and adaptability to changing market dynamics. Academic
literature emphasizes the importance of scenario planning and resilience strategies, such as
building redundancy in SC networks, exploring alternative sourcing options, and adopting agile
manufacturing practices. These strategies empower organizations to navigate through
uncertainties and disruptions effectively, maintaining customer satisfaction and gaining a

competitive advantage in the marketplace.

By synthesizing insights from academic research in SCM, this chapter provides a
comprehensive understanding of the challenges and strategies for decision making for SC
networks under uncertainty and disruption. It lays the groundwork for the subsequent
discussions on practical applications and implications for SC practitioners and policymakers.

4.1 Decision Making for Supply Chain under Uncertainty

Network decision making are often costly, irreversible, and have a long-term horizon. The
information about the demand of individual customers (or retailers), delivery times, costs, etc.,
is often unavailable, or their exact value is unknown in the design and planning stage due to the
highly variable environment of SCs, and unavailable information are usually estimated
(Abdolazimi et al., 2022). On the one hand, most of these estimates are imprecise for reasons
such as estimation errors, and on the other hand, the values of these parameters change

significantly over time. For this reason, uncertainty and risk have become one of the most
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critical challenges, from the planning phase to the SC planning (Govindan et al., 2017).
Addressing uncertainty to effectively anticipate future planning and design processes is among
the most demanding responsibilities within SC networks design. These uncertainties, stemming
from factors such as customer demand, supply capabilities, and lead times, exert profound
influence across the entire SC networks leading to variability in operational, tactical, and

strategic decision-making (Zhao et al., 2023).

Developments of model and SC networks design under uncertain conditions have become
essential for several decades (Chiadamrong & Piyathanavong, 2017). Uncertainties, either due
to events within SC networks, such as machine failure and capacity losses, or circumstances
outside SC networks, such as natural disasters, political decisions, and competitor performance,
need to be appropriately considered in various SC networks. The uncertain data negatively
impact SC networks, and they are capital intensive and often irreversible to be eliminated or

minimized (Simangunsong et al., 2012).

SC uncertainties are commonly divided into two main categories as outlined by Jabbarzadeh et
al. (2016): irregular operational uncertainties and uncertainties arising from disruptions or
crises. Irregular operational uncertainties, such as demand fluctuations, capacity uncertainty,
and uncertain supply costs, occur due to natural disruptions within SC networks. Conversely,
uncertainties resulting from disruptions or crises, including events of human origin like fires or
natural disasters such as floods and earthquakes, constitute the second category. The impact of
these uncertainties has been extensively studied in the academic literature, with various studies
exploring their implications for SC performance.

Rappold and Van Roo (2009) put forth a model designed to address the intricacies of facility
location, inventory allocation, and capacity evolution within a two-stage single-product SC
specifically tailored for spare parts, taking into account stochastic demand. The primary
objective of their model is to minimize the expected total cost associated with reopening
facilities, establishing capacity within these centers, maintaining inventory levels, and
efficiently allocating service centers to the reopened facility. To capture demand uncertainty,
they utilize a negative binomial distribution for repair demand and incorporate the first and
second-order moments of this distribution into the model. Employing a nonlinear programming
framework combined with integer constraints, they devise a two-stage algorithm: the initial
stage determines the network structure, while the subsequent stage focuses on capacity

allocation and inventory management. Through extensive sampling and problem-solving, they



86

assess the efficiency and performance of their proposed solution method, particularly its

efficacy in modeling uncertainty within the SC context.

Liang and Cheng (2009) introduced a linear two-objective programming model aimed at
seamlessly integrating production and distribution within a multi-product SC. Their model
takes into account various critical factors including the time value of money, optimal objective
function levels, and uncertainties surrounding the availability of resources. To effectively
capture these uncertainties, they employed fuzzy set theory, allowing for a comprehensive
consideration of factors influencing decision-making processes. The model's objectives revolve
around the simultaneous minimization of costs and delivery times, while adhering to constraints
such as human resources, machinery, warehouse space, total budget, market access, and
demand. Through this approach, Liang and Cheng sought to enhance the efficiency and

effectiveness of SC operations while navigating complex and dynamic business environments.

Cardona-Valdés et al. (2014) delved into the design of a three-tier production and distribution
network comprising manufacturing facilities, distribution centers, and multiple potential
warehouse sites. Their study aimed to achieve dual objectives: minimizing total cost while
simultaneously optimizing service time. To address demand uncertainty, they developed a two-
stage stochastic programming model using a scenario-based approach. The researchers
compared their results with Pareto solutions obtained through the application of the Epsilon-
Constraint (EC) method, as well as by solving the single-objective model using the conventional
branch and boundary method. This comparative analysis provided valuable insights into the
effectiveness and efficiency of different optimization techniques in addressing the complexities

of production and distribution network design under uncertainty.

Khatami et al. (2015) delved into the redesign of both forward and reversed SCs while grappling
with the uncertainties surrounding product demand and return rates. Their study involved
designing a reverse chain for a forward SC and exploring the redesign of the forward chain
upon integration with the existing structure. To tackle demand uncertainty, the researchers
adopted a scenario-based approach. They developed a two-stage stochastic programming model
to address the problem, with Benders decomposition algorithm utilized for its solution. Through
their investigation, they aimed to provide insights into optimizing SC design amidst uncertain
demand and return rates, shedding light on effective strategies for enhancing SC efficiency and

resilience.

Dai and Zheng (2015), explored the design of a closed-loop SC operating in a multi-period,

multi-product, and multi-level environment, amidst uncertainty. Their research focused on
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facility location decisions and material flow optimization within SC networks, with the
overarching goal of maximizing the total profit of the chain. The study took into account various
sources of uncertainty, including the defective rate of recycled products at collection and
separation centers, facility capacities, product demand, and product prices. These uncertain
parameters were represented using fuzzy triangular numbers and random variables with
uniform distributions, enabling a comprehensive analysis of SC performance under uncertain
conditions. Through their research, they aimed to provide valuable insights into the design and
management of closed-loop SCs in uncertain environments, with implications for decision-

making and strategy development in SC operations.

Shafiei Kisomi et al. (2016) addressed the challenges of SC configuration and supplier selection
within a closed-loop SC framework, where uncertainties in demand and transportation costs are
taken into account. The network structure involves a forward flow from a group of
homogeneous suppliers offering volume discounts, and a corresponding backward flow from
customers to destruction or production centers. The primary objective is to minimize the total
cost of the network by strategically selecting suppliers, allocating orders to them, locating
facilities at each level, and determining shipping rates between them. To tackle the uncertainties
inherent in the system, robust optimization theory is applied, drawing upon methodologies
proposed by Ben-Tal and Nemirovski (1999) and Bertsimas et al. (2004). Through this
approach, the study aimed to develop robust solutions that can effectively navigate the
uncertainties in demand and transportation costs, ultimately enhancing the efficiency and

resilience of closed-loop SC operations.

Table 4.1 summarizes different uncertainty handled by various solution approaches in the
previous studies with different objectives, which gave a path to this research to point the source

of uncertainty in SC networks under investigation.

Dekker, 2005)

Profit maximization

product recovery

Reference Obijective Function Uncertainty Approach & Method
%gil)ﬁ etal., Profit maximization Quantity of return Er%%ﬁ;nr::i);e;;:gggf r linear
(Listes & Location model for

Stochastic programming

(Listes, 2007)

Profit maximization

Demand, Return

Decomposition approach for a
model based on the branch and
cut procedure known as the
integer L-shaped method-
stochastic solution

(Salema et al.,
2007)

Cost minimization

Product demands,
Returns rate

Recovery network model
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(Lieckens & . Lo . Mixed integer nonlinear
Profit maximization Lead time .

Vandaele, 2007) programming
Heuristic approach based on

(Chouinard et Cost minimization Returns the sample average

al., 2008) approximation, involving the
Monte Carlo sampling methods
Two-stage stochastic

(Lee & Dong, C . programming, Sample Average

2009) Cost minimizaion System uncertainty Approximation + Simulated

Annealing

(Pishvaee et al.,
2009)

Cost minimization

Demands, Quantity
and quality of returns

Mixed integer linear
programming model, Scenario-
based stochastic approach

(Pishvaee &
Torabi, 2010)

Cost minimization,
Minimizing the total
delivery tardiness

Epistemic uncertainty
for parameters in
model

Bi-objective possibilistic
mixed integer programming
model solved by interactive
Fuzzy solution approach-
possibilistic programming
approach

(Qin & Ji, 2010)

Cost minimization

Process of the
practical product
recovery

Fuzzy programming tool
solved by a hybrid intelligent
algorithm which integrates
Fuzzy simulation and genetic
algorithm

Two-stage stochastic bi-
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programming

(Kara & Onut, Profi oo Quantity of return, Two-stage stochastic mixed-

2010) rofit maximization Quantity of demand integer anc_i Robust
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(Leeetal., Cost minimization Demand, Returned approach with sample average

2010) product approximation solution

approach

(El-Sayed et al.,
2010)

Profit maximization

Customer zones

Stochastic mixed integer linear
programming (SMILP)
decision making form as a
multi-stage stochastic program

(Georgiadis et
al., 2011)

Cost minimization

Time varying demand

Mixed-integer linear
programming problem and
solved to global optimality
using standard branch-and-
bound techniques

(Shi et al., 2011)

Maximining total
expected revenue minus
different costs

Demand, Return rate

Mathematical model
formulated by Lagrangian
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(Pishvaee et al.,
2011)
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Quantity of returned
products, Demands of
second market
customers,
Transportation costs

Robust optimization




89

(Vahdani et al.,
2012)

Minimizes the total costs
and the Expected
transportation costs after
failures of facilities of a
logistics network

Environmental and
system uncertainties

New hybrid solution
methodology by combining
robust optimization approach,
queuing theory and fuzzy
multi-objective programming

(Ozkir &
Basligil, 2013)

Maximizing satisfaction
level of trade,
Maximizing satisfaction
degrees of customers,
Maximizing total CLSC
profit function

Price of products

Fuzzy multiple objective
optimization model

(Georgiadis &
Athanasiou,
2013)

Profit maximization

Demand, Sales
patterns, Quality and
timing of end-of-use
product returns

Flexible dynamic model

(Amin & Zhang,
2013)

Minimizing cost

Demand, Return

Scenario-based stochastic
programming

Maximization of
expected revenue minus
the expected inventory

gg'la;;g etal., and shortage cost, the Demand, Yield rate ::r:gétjéﬂ;?;?g'bﬁzz: variational
handling cost, and the
payout to the
manufacturers
(Mahmoudzadeh Profit maximization Demand, Return Robust _optlmlzatlon_model, A
etal., 2013) quadratic programming model

(Ramezani et al.,
2013)

Maximizing the profit,
customer responsiveness,
and quality

Environmental issue

Stochastic multi-objective
model

Table 4.1: Review of Different Sources of Uncertainty in SC Networks

Klibi et al. (2010) delineated decision-making circumstances based on the quality of available
information, distinguishing between scenarios of certainty, where complete information is
accessible, and uncertainty, characterized by partial or imperfect information. Within the realm
of uncertainty, they identified three manifestations: randomness, hazard, and profound
uncertainty. Randomness denotes routine occurrences with consistent historical patterns, while
hazard encompasses infrequent high-impact events with low probabilities. Additionally,
profound uncertainty arises from insufficient data to quantify future event probabilities. This
framework established the foundation for subsequent research on uncertainty in decision-
making contexts. Ho et al. (2015) further elaborated on these concepts, highlighting that
randomness pertains to commonplace events, the hazard to infrequent high-impact scenarios,

and profound uncertainty to data insufficiency. Diaz-Curbelo et al. (2020) expanded on this
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taxonomy, categorizing uncertainties into randomness, epistemic, and profound uncertainty
based on information availability. Randomness relies on historical data patterns, epistemic
uncertainty arises from a scarcity of knowledge, and profound uncertainty emerges when
essential information for probability estimation is lacking. Together, these insights provide a
comprehensive understanding of uncertainty's multifaceted nature and its implications for

decision-making processes.

Govindan et al. (2017) built upon a foundational work by establishing a comprehensive
classification framework for uncertain parameters in decision-making environments. They
identified three distinct groups of uncertain parameters, namely parameters with known
probability distributions, random parameters lacking information on probability distributions,
and fuzzy parameters introducing ambiguity into decision contexts. This classification
framework provided a nuanced understanding of the diverse uncertainties encountered in real-
world decision-making scenarios, offering valuable insights for subsequent research endeavors
and guiding the development of effective decision-making strategies in complex environments.

Bairamzadeh et al. (2018) conducted a comprehensive study outlining various types of
uncertainty categorized by their nature, as depicted in Figure 4.1. The authors delve into diverse
approaches for managing each type of uncertainty, such as stochastic programming,

possibilistic programming, and robust convex programming.

Availability of data

<«

Type of uncertainty: Certainty Randomness Epistemic Deep uncertainty
(- @ @ @
. (Robust Scenario- (Robust)
Uqcertalnty ) Deterministic based) Stochastic Possibilistic Robust convex
modeling approach: . . programming
programming programming

Figure 4.1: Uncertainty Types and Approaches According to the Nature of Uncertainty

This research examines three distinct types of uncertainty within the Closed-Loop SC design
and planning, employing randomness, fuzzy, and interval types. Expanding upon the
foundational concepts of randomness and epistemic uncertainty, the research uses stochastic

programming, fuzzy programming and robust approaches.
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4.2 Supply Chain Disruption and Resilience Strategy

Risk management and disruption in SCs have become critical, and extensive research has been
conducted on various roots resulting in disruptions in production, for instance, disruptions in
supply, disruptions in transportation, and disruptions or uncertainty in demand. The disruption
of the production and supply capacity is one of the most significant since it can seriously harm
the system and badly impact on the company's overall performance. Organizations should pay
attention to these risks and implement mechanisms to mitigate the adverse effects of these risks
(S. K. Paul et al., 2016). While commonly thought of as resembling one another, SC disruption
and risk are interconnected yet separate entities. Risk encompasses a wide array of disruptions,
whereas SC disruption specifically denotes a type of risk within this spectrum, including issues
like material scarcity, manufacturing delays, and transportation halts. This underscores the
interconnected nature and susceptibility of SC networks. Effectively managing the risk of SC
disruption entails identifying potential disruption sources, evaluating their probability and
potential consequences, and devising resilience strategies to lessen or address these disruptions
if they arise (Ambulkar et al., 2022; Shahed et al., 2021; Shekarian & Mellat Parast, 2021).

Disruptions can manifest in diverse ways within SC networks, each with varying impacts. For
instance, localized events such as fires or equipment malfunctions may exert a singular
influence, whereas regulatory changes leading to labor strikes could induce more localized
effects, especially impacting proximate suppliers. Conversely, global disruptions, such as
financial crises or protracted transportation strikes, possess the capacity to simultaneously
disrupt every node within SC networks. Suppliers, spanning local, regional, and global
domains, confront susceptibility to such disruptions. Despite their infrequency, catastrophic
events and natural disasters wield profound potential to disrupt SC networks significantly,
precipitating adverse consequences and necessitating robust resilience strategies (Sawik, 2014).
Disruptions characterized by a higher probability of occurrence and a moderate impact include
unexpected demand fluctuations, supply shortages, corporate mergers and acquisitions,
coordination challenges in deliveries, and limitations in sourcing (Scheibe & Blackhurst, 2018).
Disruption management strategies can be categorized into three distinct groups: mitigation,
recovery, and passive acceptance. Mitigation strategies are implemented proactively before the
disruption occurs, irrespective of the likelihood of its actual happening. Recovery strategies, on
the other hand, are enacted post-disruption to address the aftermath. In contrast, passive

acceptance entails refraining from taking any action in response to potential disruptions. This
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latter approach may be deemed suitable in situations where the costs associated with resilience

strategies are prohibitively high (Tomlin, 2006).

SC resilience refers to the inherent ability of SCs to bounce back and restore their original state
or even improve their performance in response to disruptions (Shishodia et al., 2023). Being
resilient enables SC networks to maintain long-lasting operational efficiency, exhibit greater
flexibility in the face of disruptions, and gain a competitive advantage in the market and
business landscape (Mehrjerdi & Shafiee, 2021). Resilience plays a crucial role in forecasting
and managing the degree of deviation within a system of interconnected SC networks. It
empowers resilience tactics to alleviate negative outcomes caused by disturbances and risks
(Tukamuhabwa et al., 2015).

Companies must take action using proven methods to recover from an SC disruption effectively.
According to the literature, managers should follow three key stages, including assessing the
extent of the disruption, choosing or designing a recovery method to address the disruption, and
finally, implementing the solution. Numerous studies have detailed these stages, methods, and
techniques for a firm's response and recovery after disruptions. The concept of resilience in the
literature includes both proactive approaches, such as resistance, and reactive approaches, like
recovery (Chowdhury & Quaddus, 2017; Dolgui et al., 2018).

In the literature, most researchers worked on strategies that mitigate and reduce disruptions,
such as increasing the amount of safety stock, expanding capacity and multiple sourcing and
considering alternative transportation modes (Lodree Jr & Taskin, 2008). Examples of recovery
strategies include alternative sourcing, rescheduling future plans, and rerouting transportation
systems (Hishamuddin, 2013). Recent models consider strategies for mitigating disruptions,
such as dual sourcing (Tomlin, 2006), and supplier reliability forecasting (Tomlin, 2009). An
illustrative case of using backup sourcing for recovery occurred when a fire broke out at the
Philips microchip facility in Albuguerque. Ericson faced a production halt in this incident as its
materials solely came from that plant. In contrast, Nokia was able to continue its operations by
implementing its emergency backup sourcing plan, and procuring chips from alternative
suppliers (Chen & Yang, 2014).

Quantitative methods for assessing operational and disruption risks in SCs primarily include
mathematical optimization, simulation, and control theory for risk management (lvanov, 2017).
Among these, mathematical optimization stands out for providing optimal solutions through
algorithmic models, as highlighted by Yang and Fan (2016). Stochastic programming modeling

is a valuable approach, that allows for the consideration of uncertainty by incorporating
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probability distributions representing different disruption scenarios. It yields optimal solutions

while accommodating multiple objective functions, as discussed by Sawik (2014). These

models involve a set of discrete scenarios, each with an associated probability of occurrence.

Among the optimization methods, SSP approach by Snoeck et al. (2019), is a noteworthy

approach.

The following Table 4.2 summarizes the existing literature on SC disruption and methods to

model disruption and resilience strategies coping.

Reference Disruption Resiliency & Method Case study
Disruptions caused by A hybrid robust-stochastic
(Jabbarzadeh et | devastating natural and man- optimization model and a Real-world
al., 2016) made disasters, and fluctuations | Lagrangian relaxation solution case example
in supply and demand method
(Fattahi et al., Disruption in the capacity of A multi-stage stochastic Real-life case
2017) facilities programming study
A mixed robust and resilient
(Behzadi et al., | Crop season and yield strategies to cope with disruption, | Real-world
2017) disruptions A two-stage stochastic kiwifruit SC
programming model
Pre-positioning emergency
inventory strategy, Multiple
. . . . Sourcing strategy, an integrated Atra
g%i%(;um etal., E?rstlljal ?nd complete disruption hybrid approach based on data pharmaceutical
PRlY envelopment analysis and company
mathematical programming
method
. Disruptions in raw materials Resilient food SC design, the bi- The SC of
(Bottani etal, suppl objective mixed-integer readymade
2019) PRly | ! g UHT tomato
programming sauce

Perishable products under the

An integrated model for the

Real case study

and the lexicographically weighted
Tchebycheff

(Yavari & . . interdependent two-tier grid X
risk of electric power network . of the dairy
Zaker, 2019) . . structure as a strategy to mitigate .
disruption . ; . industry
the risk of power disruption risk
(Sazvar et al., . . L Fuzzy robust stochastic Real-world
Operational and disruption risks N influenza
2021) optimization approach .
vaccine SC
A novel bi-objective stochastic
(Gholami- Inevitable disruptions and model, Stochastic processes using
o ; i the Monte Carlo method, Sample- | Numerous
Zanjani et al., undesirable environmental Average Approximation techniaue roblem
2021) factors in food and meat SCs ge App d P

(Khezerlou et
al., 2021)

A biomass-to-biofuel SC
network in which multimodal

Risk-averse optimization, two
meta-heuristic algorithms
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terminals, biorefineries, and
their link could face disruptions

Using a large-
A knowledge-based approach and | scale sample of
the role of SC innovation in European
(Orlando et al The period of _Iockdowns of building resil.iencg to disruption, firms' data
2021) " | several countries due to the The unique situation of a global from the
outbreak of COVID -19 pandemic and the lack of studies Eurostat and
providing sound evidence of SC multivariate
resilience in a worst-case scenario | regression
analysis
(Hasani etal., | A green global SC network Not'?"!”ef!r and T}flt"ogfecuv? )
2021) structure under disruption optimization probiem, A nove

hybrid heuristic

Development of a mixed-integer
linear programming model for
responsive, resilient, and
sustainabele SC,

A hybrid robust-stochastic
optimization approach,

A Lagrangian-relaxation method
/A heuristic algorithm

(Vali-Siar & Disruption due to the
Roghanian, emergence of the COVID -19
2022) pandemic

in the tire
industry

Real case study

Table 4.2: Review of Disruption in SCM

After reviewing, this research examines two main types of disruptions in the investigated SC:
disruptions in the supply and disruptions in production. Supply disruption typically refers to
any event or circumstance that interrupts the regular flow of materials, components, or goods
within SC networks. This disruption can be caused by various factors such as natural disasters,
transportation delays, supplier issues, or geopolitical conflicts. Essentially, it involves any
unforeseen event that disrupts the availability of inputs needed for production or distribution.
On the other hand, production disruption refers to any interruption or disturbance in the
manufacturing process that hinders the production of goods. This can include equipment
breakdowns, power outages, labor strikes, or quality control issues, among other factors.
Production disruptions can result in delays, reduced output, increased costs, and ultimately

impact the timely delivery of products to customers.

Furthermore, this research adopts a set of resilience strategies to enhance resilient SC. These
strategies include Backup Supplier Contracting (BSC), Raw Material Prepositioning (RMP),
and Multiple Sourcing (MS) to address supply disruptions. Additionally, the focus shifts to
disruptions related to production, and the strategies of Final Product Prepositioning (FPP) and

Backup Production Facility (BPF) are utilized.
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Another contribution of this research is the integration of five resilience strategies
simultaneously into a single model, which has not been explored simultaneously in a single
model in existing literature. The strategies defined here draw inspiration from existing literature

and are as follows:

MS: Amplifying SC resilience by employing the multi-sourcing strategy, entailing the
deliberate engagement of numerous suppliers to procure particular products or components
applied in the studies by Ghanbari and Bashiri (2019); Namdar et al. (2018).

BSC: Establishing contractual arrangements with alternative or secondary suppliers to ensure
contingency and mitigate SC disruptions applied in the studies by Kamalahmadi et al. (2022);
Namdar et al. (2018); Suryadi and Rau (2023); Vahidi et al. (2018).

RMP: Critical raw materials are strategically stored or positioned in multiple locations along
SC networks applied in the studies by Sabouhi et al. (2018); Zhang et al. (2023).

FPP: Finished goods or final products are strategically positioned in various locations within
SC networks applied in the studies by Sabouhi et al. (2018); Sawik (2021).

BPF: Having alternative production facilities or sites ready to take over operations in case the
primary facility is incapacitated applied in the studies by Khalili et al. (2017); Tan et al. (2020).

4.3 Coping with Uncertainty through Stochastic Programming

Stochastic programming is a mathematical optimization technique that deals with optimization
problems involving uncertainty. It provides a framework for making decisions under uncertain
conditions by explicitly considering the probability distribution of uncertain variables or
parameters (Dehshiri & Amiri, 2024). In stochastic programming, uncertain parameters are
modeled as random variables with known or estimated probability distributions. These
uncertain parameters can represent factors such as demand, prices, weather conditions, or
resource availability, among others (Ruszczynski & Shapiro, 2003). The objective of stochastic
programming is to find optimal decisions or strategies that maximize or minimize an objective
function while accounting for the uncertainty in the problem. The goal is to make decisions that
are robust and perform well across a range of possible solutions (Birge & Louveaux, 2011).
There are two main types of stochastic programming problems: two stage and multi stage which
two stage refers to type of problem, decisions are made in two stages. In the first stage, decisions
are made without knowledge of the actual realization of the uncertain parameters. In the second

stage, after the realization of the uncertain parameters becomes known, decisions are adjusted
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based on the observed values. The objective is to find decisions in the first stage that minimize
the expected value of the objective function, taking into account the decisions in the second
stage (Birge & Louveaux, 2011; Ruszczynski & Shapiro, 2003).

This research utilizes a two-stage stochastic programming approach to model disruptions in the
CLSCDP problem, where each disruption is represented by a discrete scenario with known
probabilities categorized into SSP programming. Within this approach, uncertain parameters
regarding supply and production capacity are considered under disruption addressed through a
set of scenarios, each representing potential realizations of the uncertain variables. These
scenarios capture the diverse states of SC networks, reflecting the underlying uncertainty. This
methodology is chosen due to the probabilistic nature of disruptions, allowing decision-makers
to quantify their impacts. Each scenario is treated as independent, without correlation or
relationship between them. This independence allows for the effective handling of uncertainties
through discrete scenarios. The SSP approach aims to find decision rules that optimize an
objective function across all scenarios, considering the associated probabilities of occurrence.
Additional methodological details can be found in Appendix 10.3.

4.4 Coping with Uncertainty through Fuzzy Programming

Fuzzy programming is a versatile optimization technique that accommodates imprecise or
vague information, often represented by fuzzy sets or membership functions. Unlike traditional
optimization models reliant on precise input values, fuzzy programming allows for the
incorporation of linguistic variables and imprecise goals or constraints into mathematical
programming models. By leveraging fuzzy logic, this approach provides decision-makers with
a more intuitive and flexible framework to address uncertainties inherent in real-world
problems, particularly in domains where ambiguity and imprecision are prevalent (Lima et al.,
2021; Peidro et al., 2010; Wu et al., 2018).

Chance-constrained programming, on the other hand, is a stochastic programming approach
tailored to handle uncertainty in optimization problems. It involves formulating constraints that
must be satisfied with a specified probability or confidence level, accounting for the
randomness or uncertainty present in problem parameters. The earlier effort on the chance-
constrained programming approach was investigated in some research (Inuiguchi et al., 1993,;
Inuiguchi & Ramik, 2000; Liu & lwamura, 1998; Luhandjula, 1986). This method is widely
applied in areas such as SCM and project scheduling, where uncertainties in demand (Dai &

Zheng, 2015), lead times (Taleizadeh et al., 2012), or resource availability necessitate robust
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decision-making strategies. By explicitly considering the confidence level of constraint
violation, chance constraint programming enables decision-makers to balance risk and
performance effectively, ensuring optimal solutions in the face of uncertainty. The goal is to
balance optimizing the objective and managing the risk of violating the constraints due to

uncertain parameters (Li et al., 2008).

FCCP combines the principles of fuzzy logic and chance constraint programming to address
optimization problems characterized by both uncertainty and vagueness. By employing fuzzy
sets to represent imprecise or subjective constraints and incorporating probabilistic constraints
to handle fuzzy parameters, this hybrid approach offers a comprehensive framework for
optimization under uncertainty and vagueness. FCCP enables decision-makers to express
constraints flexibly, considering both the possibility of constraint violation and the degree of
ambiguity associated with the constraints. This integration of fuzzy logic and probabilistic
reasoning equips decision-makers with powerful tools to navigate complex decision-making
environments, facilitating robust and effective solutions to real-world challenges. FCCP is used
in studies by Khalilpourazari et al. (2019); (Khishtandar, 2019; Tuan & Chiadamrong, 2021),
for instance a study by Pishvaee, Razmi, et al. (2012) emphasized controlling emissions across
the logistics network. They proposed a bi-objective credibility-based fuzzy mathematical
programming model for designing a green logistics network under uncertainty to minimize cost
and environmental impact. They developed an interactive fuzzy solution approach based on the

Credibility (Cr) measure to solve the proposed bi-objective fuzzy optimization model.

This research examines uncertainty in closed-loop SCs, specifically focusing on return
parameters related to customer returns and recycled products. Unlike traditional methods, fuzzy
interpretations are introduced to capture the complexity of these parameters. By expressing
uncertainties linguistically, decision-makers and SC experts can articulate expectations
regarding return flows, facilitating informed decision-making processes and enhancing the
resilience of SC networks. To address the uncertainty associated with return parameters, the
research adopts the FCCP approach, which enables the modeling of uncertainties with a defined

confidence level.

This Research has drawn upon comprehensive information regarding the conceptual application
of fuzzy sets by Steinriicke (1997) (see Appendix 10.4 / Note 1). Furthermore, the research
employs the concept of credibility to meet fuzzy constraints, drawing upon established
frameworks such as the approach outlined by Birge and Louveaux (2011)) and Peykani et al.
(2022). Additional methodological details can be found in Appendix 10.4.
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4.5 Coping with Uncertainty through Robust Optimization

Robust optimization provides a concept for managing uncertain parameters in optimization
problems. It guarantees the optimal solution for any realization of the uncertainty extracted
from the uncertainty set (Ben-Tal & Nemirovski, 1998; Pishvaee et al., 2011). The pioneer of
robust optimization is Allen L Soyster (1973), who first proposed a linear optimization model
to bring up a feasible solution for all data belonging to a convex set. The proposed model was
over-conservative, prioritizing robustness at the expense of optimality. Therefore, balancing
robustness against optimality is essential to enhance its effectiveness. The concept of optimality
and model robustness for the first time is introduced by Mulvey et al. (1995), and it can be
stated that a solution is robust when it has these characteristics. Then, after several years, Ben-
Tal and Nemirovski (1998), (EI Ghaoui et al., 1998), and Ben-Tal and Nemirovski (2000) took
a significant step forward in robust optimization theory, and their effort toward robust
optimization led to a less conservatism model by considering the uncertain linear problem with
ellipsoidal uncertainties. Later, Bertsimas and Sim (2004) introduced a new model for robust
linear optimization, providing an approach to adjust the level of conservatism in the constraints.
They introduced a robust formulation with the uncertainty budget parameter I, enabling control

over the conservatism level of the model.

Robust optimization aims to discover solutions unaffected by parameter uncertainties within a
mathematical optimization scenario. Unlike traditional methods, robust optimization avoids the
issue of dimensionality and offers practical solutions tailored to available information, making

it highly advantageous for real-world application (Yanikoglu, 2018).

Applying a robust approach ensures a solution with feasibility and near-optimality guarantees.
These techniques could effectively address uncertainties across the entire spectrum of objective
functions and constraints. Consequently, there is a need to formulate hybrid models capable of
managing various types of uncertainty in constraints and objective functions (Dehshiri et al.,
2022). Robust stochastic programming and robust possibilistic programming are the most
frequently employed robust approaches in the related literature (Chen et al., 2020; Thiele,
2008).

In the domain of SCM, robustness pertains to a system's capacity to operate effectively and
endure interruptions, uncertainties, and disturbances encountered in its operational setting. In
the contemporary context, the capability of SC networks to endure various uncertainties,

whether internally or externally, is progressively gaining significance (Monostori, 2018).



99

Designing an SC system that can function efficiently even in the most difficult or demanding
circumstances is called providing a robust solution in the worst-case scenario for SCs (Ozgelik
etal., 2021).

When facing uncertainty in SC networks, methodologies such as stochastic programming,
robust optimization, possibilistic programming, fuzzy-based approaches, and Bayesian
networks are employed to mathematically manage uncertainty and its associated risks (Lima et
al., 2021; Liu et al., 2021). The literature particularly highlights robust optimization (Govindan
& Cheng, 2018). This approach emphasizes an SC's ability to withstand and adapt to unforeseen
uncertainties, especially those related to demand (Kim et al., 2018), thereby ensuring
operational feasibility and optimality. The robust optimization provides solutions that are not
only feasible but also near-optimal, effectively addressing uncertainties across various objective
functions and constraints (Atabaki et al., 2020; Dehshiri et al., 2022).

This research adopts a robust approach within mathematical modeling to address uncertainties
in the closed-loop SC problem. In line with contemporary research in SC literature, the decision
to utilize robust approaches is grounded in the recognition that conventional decision-making
methods may falter in the face of unexpected or uncertain conditions. Prioritizing robustness
allows for effective management of uncertainties, ensuring the reliability and effectiveness of
proposed solutions even in worst-case. Through consideration of worst-case scenarios and
application of robust optimization techniques, the research finds solutions capable of navigating

the uncertainties in SC networks.

4.6 Interval Demand Uncertainty

Demand uncertainty in the context of firm behavior is a critical consideration in imperfectly
competitive markets. Traditionally, neoclassical theories assume firms have precise knowledge
of their demand functions, enabling them to maximize profits through optimal pricing or output
decisions. However, in reality, demand uncertainty introduces complexities, as firms may face
fluctuations in consumer preferences, market conditions, and external factors. This uncertainty
can manifest in various forms, such as uncertainty about consumer demand levels at specific
prices or uncertainty about market prices given a certain quantity offered. Understanding and
effectively managing demand uncertainty is essential for firms to make informed decisions and

maintain competitiveness in dynamic market environments (Baron, 1971).

Interval demand uncertainty refers to a form of uncertainty in which the demand for a product

or service is represented by a range or interval of possible values, rather than a single fixed



100

value. Interval uncertainty frequently emerges in scenarios where there is limitation or
incomplete information available regarding precise demand values (Yang et al., 2020). In such
cases, the robust approach proves valuable as it does not necessitate detailed knowledge of the
demand distribution. This method acknowledges the inherent variability and unpredictability in
customer demand, offering a more comprehensive and adaptable representation of potential
demand scenarios (refer to Figure 4.1). It furnishes a decision strategy that remains efficient
irrespective of the specific demand values within the interval, accommodating the lack of
precise information (Chu et al., 2019; Lejarza et al., 2022; Qiu & Wang, 2016).

The rationale for utilizing demand intervals, as exemplified by real-world instances,
encompasses various factors such as the absence of precise data due to limitations or
fluctuations, accommodation of seasonal patterns and trends, addressing uncertainty arising
from customer preferences, and managing situations where only aggregated data is accessible.
This methodology presents a pragmatic means of assimilating available information without
reliance on precise values. By conceptualizing demand as an interval, decision-makers can
devise robust strategies capable of adapting to diverse demand levels, thereby enhancing the

resilience and responsiveness of SCM (Lu & Shen, 2021).

This research places particular emphasis on interval demand uncertainty when modeling the
closed-loop SC, recognizing it as a critical parameter. To address this challenge, a novel robust
optimization approach is developed, offering a robust solution to manage the inherent

uncertainties in demand fluctuations.

4.7 Research Contributions for Supply Chain Problem under
Uncertainty

The research contributions of this chapter are effectively outlined as follows:

> Integration of uncertainty approaches: One contribution involves tackling various forms of
uncertainty within the mathematical modeling process and building a hybrid approach to
tackle uncertainty in the CLSCDP model.

» Incorporation of five resilience strategies: This research integrates five resilience strategies
simultaneously into a mathematical model. This integration enhances the model's ability to
address various disruptions and challenges that may arise within the CLSCDP model.

» Novel robust approach for demand uncertainty: A novel contribution is developing a robust
approach tailored to address the interval demand uncertainty. A thorough examination of

existing literature informs this innovative method.
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4.8 Comparing this Research with Prior Studies

Table 4.3 presents a comparative analysis between the current research and prior studies across
several dimensions within the domain of GSCM. These dimensions encompass material flow
(both forward and reverse), closed-loop systems, and various aspects of environmental
sustainability, such as green supplier practices, adoption of green production technologies,
green packaging, utilization of green energy sources, recycling initiatives, and the inclination
towards green customers. The deterministic section of SC network modeling is evaluated in
terms of its consideration of these green factors. Additionally, Table 4.3 evaluates how previous
studies have addressed uncertainty, robustness, disruption, and resilience within the context of
SCM. It scrutinizes the methodologies employed in handling uncertainty and disruptions, with

a focus on their robustness and resilience.
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(Pishvaee & Torabi, 2010) . . Possibilistic mixed integer model, Fuzzy approach
(Pishvaee et al., 2011) . . Robust optimization model
(Pishvaee, Torabi, et al., 2012) Forward . Fuzzy mathematical programming, Credibility theory
(Cabral et al., 2012) Forward . Integrated LARG analytic network process model
(Pishvaee et al., 2014) Forward . Benders decomposition Possibilistic programming
(Fahimnia, Sarkis, & Eshragh, 2015) Forward . Two-stage stochastic model
(Saffar & Razmi, 2015) Reverse . Fuzzy programming
(Shabani & Sowlati, 2016) Forward . . Multi-stage stochastic model / Robust optimization
(Golpira et al., 2017) Forward . Conditional value at risk method through the data-driven
(Rahmani & Mahoodian, 2017) Forward . . Benders decomposition algorithm
(Entezaminia et al., 2016) Reverse . . . Robust optimization approach
(Khalilzadeh & Derikvand, 2018) Forward . . Stochastic programming
(Jabbarzadeh et al., 2019) Forward . Bi-objective robust optimization model
(Igbal et al., 2020) Reverse . . . . Analytical optimization technique
(Rabbani et al., 2018) Reverse . Hybrid robust possibilistic programming
(Ghahremani Nahr et al., 2020) . . Robust optimization
(Boronoos et al., 2021) . . Robust flexible-possibilistic programming approach
(Ghomi-Awvili et al., 2021) Forward . . Robust bi-level model
(Lotfi et al., 2022) Forward . . Hybrid fuzzy and data-driven robust optimization
(Vali-Siar et al., 2022) . . Two-stage stochastic programming approach
(Liu et al., 2023) . . Risk-averse two-stage stochastic programming model
(Foroozesh et al., 2023) Forward . . . Interval-valued fuzzy robust solution approach
(Dehshiri et al., 2023) . . Stochastic programming, Robust optimization
(Homayouni et al., 2021) Forward . Robust-heuristic optimization approach
This Research (2018-2023) . . . . . . . . . Robust fuzzy scenario-based stochastic programming approach

Table 4.3: Comparison of this Research with Others: Deterministic Model
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https://www.sciencedirect.com/topics/computer-science/robust-optimization
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5 Navigating CLSCDP-GT Problem under Uncertainty and
Disruption

After introducing the CLSCDP-GT model in Chapter 3, the current chapter delves into the
analysis of disruptions and key parameter uncertainties inherent in the modeling. To effectively
address these uncertainties, diverse approaches are employed, tailored to the specific nature of

each uncertainty type. Visual representations of this analytical roadmap are provided in the

figures.
CLSCDP-GT Deal with uncertainty with
under uncertainty respect to Robust approach
| ]
_ Uncertainty of (:/ Disruption ' Demand
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Figure 5.1: Identifying Sources of Uncertainty Figure 5.2: Building the RFSSP Framework

and Risk
Chapter 5 is organized into two primary sections, each focusing on distinct aspects of risk
management and parameter uncertainty within CLSCD-GT. The initial section delves into the
exploration of potential disruptions and parameter uncertainty, as depicted in Figure 5.1.
Transitioning to the second part, the emphasis shifts towards discussing approaches for adeptly
managing disruption and uncertainty within the modeling framework. Moreover, this section
highlights the critical importance of integrating resilience into the CLSCDP-GT to effectively

mitigate the impacts of these uncertainties.

In pursuit of these objectives, this chapter underscores the importance of robust methodologies
by introducing an innovative hybrid approach that integrates robust principles with fuzzy and
stochastic programming methods. This hybrid model is specifically crafted to mitigate

uncertainties and disruptions inherent in the CLSCDP-GT model, as illustrated in Figure 5.2.
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5.1 Addressing Uncertainty and Disruption in CLSCDP-GT Problem

This section discusses the disruption and uncertainty in the CLSCDP-GT problem, focusing on
disruption probabilities in two levels. Firstly, there's the likelihood of disruptions in the supply
of raw materials, wherein suppliers may suffer capacity losses due to various disruptive events,
hindering the sourcing of raw materials. Secondly, production-related disruptions are
considered, encompassing breakdowns in production lines that affect production capacity.
These disruptions, both in supply and production, can lead to suboptimal economic and
environmental performance within SC networks. Although SC objectives may be met under
normal conditions, disruptive events can skew SC performance away from the optimal state.
Hence, it is imperative to integrate resilience strategies and policies into decision-making

processes and SC design and planning.

After addressing the risk of SC disruption, the key parameters, such as the return rate of product
and demand, are also considered under uncertainty, in which returns are addressed by fuzzy and
demand by the interval. In this research, fuzzy logic is employed to state the uncertainty
associated with the returns parameter concerning both used and recycled products within the
reverse flow. Fuzzy logic serves as a valuable tool for articulating linguistic expressions,
facilitating the representation and manipulation of subjective or qualitative information that
lacks precise quantification. By leveraging fuzzy logic, the research captures subjective
insights, manages uncertainty in scenarios where precise probabilities are unavailable, and
empowers decision-makers to articulate their knowledge and preferences using natural

language. For further details, refer to Appendix 10.4 / Note 1.

In this research, the demand parameter is treated as an interval uncertainty. In real-world
scenarios, demand is shaped by numerous complex factors, leading to substantial fluctuations
and variability. Predicting demand accurately with a single-point estimate becomes challenging
due to this uncertainty. By representing demand uncertainty as an interval, this research
captures a spectrum of potential demand values rather than relying on a singular deterministic
figure. This interval reflects the plausible range within which actual demand may vary. Such an
approach offers a more holistic and adaptable representation of uncertainty, accommodating the

inherent variability and fluctuations in demand.

The methodologies employed in this research to face and model various uncertainties, as

depicted in Figure 5.2, are outlined as follows:
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In tackling the complexities of the CLSCDP-GT problem, this research adopts a multifaceted
approach to address uncertainties across different facets of SC networks. Supply disruption and
production disruption are treated as independent and identically distributed scenarios,
discretized within bounded scenarios and characterized by specific probabilities of occurrence.
These disruptions are effectively modeled through the SSP approach, providing a structured

framework for analysis.

Furthermore, constraints, including return rate (used product and recycling), are integrated into
the model and handled using the FCCP approach, allowing for the inclusion of return-related
considerations with a designated confidence level. This integration enhances the overall
robustness of the model, ensuring that return processes are adequately accounted for in

decision-making processes.

To tackle uncertainty related to interval demand, a novel approach is introduced, facilitating the

fulfillment of interval demand requirements with enhanced precision and adaptability.

The combination of the above methodologies leads to the development of a hybrid framework
known as the Robust Fuzzy Scenario-based Stochastic Programming (RFSSP) approach. This
framework serves as the cornerstone for modeling the CLSCDP-GT problem, providing a

comprehensive and structured approach to address uncertainties effectively.

Building upon the RFSSP framework, the research extends its scope to formulate the Robust
Resilient CLSCDP-GT, in short, RCLSCDP-GT, a bi-objective problem that aims to optimize

both robustness and resilience within SC networks.

5.2 General Form of the CLSCDP-GT Problem under Uncertainty and
Disruption

In the introductory segment, a theoretical structure is presented to clarify the classification and
intrinsic characteristics of diverse constraints and objectives. This structure lays the foundation
for a thorough investigation into modeling techniques in the ensuing sections.

Model (5.1) adeptly handles disruptions and uncertainties by incorporating a spectrum of
methodologies, organizing them into a cohesive formulation that accounts for all possible
permutations. This form facilitates the integration of varied strategies.
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min cx + fy (5.1)
(xy)

s.t.

Ax+By <b : Capacity Limitations

S.x>d, VcE€C:Demand Satisfication

Rx <7 : Reverse Flow and Recycle Limitations
Hy<e : Design Constraints

x €RY,y € B

The objective function contains all parameters related to continuous variable x € R* denoted
with ¢, and all parameters related to binary variables ¢ € B"# denoted with f. As there are
various constraints with different uncertainties, this research considers them separately and

addresses them in the model as follows:

The constraints Ax + By < b indicate the capacity limitations of CLSCDP-GT model, in
which the uncertainty refers to parameters B and b refer to disruption rate of supply and

production. As mentioned in the problem assumptions, parameters B and b are considered
scenario-based (Including constraints (3.2), (3.5), (3.10), (3.15), (3.18) and (3.34)).

The constraint S.x > d_ is related to satisfying demand, where d indicates the interval
uncertainty of demand in customer zone ¢ € €. The interval demand (d,), is presented with a
nominal value (d.) and a deviation / perturbation (d.), so that d. € [d.—d.,d. +

d.] (Including constraint (3.13)).

The constraints Rx < 7 are related to reverse flow and recycling limitation in the SC network
and parameter 7 refers to the ambiguity of return rates by fuzzy (Including constraints (3.14),
(3.22)).

Finally, the constraints Hy < e are related to SC design and relative requirements (Including
the rest of the constraints in Subsection 3.1.1.5).

The decision variables x € RY* and ¢ € B" represent the decisions related to network flow

and SC design, respectively (B shows the binary variables).



107

5.2.1 Coping with Disruption Using SSP Approach

In this context, particular attention is directed towards parameters B and b, as defined within
Model (5.1), which serves as the foundation for deriving Model (5.2). It is crucial to
acknowledge that, as outlined in the problem's assumptions, these parameters are scenario-
based stochastic parameters. Additionally, the introduction of set = represents a collection of
potential scenarios associated with disruptions in the supply and production within the SC

network.

min cx + fy (5.2)
(xy)

S.t.

Ax+By <b
Sex>d. Vcecl
Rx <r

Hy <e
x€RY ,y €B™

= Using SSP Approach:

In light of the preceding explanations, the SSP approach with a risk-neutral / expected value
objective function in Model (5.3) is presented as used by Shapiro et al. (2013). In each
scenario ¢ € E, the mentioned parameters of disrupted capacity are represented in this model
with B¢ and b;. Moreover, t; is assigned to the probability of occurrence of scenario ¢ € E. In
stochastic programming terminology, the design variables of the SC or ¢ € B" need to be
determined prior to knowing the deterministic values of the uncertain parameters. These
variables are called first-stage or here-and-now variables, independent of scenarios. In other
words, the variables associated with network flow (x € R}*) typically adjust under different
scenarios and are known as second-stage variables in stochastic programming terminology.

These variables depend on scenarios and are represented as x; € R,

Note: In the two-stage SSP approach, decision-making involves anticipating multiple potential
future scenarios, each representing different realizations of uncertain parameters or disruptions
within a system. The objective is to devise robust strategies that perform well across these
scenarios, considering their likelihood of occurrence. First-stage variables, also known as here-
and-now variables, are determined prior to knowing the specific realization of uncertain

parameters or scenarios. These variables represent decisions made at the beginning of the
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planning process, independent of future uncertainties. In disruption modeling, they typically
pertain to system design aspects, such as capacity expansion or resource allocation, chosen
based on an understanding of the problem's stochastic nature. Conversely, second-stage
variables, referred to as wait-and-see variables, adjust based on the specific scenario that
unfolds. These variables reflect operational decisions made in response to a particular
disruption scenario, such as inventory allocation or logistics rerouting in SCM. The modeling
framework presented captures the relationship between first-stage and second-stage variables
in addressing disruptions. First-stage variables relate to system design and are determined
before knowing the specific disruption scenario. Once the scenario unfolds, second-stage
variables can be adjusted to mitigate disruption impact and optimize system performance
accordingly. By integrating multiple scenarios into decision-making, scenario-based stochastic
programming enables the development of adaptive strategies that enhance resilience. This
approach allows decision-makers to anticipate and prepare for disruptions, minimizing potential
negative consequences and improving overall system performance (Liu et al., 2009; Niknam et
al., 2012; Wets, 2002).

To demonstrate the inherent variations and uncertainties associated with each scenario, the
scenario index (&) is integrated into all flow-related variables. This deliberate incorporation
empowers the model to effectively accommodate and mirror the wide spectrum of scenarios.
Within the CLSCDP-GT model, the influence of disruptions on both supplier capacity and

production capacity is uniquely represented for each scenario, denoted as 6, and

Uy , respectively. Model (5.3) shows these variables:

minz ng(ch + fy) (5.3)

=
s.t.
Axg+Bey <b; VE€E
Sexg=d. Vc€eC §€E
Ry <r VEEE

Hy <e

xg € R,y € B

e Comparing the deterministic model with the model under uncertainty:

By integrating the SSP approach into the model, which accounts for probabilistic disruptions in

supply and production, a comprehensive alteration occurs across all flow-related variables in
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the CLSCDP-GT model. These variables become intricately linked with the prevailing scenario,

a factor that notably influences a majority of the constraints within the model.

To encapsulate the inherent variations and uncertainties associated with each scenario, the
scenario index (&) is introduced into all these flow-related variables. This strategic inclusion

enables the model to accommodate and reflect the diverse range of scenarios effectively.

Within the CLSCDP-GT framework, the impact of disruptions on both supplier capacity and
production technology capacity is represented distinctly for each scenario (denoted as &). This
is manifested through the disruption rate in supplier capacity under scenario & and the disruption

rate in production technology capacity under the same scenario &. These values, denoted as 6
and 9. respectively, highlight the specific effect of disruptions on supplier and production

capacities under scenario &. These repercussions are further addressed and managed through

resilient strategies integrated into the model.
v" Example of SSP approach in a 3-level SC:

A short example is shown in Appendix 10.3 / Note 1, for utilizing above formulation for
incorporating entire problem and demonstrating the corresponding constraints. A case of a
forward SC considering three suppliers, two producers, and three customers, incorporating
uncertainty of capacity constraints. Moreover, only a supply disruption is considered in the
model.

= Development of objective function in the SSP approach:

In developing the classical SSP approach (Model 5.3), the formulation of the objective function
is considered through both risk-neutral and risk-averse measures, with additional details
provided in Appendix 10.3 / Notes 2, 3, 4. The incorporation of a risk-averse component aims
to mitigate the risks inherent in first-stage decisions and bolster the robustness of the solution.
Consequently, to effectively model disruptions while incorporating robust decision-making in
the SC and associated scenarios, the objective function is reformulated into Model (5.4), as
detailed in Appendix 10.3 / Note 5.
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, _ (5.4)
min (1 p)z:ngOg + prgleaag( O¢

=
s.t.
Of =cxg+fy VEEE
Axg+Bsy < b; VEEE
Scxg=d., Vc€C, S€EE
Rxs <r V& €E
Hy <e
xg ERY ,y € B

where O; = cx; + fy calculates the value of the objective function in each scenario. In other
words, in the objective function, 0; = cx¢ + fy, the value of the objective function is

computed for each scenario & The term c¢ represents the cost component associated with the

decision variables x;.

The parameter 0 < p < 1 represents the conservatism level or degree of risk aversion in the
model. A higher value of p indicates a higher level of risk aversion, where the decision-maker
seeks to minimize downside risks and prioritize robustness. Conversely, a lower value of p
signifies a lower level of risk aversion, where the decision-maker may be more willing to accept
higher risks in pursuit of potentially higher rewards or outcomes. In sum, the parameter p allows
for the incorporation of risk preferences and reflects the decision-maker's attitude towards risk

in the objective function formulation.
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5.2.2 Facing Disruptions Using Resilience Strategies

The resilience strategies collectively enhance the reliability of the mathematical model by
diversifying sources, establishing backup options, strategically positioning materials and
products, and having alternative production capabilities. They provide mechanisms to mitigate
the impact of disruptions and maintain the overall performance and reliability of SC under
uncertainty.

As explained in the Section 4.2, five resilience strategies adopted into the RCLSCDP-GT

model, which is explained as follows:

1. BSC focuses on establishing contractual agreements with backup suppliers to ensure SC
resilience. In this model, backup suppliers are contracted to provide additional capacity. It
is possible that the backup supplier provides additional capacity even though the capacity

of the regular supplier is not exceeded.
The features of regular and backup suppliers are:

e Primary suppliers (not backup) must adhere to their adjusted capacity limits under
disruption scenarios.

o Backup suppliers operate within their normal capacity when there is no disruption.

e During disruptions, backup suppliers can provide additional capacity activated through
contracts, ensuring the continuity of supply. These contracts are activated only when a
disruption occurs (Including the constraints (6.2), (6.3), and (6.4) in the subsequent
RCLSCDP-GT model).

Note: These backup suppliers play a critical role in mitigating the impact of disruptions by
providing an alternative source of materials when the primary suppliers are affected. In the
event of a disruption, such as sanctions or tax challenges, the primary suppliers may encounter
difficulties in fulfilling orders or maintaining consistent supply. However, backup suppliers are
often less affected or entirely unaffected by these specific disruptions. This is because backup
suppliers may operate in different regions, have diverse SCs, or possess the flexibility to adapt
quickly to changing circumstances. The assumption underlying the use of backup suppliers is
that they can step in to fill the gap left by the primary suppliers during disruptions. Since backup
suppliers are less vulnerable to the specific disruptions affecting the primary suppliers, they can
continue to supply materials without significant interruptions. This ensures a degree of
continuity in SC and production processes, minimizing downtime and maintaining operations.

For example, if a primary supplier faces sanctions that impede their ability to deliver raw
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materials, the backup suppliers, operating in unaffected regions or with different trade
agreements, can continue to provide the necessary materials. This allows businesses to sustain
their production activities and meet customer demands despite the challenges in the primary
SC. The reliance on backup suppliers as an alternative during disruptions underscores the
importance of diversification and flexibility in SCM. By strategically incorporating backup
suppliers into their operations, businesses can enhance their resilience and effectively navigate
unforeseen disruptions in SC networks. Additionally, disruptions in production facilities, such
as breakdowns or capacity limitations, can also disrupt the production process. In such cases,
backup production facilities are activated to maintain operations. Moreover, final product
prepositioning strategies may be employed to ensure that finished products are readily available
to meet demand despite disruptions in production. These resilience strategies aim to enhance
the resilience of SC and production processes, ensuring continuity and minimizing the adverse

effects of disruptions on the overall operations.

2. MS involves diversifying the sources of supply by engaging with multiple suppliers for a
specific product or component. By having multiple suppliers, the model reduces the
dependency on a single source, making it more resilient to disruptions. In case one supplier
is unable to deliver, alternative sources can be utilized to ensure a continuous supply
(Including the constraint (6.5) in the subsequent RCLSCDP-GT model).

3. RMP involves strategically storing or positioning critical raw materials at multiple
locations along SC networks. By dispersing raw material inventories, the model ensures
that even if one location experiences a disruption, other locations can still fulfill the
production needs. This strategy reduces the vulnerability of SC networks to disruptions in
a specific area (Including the constraints (6.7), (6.8), and (6.9) in the subsequent RCLSCDP-
GT model).

4. BPF involves having alternative production facilities or sites ready to take over operations
in case the primary facility becomes incapacitated. By having backup production facilities,
the model can quickly shift production to alternative sites, minimizing downtime and
ensuring continuity in the face of disruptions. This strategy provides a contingency plan for
maintaining production capabilities (Including the constraint (6.10) in the subsequent
RCLSCDP-GT model).

5. FPP entails strategically positioning finished goods or final products in various locations
within the SC network. By distributing the inventory of finished products, the model ensures

that there are alternative sources available for customers, even if certain locations are
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affected by disruptions. This strategy helps maintain a smooth flow of products to meet
customer demands (Including the constraints (6.19), (6.20) in the subsequent RCLSCDP-
GT model).

5.2.3 Coping with Fuzzy Parameters Using FCCP Approach

When the uncertainty of parameter of returns # is considered in the Model (5.4), then it is

represented in the Model (5.5) as follows:

min (1 — p)z M0 + pr?EaEx O (5:5)
7=

S.t.

O =cxg+fy VEEE

Axg +Bry <bg VEEE

Sexg=d. VceC §€E

Ry <T VEEE

Hy <e

xg €RY ,y € B

As stated earlier, this research takes into consideration the depiction of return parameters in a
fuzzy form. Although these parameters are inherently uncertain, they can be linguistically
articulated by experts. Therefore, within the framework of the uncertainty model, these
parameters are represented as Trapezoidal Fuzzy Numbers (TFNs), denoted as t =
(r®,r@, r® ) In this representation, the initial number signifies the lower limit of the
return rate, effectively representing the minimum attainable return. Subsequently, the following
numbers establish upper boundaries for the second, third, and fourth components of the fuzzy
return (see Appendix 10.4 / Note 1).

v" Example for a TFN related to return parameters:

Consider the parameter recycling rate in a waste management context. It can be expressed via
fuzzy as follows:

When recycling rate = (0.3, 0.4, 0.6, 0.8), in this case, the lower bound of the recycling rate is
0.3, indicating a minimum level of recycling, while the upper bounds for the second, third, and
fourth components are 0.4, 0.6, and 0.8, respectively, representing increasing levels of recycling

rates.
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= Using FCCP Approach:

In optimization problems where uncertain parameters exist in the constraints, one of the
common approaches for handling the uncertainty is FCCP in which the constraints should be
satisfied with a specified confidence level (see Appendix 10.4 / Note 2). The confidence level
for satisfying the fuzzy constraints in the FCCP approach could be assessed via two fuzzy
measures namely the possibility measure and necessity (Dehghan et al., 2018; Zhang & Hang,
2010) (see Appendix 10.4 / Note 3). The measure of credibility as an average of possibility and
necessity is used in this research. A fuzzy measure like credibility is a tool to calculate the

confidence level of constraint satisfaction (see Appendix 10.4 / Note 4).

Equation (5.6) shows the credibility-based fuzzy chance-constrained / Cr used in this research
for satisfying fuzzy constraints include ¥ = (r®,r@®,r®, r®) with confidence level P.
{Cr(Rx <) =P (5.6)
Cr(Rx >7) > P

When the confidence level P > 0.5 is used, the credibility measure gives the following

deterministic counterpart (Peykani et al., 2022).

CrRx <P = Pe Re <@ — (2P - 1)(r® —rW) (5.7)
CrRx >7) > P< Rxr >r® + 2P - 1)(r® —®)

Equation (5.7) is presented in the ¥ = (r®,r®,r® r®) form; however, when utilizing the
LR notation described in Appendix 10.4 / Note 4, an alternative presentation can be provided:.
Based on the properties of the credibility measure, the FCCP approach is employed to reconcile

fuzzy returns with their equivalent deterministic counterparts for fuzzy constraints, as depicted
in Model (5.8).

3Given = (r®W,r@,r® r®) =5 =(r,7,L,R) 1z
Where: R=r@® —r® [ =@ 1V »=r@ 7=r®

The formulation (5.7) with confidence level P represents as follows:
{Cr(RxSf‘) >P e Rx<r-(Q2P-1)L
CrRx>F)> P © Re>7+ (2P - 1)R
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min (1 — p) Z m0z +p max O (5.8)

EEE
s.t.
Og=cxs+fy VEEE
Axg +Bgy <bgVE€EE
Sexg=d.VcECEEE
Reg <@ — Q2P -1)(r® —rW)vie=

xg € R,y € B

This research posits that in Model (5.8), decision-makers interactively determine the value of
P> 0.5. It is noted that the confidence level P can be proactively obtained as a variable in the

model, based on the robustness of fuzzy constraints. This is exemplified in Model (5.9).

min (1 - p) Z 0z +p max O +2¢[(1 - P)(r® —rW)] (5.9)
EEE

s. t.

Ax§+B§y,Sb§ VEeE

Sexg=d. Vc€EC, §€EE

Reg <@ - 2P - 1)@ -rW)veeE

Hy<e

P> 0.5

xg € RY ,y € B

where W is the penalty / cost coefficient for violation of fuzzy constraints, and

2[(1 = P)(r® —rW)] is the value of fuzzy constraint violation obtained by the difference
between what is considered for the fuzzy parameter (r(Z) -@P-1(r® - r(l))) and what

as the worst-case value (r(V):
v (r(z) - (2P -1) (r(z) - r(l))) —r® = 2(1 - P) (r(z) - r(l))

To compare the deterministic model with the model under uncertainty, it is essential to note
that in the initial deterministic CLSCDP-GT model, the constraints pertaining to returns,
specifically (3.14) and (3.21), played integral roles. However, these return-related parameters

have now undergone a transformation to accommodate uncertainty. These new expressions are
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symbolized as 07’:(af(l),af(z),a§(3),a§(4)) for the return product and X =

( ,ﬁm, %m, 3,‘;(3), %M)) for the recycled item. This restructuring effectively captures the

TFN form in these parameters within the model (Including constraints (6.25) and (6.32) in the
subsequent RCLSCDP-GT model).

5.2.4 Coping with Interval Demand Uncertainty with a Novel Robust
Approach

The interval demand is presented in the Model (5.10) denoted d. expressed by a nominal /

expected value (d) and a perturbation rate / deviation (d.):

: 5.10
min (1 — p) Z w0 +p max Og + 2¥[(1 — P)(r® — rW)] (5.10)

EeE
s.t.
Og=cxg+fy VEEE
Axg +Bry <bg VEEE
Sexg>d.VcECEEE
Reg <@ — 2P - 1)(r® —rW)vie=
Hy <e
P> 0.5
xe €RY ,y €B"Y

To tackle the challenge of uncertain demand intervals, this research finds inspiration in the
robust optimization principles elucidated by Bertsimas and Sim (2004), henceforth denoted as
B&S. Leveraging the foundational concepts from the B&S model, this research endeavors to
construct a method finely tuned to meet the unique demands of the CLSCDP-GT problem
amidst demand uncertainties. Through a judicious adaptation and expansion of the robust
methodology pioneered by B&S, this research develops a robust model adept at navigating

interval demand uncertainties within the intricate dynamics of the SC network.
= Robust Approach by Bertsimas and Sim (2004):

The B&S approach, initially developed in the early 1970s for handling uncertain data in linear
optimization problems, has since undergone extensive research and expansion. Within this
framework, a deliberate trade-off is made: while accepting a marginally suboptimal solution for

nominal data values, it guarantees both feasibility and near-optimality even as data conditions
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fluctuate. Then they stated their concern with this approach which is its potential conservatism.
They proposed a method to make this trade-off more appealing, aiming to reduce the price of
robustness. Specifically, they explored ways to decrease the level of conservatism in robust
solutions by adjusting probabilistic bounds of constraint violations. They claimed that "one
attractive aspect of the method is that the new robust formulation also remains a linear
optimization problem which facilitates a natural extension to discrete optimization problems in
a practical manner”. They proposed a linear optimization problem via a robust counterpart to
withstand parameter uncertainty within the context of uncertainty, while minimizing the impact
on the objective function. This formulation can also be extended to discrete optimization
problems. They formulate an approach wherein the robust solution remains feasible
deterministically even if nature behaves within these bounds. This enables a fine-tuning of the
level of conservatism. The authors also introduced a proposition to reformulate the model into
a linear optimization problem, essential for achieving their goals (More detail found in
Appendix 10.5/ Notes 1, 2, 3).

In this research, it is worth highlighting that the constraintwise uncertainty approach proposed
by B&S plays a significant role. This approach effectively manages the uncertainty linked to
customer demand by allowing control over the level of conservatism for each constraint,
whether it is satisfied on an individual basis or per row. While the robust version of B&S's
method offers a means to handle the uncertainty related to the constraint S.x; > d, with a
degree of conservatism 0 < I" < |C|, an interesting shift in focus emerges. This research, takes
a holistic stance by addressing all demand uncertainties concurrently within a column. When
all demand uncertainty is satisfied together, and all customers are considered in a column, this
research calls it the columnwise approach.

= Introducing the CWU Approach by Developing B&S Model:

The application of the CWU approach is tailored to a set of the same parameters featured within
various constraints. To illustrate, this research uniformly treats demand as the right-hand side
parameter in all constraints, characterizing them as interval demands. By employing the CWU
technique, all demands from customer C are concurrently satisfied with a specified level of
conservatism, denoted as I", where 0 < I' < |C|. This approach, based on the B&S framework,
yields a solution wherein the demand of |I"| customers is at their worst-case scenario or d, +
d.. In cases where I" is not an integer, for a singular demand, its value is determined as d, +
(T — |T'])d,. The robust counterpart based on CWU approach inspired by B&S approach is
shown in the Model (5.11):
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min (1 - p)z m:0; + p max 0 +29[(1 - P)(r@ —r®)] (5.11)
£eE

s.t.

Of =cxg+fy VEEE

Axz + Bsy < b; VE EE

St 2 dg + [uc + v, (T —T)]d; VceeC, §€E

D u =11l

ceC

Zvc =1

cec

u.+v. <1VcecC

Rxg <@ —(2P-1)(rP —rW) veeE
Hy <e

P>05

u € BI°l v e BIC

xg ERY ,y € B™

In the Model (5.11), the auxiliary variables u € B/l and v € BI¢! show that which demand are

considered at their worst-case.

v

The constraint Y. .cou, = [I'] ensures the demand of [I'] customers is in their worst-case
or: d, + d, (completely robust decision).

The constraint ¥ .cc v. = 1 ensures that for a single customer, demand is: d, + (I' — [|)d,
(partially robust decision).

The constraint u, + v, < 1V ¢ € C ensures that for each customer, the interval demand is
considered either the nominal value (u, + v, = 0), or completely robust (u, = 1, v, = 0),

or relatively robust (v, = 1,u, = 0).

Example for CWU approach by developing the B&S approach:

Suppose the retail store wants to forecast the demand for a particular product over a specific

time period, such as a week. However, the demand for the product is subject to uncertainty

and may vary within a given interval.

In this example, each customer's uncertain-interval demand is represented by a range of possible

demand quantities. The lower and upper bounds of the intervals indicate the minimum and

maximum quantities of the product that the customers may require within the given time period.
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This research introduces the interval demand d, with a nominal d and a deviation d. with the

same presentation by B&S.

For |C| = 10 customers, suppose that the model is solved with conservatism level I' = 6.8.
The CWU approach selects 6 customers demand at their worst-case value or upper bound of
interval (d, + d_), a single customer is considered relatively robust at d, + 0.8 d, and 3

customers with nominal value d..
= Embedding Robust Decision-Making in Selection Challenges:

After presenting the CWU approach for controlling interval demand inspired by B&S
approach, a research gap is identified as follows:

While the RC presented in Model (5.11), ensures the robustness of all demand constraints
simultaneously with a conservatism level of 0 < T' < |C], this approach selects a robust solution
from an optimistic perspective. If the above example is solved and the model selects 6 customers
to achieve complete robustness in their worst-case, it should be noted that this selection, driven
by the minimization goal, presents a robust solution and considers the worst-case scenario but

beneficial for its minimization objective.

Model (5.11) selects customers based on their worst-case demand values or complete
robustness, prioritizing cost minimization. However, this research suggests that the selection
process can be improved by considering more challenging scenarios. It proposes adopting a

stricter perspective when making this decision.

To make it easier to study each step of the research process, this research proposes using labels
to sort the mentioned situations. The robust decision made by Model (5.11) is referred to as
optimistic selection. Conversely, the approach sought by this research, which aims to align
robust decisions more closely with worst-case scenarios, is labeled as a stringent selection for
robust decision-making. The key distinction between these two approaches lies in the fact that
the stringent selection approach provides decisions that are more robustly aligned with worst-

case conditions.
=  CWU Approach with Stringent Selection:
The following section elaborates on the proposed methodology put forth by this research:

First, for each parameter, a complement for f conservatism level 0 < I' < |C] is defined '’ =

|¢| — I" and the Model (5.11) is resolved with I'’, represents [’ | parameters as shown in Model
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(5.12). The values of v;(I'") and u;(I'") are obtained by implementing Model (5.12). (In this
context, |I'’| represents the floor value of I'’, which is the largest integer less than or equal to
r.

If we define the complement of solutions of Model (5.12) corresponds to u;” =
[1—ui(I'")][1—v;(I")], then [T'| parameters would be at the worst-case in stringent
selection. Moreover, v;* = vz (I'") denotes a single customer considered relatively robust at

d. + (I = |T])d,. Other remaining demands are at their nominal value (In this context,

|"| notation denotes the largest integer that is less than or equal to I').
The following stages are considered to explain the above approach:

Step 1: Consider the Model (5.11) with conservatism level I", which provides a robust solution

with |T'| demand at the worst-case (optimistic selection).

Step 2: Calculate the complement of I', denoted as I"’. This involves determining the value

that, when added to I', equals 1.

Step 3: Solve Model (5.12) with calculated conservatism level I'’. This model aims to provide
a robust solution in the worst-case, similar to before, but this time considering the
complementary conservatism level [I''| which generates u;(I'"), v;(I'") in the optimistic

condition.

Step 4: Replace u;* = [1 —uz(I'")][1 — v;(I'")] where:

. {1, wi(I'") = 0 AND v (") = 0
U =1,
) 0. W.
v = {1' ve(r') =1
¢ o, 0. W.

Step 5: Consider the Model (5.12) with replacement defined in the Step 4.

Step 6: Solve Model (5.13) as the last desired model that this part targeted. Model (5.13)
provides the robust decision with conservatism level I'. This particular solution, generated by
this model, is associated with the concept of stringent selection. In other words, it leans heavily

towards a cautious and robust approach, taking into account worst-case situations.
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min (1 — p) Z 0z +p max O¢ + 2¥[(1 - P)(r® —rW))] (5.12)
fex feE
s.t.
Of =cxg+fy VEEE
Axg-l'Bg’y)Sbg VfEE
Sexg = de+ [uc +v.(I' = [["Dld, Vcee, §€E
D ue =1r]
cec
Z v, =1
cec
u.+v.<1VcecC
Rxg <@ - Q2P-1)(r® —rW)véeE
Hy <e
P >0.5
xe €RY ,y € B
The values of v (I'") and u;(I'") are obtained by implementing above model.
min (1 — p) Z 0z +p max O +2¥[(1— P)(r@ —rW)] (5.13)

EEE
s.t.
Of =cx; +fy VEEE
Axg+Bsy < bs VEEE
Sexe = d.+ [ul +v*(T—ITDld, VcecC E€E
Rxg <@ —QP-1)(r@ —rW)véeE
Hy <e
P> 0.5
xg € RY ,y € B

The constraints Y .ccus” = IT], Yeecve™ = 1L, ul" + v;* <1V ¢ € Care satisfied in above
model.

When comparing the deterministic model with the model under uncertainty, it's important to

consider that the constraints (3.13) in the deterministic model are reconfigured into the
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constraints (6.21), (6.22), (6.23), and (6.24) in the subsequent RCLSCDP-GT model. This
updated model incorporates the CWU approach to manage interval demand uncertainty.

v’ Example for CWU approach in the stringent selection:
Suppose that |C| =10,I' = 6.8; (10 interval demand with 68% control level on the
conservatism). In this case, first the Model (5.12) is solved with I''" = |C| — I' = 3.2. Suppose
that the obtained decision u;(I"'") equals 1 for customer 1, 5, and 7, and also v;(I'") equals 1
for the customer 4. As a result:
- {1, c €{2,3,6,89,10}

0, c ¢ {2,3,6,8,9,10}

**_{1, c=4
Ve 10, c#4

Following the research suggestion, customers 2, 3, 6, 8, 9, and 10 (|I'| = 6 customers) are
chosen for complete robustness or at their worst-case value. Moreover, customer 4, representing
a singular demand, is selected with relative robustness. Under this stringent selection, all

uncertain demand parameters are assumed to be at their worst-case scenario.

5.3 Hybrid RFSSP Framework

As described so far, the Model (5.13) as the final RFSSP model, delivers the promised
equivalent robust counterparts to handle uncertainties and disruptions in this research. The

RFSSP framework operates through the following stages:

1. In the initial stage, the coefficient parameters of objective function must be fine-tuned,
including the risk aversion parameter (p), and ¥ which ensures robustness of fuzzy
constraints. Additionally, the parameter I' is adjusted to ensure a suitable level of
conservatism, thereby enhancing robustness in meeting customer demands.

2. The subsequent stage involves defining the complementary value I'" = |C| — I", building on
the definition from the optimistic selection. By employing Model (5.12), this stage gives
the values of v, (I'") and uz(I"").

3. Next, the values of ugz*and v:* within the context of the stringent RFSSP model are
redefined. In this case, customer demands are evaluated with a higher level of conservatism
represented by the parameter I".

4. Finally, the stringent RFSSP Model (5.13) is solved, utilizing the values of values of
ug” and vZ* based on the previous step, resulting in a robust solution that this research had

sought.
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These distinct stages in Model (5.13) systematically address uncertainties and disruptions,
significantly enhancing the RFSSP approach with ability to effectively tackle challenges in a

more I’igOfOUS manner.

5.4 Summary

This chapter introduced the definitive robust counterpart designed to adeptly manage
disruptions and uncertainties encompassing disruptions, fuzzy returns, and interval demands.
This hybrid framework is termed the RFSSP approach, which stands for Robust Fuzzy
Scenario-Based Stochastic Programming. It seamlessly integrates robustness, fuzziness, and
stochastic programming methodologies along with resilience strategies to tackle the
complexities arising from parameter uncertainty, imprecise data, and potential risks inherent in

the decision-making process.
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6 Robust and Resilient CLSCDP-GT Problem

After exploring the RFSSP approach for managing uncertainties and disruptions within this
research, Chapter 6 now shifts its focus to the CLSCDP-GT problem. The objective is to utilize
the RFSSP approach and develop a robust and resilient model called RCLSCDP-GT which
stands for Robust and Resilient Closed-loop Supply Chain Network Design and Planning
considering the Greenness Tendency of customers. This model aims to enhance the overall
robustness and resilience of the SC by incorporating the principles and methodologies of the
RFSSP approach. The subsequent sections of this chapter present the solution approach for
addressing the problem effectively.

6.1 Description of RCLSCDP-GT Problem

Within the context of the RCLSCDP-GT problem, the objectives encompass the dual aspects

of cost minimization across the SC and the minimization of non-satisfaction customers. To

achieve these goals, it becomes imperative to state of strategic decisions concerning the SC

design, coupled with operational decisions governing its planning. These strategic decisions

encompass:

1. Supplier selection and backup contract:

e A strategic decision involving the selection of suppliers and the establishment of backup
contracts.

e Each supplier is evaluated based on the cost and greenness scale, or GPS, considering
various criteria as input parameters.

e Suppliers have limited capacity, and possible disruption scenarios may affect their capacity.

2. Production technology selection and backup facility:

A strategic decision regarding the selection of production technology at each production

center and the consideration of backup production facilities.

Each technology has its own cost and greenness scale.

The capacity of each production technology is limited, and disruptions at production centers

may result in a loss of part of the nominal capacity.

3. Packaging type selection:

A strategic decision concerning the packaging type used for the end product at each

production center.
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Three packaging types (for example P1: high greenness scale, P.: medium greenness scale,

P3: low greenness scale) are considered with relative fixed costs orderly.

The capacity of each packaging type is unlimited.

SN

. Allocation of locations and capacity for distribution, collection, and recycling centers:

e Astrategic decision involving the allocation of locations and capacity levels for distribution,
collection, and recycling centers.

e These centers can be established at potential locations with small, medium, or big capacity

levels.

(621

. Energy resource selection:

e A strategic decision regarding the selection of energy resources for production, recycling,
and SC transportation.

e Three energy sources with varying levels of greenness and cost are considered: fossil fuels,

biomass, and natural / renewable resources (e.g., wind, solar).
The operational planning decisions are included:

6. Ordering materials / items:

Determining the quantity of materials / items to be ordered from the selected supplier or
backup supplier under ordinary conditions and disruption scenarios.

\‘

. Production quantity:

Deciding the quantity of products to be produced at each production center with each

production technology and packaging under different scenarios.

oo

. Direct product flow and transport planning:

Planning the transportation of final products from supplier to customer zones, including the

direct product flow between network facilities.

9. Reverse flow of used products and returned material:

Managing the reverse flow of used products and returned items from customers to the
recycling center within the SC.

10. Collection of consumed products:

e Determining the quantity of products to be collected at each collection center.

11. Recycling of returned products:

e Determining the quantity of returned products to be recycled at each recycling center.
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Before modeling the RCLSCDP-GT problem, the following assumptions are considered:

>

Distribution, collection, and recycling centers are established in potential locations, with

each location offering only one capacity level in small, medium, big sizes.

The overall sustainability performance of the SC is evaluated based on five indicators:
green supplier, green production technology, green packaging, green energy, and green

recycling. It is assumed that customers can be informed by greenness of the SC.

Each production technology and packaging type is assigned a unique greenness scale,

determined through expert evaluation and pairwise comparison.

Customer zones receive products with different production technologies and packaging
types, allowing for variation within each zone's total demand.

Three energy resources (fossil fuel, biomass, and renewable) are considered for SC

operations and transportation, with an unlimited capacity for energy supply.
Each production center can employ one or more production technologies.

Production process can use materials / items from suppliers (direct flow) and items returned

by recycling centers (reverse flow).

Products produced by each production technology are packaged and delivered using a
specific method. For example, if a production center has two production technologies (T1
and T>) and two packaging types (P1 and P2), when Ty uses P1, T2 is limited to using either

P1 or P2. Simultaneous use of P1 and P> for one production technology is not allowed.

Potential disruptions in supply and production are anticipated, with a probability of
occurrence assigned to each disruption scenario. The disruption rate for each scenario
ranges between 0 and 1.

Backup suppliers are strategically considered in locations with minimal disruption events
to ensure continuity. They serve as a contingency plan, ready to be activated when primary
suppliers face disruptions. Similarly, backup production facilities are positioned
strategically to mitigate risks, ensuring uninterrupted manufacturing capabilities during

unforeseen events.
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6.1.1 Modeling of RCLSCDP-GT Problem with RFSSP Approach

6.1.1.1 Sets and Indices of RCLSCDP-GT Problem

The following sets and indices are added to Subsection 3.1.1.1 corresponding to the CLSCDP-

GT problem:
BScS

SnCcS

[1]

(1,2, .6, 1E]}

Set of backup suppliers s (in case of disruption, the shortage of
items can be compensated by BS)

Subset of suppliers to provide item m

Set of disruption scenarios in SC network (Scenario ¢ = 0 shows
the condition that the disruption does not occur and
Oss =0,VSES,9,=0,Vt €T, moreover { > 1 shows that the

disruption occurs)

6.1.1.2 Parameters of RCLSCDP-GT Problem

g
fbEs
ir4

msc,,

Occurrence probability of scenario &

Fixed cost of making contract with a backup supplier s to supply
item m during disruption (s € BS)

Fixed cost of establishing backup facility to overcome disruption
occurred in technology t in production center f

Unit cost associated with precautionary storage of item m in
production centers

Unit cost associated with precautionary storage of end product
in distribution centers

Normal capacity of supplier s for providing material / item
m

Additional Capacity of backup supplier (s€ BS) to provide the
shortage of item m during disruption § > 1

Disruption rate of supplier capacity under scenario ¢ (equal 0
when no supply disruption)

Disruption rate of production technology capacity under
scenario ¢ (equal 0 when no production disruption)

Greenness performance scale of supplier s

Greenness tendency index of customer zone ¢

Nominal demand

Demand deviation / perturbation
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~ ( e @ @) 6(4)) TFEN related to the return rate of used products by customer zone
a; =

Cc had 4 a5 had 4 c

m m »Pm MPFm Fm

BR = ( R @) HR(E) R(‘”) TFN related to the recycling rate of item m in recycling centers

6.1.1.3 Decision Variables of RCLSCDP-GT Problem

Variables of the RCLSCDP-GT problem are divided into two types: first-stage
variables and second-stage variables, which are different under scenarios. Based on what was
previously mentioned in the terminology of stochastic programming, first-stage decisions are

independent on scenarios and second stage dependent on scenarios, as follows:

First-stage Variable

YS Binary variable, indicating whether supplier s is selected (=1); or not (=0)

Binary variable, indicating whether a contract is made with a backup supplier to overcome

the shortage of item m (=1); or not (=0). This binary variable equals 1 if and only if a

disruption occurs and the supplier Vs € S\BS does not have enough capacity to

compensate for the shortage; otherwise, the binary variable remains inactive or 0.

VE Binary variable, indicating, whether technology t is applied in production center f (=1); or

It not (=0)

BF Binary variable, indicating whether the backup facility is established in production center f

to tackle disruption of technology t (=1); or not (=0)

yiF Binary Yariable, indicating whether packing method p is applied in production line t in
ftp production center f (=1); or not (=0)

Binary variable, indicating whether distribution center with capacity level v in potential

Vv location d is established (=1); or not (=0)

v Binary variable, indicating whether collection center with capacity level v in potential
kv location k is established (=1); or not (=0)

VR Binary variable, indicating whether recycling center with capacity level v in potential
w location r is established (=1); or not (=0)

143 Amount of energy supply through source e

MSS,,  Quantity of item m stored as precautionary measures

PSSe, Quantity of end product with technology t and packaging type p stored as a precautionary
measure
Second-stage Variable
Q_fmg Quantity of material / item m supplied by supplier s under scenario é
Wfftg Production quantity in production center f with technology t under scenario ¢

Grgemg Quantity of recycled item m in recycling center under scenario &

sfme  Material / item m flow from supplier s to production center f under scenario &

UMSrm:  Usage quantity of item m stored in production center f under scenario &
F»p  Product flow with technology t from production center f to distribution center d under
atg  gcenario &
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Product flow with packaging type p and technology t, from production center f to
distribution center d under scenario &

Usage quantity of the end product with technology t and packaging type p stored in
distribution center d under scenario &

Product flow with packaging type p and technology t, from distribution center d to customer
zone ¢ under scenario &

Product flow (reverse) from customer zone c to collection center k under scenario &

Product flow (reverse) from collection center k to recycling center r under scenario &

Material / item m flow (reverse) from recycling center r to production center f under
scenario &

6.1.1.4 Economic Objective Function of RCLSCDP-GT Model

According to the above symbols based on the proposed RFSSP approach, the RCLSCDP-GT

problem is modeled as follows, starting with the economic objective function:

2,0 = Zfs v+ ZZ}?% +222ff,,wﬁp £ fRYE
da v

(6.1)

OPY L IWWEIEIX 4
k v
+ ZZbeS v3S +22fb?f.yﬁ?
7T _
+ stcm.MSSm +ZZPSC.PSStp
| m t p i
+ [zzrcéstfmg + Zzpcﬁwffzg
t
+ ZZZpkcprftéY’ftp + Zrcﬂzz U
r k
15—):]: 1S->F - N
* ZZZ €sm @ spmz | ZE%D Xt
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| d t p
- - 1R-F ,R—>1F
* ZZ“'?? SO+ 2L 2L 2t




130

Equation (6.1) calculates the cost under the scenario. In addition to the elements described
earlier for calculating cost (see Subsection 3.1.1.4), other costs related to backup suppliers,
backup facilities, and precautionary storage of items and end products are included. This

Equation (6.1) includes a linearization related to part Y.r >, ¥, pkc,prfQY’ftp, similar to the
Equation (3.1).

6.1.1.5 Constraints of RCLSCDP-GT Model

Qme < (1 —04) capsnYs VsES\BS,YmeM,VEEE (6.2)
Q3o < capi,Ys VSEBS,VmEM (6.3)
Qdme < capinYS + cap’] Y23 VsEBS,VmeEM,VEEE\{0} (6.4)

Constraints (6.2), (6.3), and (6.4) are related to the capacity of selected suppliers to provide

the items. Note that cap’S Y32 is related to backup suppliers during disruption (£ > 1).

sm

Constraint (6.2) applies to all suppliers that are not designated as backup suppliers seS\BS.
It ensures that the quantity Q‘SSmE supplied by a primary supplier s under any disruption

scenario ¢ does not exceed the supplier's capacity adjusted for the disruption rate. Here,
Os¢ represents the disruption rate for supplier s under scenario ¢ and caps,, is the normal
capacity of the supplier. This ensures that the supply quantity is proportionally reduced
according to the disruption rate under scenario. Constraint (6.3) and (6.4) are constraints of
backup supplier s € BS as subset of all suppliers. Constraint (6.3) represents the first feature
of backup suppliers. It applies to backup suppliers s€BS and ensures that their supply does
not exceed their normal capacity and there is no disruption (scenario é=0). This implies that
backup suppliers are expected to operate within their standard capacity limits and disruption
is considered zero (almost zero in a real situation) for them. If they do not have this feature
€ > 1, they are considered as backup with more fixed cost fb2S. Constraint (6.4) represents
the second feature of backup suppliers. It applies to backup suppliers s€BS under disruption

scenarios £>1. It ensures that the quantity chmg supplied by a backup supplier s € BS can

utilize both their normal capacity capg,, and any additional capacity cap’fm that can be

activated through a contract Y25 = 1. Depending on the cost structures, it is possible that in
an optimal solution, additional capacity is required or used before the regular suppliers reach
their capacity limits.
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ZYfzz VmeM (6.5)

SESm

Constraint (6.5) corresponded with the MS resilience strategy, which ensures that the

ordering is by at least two suppliers for each item.

sfmé&

Qime = ZQ"M VSES,VmEMVE €E (6.6)
f

Constraint (6.6) shows the balance between the quantity of items supplied and what is sent

to production centers under the scenario.

om ) W< D Q3T+ Y QR VEEFymeM,E=0 (6.7)
t S r

om ) W< D QT4 Y QT A UMSe Ve Fymemvez1 6
t S r

Constraints (6.7) and (6.8) present the required items for production in each production

center. It should be noted that items are either provided by suppliers or by recycling centers
in the reverse flow. Note that the quantity of precautionary storage (UMSfmé) under ordinary

conditions (§ = 0) is used during disruption.

Z UMSgp: < MSS,, Y € M,V EEE (6.9)
f

Constraint (6.9) establishes that the amount of items withdrawn from precautionary storage
must not surpass the quantity of items stored within the defined scenario. In essence, this
constraint ensures that the usage of items from precautionary storage remains within the

limits set by the available stored amount.
Wi < (1 — 9y )capfYs, + Oqcapr Yy VIEF ,VtET,VEEE (6.10)

Constraint (6.10) regulates the quantity of production according to the specific production
technology employed by the production center (9;: capf, Y%~ ). It's important to note that any
disruptions in production are rectified through the use of the resilience strategy BPF, within
the context of the scenario. This function aids in addressing disruption in the production

process.
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2 eCfthtg = Z besFYSE vieF,vEEE (6.11)

Constraint (6.11) ensures the required energy supply for the operations of each production

center under the scenario.

ZY’ﬁszf{ VfE FYtET (6.12)

Constraint (6.12) ensure that products in each production line are packed just with one

method.
YR < Y] VfEF,VteT (6.13)

Constraint (6.13) shows that establishing a backup facility for each production line requires

the established related production line.

zXde?gD= Wi, VfEF,VteET,VEEE (6.14)

Constraint (6.14) represents the equilibrium between the produced quantity and the flow of
products originating from each production center and destined for distribution centers within
the specified scenario. This constraint ensures that the amount of products produced matches
the amount of products being sent to the distribution centers, maintaining a harmonious

balance in the SC production and distribution processes.

Z Z detg = Z cap3, YD, VAdED,VEEE (6.15)

Constraint (6.15) is related to the capacity of each distribution center for receiving products

from production centers under the scenario.

zY§Vs1 vdeD (6.16)

Constraint (6.16) restricts each distribution center with only one capacity size defined by
different capacity levels for each center, allowing them to operate with a single designated

capacity at any given moment.

X'fawot = X{giY'fp VEEF,VAED,VtET,VpEP,VEEE (6.17)
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Constraint (6.17) defines the exact production technology and packaging type employed for
the shipment of products between each production center and distribution center within the
given scenario. In essence, it outlines the specific choices regarding how products are

produced and packaged as they move through the SC.

ZX%?&:ZXEC}’& VdeD,VteET,VpeP,E=0€EE (6.18)
f c
UPSatpe + Z X' Taips = Z X0l VAEDVtET,VpEP,VE2LEE (6.19)
f c

Constraints (6.18) and (6.19) are the product flow balance in each distribution center. In case
of disruption, the precautionary storage of end products is used, and the usage quantity in

each distribution center is UPSg¢p:.

Z UPSgipe < PSS¢p VEtET,VpEP,VEEE (6.20)
d

Constraint (6.20) ensures that the amount of end product stored in precautionary storage does
not surpass the total quantity of stored items within the specified scenario. In other words, it

prevents the utilization of precautionary storage beyond the available stored amount.

ZZ Z Xdetp: 2 dem? + [uc + vo(T — [FD]dem® VceC,VEEE (6.21)
zuc — 1| (6.22)
ceC
ZVC —1 (6.23)
cec
u.+v.<1 VcecC (6.24)

Constraints (6.21), (6.22), (6.23), and (6.24) show the demand constraints by CWU approach

with conservatism level T'.

B, @ @ _ , .
Z UG < [af® - @P- D (f® - af) Y Y Y w2 veee, 6D
d t p

VEEE
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Constraint (6.25), similar to constraint (3.14), shows the maximum number of collectible

products from customer zones. Given the uncertainty of return rate (occ) and the FCCP

approach, this constraint is satisfied with the credibility measure at confidence level P.
Z U’ < Z capX YX vkeX,vEeE (6.26)

Constraint (6.26) controls the capacity of collection centers with specific capacity level under

the scenario.

ZYIZf,Sl vkex (6.27)

Constraint (6.27) restricts each collection center with only one capacity size defined by
different capacity levels for each center, allowing them to operate with a single designated

capacity at any given moment.

N R - 6.28
Z U’ = ZUffrﬁ VkeEK,VEEE (6.28)
Constraint (6.28) is product flow balance for each collection center under the scenario.

Z Ui® < Z capXYX VreR,VEEE (6.29)

Constraint (6.29) controls the capacity of recycling centers with specific capacity level under
the scenario.

zyr%g VreR (6.30)
v

Constraint (6.30) restricts each recycling center with only one capacity size defined by
different capacity levels for each center, allowing them to operate with a single designated

capacity at any given moment.

ec’y Z UE® < z besrRYS VreRVEER (6.31)

Constraint (6.31) guarantees that there is a sufficient energy supply allocated to support the

operational needs of every recycling center within the given scenario. In simpler terms, it
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ensures that each recycling center has the necessary energy resources to carry out its activities

effectively.

@ @ 2@ . .
R < [BEY - @P— 1) (pR® - 5] ZUffrgR vreRvmenm, (632
k

VEEE
Constraint (6.32), similar to constraint (3.21), controls the quantity of recycled items in each
recycling center with respect to its recycling rate under scenario. Given the uncertainty of

fuzzy parameter of recycling rate ([?fl) and the FCCP approach, this constraint is satisfied

with the credibility measure at confidence level P.

Gz = zQ’ﬁg’z VIERVYmMEMVEEE (6.33)

Constraint (6.33) shows the balance of the quantity of recycled in each recycling center and

items sent to production centers under the scenario.

zQ’f;nZ_capj? VSES VIEF,VEEE (6.34)
z tec'stm Q'apme < Z bel'YE VseESVIEFVEEE (6.35)
ZX?&D < caply’® vfeF,vde DE€EE (6.36)
z tecia " Xiarz < z befPYE Vf€EF,vd€D,VE €E (6.37)
e
ZZXEC?&_ Capd_’c VdeED,VcECVEEE (6.38)
2 Z T Z beZyYE VdEDvCECVE R (639
UG < capy™ VeeCVKEX ,VEEE (6.40)
tec UG < Z beliXYE Ve VkeX, VEEE (6.41)

Uffré < capi™® VkeK,VreRVEEE (6.42)
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teciy " Ujgg " < Z beX*YE VKEK,VreRVEEE (6.43)
ZQ’§;§_ capiy”” VreRVfEF VEEE (6.44)
Z tec'in’ Qppme < Z beXYE VreRVIEF VEEE (6.45)

IR SR lS—)fF 1S-F 6.46
Z z ecfthté + z Z ec'r Ukrg + Z z z tecorm Q sfmé ( )
F->DvF-D D-CyD-C
+ z Z z teCd deté + z Z Z z teCf XdCtpg
f d t t
C’—ﬂ( C-K K->R1K-R
+ Z Z tecg " Uge + Z Z teCiy " Uiz
C
IR-F A1 R-F £
+Z:2:Z:tecrfm\g rfmé_ZY VEEE
r f m

Constraints (6.34) to (6.46) are related to transportation capacity and energy supply required
for transportation between different nodes of SC networks under the scenario.

6.1.1.6 Environmental Objective Function of RCLSCDP-GT Problem

Up to constraint (6.46), the model focuses on the economic objective of the problem. Equation
(6.47) considers the environmental goal of the SC concerning customer GT pointing out

minimizing the weighted sum of customer GT-non-satisfaction under the scenario (DeGTy;).

A7
Z,(8) = —z dem DeGT,. V &€ E (6.47)
Y.dem,
Where:
DeGT,. = GTI. —SCG,, VcEC,VEEE (6.48)
SCGe. = W(S)SCGé(S) +’W(T)SCGC(Z) +w(P)SCGC(§) + wBsce® (6.49)

+w®sccY vceevees

1 (6.50)
©) _ (s)
SCG, E E GPS¥QS,, Veex

Zs Zm Qsmé S

N
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Zz GSXDC veeevee
dem, e & >

1
SC6P = —=>"»"> GSXBzf veeevees (6.52)
da t p

1 (6.51)

scc =

[1]

[x

dem,
SCCE) = Z GSEYE (6.53)
1 54
SCGP = _—ZUf,g“ VCECVEEE (©.54)
c
ac.dem; <

H . dem,
In Equation (6.47), the expressmnm

customer zone c. This weight signifies the proportion of customer demand relative to the

cumulative total demand across all customer zones. In essence, it quantifies the extent to which
a customer contributes to the overall demand distribution. Equation (6.48), corresponding to

Equation (3.47), denotes DeGT, as the differences between what customers expect based on

their GTI and what SC offers them based on SCG, which should be minimized.

Equations (6.50) to (6.54) calculate SCG with respect to key indicators (supplier, technology,
packaging, energy, recycling, respectively) under the scenario. Moreover, Equation (6.53)
represents a variable that remains constant and is independent of the scenario being analyzed.
It serves as a first-stage variable in the calculation of the SCG, providing a baseline or reference

value that is not influenced by the specific scenario under consideration.

As evident from Equations (6.50) and (6.53), the decision variables linked to green suppliers
and green energy within the formulation of SCG are situated in the denominator, thereby

rendering the model non-linear. To address this complexity, the challenge is tackled by

replacing Y. Y'm Qfmé with Y. >, pmdem, , representing the aggregate required items, and

substituting Y, Y£ with Y. edem, , which denotes the overall energy requirement (where ¢
signifies the average energy needed to fulfill each unit of demand). This strategic adjustment
helps mitigate the non-linear nature of the model, facilitating more manageable computations.

Having discussed the economic goal Z, (&) and environmental goal Z,(&) within the given
scenario, the objective functions are constructed using the proposed RFSSP formulation. These
objective functions are formulated in Equation (6.55) and consider a combination of risk-averse
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and risk-neutral measures. The RFSSP formulation enables the incorporation of these measures

to effectively balance economic and environmental considerations in the optimization process.

Cost » min0; = (1 —p) Z Me21(©) +pmaxzi@ + 2¥[(1- P)(r® —r) (6.55)
§€x -
Greenness > min 0, = (1 —p) Z TL'EZZ(@ + pI?&XZZ(ﬁ)

fez

Finally, the variables of RCLSCDP-GT model with respect to RFSSP approach are as follows
in constraint (6.56):
VS VY F YO, Vi, Vi, Vi YA ug, v € {0,1) (6.56)

MSS,,, PSS,y YE € R,

S F R 1§-F F—D F-D DsC CoK 11K>R R-F
UM Sgme, UPSatpe, Qsme Wrte Grmer Q'S pme Xfaee + X fatper Xacipe Ucke » Uire ™+ Qv pme € Ry

\ SCGe, SCG, €6, 5C6L,5¢6®,SC6E, DeGT,; € [0,1]

cg c&

As can be seen, the RCLSCDP-GT model, is an MILP model implemented by CPLEX Solver
(it should be noted that the two nonlinear expressions WfféY’fw and Xde?DY’ftp, multiplication

of binary variables in continuous variables, are linearized). Given two economic and

environmental objectives, in the following, the solution method is argued.

6.2 Solution Approach

Various approaches have been explored to address Multi-Objective Decision Making (MODM)
problems. One such method is the Epsilon Constraint (EC) approach, which aims to find a set
of solutions that are Pareto optimal while satisfying certain constraints. Additionally, the AEC
approach enhances the traditional EC method by incorporating additional criteria or constraints
to improve solutions (Mavrotas, 2009). The AEC technique offers advantages over the basic
EC approach, making it a preferred choice in certain situations. The AEC method often
generates a more diverse set of Pareto optimal solutions compared to the EC method, achieved
by considering additional constraints that aid in exploring the solution space more effectively.
Moreover, the AEC method allows for an interactive trade-off analysis between objectives (see
Appendix 10.6 / Note 4).

In this research, the AEC method is employed to address the RCLSCDP-GT problem, which is
a bi-objective problem. This entails analyzing the trade-off between the objectives utilizing a
pay-off matrix. The pay-off matrix provides insights into the relationship and trade-off between
the two objectives, helping to understand potential compromises or synergies between them.

The subsequent use of the AEC method allows for the identification of Pareto front, which
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represent optimal trade-offs between the two objectives in the problem (see Appendix 10.6 /
Note 1).

This research focuses both the compensatory and the non-compensatory selection criteria in the
decision-making process known as “compensatory & non-compensatory”. These selection
approaches represent different ways of considering and evaluating solutions with respect to
multiple objectives. The objective is to strike a balance between the economic and
environmental objectives by selecting a solution that satisfies the desired trade-offs based on

the decision-maker's preferences and priorities (see Appendix 10.6 / Notes 2, 3).

6.2.1 Using the Augmented Epsilon Constraint Method

The objective function for the problem being investigated in this research, employing the AEC
method, shown in the Model (6.57), as detailed in the comprehensive explanation provided in
Appendix 10.6. This formulation is based on the insights presented in Note 4 and takes into
account the principles outlined in Model (10.33).

The methodology encompasses the consideration of both economic and environmental

objectives within specific scenarios, prioritizing the minimization of cost, as follows:

(1-p) Teeze21(8) +pmax 2y (&) +2¥[1 - P)(r® —rW)] (6.57)
min fes ~ —p—
Rl RZ
S. t.
(1- p)zngzz(é) tpmaxZ; (9 +s=e
€E

Within this framework, the economic objective serves as the primary objective denoted as
Z,(&), in the AEC method. It holds prominence within the initial stages of the analysis.
Simultaneously, the environmental objective Z,(¢) is addressed in a subsequent stage of

prioritization.

By structuring the analysis in this manner, the research employs a systematic and balanced
approach to handle the multiple objectives. The normalization of the objective function
facilitates equitable evaluation, ensuring that each objective is fairly considered within the
broader context of the problem. The methodology strategically places the economic objective
at the forefront, acknowledging its critical importance, while the environmental aspect is
thoughtfully integrated into the subsequent prioritization process. This approach harmonizes
the assessment of economic and environmental factors, contributing to a comprehensive and

insightful decision-making framework.
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6.2.2 Compensatory & Non-compensatory Selection Approach

Based on the concept of compensatory and also non-compensatory decision making in literature
(Rothrock & Yin, 2008; Von Gunten & Scherer, 2019; Yu et al., 2019), (see Appendix 10.6 /
Notes 2, 3), this research uses the combining both the compensatory and the non-compensatory
methods to find an optimal solution from Pareto set, shown in Equation (6.58). The objective
is to find a solution that balances trade-offs between objectives while also considering the

optimal values of each objective.

Based on the explanation of relative optimality deviation (ROD) in Appendix 10.6 / Note 5, the
compensatory & non-compensatory approach, as defined in Equation (6.58), serves as a
formulation for selecting the optimal solution p* € P from a set of efficient solutions obtained
through the AEC method. This research uses this criterion aiming to minimize the cumulative
deviation of both the average and maximum ROD values across the objectives. While this
research argues that decision-making based on non-compensatory selection offers greater
fairness by avoiding the disregard of specific objectives inherent in compensatory approaches,

it proposes a synergistic integration of compensator and also non-compensatory elements.

(6.58)

. . (ROD1(#9) + ROD, (2’9))
p* = argmin:

) > + max{ROD, (p), ROD,(p)}
PE

When a solution p € P is selected from a Pareto set based on the minimum sum of optimality
gaps, represented by ROD,(p) + ROD,(p), it aligns with the concept of compensatory
decision in the literature, where a solution that deviates significantly from the optimum value

in one goal can be compensated by being optimal in the other goal.

On the other hand, selecting the solution p € P based on the minimum of the maximum values
between ROD, (p) and ROD, (p) reflects a non-compensatory decision-making approach. By
minimizing the sum of relative optimal deviations for both solutions, this approach ensures that

neither solution is focused on exclusively, aiming to minimize the non-optimality of both.

4 The term "argmin" stands for "argument of the minimum." It is used to represent the input value (argument) for which a given
function attains its minimum value. In other words, the "argmin" operation finds the value of the input that results in the lowest
output value of a function.
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6.3 Summary

This chapter provided a comprehensive overview of the RCLSCDP-GT problem and its
modeling with the proposed RFSSP approach. The environmental objective function of the
RCLSCDP-GT model narrows the focus to environmental goals, demonstrating the
incorporation of green objectives. Moving forward, the AEC solution approach as the
methodology used to address the bi-objective model. The introduction of the compensatory &
non-compensatory selection approach then presents a decision-making framework that balances

the solutions obtained from AEC method.
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7 Examples and Analysis

The numerical examples in this research are divided into two parts. The first part is centered on
deterministic models implemented with nominal data, serving to showcase the validation of the
mathematical model. Within this segment, the primary objective is to verify the accuracy of the

model, followed by a comparison of the two networks.

The model under investigation, as a Mixed-Integer Linear Programming (MILP) model, is
executed using the GAMS software, specifically GAMS version 23.8.2 with GAMSIDE build
32351 / 32372. The computational process took approximately 467.23 seconds. The GAMS
Base Module was employed on a university PC running Microsoft Windows. The
computational resources available within the university's office environment were effectively
utilized for this phase of the research. Additionally, a personal laptop equipped with a Core i5
processor running at 2.40 GHz, 8.00 GB of RAM, a 512 GB SSD, Windows 10 Enterprise
operating system, and an NVIDIA GeForce MX330 graphics card was used for creating
comprehensive network diagrams with Visio, and for generating informative figures and tables
using Excel and Python. This setup underscores the versatility and adaptability of the approach,

leveraging both university resources and personal computing capabilities.

Through the meticulous analyses conducted, this chapter effectively underscores the imperative
nature of adopting a comprehensive approach to SCM. This approach takes into account
uncertainties, disruptions, and environmental considerations. By doing so, the research
emphasizes the strategic importance of devising SC strategies that not only optimize

profitability but also ensure long-term viability and environmental alignment.

7.1 Economic vs. Environmental Network

The current research has generated two network diagrams illustrating the CLSCDP and
CLSCDP-GT model. These diagrams encompass various components, including 2 suppliers
(S), 3 factories or production centers (F), and 5 distribution centers (D) categorized by small,
medium, and large / big capacity levels. Additionally, there are 20 customer zones (C), as well
as 5 collection centers and 5 recycling centers, each categorized by small, medium, and big
capacity levels. Moreover, the model integrates three distinct modes of energy, three packaging

types, and three production technology types.

Figure 7.1 represents an SC with purely economic objectives (CLSCDP), while the Figure 7.2
includes environmental objectives (CLSCDP-GT). It compares the two diagrams to
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demonstrate that when objectives are not solely economic, the closed-loop SC incorporates
environmental goals, resulting in different outcomes more compatible with environment argued

in the following.

= Economic Model

Based on the objective function in Equation (3.1), the minimum cost is determined to be
"72890". The closed-loop SC network model, depicted in Figure 7.1, shows that two types of
materials are obtained from selected suppliers and sent to production centers. The model
considers three production technologies with varying greenness scales and fixed costs (T1<T>
<T3s), as well as packaging types (P1<P2<P3). The optimal network configuration selects factory
2 for production line T» and packaging type P2. The CLSCDP parameters in GAMS are detailed
in Appendix 10.7, while the results of the decision variables are presented in Appendix 10.8.

The SC network also includes distribution centers, which can be established with different
capacities (small, medium, and big) in potential locations. Based on the model, one medium
distribution center in location 2 and three small distribution centers in locations 3, 4, and 5 are
selected to deliver products to customer zones. The network ensures that all customer demands
are met, and products are distributed to 20 customers.

In the reverse flow, collection centers with different capacities are established in potential
locations. The model selects a small collection center in location 1 to collect used products from
customers and forward them to recycling centers. Finally, a small recycling center in location
2 is established to send recycled items back to the factory.

The optimal network configuration in Figure 7.1 highlights that when the SC network focuses
on minimizing costs, it relies on fossil fuels as the most economical source of energy, despite
their environmental harm (All additional outputs related to material flow and product flow for

direct and reverse flow can be found in Appendixes 10.9 and 10.10).
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12 13

Figure 7.1: Optimal CLSCDP with Economical Focus

Nllzj;gﬁign??lin Description of Output Appendix 10.9

1 Selected supplier to provide items M1, M2 (A10.2)

2 No factory -

3 Eflpc;o;z/ 2: Utilizing Production Technology T, and Packaging (A10.3) , (A10.4)
4 Potential location of distribution centers -

5 Established distribution center: medium capacity (A10.5)

6 Established distribution center: small capacity (A10.5)

7 Customer zone -

8 Established collection center: small capacity (A10.6)

9 No collection center -

10 No recycling center -

11 Established recycling center: small capacity (A10.7)

12 Energy supply via Fossil fuel sources (selected) (A10.8)

13

No Biomass sources
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14 No renewable energy or natural resources -

15 Material flow from suppliers Si, S; to factories (A10.13)

1o | ot ow o ftory 2w prohcton snlooy T2 | (aso.16) 41019
17 Product flow from distribution centers to customer zones (A10.16)

18 Product flow from customers to collection center K (A10.17)

19 product flow from collection center K to recycling center R (A10.18)

20 ]Iflg?ls)uct flow from recycling center R, to factory (reverse (A10.19)

Table 7.1: Description of Output of CLSCDP Model

=  Environmental Model

In this example, the closed-loop network aims to satisfy customer GT or minimize GT-non-
satisfaction. The CLSCDP-GT parameters in GAMS are detailed in Appendix 10.9, while the
results of the decision variables are presented in Appendix 10.10. Moreover a schematic

representation is found in Figure 7.2.

For this example, GTI and GPS data are randomly generated between 0 and 1. In real cases, this
research offers a questionnaire and utilizes the WASPAS method which could be used for a real
case. The GT-non-satisfaction is calculated at 0.003 reffered to Appendix 10.10 / A20.

The network selects optimal flows to satisfy customer GT, although slight Non-satisfaction is
observed among customers 4, 15, and 18 (see Appendix 10.10 / A10.21). It is worth noting that
the green suppliers and energy aspects of the SC are not influenced by customer perceptions,

while technology, packaging, and recycling are dependent on them.

Figure 7.2 illustrates the optimal network configuration, where materials are sourced from two
selected suppliers and produced using greener technology and packaging types. All distribution
centers have a big capacity level, and collection centers are available with different capacity
levels. In the reverse flow, recycling centers resend material back to factories. The energy
supply is provided by a combination of fossil fuels and renewable sources, aligning with the

environmental objectives of the network (see Appendix 10.10).
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Figure 7.2: Optimal CLSCDP-GT with Environmental Focus




148

The pay-off matrix in Appendix 10.11 presents a conflict between economic and environmental
objectives illustrating that the minimum cost achieved is 72890 when focusing on economic
goal, while the worst-case occurs at 135037 when prioritizing the environmental goal. In terms
of GT-non-satisfaction, the optimum value is 0.003 when environmental objective is
emphasized. Conversely, when the focus is on cost minimization, the GT-non-satisfaction

reaches its highest level of 1.000.

The solution resulted from AEC method and Pareto solutions are presented in Appendix 10.12,
In stage 9, it is observed that with a slight increase in GT-non-satisfaction from 0.003 to 0.114,
the cost decreases from 117609 to 73562. This solution can be considered the best when
minimizing cost is the primary goal (see Appendix 10.13).

The purpose of these two comparisons was to emphasize that environmental objectives can
receive attention and consideration, even with slight changes in costs. By highlighting the trade-
offs between economic and environmental factors, it is possible to demonstrate that
incorporating environmental goals into the decision-making process may require minor cost

adjustments.

7.2 Analysis of the RFSSP Model

The following example serves to illustrate the application of the RFSSP approach in the context
of a RCLSCDP-GT model.

It is important to note that the data employed in this example has been generated randomly to
elucidate the methodology evaluation process. Throughout various sections, specific tables are
integrated to present the economic objective, which refers to the total SC profit. This
presentation methodology is designed to provide a clearer understanding of the results. The
computation of profit involves multiplying the unit cost of each product, as determined by the
model's output, by its corresponding price. The resulting revenue is then subtracted from the

total SC cost to yield the final profit value.

Furthermore, the second objective function as GT-non-satisfaction, ranging between 0 and 1,
is converted into an expression of GT-satisfaction for greater clarity. This conversion involves
subtracting second goal from 1 and then multiplying the resultant value by 100. By doing so,
the GT-satisfaction percentage is obtained, offering a tangible representation of the extent to
which the SC network aligns with customer expectations for environmental friendliness. This

conversion enhances the interpretability of the results and provides a more intuitive measure of
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the SC performance in meeting greenness goals. As a result, in some of the subsequent analysis,
the economic objective refers to profit, while the environmental objective is represented by
customer GT-satisfaction, expressed as a value between 0 and 100. This value signifies the

percentage of customer GT-satisfaction achieved through SC decisions.

The objective of this example is two-fold: it aims to demonstrate the process of parameter
tuning to optimize profits, as well as to illustrate how the proposed method performs when
robustness or resilience strategies are integrated into the models. To facilitate a comprehensive
understanding and analysis of the proposed approach, the following tables and figures have
been included. These visual aids serve to provide a more detailed explanation, offer thorough
analysis, and showcase the practical application of the methodology.

In essence, this example serves as a practical illustration of how the proposed method can be
employed to fine-tune parameters / coefficients and how it performs under different scenarios,
considering the principles of robustness and resilience. The visual representation through tables
and figures enhances the clarity of the explanation, making it easier to comprehend the

intricacies of the approach and its application in real-world scenarios.

7.2.1 Tuning the Robustness Coefficients

Prior to the implementation of the proposed RFSSP Model (5.13), it is necessary to tune the
robustness coefficients within the objective function of the RFSSP model:

v  min (1 -p)Yeezm:0¢ +p r?ggi O¢ + Z‘P[(l — IP’)(T(Z) — r(l))]

> Risk aversion coefficient (p): The risk aversion coefficient, or coefficient of conservatism,
is associated with the worst-case cost scenario, corresponding to the maximum cost or
minimum profit. It can also be related to the importance of risk-averse measures compared
to risk-neutral measures. The conservatism coefficient reflects the level of caution or
conservatism in decision-making, indicating the extent to which the model prioritizes risk
mitigation or minimization of potential losses. A higher conservatism coefficient
emphasizes avoiding worst-case decisions, while a lower coefficient allows for more
flexibility and risk tolerance. The importance coefficient of the risk-averse case signifies
the relative significance given to conservative decision-making compared to a more neutral

approach that may accept higher risks for potential gains.
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> Robustness coefficient related to fuzzy constraints (¥): The robustness coefficient related
to fuzzy constraints quantifies the degree of tolerance or flexibility within the system to
accommodate uncertainties represented by the fuzzy constraints. When this coefficient is
high, it indicates a greater capacity of the system to withstand variations or deviations from
the specified constraints, resulting in a more robust and conservative approach to decision-

making.

It is important to note that parameter I" in the RFSSP model associated with the conservatism
level in the worst-case for demand uncertainty is temporarily set to I' = 0, and it will be
discussed in a separate section. In the following, parameters p and W are tuned with a

sensitivity analysis approach.
* Fine-Tuning of p

Table 7.2 presents the findings of sensitivity analysis for both the expected profit and minimum
profit concerning the robustness coefficient p. These results are further visualized in Figure 7.3.
It can be observed that as the coefficient p increases, the minimum profit shows an upward
trend, while the average profit experiences a decline. Consequently, achieving an optimal
balance requires tuning p to slightly reduce the expected profit yet substantially improve the

minimum profit. Thus, the value p = 0.5 is marked as the most suitable choice.

| Min Profit/ Rateof |  Rateof
p Expected Profit Expected Profit | Minimum Profit
Worst-case Reduction Increase
0 180.54 121.62 0 0
0.1 179.58 124.42 0.53 2.31
0.2 178.35 128.07 1.21 5.31
0.3 176.19 133.04 241 9.39
0.4 173.77 136.14 3.75 11.94
0.5 172.61 139.26 4.39 14.51
0.6 169.34 142.79 6.20 17.41
0.7 165.12 144.76 8.54 19.03
0.8 164.04 147.98 9.14 21.68
0.9 159.51 149.04 11.65 22.55
1 154.20 150.30 14.59 23.59

Table 7.2: Results of Sensitivity Analysis for Coefficient p in the RFSSP Model
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Figure 7.3: Analysis of Expected and Minimum Profit with Coefficient p

Balancing risk aversion in the objectives of RCLSCDP-GT

In the objective function of minimizing cost (0,), a higher value of p implies a greater degree
of risk aversion. This means that the decision-maker is more cautious and conservative in their
approach, prioritizing the reduction of potential losses or adverse outcomes. With a high p , the
decision-maker seeks to minimize the downside risks associated with cost, preferring stable and
predictable outcomes even if it means sacrificing potential gains. For instance, in a scenario, a
risk-averse approach to cost minimization may involve investing in redundant capacity or

maintaining higher inventory levels to mitigate the risk of stock outs or disruptions, even though
it incurs additional expenses.
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A higher p in the objective function of minimizing dissatisfaction of customer (0,), signals a
strong commitment to aligning the SC outputs with customer expectations on environmental
standards, potentially at the expense of higher operational costs and reduced flexibility. In
practice, this could mean prioritizing reliable and environmentally friendly deliveries, investing
in sustainable customer service infrastructure, or implementing rigorous quality control

measures to minimize any risk of failing to meet green standards.

While the risk aversion in minimizing costs primarily manages financial risks and uncertainties
related to operational decisions, the risk aversion in minimizing customer dissatisfaction
concerning greenness tendencies focuses on upholding high environmental standards and
customer satisfaction. Each objective incorporates risk aversion, yet they manifest differently
and address distinct facets of organizational performance. The optimal value of p can vary
depending on the specific context, organizational priorities, and the relative importance

assigned to cost reduction versus enhancing customer satisfaction.

In essence, p serves as a crucial determinant of the decision-maker's risk attitude across these
objectives. When p is high, indicating a risk-averse stance, the model prioritizes minimizing
downside risks and ensuring stable outcomes. This approach is particularly relevant in scenarios
with significant potential for adverse events or market volatility. Conversely, a low p suggests
a lesser degree of risk aversion, allowing decision-makers to embrace higher uncertainty in
pursuit of potential rewards, suitable in contexts such as new market exploration or innovative

product offerings.

» Fine-Tuning of ¥

Table 7.3 displays the results of tuning the coefficient ¥, which is related to the penalty for
fuzzy constraint violation. A high value of ¥ indicates a higher feasibility of the model. To

achieve a reasonable balance, it is advisable to reduce ¥ and accept a slight level of risk.

The model is solved for ¥ > 0, and with % > 8, the total fuzzy constraints violation is zero
(or the worst-case is considered for fuzzy constraints), indicating complete robustness. In other
words, when ¥ > 8, the high penalty cost ensures full feasibility of the solution, resulting in
the maximum total cost. On the other hand, reducing ¥ to 6 leads to a significant cost decrease

(approximately 16%), with the model robustness remaining relatively stable at around 93%.

However, when ¥ < 6, although the total cost decreases further, the constraint violation

increases significantly, and the model robustness decreases sharply. Figure 7.4 provides a visual
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representation, indicating that ¥ = 6 is an appropriate tuning of ¥, striking a balance between

cost reduction and maintaining model robustness.

Wy Cost Cost Reduction (%) Fuzzy_ Constraint Model Robustness
when¥ = 8 Violation (%) when¥ =0
0 146.95 20.54 1528 0
1 149.57 19.12 1227.44 19.67
2 150.20 18.78 1007.41 34.07
3 151.55 18.05 754.07 50.65
4 153.29 17.11 380.17 75.12
5 153.29 17.11 266.49 82.56
5.5 153.94 16.76 207.35 86.43
6 155.45 15.94 106.81 93.01
6.5 158.97 14.04 69.98 95.42
7 164.20 11.21 33.16 97.83
7.5 171.60 7.21 13.45 99.12
>=8 184.93 0 0 100

Table 7.3: Results of Sensitivity Analysis for Coefficient ¥ in the RFSSP Model
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7.2.2 Result of AEC Method

The proposed RFSSP model is a bi-objective optimization problem, which requires the use of
the AEC method to obtain the Pareto set of economic and environmental goals. Initially, each
optimal solution is calculated independently, disregarding the other goal. Subsequently, the
pay-off matrix is derived to analyze the trade-offs between the objectives. Table 7.4 presents
the results of the pay-off matrix, while Table 7.5 provides detailed information about the value

of each objective function (see Appendix 10.6 / Note 4).

Pay-off SC-Profit GT-Satisfaction
SC Profit 276.34 151.86
GT-Satisfaction 31.65 97.35

Table 7.4: Profit vs. GT-Satisfaction Pay-off Matrix

Objectives Best Value Worst Value Variation Range
) Profit = 276.34 Profit = 151.86
Economic 124.48
Cost =104.54 Cost =229.02
. GT-Satisfaction = 97.35 GT-Satisfaction = 31.65
Environmental - _ a - 65.70
GT-non-satisfaction = 2.65 | GT-non-satisfaction = 68.35

Table 7.5: Objective Variation Range: Results of Best and Worst Values

Table 7.6 shows, the solution I = [276.34,97.35] is considered as the ideal / best solution
(best value, individually) for both economic and environmental goals. To calculate the gap or
Relative Objective Deviation (ROD) for each Pareto solution, the difference between each
objective function value and its corresponding best or ideal value is divided by the variation
range R = [124.48,65.70]. The variation range represents the difference between the best and
worst values for each goal. This process yields the ROD for each solution. In Table 7.6, the
Pareto solution set p obtained through the AEC method is presented along with the
corresponding ROD for each solution p € P (see Appendix 10.6 / Note 5).

ROD . Environmental . . .
(Environmental) ROD (Economic) (GT- Satisfaction) Economic (Profit) Pareto Solution
1.00 0.00 31.65 276.34 1
0.91 0.14 37.84 259.45 2
0.79 0.29 45.54 240.86 3
0.64 0.46 55.05 218.65 4
0.53 0.60 62.65 201.64 5
0.31 0.65 76.94 195.81 6
0.26 0.73 80.12 185.65 7
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0.20 0.82 84.17 174.86 8
0.14 0.85 87.90 170.13 9
0.11 0.89 90.13 165.65 10
0.05 0.92 93.78 161.73 11
0.03 0.95 95.56 157.86 12
0.01 0.98 96.78 154.38 13
0.00 0.99 97.05 152.67 14
0.00 1.00 97.35 151.86 15

Table 7.6: Pareto Solution of AEC Method within its ROD from Ideal Solution

Furthermore, Figure 7.5 demonstrates that reducing the profit from its maximum value of
276 to around 200 results in a considerable improvement in customer GT-satisfaction, by more
than 100% (increasing from 30% to 60%). The compensatory & non-compensatory approach
will be further explained in the next section to select an optimal solution from the Pareto optimal

solutions.

300
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Figure 7.5: Pareto Front of AEC Method

7.2.3 Exploring the Optimal Solution

Table 7.7 presents the ROD criteria for each Pareto solution, considering the ideal solution:
I = [276.34,97.35] and the variation range R = [124.48,65.70] for both economic and
environmental objectives. Based on the explanation in Section 6.2.2 the compensatory and non-

compensatory selection methods are determined as follows:

(RODEconomic () +RODEgnyironmental (#7))

v" Compensatory —

2
v Non — compensatory - maX{RODEconomic (37)' RODEnvironmental (39)}
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Turn to Equation (6.58), then consider the Pareto solutions within the setp € P = {1,2,3, ...,15}
examined to identify the one that yields the lowest value according to the given formulation.
This particular solution is then designated as the optimal solution. More explicitly, It is

denoted as p* = argmin[F (p)], signifying the chosen optimal solution obtained through a
pEP

process of minimizing the formulation F(p) across the set of available Pareto solutions.

RODEconomic( )+RODEnvirunmental( )
‘/ F(p) = [( z 2 i ) + maX{RODEconomic (W): RODEnvironmental (p)}:l

Table 7.7 presents the F(p) of each Pareto solution. The solution p* = 6 is selected as

optimum based on the minimum.

Pareto Solution (RODE“’““"‘“ (#7) +2R0D”'”“’°""‘e“‘“' (#7)) max{RODEmmmiC (;9), RODEnvim“memal (;9)} F(}?)
1 0.50 1.00 1.50

2 0.52 0.91 1.43

3 0.54 0.79 1.33

4 0.55 0.64 1.20

5 0.56 0.60 1.16

6 (p") 0.48 0.65 1.13
7 0.50 0.73 1.22

8 0.51 0.82 1.32

9 0.50 0.85 1.35
10 0.50 0.89 1.39
11 0.49 0.92 1.41
12 0.49 0.95 1.44
13 0.49 0.98 1.47
14 0.50 0.99 1.49
15 0.50 1.00 1.50

Table 7.7: Calculation of Compensatory and Non-compensatory Solutions
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7.3 Insights into the RFSSP Approach

In this section, an examination of the RFSSP model is conducted, encompassing various
dimensions such as customer environmental preferences, the evaluation of resilience strategies,
and the importance of robustness. This comprehensive analysis sheds light on the model's
effectiveness in addressing real-world SC challenges.

7.3.1 Importance of Customer GT-Satisfaction Goal

In this section, the importance of the objective of incorporating customer green preferences into
the proposed approach is highlighted. The significance of understanding and valuing customer
green preferences is emphasized, as it plays a crucial role in enhancing the overall sustainability
and environmental performance of the SC. By aligning decisions with these preferences, higher
levels of customer satisfaction can be achieved, stronger relationships with environmentally
conscious customers can be fostered, and a more sustainable and responsible business operation

can be promoted.

When the importance of customer GT-satisfaction is analyzed, the long-term positive impact of
maximizing customer GT-satisfaction as an environmental goal on the SC's profit is explained.
It is argued that in the long run, customer GT-satisfaction is not solely an environmental
objective but also an economic one, as it contributes to loyalty, increased customer retention,
and higher profitability for the SC. The integration of customer GT-satisfaction into the
decision-making process is demonstrated to be a win-win strategy, benefiting both the

environment and the economic performance of the SC.

The presented argument in Chapter 6 highlights the conflict between maximizing SC profit
(economic goal) and maximizing customer GT-satisfaction (environmental goal), as evident in
the pay-off matrix and the Pareto front of the AEC method. Improving one goal leads to a
deviation from optimality in the other. For instance, in the first row of Table 7.6, when solely
focusing on the economic goal, the optimum profit is P = 276.34, while GT-satisfaction

reaches a minimum value S = 31.65 (see Section 7.2.2).

On the other hand, the Pareto solution (P* = 195.81,5* = 76.94) found by this research
emphasizes the importance of GT-satisfaction compared to a solution where GT-satisfaction is
not a primary concern (see Section 7.2.3).

To assess the significance of customer GT-satisfaction, consider the scenario where GT-non-

satisfaction results in a decline in long-term demand (D) due to their unwillingness to procure
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from the SC. This long-term demand (D) is modeled as a linear function of current demand

D,) and customer GT-non-satisfaction (100 — S), with the dependency rate denoted by k.

In this research, the dependency rate x in Equation (7.1) is defined as the percentage of current
demand decrease caused by a 1% increase in GT-non-satisfaction. The formulation for long-
term demand (D) is given as follows:

D =D, (1 - %(100 - 5)) (7.1)

Where:

D= Long-term demand

D, = Current demand

S = Customer GT-satisfaction

K = Dependency rate for 1% of GT-non-satisfaction

Indeed, the parameter k > 0 is directly linked to the significance of considering customer GT-

satisfaction. When k = 0, it indicates that customer GT-satisfaction has no short-term or long-
term economic justification. In this scenario, the second goal only holds relevance from an
environmental standpoint, and its impact on the economic aspect is negligible. The value of k
serves as a crucial factor in understanding the economic implications of prioritizing customer

GT-satisfaction within the proposed approach.

When k > 0, it leads to a reduction in demand at %(100 — S), resulting in a loss in part of
the SC's revenue. Consequently, this reduction can potentially lead to a decrease in net profit.
In Table 7.8, the actual long-term profit of the SC is compared for values of 0 < x < 1.5,

considering two solutions:

1. Solution (P = 276.34, S = 31.65), which prioritizes only the economic goal and does not

emphasize environmental goal (only economic goal).

2. Solution (P* = 195.81, S* = 76.94) offered by this research, which illustrates a trade off

between the economic and environmental goals (considering GT-satisfaction).



The purpose of this comparison is to highlight the impact of considering customer GT-
satisfaction (through the selected solution) on the SC long-term profit, in contrast to the solution
where GT-satisfaction is not given prioritys. By recognizing this trade off and incorporating

GT-satisfaction, the SC can better understand the implications and benefits of considering both
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economic and environmental goals in its decision-making process (see Figure 7.6).

Non-GT-Satisfaction GT-Satisfaction
K Short-term Long-term Reduction of Short- term Long-term Reduction of
Profit Actual Profit Profit Profit Actual Profit Profit
0.0 276.34 276.34 0 195.81 195.81 0
0.2 276.34 241.84 34.5 195.81 185.27 10.54
0.4 276.34 220.22 56.12 195.81 178.25 17.56
0.6 276.34 190.80 85.54 195.81 172.75 23.06
0.8 276.34 165.80 110.54 195.81 166.40 29.41
1 276.34 130.68 145.66 195.81 149.30 46.51
1.2 276.34 90.70 185.64 195.81 129.40 66.41
14 276.34 45.69 230.65 195.81 110.16 85.65
15 276.34 12.28 264.06 195.81 97.62 98.19

Table 7.8: Profit Reduction Comparison: GT-Satisfaction vs. Non-GT Satisfaction
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Figure 7.6: Profit Comparison Based on GT-Satisfaction and Different

5 Example: D, = 1000

Case 2: S = 90,90% GT satisfaction, dependency rate x = 2 - D = 800

{Case 1: § = 100, completely GT satisfaction - D = 1000 (no reduction in long term demand )

Case 3: S = 90,90% GT satisfaction, dependency rate x = 0.2 = D = 980
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7.3.2 Importance of Adopting Resilience Strategies

In the context of problem modeling and the proposed RFSSP approach, this research
simultaneously employs five resilience strategies (MS, BSC, RMP, FPP, and BPF) to face
supply disruption and production disruption. This section examines the individual and
combined significance of each strategy. To achieve this, this research assess the impact of
eliminating each strategy one by one and calculate the percentage increase in both worst cost
and expected cost under various scenarios. The findings are presented in Table 7.9, which

illustrates the percentage of increase in the worst and expected costs when each strategy is
removed.

The results highlight a noteworthy observation: if all strategies are eliminated simultaneously,
the SC costs experience a substantial increase (with an average of 9.36% and a maximum of
17.05%).

Removed Resilience Strategy MS BSC RMP FPP BPF All
Expected cost increase (%) 154 2.54 461 3.54 1.71 9.36
Worst cost increase (%) 3.04 4.61 6.54 5.22 2.94 17.05

Table 7.9: Resilience Strategy Elimination: Results for Expected and Worst Costs

Figure 7.7 and Figure 7.8 provide verification of the significance of each resilience strategy
concerning both worst costs and expected costs. The data clearly demonstrate that the RMP and
FPP strategies hold greater importance compared to the other strategies. Moreover, removing

these two strategies results in higher costs in comparison to the elimination of other strategies.

10

N

Expected Cost Increase (%)

o

MS  Bsc .
RMP™ pp
BPF

All

Removed Resilience Strategy

Figure 7.7: Impact of Resilience Strategy Removal on Expected Cost (%)
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Worst Cost Increase (%)

All

Removed Resilience Strategy

Figure 7.8: Impact of Resilience Strategy Removal on Worst Cost (%)

7.3.3 Importance of the RFSSP Model

This section begins by defining an evaluation criterion to measure the effectiveness of the

approach.

The evaluation process involves comparing the value of the RFSSP approach with a scenario
where uncertainty is not managed, in which the nominal data are used for parameters. This

allows us to understand the impact of uncertainty on the performance of the approach.

Furthermore, this research delves into the analysis of the parameter I within the proposed
RFSSP model, associated with the CWU approach. I' represents the percentage of customers
whose demands are fulfilled through the robustness approach. This analysis provides insights
into the efficiency and applicability of the RFSSP model in managing uncertain demand

requirements.

= Description of the Evaluation Criterion in the RFSSP Model

In the proposed RFSSP approach, as previously discussed, the model's robustness against
disruption scenarios, fuzzy constraints, and interval demand is controlled by three key
parameters: p, ¥, and I". For the current implementation, the values of p and ¥ were set to 0.5
and 6, respectively. The demand is considered using its nominal value, leading to I' = 0, as

further elaborated in the subsequent section.

To assess the performance of the RFSSP model, this research quantifies its parameters and then

conducts a comparative analysis with the nominal approach using two evaluation criteria. This
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evaluation enables us to gain insights into the effectiveness and robustness of the RFSSP

approach in managing SC disruptions and uncertainties.

This section elaborates on the evaluation criteria to assess the effectiveness of the proposed
approach, denoted as “M* in solving the RCLSCDP-GT problem. Let zg"ﬁ represent the

objective value of scenario & € Z, where p is an observed alternative for fuzzy parameters.

Additionally, z;; denotes the optimal value of the objective function under scenario ¢ based on

the related simulation or realization.

The value and significance of approach "M" (RFSSP approach in this research or any other
method) are determined by the extent to which zg"ﬁ deviates from z; 5 without violating any
constraints. To put it differently, approach “M*“ holds greater value when the disparity between
|25 — 2| (Mmeasured in terms of the objective function) and |py — | (pertaining to the

parameter perspective, with py; chosen for the fuzzy parameter) is minimized to a greater

extent.

To quantitatively evaluate the worth of approach "M", two evaluation criteria are employed, as
described in Equations (7.2) and (7.3):

Criterial = Z 1TE(|z£’[13 — zg'§| + qJ|pM — p_El ) (7.2)
=
Criteria2 = 1%1254 n§(|z£’[§ - zg'§| + l}’|pM — p—§| ) (7.3)

Where, ¥ = 6 was previously determined as a penalty for fuzzy constraint violations. A lower
value of criteria 1 and 2 indicates that approach "M" holds greater value and effectiveness in
solving the RCLSCDP-GT problem. As stated earlier, the proposed RFSSP approach is
compared to the nominal approach, which considers the expected values of uncertain
parameters. In each simulation or realization, a known set of parameters is considered, and the
RFSSP model, as well as the nominal model, is implemented to obtain their respective optimal
solutions. Table 7.10 provides a comprehensive comparison of results derived from various
realizations, effectively highlighting the consistent superiority of the RFSSP approach over the
nominal alternative in terms of profit generation. In essence, the RFSSP approach consistently

outperforms the nominal approach by generating higher profits across most realizations.

To provide a deeper understanding, this part delves into the concept of the optimality gap. In a
majority of realizations, the optimality gap, which refers to the deviation between the RFSSP

solution and its corresponding realization, is smaller when compared to the deviation between
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the nominal approach and the same realization. This crucial insight indicates that the nominal

approach displays a higher degree of deviation, which can be substantially mitigated by the

incorporation of the robust approach.

. . Optjmal Opt.imal Optimality gap Optimality gap
Realization® QIR BTeIL saltoict solution of of RFSSP from | of nominal from
of realization RFSSP nominal o L
realization’ realization?
approach approach
1 180.8 166.4 156.7 8.0 13.3
2 195.6 174.8 153.4 10.6 21.6
3 132.8 124.6 119.1 6.2 10.3
4 159.3 145.3 135.4 8.8 15.0
5 243.1 231.9 183.5 4.6 24.5
6 123.4 108.7 112.9 11.9 8.5
7 213.6 1974 144.1 7.6 32.5
8 157.2 128.2 119.0 18.4 24.3
9 205.7 192.3 174.9 6.5 15.0
10 184.5 164.8 173.1 10.7 6.2
11 192.1 154.7 131.3 19.5 31.7
12 138.3 126.6 102.4 8.5 26.0
13 234.2 213.4 148.7 8.9 36.5
14 116.4 110.3 101.6 5.2 12.7
15 169.0 147.3 153.2 12.8 9.3
16 148.5 121.3 103.6 18.3 30.2
17 129.3 118.5 109.7 8.4 15.2
18 225.1 201.1 144.7 10.7 35.7
19 1245 1125 102.3 9.6 17.8
20 143.9 129.6 105.9 9.9 26.4
21 159.2 1324 140.1 16.8 12.0
22 183.9 157.6 114.2 14.3 37.9
23 135.2 123.7 111.6 8.5 17.5
24 238.7 198.5 158.0 16.8 33.8
25 1775 141.1 153.4 20.5 13.6
26 211.6 187.5 135.1 11.4 36.2
27 188.5 177.3 161.4 5.9 14.4
28 212.1 171.9 143.2 19.5 32.5
29 167.3 149.7 131.9 10.5 21.2
30 192.7 180.4 177.4 6.4 7.9
Average Gap — Criteria 1 11.2 21.3
Worst (Max) Gap — Criteria 2 20.5 37.9

Table 7.10: Optimality Gap: Robust vs. Nominal Model with Realizations

5 In this context, a "realization" refers to a specific instance or scenario in which the SC system is subjected to various parameters, uncertainties,
and constraints. Each realization represents a unique combination of these factors that influence the behavior and performance of the SCs

7 The "optimality gap of RFSSP from realization" refers to the difference between the objective value obtained from the RFSSP approach and
the corresponding optimal solution for a given realization. In other words, it measures the extent to which the solution obtained through the

RFSSP approach deviates from the optimal solution in terms of the objectives.

8 The "optimality gap of nominal from realization" refers to the difference between the objective value obtained from the nominal approach
and the objective value of the corresponding realization. In essence, it measures the degree of deviation between the solution provided by the
nominal approach in which expected value is considered for all uncertain parameters and the actual outcome for a given scenario or realization.
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Figure 7.9 and Figure 7.10 visually depict the optimality gap for both the robust and nominal
models across a range of realizations. These graphical representations further reinforce the
consistency of the RFSSP method's improvement over the nominal approach. Across most
realizations, the RFSSP approach effectively narrows the optimality gap, demonstrating its

adeptness in offering superior solutions.

Taken together, these findings unequivocally underline the inherent value and superiority of the
RFSSP approach. This methodology not only adeptly handles the challenges posed by
parameter uncertainty and SC disruptions but also consistently delivers solutions that are more

robust, reliable, and superior compared to the traditional nominal approach.
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7.3.4 Importance of the CWU Approach

This section aims to validate the effectiveness of the proposed CWU approach in dealing with
interval demand uncertainty, building upon the previous analysis. The key parameter of this
approach, I, represents the number or percentage of uncertain parameters considered at their
worst-case. It is presented as a percentage, where I' = 10% equals 10% * 100 = 10, with
100 being the customer zone with uncertain demand. To evaluate the proposed CWU approach,
the demand is randomly quantified for 30 realizations, and the optimal objective value of each
realization is calculated. This is then compared with the solutions of the proposed CWU
approach and the nominal approach for various values of I". The range for I is set between 0%
(representing the nominal approach) and 100% (worst-case). The results presented in Table
7.11 and Figure 7.11 indicating that the proposed CWU approach performs optimally when I
is between 0.4 and 0.6. At these values, both the average and maximum deviation (optimality
gap) are lower compared to other values of I'. When I" is set below 0.4 (e.g., I’ = 0 or the

nominal approach), the optimality gap increases, which is undesirable.

g Tés é RFSSP Solution with I Optimality Gap for Different I

& =

g SE | 0 02|04 06|08 1 0 | 02 04|06 08/ 1
o o

1 180.8 138.3 | 165.1 | 1643 | 1614 | 1564 | 1536 2351 | 868 | 913 | 10.73 | 135 | 15.04
2 195.6 144.8 | 1632 | 1815 | 1821 | 184.1 | 1812 2597 | 1656 | 7.21 6.9 588 | 7.36
3 132.8 921 | 1027 | 1257 | 117.7 | 1132 | 109.8 30.65 | 22.67 | 535 | 1137 | 1476 | 17.32
4 159.3 1104 | 1284 | 1463 | 1495 | 1439 | 1385 307 | 194 | 816 | 6.15 | 9.67 | 13.06
5 243.1 190.7 | 209.5 | 231.4 | 2227 | 2163 | 2139 2155 | 1382 | 481 | 839 | 11.02 | 1201
6 123.4 813 | 914 | 1093 | 1101 | 1126 | 109.3 3412 | 2593 | 1143 | 10.78 | 875 | 1143
7 213.6 155.2 | 1763 | 196.7 | 1986 | 1932 | 1875 27.34 | 17.46 | 791 | 7.02 | 955 | 1222
8 157.2 105.0 | 124.4 | 147.3 | 1388 | 130.1 | 1265 3321 | 2087 | 6.3 117 | 17.24 | 19.53
9 205.7 158.3 | 191.2 | 190.8 | 187.6 | 184.0 | 181.2 234 | 705 | 7.24 88 | 1055 | 1191
10 1845 137.9 | 1521 | 1736 | 1649 | 1605 | 156.3 2526 | 17.56 | 591 | 1062 | 13.01 | 15.28
11 192.1 142.7 | 1545 | 1748 | 1752 | 177.3 | 1812 2572 | 1957 | 9.01 8.8 7.7 5.67
12 138.3 97.6 | 1083 | 127.7 | 1291 | 1243 | 1203 2943 | 2169 | 7.66 | 665 | 10.12 | 13.02
13 234.2 183.2 | 201.2 | 2248 | 2158 | 2104 | 2073 2178 | 1409 | 401 | 7.86 | 10.16 | 11.49
14 116.4 734 | 848 | 1035 | 1042 | 1065 | 1032 36.94 | 27.15 | 11.08 | 10.48 | 851 | 11.34
15 169.0 121.6 | 1553 | 1542 | 151.7 | 1483 | 1463 2805 | 811 | 876 | 1024 | 1225 | 1343
16 1485 102.4 | 1185 | 139.1 | 1309 | 1261 | 1231 31.04 | 202 | 633 | 1185 | 1508 | 171
17 129.3 837 | 957 | 1165 | 1189 | 1145 | 1114 3527 | 2599 | 9.9 804 | 1145 | 1384
18 225.1 188.4 | 2141 | 2132 | 221.8 | 2086 | 205.7 163 | 489 | 529 | 591 | 733 | 862
19 1245 826 | 914 | 1137 | 1158 | 1121 | 109.0 3365 | 2659 | 867 | 699 | 996 | 1245
20 143.9 935 | 1096 | 1363 | 127.1 | 1238 | 120.3 35.02 | 2384 | 528 | 1167 | 1397 | 164
21 159.2 111.6 | 1254 | 1454 | 1487 | 1426 | 1387 29.9 | 21.23 | 8.67 6.6 | 10.43 | 12.88
22 183.9 167.2 | 164.8 | 1637 | 1612 | 1575 | 154.2 9.08 | 10.39 | 10.98 | 12.34 | 1436 | 16.15
23 135.2 913 | 1065 | 127.6 | 1187 | 1144 | 1104 3247 | 2123 | 562 | 122 | 1538 | 1834
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24 238.7 172.4 | 1921 | 2109 | 2121 | 2159 | 2116 27.78 | 1952 | 1165 | 1114 | 955 | 11.35
25 177.5 127.4 | 1408 | 161.2 | 1638 | 157.9 | 1522 2823 | 20.68 | 918 | 7.72 | 11.04 | 14.25
26 2116 1943 | 1921 | 191.2 | 1875 | 1836 | 179.1 818 | 922 | 964 | 11.39 | 1323 | 1536
27 1885 137.8 | 154.7 | 177.9 | 1685 | 1643 | 160.3 269 | 17.93 | 562 | 10.61 | 12.84 | 14.96
28 212.1 1542 | 1712 | 193.8 | 1959 | 191.3 | 186.8 273 | 19.28 | 863 | 7.64 | 981 | 1193
29 167.3 118.4 | 132.8 | 1556 | 148.7 | 1437 | 1384 29.23 | 20.62 | 699 | 1112 | 1411 | 17.27
30 192.7 1321 | 1519 | 1701 | 1716 | 1739 | 1713 3145 | 2117 | 1173 | 1095 | 976 | 11.11
Average Gap-Criteria 1 273 | 1811 | 7.94 | 942 | 11.37 | 134

Worst (Max) Gap —Criteria 2 36.94 | 27.15 | 11.73 | 12.34 | 17.24 | 19.53

Table 7.11: RFSSP Model Results with Varying I": Insights from Realizations
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Figure 7.11: Comparison of Average and Maximum Optimality Gap for Different I’

Consequently, the proposed RFSSP approach holds greater value compared to the nominal
approach and can serve as an efficient tool for simultaneously managing disruption scenarios,

fuzzy data, and demand uncertainty.

7.4 Summary

This chapter embarked on a comprehensive journey into the practical implementation and
analysis of the RFSSP approach within the RCLSCDP-GT model. It commences by contrasting
economic and environmental networks, elucidating their distinct roles. The exploration further
delves into the tuning of robustness coefficients and the adoption of resilience strategies. The
AEC method, employed as the solution method, and the compensatory and non-compensatory
approach together construct a balanced decision-making framework. Moreover, the chapter
discussed the value of the RFSSP model, the importance of customer environmental

preferences, and the value of resilience strategies.
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8 Conclusion

At the conclusion of this research, the main sections from previous chapters are
comprehensively discussed. The primary focus lies in summarizing the innovative aspects of
this research and highlighting the contributions it has made. The underlying motives for
conducting this research are addressed through insightful questions, providing a clear rationale
for its pursuit. Additionally, proposed suggestions are presented as potential steps to further
enhance and advance the research in the future.

8.1 Research Summary

The research embarked on a quest to revolutionize SC management practices, beginning with
thoroughly exploring green SC management principles and introducing innovative concepts
like the greenness tendency index of customers and SC greenness performance level. This
research aimed to gauge customer environmental expectations and assess environmental

responsibility across SC management dimensions.

Transitioning from theory to application, the research endeavored to integrate environmental
objectives into the closed-loop SC network design and planning problem. This led to the
mathematical modeling of the problem, which has practical implications in real-world SC
management. The aim was to minimize the gap between green SC performance and customer
greenness tendency while optimizing cost, thus bridging economic and environmental

objectives for closed-loop SC design and planning practices.

The research delved into risk management, resilience strategies, and robust approaches by
acknowledging the risks and uncertainties inherent in SC operations and introducing the hybrid
robust approach, combined robustness, fuzziness, and stochastic programming methodologies

to mitigate risks and enhance SC resilience and robustness.

With methodologies established, the research applied the hybrid robust approach to address the
problem, showcasing its effectiveness in improving SC robustness and adaptability. This
validation of the hybrid robust approach through parameter tuning exercises and scenario
analyses provides practical illustrations, demonstrating the real-world application of the
proposed methodologies.

The culmination of the research yielded a comprehensive understanding of green and closed-
loop SC management, offering innovative methodologies and practical insights to guide SC

practitioners toward more environmentally responsible and resilient SC practices. Moreover,
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by emphasizing the importance of incorporating customer green preferences into decision-

making processes and highlighting the economic implications of prioritizing customer

satisfaction, the research underscored the significance of considering both environmental

objectives and resilience strategies and robust approaches in enhancing SC performance.

8.2 Research Gaps

This research contributes to advancing the field of sustainable SC management by addressing

several key research gaps:

>

Understanding customer behavior and preferences: By introducing a unique index for
customers' environmental expectations, this research quantifies and integrates customer

preferences regarding green products and sustainable practices.

Integrating SC greenness performance: Through the development of a bi-objective model,
this research integrates SC greenness performance level, aligning SC operations with

customer expectations and enhancing eco-friendly aspects within the SC.

Different modes of energy resource in the SC network: By analyzing various energy
alternatives for SC activities, this research greenness scale for different modes of energy
resource and efficient options for modeling of energy resource modes within the SC

network.

Constructing a hybrid formulation with different parameter uncertainties and disruptions in
modeling: This research proposes a hybrid robust approach to effectively address
uncertainties and disruptions within a bi-objective problem framework, enhancing

modeling robustness and decision-making in the SC.

Resilience strategies: Through the investigation of the simultaneous implementation of five
resilience strategies, this research provides insights into their collective benefits and

highlights their importance for SC resilience.

Demand uncertainty management: By proposing a columnwise approach to address
uncertainty in all demand constraints, including interval demand, this research offers a
viable alternative to traditional worst-case scenario analysis, enhancing decision-making in

the face of demand uncertainty.

By addressing these research gaps, this research contributes to the development of a

comprehensive framework for green closed-loop SC networks, offering practical insights for

industry practitioners and policymakers alike.
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8.3 Research Questions

While some questions may remain unanswered, this research primarily focuses on robustness,
resilience, and customer GT-satisfaction within the RCLSCDP-GT problem. It addresses three

main questions as follows:

» What is the importance of GTI and the purpose of customer greenness tendency

satisfaction?

To address this question, a strategic analysis was performed, comparing two scenarios: one that
disregarded GT-satisfaction and another that considered it. The results provided essential
insights into the importance of the GTI consideration and its influence on total SC profitability,

notably affecting long-term demand.

If we assume that SC customer demand is not affected by GT-satisfaction or that the
dependency rate is negligible, GT-satisfaction appears to be solely an environmental goal with
no direct economic improvement. However, when customer demand decreases over time due
to their GT-non-satisfaction, it becomes evident that GT-satisfaction is not only an
environmental goal but also an economic goal in the long run. In such cases, the SC's long-term

profit is affected by the reduction in market share.

The research demonstrated that customer GT-satisfaction, being the second objective in the
proposed model, playing a dual role in ensuring the sustainability of the SC. It represents both
an environmental goal, promoting sustainable practices to meet customers' green preferences,
and an economic goal, directly influencing the SC's long-term profitability. Thus, considering
customer greenness tendency satisfaction in the model is crucial for achieving sustainable and

profitable SC operations.
» What is the importance of resilience strategies in tackling SC disruptions?

The importance of resilience strategies in tackling SC disruptions is crucial for maintaining SC

performance and minimizing the deviation from optimality during disruptions.

In the proposed RFSSP approach, five resilience strategies, namely MS, BSC, RMP, FPP, and
PFB, were adopted simultaneously. The objective was to ensure that the SC can effectively
respond to disruptions without significant cost increases. To evaluate the effectiveness of these
resilience strategies, this research conducted separate analyses by eliminating each strategy and

observing their non-use.
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The numerical results clearly demonstrate the value of each resilience strategy. When any of
the strategies, MS, BSC, RMP, FPP, or PFB, were removed, the expected and maximum SC
costs under disrupted scenarios increased significantly. This highlights the importance of each

individual strategy in mitigating the impact of disruptions and maintaining SC performance.

Moreover, the results revealed that the RMP and FPP strategies held higher value when applied
separately, suggesting their effectiveness in dealing with specific types of disruptions.
Furthermore, adopting all strategies together led to reduced costs compared to using only some
of them, emphasizing the synergy and complementary nature of these strategies when

implemented in combination.
» What is the importance of robustness in withstanding data uncertainty in the SC network?

The importance of robustness in the SC network lies in its ability in withstanding data

uncertainty, ensuring the reliability and effectiveness of SC operations.

In the proposed RFSSP approach, uncertainties related to disruptions, fuzzy parameters, and cu
interval demand are effectively controlled through a robust approach. Specifically, the proposed
RFSSP approach exhibited lower values for both the Sum and Maximum optimality gap criteria,

indicating its superiority in providing more robust and reliable solutions.

By effectively managing data uncertainties through robustness, the RFSSP model can enhance
SC decision-making and performance, ensuring that the SC network remains resilient and

adaptable in the face of uncertainties and disruptions.

8.4 Research Suggestions

Although this research has made some contributions, there are opportunities for further research

and improvement in several areas.

» Future research should focus on crafting specialized solution algorithms catering to
industry-specific challenges, enhancing the practical applicability of the research. These
algorithms must address complexities like intricate contractual arrangements, fluctuating
demand scenarios, and intricate transport planning nuances. By tailoring solutions to these
industry-specific challenges, researchers can effectively implement and optimize SC

operations, translating theory into real-world impact.

» Drawing inspiration from Steinriicke (2015) and Steinrlicke (2011b), future research could
explore developing a continuous-time mixed-integer linear programming model that

addresses the complexities of multi-stage production, distribution, and scheduling in green
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SC networks. This model can consider various factors, such as production capacities,
transportation constraints, and environmental impact. In other words, future research can
delve into the practical implementation of the proposed model. This could involve
developing decision support tools and software that enable real-time decision-making and

adaptability in response to changing customer preferences and SC disruptions.

» Another future suggestion could merge the findings of this research with insights from
Steinrlicke (2011a), leading to a compelling direction: optimizing sustainable SCs with
daily planning. This research would focus on daily planning, akin to the mentioned study,
aiming to create a continuous planning framework that adjusts daily production, start times,
and material flows. It would address multiple-stage SC networks, intercontinental
shipments, and logistics collaboration with third-party providers. The study will consider
various transportation modes and evolving customer demands, shaping network design and
scheduling. Developing heuristic methods, like Steinrlicke (2011a), would be crucial for
finding near-optimal solutions within reasonable computation times. This future research
could focus on SC optimization, aligning sustainability, efficiency, and adaptability on a

global scale.

» Moreover, further research could focus on competitive SC networks where companies
compete to gain a larger market share. Exploring competitive factors such as pricing
strategies, fast access to markets, and customer satisfaction can provide valuable insights
into optimizing SC performance in a competitive environment. Developing solution
approaches to handle large-scale SC networks is an essential area for future research. As
the complexity of the SC increases with additional influencing factors like multiple potential
facility locations and various disruption scenarios, efficient solution techniques become
crucial. Techniques such as Benders decomposition can be explored to handle large-scale

problems more efficiently and effectively.

By exploring these areas in future research, the proposed RFSSP approach can be further
refined and extended to address the complexities and challenges faced by modern SC networks.
Implementing these suggestions can enhance the practical applicability of the model and

contribute to more resilient, sustainable, and competitive SCM.
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10.1 Details of GTI

10.1.1 Review of Questionnaire Framework and Method

Slattery et al. (2011) provided a detailed overview of the methodologies involved in designing,
implementing, and interpreting surveys and questionnaires, particularly in the medical field.
The guide outlines the importance of these tools in collecting data for decision-making, policy
formation, and clinical research. It distinguishes between surveys (broad data collection
methodologies) and questionnaires (specific instruments within surveys), emphasizing the
necessity for rigorous design and validation to ensure reliability and validity. The paper covers
key aspects such as determining survey objectives, designing questions, structuring and
ordering questions, sampling methods, pilot testing, and maximizing response rates. It also
discusses the psychometric principles of validity and reliability, the management of survey data,
and the identification and mitigation of biases. The guide aims to provide a practical framework

for developing high-quality surveys and questionnaires that yield meaningful and accurate data.

Zhang et al. (2020) introduced a new model to understand green consumer behavior, using a
detailed questionnaire method to gather data. The questionnaire, distributed in Portugal and the
UK, was designed to measure key constructs: prosocial attitudes, green consumption values,
receptivity to green communication, and buying behaviors. It consisted of closed questions
organized into three main sections: (i) opinions on prosocial attitudes, green values, and
receptivity to green communications, using a seven-point Likert scale from "totally disagree"
to "totally agree"; (ii) frequency of specific green buying behaviors, also using a seven-point
scale from "never" to "always"; and (iii) demographic information including age, gender,
education level, and nationality. The questionnaire was pretested with 24 individuals to ensure
clarity and comprehensibility. Data collected was then analyzed using Structural Equation
Modelling to validate the proposed model. The results showed that prosocial attitudes positively
influence green consumption values, which in turn affect receptivity to green communication
and green buying behavior. However, the influence of green communication on buying
behavior was less significant. Their study highlights the importance of designing marketing

strategies that enhance prosocial and green values to encourage green purchasing behavior.

Do Paco et al. (2019) investigated the relationships between prosocial attitudes, green
consumption values, and receptivity to green communication in shaping green buying behavior.
The study used a self-administered questionnaire focusing on prosocial attitudes, green values,

receptivity to green communications, buying behaviors, and demographics. Data were collected
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from 471 respondents across the UK and Portugal. The analysis revealed that prosocial attitudes
positively influence green consumption values, which in turn enhance receptivity to green
communication and green buying behaviors. However, the impact of green communication on

buying behavior was found to be minimal.

Maniatis (2016) investigated how consumer knowledge, commitment, and awareness affect
their decisions regarding green products. The study uses data from 253 respondents in Athens,
collected through a self-assessment questionnaire at shopping malls. The research identifies 15
indicators influencing four domains of green consciousness: environmental benefits, economic
benefits, green reliability, and green appearance. Techniques such as principal component
analysis, confirmatory factor analysis, and structural equation modeling are employed to create
a model showing these relationships. The findings highlight the importance of consumer

awareness and commitment in shaping their purchasing decisions for green products.

J. Paul et al. (2016) used a robust methodology centered on a survey-based approach using a
self-administered questionnaire to evaluate the proposed model of green consumer behavior.
The questionnaire, targeting a sample of 521 highly educated adult respondents from India, is
designed to measure several variables through closed questions divided into three main
sections: opinion questions (covering prosocial attitudes, green values, and receptivity to green
communications), frequency questions (pertaining to buying behaviors), and attitudinal
questions (relating to environmental concerns and purchase intentions). The data collected were
analyzed using structural equation modeling to test the reliability and validity of the constructs
and hypotheses. This approach ensures that the questionnaire captures a comprehensive view
of consumer attitudes and behaviors towards green products, providing valuable insights into

the factors influencing green purchase intentions.

Trivedi et al. (2018) investigated green consumer behavior using a questionnaire-based survey
method. The questionnaire was designed to test the proposed model by collecting data through
a self-administered survey. It included three main sections: opinion questions related to
prosocial attitudes, green values, and receptivity to green communications; frequency questions
about buying behaviors; and demographic questions covering age, gender, education, and
nationality. The research utilized pretested scales adapted from previous studies to ensure
reliability and validity. Respondents rated their opinions on a seven-point scale, and the
questionnaire was pretested with 24 individuals to identify any issues with language or
comprehension. The collected data were analyzed using structural equation modeling to test the

hypotheses and interpret the relationships among the variables.
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de Saa et al. (2014) focused on the benefits and statistical analysis of using fuzzy rating scales
in questionnaires. The paper introduced the fuzzy rating method as a superior approach for
capturing the diversity, subjectivity, and imprecision inherent in human responses to
questionnaires. This method allows respondents to indicate their ratings on a continuous scale,
which better reflects the nuances of their opinions compared to traditional closed-response
formats like Likert scales. The fuzzy rating scale captures not only a representative rating point
but also the "latitudes of acceptance,” which are the highest and lowest possible ratings the
respondent considers acceptable. This method has been shown to improve the richness and
accuracy of the data collected, allowing for more detailed and reliable statistical analysis. The
paper provides examples and simulations to illustrate how fuzzy rating scales can enhance the
representativeness of mean responses and capture greater response diversity, thereby offering a

more nuanced and informative data set for analysis.

Lubiano et al. (2016) investigated the benefits of using a fuzzy rating scale for evaluating
subjective aspects such as quality perception, satisfaction, and attitude. The fuzzy rating scale,
which combines the continuous nature of the visual analog scale with the ability to handle
imprecision through fuzzy linguistic variables, offers a more nuanced and expressive way to
capture subjective evaluations compared to traditional Likert scales. The study demonstrates
through a real-life example that statistical conclusions can differ significantly when using a
fuzzy rating scale, emphasizing the scale's ability to preserve variability and subjectivity in
responses. This research underscores the importance of selecting appropriate rating scales in
capturing detailed and meaningful data in subjective assessments. Their study states that “in
assessing aspects such as quality perception, satisfaction, or attitude, which are inherently
imprecise, the fuzzy rating scale has emerged as a psychometric tool that allows evaluators to
provide flexible and highly accurate, though non-numerical, ratings. This scale combines the
freedom of the visual analog scale in assessing ratings with the capability of fuzzy linguistic
variables to capture the inherent imprecision in such evaluations. Recent methodologies now
enable the descriptive analysis of responses to a fuzzy rating scale-based questionnaire. This
paper aims to demonstrate such an analysis through a real-life example and to highlight that
statistical conclusions derived from this method can significantly differ from those obtained
using either Likert scale-based responses or their fuzzy linguistic encoding. This variance
underscores the value of employing the fuzzy rating scale for important statistical conclusions,

akin to using precise real-valued data instead of aggregated data.
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Ishikawa et al. (1993) introduced two innovative extensions to the traditional Delphi method:
the Max-Min Delphi method and the Fuzzy Delphi Method (FDM). These methods incorporate
fuzzy logic to better handle the uncertainty and vagueness often present in expert opinions. The
max-min Delphi method focuses on capturing the range of expert judgments by identifying their
maximum and minimum values and aggregating them using fuzzy integration. The FDM allows
experts to provide their opinions as fuzzy numbers instead of precise values, reflecting the
inherent imprecision in their reasoning. These fuzzy opinions are then aggregated and
defuzziffied to achieve a consensus. By incorporating fuzzy logic, these methods provide a
more flexible and realistic approach to consensus-building, accommodating the ambiguity in

expert judgments and resulting in more robust decision-making outcomes.

Morales et al. (2018) used the FDM to validate a questionnaire designed to measure the success
of a blended learning environment. By incorporating fuzzy set theory, the method allows for
handling the linguistic assessments provided by experts, achieving a consensus on the validity
and applicability of the questionnaire. This approach addresses the inherent imprecision in
subjective evaluations, providing a robust framework for assessing educational experiences.
The study highlighted the iterative process of expert evaluations and modifications, leading to
a validated instrument that accurately reflects the complex dynamics of blended learning

environments.

Wu and Fang (2011) proposed a comprehensive approach combining the qualitative focus
group method, the quantitative FDM, and the Fuzzy Analytic Hierarchy Process (Fuzzy AHP)
to develop a framework of critical managerial competencies for electronic commerce (EC)
professional managers. The study identifies and prioritizes essential competences through
expert opinions and questionnaires, highlighting the main differences between traditional and
EC managerial competencies. The research emphasizes the importance of professional skills,
particularly domain knowledge and information management, for EC managers. The proposed
framework aids firms in the objective selection, hiring, and performance evaluation of EC
managers, offering a structured and effective decision model. This model provides valuable
insights for training programs and managerial assessments, ensuring that EC managers possess
the necessary competences to excel in the competitive global market. In sum, in their study, Wu
and Fang describe the steps of using the FDM to integrate expert opinions, emphasizing the use
of triangular fuzzy numbers to handle imprecision and variability in expert judgments. This
structured approach ensures a robust framework for evaluating complex criteria such as

managerial competences in electronic commerce.
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Tzeng and Teng (1993) presented a method for selecting transportation investment projects
using fuzzy multi-objective decision-making. They apply fuzzy set theory to account for the
inherent uncertainties in evaluating project outcomes, using linguistic variables to express
expert judgments on project performance. The method includes three forms of project
interrelationships: independence, complementarity, and substitution, addressing how projects
can either enhance or replace each other’s contributions to overall objectives. The approach
employs a "max-min 0-1" multi-objective integer programming model to ensure the worst-case
performance of selected projects meets minimum criteria. A centroid rule is used to determine
the best crisp performance value from fuzzy numbers. The paper demonstrates the method
through an example, highlighting its ability to handle complex, multi-objective, and
interdependent project evaluation scenarios effectively, thus providing a robust framework for

transportation investment planning in uncertain environments.
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10.1.2 GTI Questionnaire Framework

» Structure:

This research delves into the intricate realm of evaluating customer behavior in green aspects
through the lens of questionnaire design. After a thorough review of pertinent literature, this
study proposes a meticulously crafted sample questionnaire aimed at deriving the Green
Tendency Index (GTI) value for each customer zone. The sample questionnaire, outlined in
detail in Appendix 10.1.4, is strategically structured to gauge consumers' green preferences. It
employs a structured format comprising 32 questions distributed across six distinct clusters, as
elucidated in Table 3.1. Each cluster is weighted based on expert input to ensure analytical

precision.

» Criteria:
In Chapter 2, Section 2.2, an exhaustive review of literature on green consumer behavior was
conducted, aiming to identify key factors that influence customers' inclination towards green

practices (see Table 2.4).

Building on this foundation, Chapter 3 of the research introduces a pioneering classification
system for questionnaire design, detailed in Section 3.2.1.1. This classification system
organizes questions into six distinct clusters (see Table 3.1), each strategically tailored to

explore different facets of consumers' green tendencies.

» Questions:
However, this research introduces a novel question cluster based on influential factors on
customer greenness tendency within the GTI questionnaire, it shows a GTI questionnaire

example and some of the questions draw inspiration from existing literature, as evidenced

below:
. .. . GTI questionnaire in

Questionnaire in Trivedi et al. (2018) Appendix 10.1.4
I would be willing to reduce my consumption to help protect the Question 1
environment.
I would give part of my own money to help protect wild animals. Questions 19, 23
| feel I can help solve natural resource problems by conserving water and Questions 3, 7
energy.
I am in lookout for social labeling on the package, which says “an eco- Question 10
friendly product.
The recyclable paper packaging would be preferred over non-recyclable Question 11
plastic.
| agree TV channels which have enhanced knowledge about green products. Question 13

Environment consciousness has been created by the role of media. Question 1
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| prefer buying environmentally friendly products.

| buy environmentally friendly products whenever possible.

I recycle household waste whenever possible.

I have purchased a household appliance because it uses less electricity than
other brands.

Whenever possible, | buy products packaged in reusable containers.
When | purchase products, | always make a conscious effort to buy those
products that are low in pollutants.

When | have a choice between two equal products, | always purchase the
one that is less harmful to other people and the environment.

| buy toilet paper made from recycled paper.

Questionnaire in Haws et al. (2014)

| buy paper towels made from recycled paper.

I have purchased light bulbs that were more expensive but saved energy.

I usually purchase the lowest priced product, regardless of its impact on
society.

I do not buy household products that harm the environment.

I buy high efficiency light bulbs to save energy.

| have a favorable attitude toward purchasing green version of a product.

I believe | have the ability to purchase green products.

Green products are generally available in the shops where | usually do my
shopping.

Questionnaire in J. Paul et al. (2016)

| plan to spend more on environmentally friendly products rather than
conventional products.

Knowledge of environmental solutions

Knowledge of ecological (green) labeling

Knowledge of environmental benefits

Commitment to environmental protection

Knowledge of environmental issues

Commitment to health benefits

Questionnaire in Maniatis (2016)

Consciousness of presence of ecological labels

Consciousness of presence of environmental certification

Consciousness of presence of recyclable packaging

Knowledge of environmental issues

Commitment to wastage reduction

It is important to me that the products | use do not harm the environment.
| consider the potential environmental impact of my actions when making
many of my decisions.

I am concerned about wasting the resources of our planet.

Questionnaire in Zhang et al. (2020)

I would describe myself as environmentally responsible.

I am willing to be inconvenienced in order to take actions that are more
environmentally friendly.

Question cluster G-P
Question 8
Question 6
Question 31

Question 11
Question 9

Question cluster G-P

Question 30

Question 30
Question 31
Questions 27 to 32

Question 31
Question 31
Question 26
Question 27
Question 8

Questions 27 to 32

Question 26
Question 10
Question 1
Question cluster G-CC
Question 10
Question 24

Question 10
Question 9

Questions 9, 11
Question 1
Questions 3,6,5
Question 23
Questions 27 to 32

Question 3

Question cluster G-R

Question 5
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Questionnaire in do Paco et al. (2019)

| tend to pay attention to advertising messages that talk about the Question 21
environment.

The use of green messages in ads affects my attitude toward the ads. Questions 9, 10
I respond favorably to brands that use green messages in their advertising. Questions 9,10
I am the kind of consumer who responds favorably when brands use green Questions 9,10
messages in their ads.

| think that green advertising is valuable. Question 21
Green advertising is a necessary form of advertising. Question 21

I am the kind of consumer who is willing to purchase products marketed as Questions 27 to 32

being green.

| tend to pay attention to green advertising messages. Questions 9,10

I avoid buying products that have excessive packaging. Question 11
» Responses:
In designing responses to the GTI questionnaire, this research recommends the Fuzzy Rating
Scale, as explored by Lubiano et al. (2016). They stated that fuzzy rating scale is a psychometric
tool designed to capture the natural imprecision in evaluating subjective aspects such as
perceived quality, satisfaction, and attitudes. It integrates the flexibility and detailed assessment
capabilities of visual analogue scales with the ability to handle imprecision inherent in fuzzy

linguistic variables.

The Key Benefits of the Fuzzy Rating Scale (Lubiano et al. (2016)):

o Enhanced precision and expressiveness: Allows for a continuous range of responses,
capturing more precise and nuanced data compared to the discrete options of Likert scales.

o Increased variability and diversity: Captures greater variability and diversity in responses,
leading to richer and more detailed insights.

o Improved central tendency measures: Mean and median are more representative of the
actual data due to the continuous nature of responses.

o Reduced information loss: Preserves the granularity of responses, minimizing the loss of
subtle differences in opinions.

o Better handling of imprecision and subjectivity: More effectively captures the inherent
imprecision and subjectivity in human evaluations.

o Mathematical and computational advantages: Enables advanced statistical analysis and
processing, providing deeper analytical capabilities.

o Enhanced reliability and validity: Offers more reliable and valid data collection by reducing

biases introduced by fixed categories.
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o Capturing individual differences: Flexibility allows for better capture of individual
differences, ensuring natural variability and subjectivity are maintained.

o Gradual transitions between values: Reflects the real-world continuum of attitudes and
perceptions more accurately than Likert scales.

o Flexibility in design and application: Easily adaptable to various types of questionnaires
and research contexts.

o Improved respondent experience: More intuitive and less restrictive for respondents,

potentially leading to higher quality responses and greater engagement

In the GTI questionnaire example in this research, a range of sample responses is considered,
as shown in the following form, which captures varying levels of greenness tendency from very

low to very high. Linguistic choice serves as a guide for quantifying and fuzzy rating scales.
v' Examples of linguistic responses in GTI questionnaire:

e VVery low greenness tendency:

o Strongly disagree (1) O
« Notinformed at all (1) O
e Not green & Budget-friendly (1) O

e Low greenness tendency:

o Disagree (2) O
e Somewhat uninformed (2) O
o Slightly green & Moderately priced (2) O

e Medium greenness tendency:

e Neutral (3) O
o Green & Affordable (3) O

¢ High greenness tendency:

e Agree (4)O
e Somewhat informed (4) (I
e Verygreen & Upscale (4) O

¢ VVery high greenness tendency:

e Strongly agree (5) O
e Very informed (5) O
o Extremely green & Premium (5) OJ
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» Validity and Reliability:

It is crucial to acknowledge that the questionnaire presented in Appendix 10.1.4 serves as an
illustrative example rather than data derived from real-world cases. As such, its utility in
practical scenarios is limited, primarily functioning as a tool to elucidate the criteria for data
collection, introduce novel classification systems, and outline the methodology approach linked

to GTI formulation.

Moving forward, it is recommended to employ validation measures, such as Cronbach's alpha
or other reliability tests, to assess the questionnaire's validity and reliability comprehensively.
Gathering real-world data and subjecting it to thorough analysis will be pivotal in validating

the questionnaire's effectiveness in capturing green consumer behavior.

It is essential to emphasize that the example provided in the following serves to elucidate the
process of GTI calculation, with future applications requiring empirical validation to ensure its

robustness and applicability in practical settings.
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10.1.3 Methodology to obtain Cardinal Value for Greenness Scale Value

in GTI

For the methodology of gathering data, this research recommends employing the FDM to obtain

expert opinions introduced by Ishikawa et al. (1993). This method has been applied in various
studies, such as Wu and Fang (2011) and Morales et al. (2018).

Overview of the FDM

The FDM is an extension of the traditional Delphi method, which is used for systematic

forecasting involving a panel of experts. The FDM incorporates fuzzy logic to handle the

inherent uncertainty and vagueness in expert opinions. This approach improves the accuracy

and reliability of the consensus.

Stages of the FDM (Ishikawa et al. (1993) and Hsu et al. (2010)):

1. Problem Definition and Expert Selection

Problem Definition: Clearly define the problem or the forecasting goal. This involves
specifying the subject matter and the scope of the study.

Expert Selection: Select a panel of experts who have knowledge and experience relevant
to the problem. The quality of the results depends significantly on the expertise of the panel

members.

2. Round 1: Initial Survey

Design of Questionnaire: Develop a questionnaire that includes the issues or items to be
evaluated by the experts. Each item is typically evaluated on a Likert scale or a similar
rating scale.

Fuzzy Number Representation: Each expert provides their evaluations in the form of fuzzy
numbers (usually triangular or trapezoidal fuzzy numbers) to capture the uncertainty and

imprecision in their judgments.

3. Aggregation of Fuzzy Opinions

Fuzzy Aggregation: Aggregate the fuzzy numbers provided by the experts. Common
methods include using the fuzzy mean or other fuzzy aggregation operators like the max-
min or arithmetic mean of fuzzy numbers. This step generates a collective fuzzy number

for each item.
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4. Round 2: Feedback and Re-evaluation

o Feedback: Provide the aggregated fuzzy numbers and the individual responses to each
expert. This step allows the experts to see the range and central tendency of the group's
opinions.

o Re-evaluation: Ask the experts to re-evaluate their initial responses in light of the group's

aggregated fuzzy opinions. This iterative process helps to move towards a consensus.

5. Consensus and Final Aggregation

o Consensus Measurement: Measure the degree of consensus among the experts using metrics
like the fuzzy similarity measure or defuzzification techniques. If the consensus is not
satisfactory, further rounds may be conducted.

o Final Aggregation: Once an acceptable level of consensus is achieved, perform a final

aggregation of the fuzzy opinions to obtain the final fuzzy number for each item.

6. Defuzzification
o Defuzzification: Convert the final aggregated fuzzy numbers into crisp values. Common
defuzzification methods include the centroid method, mean of maxima, or alpha-cut-based
methods. This step yields a precise value or ranking for each item.

This research for defuzzification part, recommends the method established by Tzeng and Teng

(1993) which is a method for defuzzification offering a best crisp value.

Morales et al. (2018) proved the FDM is a valuable tool for validating questionnaires in
complex educational environments. It facilitated the integration of expert knowledge through a
structured, iterative process, ultimately leading to a consensus on the validity and applicability
of the questionnaire items. This method ensures that the final instrument is both reliable and

valid, capturing the nuanced perspectives of the expert judges.

v" Example for FDM in study by Morales et al. (2018):

o Initial Instrument Dissemination:
The questionnaire is first distributed to a panel of expert judges who provide their opinions on

each item.

o First Iteration:
Judges' opinions are collected and represented using triangular fuzzy numbers, which capture

the range and degree of their judgments.
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o Modification and Feedback

Based on the initial responses, the questionnaire items are modified according to judges'
suggestions.

The revised questionnaire, along with average responses, is sent back to the judges for

reassessment.

o Subsequent Iterations:
This iterative process continues until positive consistency and consensus are reached for all
items. Typically, at least three iterations are recommended to ensure thorough evaluation and

refinement.

o Final Report:
A report is compiled detailing the stages of the FDM process, the development of each iteration,

and the degree of consensus achieved for each item.
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1.4 Example of GTI Questionnaire Form and Purpose

The sample questionnaire is designed to explore public perceptions and behaviors related to

environmental sustainability. The term "green" used throughout this document pertains to

attributes of being environmentally harmless, environmentally friendly, or actively contributing

to environmental conservation efforts. Respondents are requested to interpret "green™ in the

context of sustainable practices, eco-conscious behavior, and initiatives aimed at promoting

ecological well-being. The aim is to gauge participants' attitudes and perceptions towards

environmentally responsible actions and their willingness to support eco-friendly endeavors.

>

>

Six Question Clusters:

Green-Commitment & Consciousness (G-CC): Assesses awareness and knowledge of
environmental issues and the willingness to adopt green behaviors.

Green-Visual & Symbols (G-VS): Explores how visual cues, such as packaging and eco-
labels, influence consumer decisions related to sustainability.

Green-Responsibility (G-R): Measures the personal sense of responsibility towards
environmental protection and integration of eco-friendly practices.

Green-Influenced (G-I): Investigates the impact of external influences like marketing and
social values on green consumer behavior.

Green-Worthwhile (G-W): Focuses on the perceived value and benefits of green products
and how these shape consumer priorities.

Green-Pay (G-P): Examines economic considerations affecting consumer behavior towards

eco-friendly products, including price sensitivity and willingness to pay.

GTI Questionnaire Form:

Participant Information: Your candid and thoughtful responses are highly valued and will

significantly contribute to the understanding of environmentally conscious behaviors.

Cluster: G-CC

1.

balance?

How informed do you feel about the ways in which human activities impact environmental

not informed at all (1) O
somewhat uninformed (2) O
neutral (3) O

somewhat informed (4) O

very informed (5) O
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2. How strongly do you believe that the presence of abundant trees significantly enhances
environmental protection?

e strongly disagree (1) O
e disagree (2) O

e neutral (3) O

e agree (4) O

e strongly agree (5) O

3. How important is energy conservation to you, considering the current abundance of resources?

e notatall important (1) O

e slightly important (2) O

e  moderately important (3) O
e very important (4) O

e extremely important (5) O

4. To what extent do you prioritize reducing your carbon footprint in daily activities?

e never(1)O
e rarely (2) O
e sometimes (3) O
e often (4O

e always (5) O

5. How frequently do you engage in activities to reduce waste in your daily life?

e never(l)O
e rarely (2) O
e occasionally (3) O
e often(4)O

e always(5) O

6. How often do you segregate waste for recycling?

e never(1)O
o rarely (2)O
e occasionally (3) O
e often(4) O

e always(5) 0O

7. How strongly do you agree that individuals should conserve water and other natural resources
due to their finite nature?

e strongly disagree (1) O
e disagree (2) O

e neutral (3) O

e agree (4O

e strongly agree (5) O
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Cluster: G-VS

8. How motivated are you to seek out green products in the market, even if they are not readily
available in stores?

e notatall motivated (1) O

e slightly motivated (2) O

e moderately motivated (3) O
e very motivated (4) O

e  extremely motivated (5) O

9. How valuable is it for you to identify green certification information on product packaging?

e notatall valuable (1) O

e slightly valuable (2) O

e moderately valuable (3) O
e very valuable (4) O

e extremely valuable (5) O

10. How valuable do you find the concept of an eco-label that can be scanned by a mobile app to
provide information about green products?

e notvaluable at all (1) O

e slightly valuable (2) O

e moderately valuable (3) O
e very valuable (4) O

e extremely valuable (5) O

11. How often do you choose products with minimal packaging to reduce waste when shopping?

e never(1)O
e rarely (2) O
e occasionally (3) O
e often(4)O

e always(5) O

Cluster: G-R

12. To what extent do you agree that society, along with the government, bears responsibility for
raising public awareness of environmental issues?

e strongly disagree (1) O
e disagree (2) O

e neutral (3) O

e agree (4O

e strongly agree (5) O

13. How often do you educate yourself about environmental issues through media, events, or
literature?

e never(1)O
e rarely (2) O
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e neutral (3) O
e often(4)O
e always(5) O

14. How much are you willing to invest in green technology for your home, such as solar panels or
energy-efficient appliances?

e notatall important (1) O

e  slightly important (2) O

e moderately important (3) O
e very important (4) O

e extremely important (5) O

15. To what extent do you believe individuals play a significant role in promoting public awareness
of environmental issues?

e strongly disagree (1) O
e disagree (2) O

e neutral (3) O

e agree (4O

e strongly agree (5) O

16. To what extent do you believe it is important for individuals and organizations to prioritize
environmental sustainability in their actions and decisions?

e notatall important (1) O

e slightly important (2) O

e  moderately important (3) O
e very important (4) O

e  extremely important (5)

Cluster: G-I

17. How strongly does the green approach influence your inclination to purchase more green
products?

e notatall important (1) O

e slightly important (2) O

e  moderately important (3) O
e very important (4) O

e extremely important (5) O

18. How much does social media influence your perceptions and actions regarding environmental
sustainability?

e notatall important (1) O

e slightly important (2) O

e  moderately important (3) O
e very important (4) O

e extremely important (5) O
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19. How much do specific environmental issues such as climate change, deforestation, and wildlife
conservation affect you personally?

e noimpact (1) O

e minor impact (2) O

e  moderate impact (3) O
e significant impact (4) O

e profound impact (5) O

20. To what extent is connecting with people who prioritize environmentally friendly practices and
the preservation of natural resources in daily life important to you?

e notatall important (1) I

e slightly important (2) O

e  moderately important (3) O
e very important (4) O

e extremely important (5) O

21. How significantly does green advertising impact your decisions and behaviors?

e notatall significant (1) O

e slightly significant (2) O

e moderately significant (3) O
e very significant (4) O

e extremely significant (5) OI

Cluster: G-W

22. How significant do you believe the concept of a 'green’ world is in today's society, particularly
in terms of its value and importance for the environment and future generations?

e notatall important (1) O
e  slightly important (2) O
e neutral (3) O

e veryimportant (4) O

e extremely important (5) O

23. To what extent do you consider avoiding purchasing products tested on animals to be an
important aspect of promoting environmental sustainability and ethical consumption practices?

e notatall important (1) O
e slightly important (2) O
e neutral (3) O

e very important (4) O

e  extremely important (5) O

24. How much do you believe using green products positively impacts health and contributes to
overall well-being?

e strongly disagree (1) O
e disagree (2) O
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e neutral (3) O
e agree (4) O
e strongly agree (5) O

25. How much do you agree that purchasing green products provides a sense of satisfaction and
contributes to a feeling of personal fulfillment?

e strongly disagree (1) O
e disagree (2) O

e neutral (3) O

e agree (4O

e strongly agree (5) O

26. How valuable do you consider sharing ideas for improving the environment with others, in terms
of promoting environmental sustainability and making a meaningful contribution to the green
cause?

e notatall important (1) O
e slightly important (2) O
e neutral (3) O

e very important (4) O

e  extremely important (5) O

Cluster: G-P

27. How willing are you to donate money to support green groups and projects?

never (1) O
e rarely (2) O
e occasionally (3) O
e often(4) O

e always(5) 0O

28. How likely are you to allocate a portion of your salary regularly towards purchasing green
products?

e never(1)O
o rarely (2)O
e occasionally (3) O
e often(4)O

e always(5) 0O

29. When purchasing a personal vehicle, which option best reflects your preference based on its
environmental impact and price?

e notgreen & budget-friendly (1) OO

e slightly green & moderately priced (2) O
e green & affordable (3) O

e verygreen & upscale (4) O

e extremely green & premium (5) O
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30. When purchasing personal clothing and toiletries, which option best matches your preference
for environmental sustainability and price?

e notgreen & budget-friendly (1) O

e slightly green & moderately priced (2) O
e green & affordable (3) O

e verygreen & upscale (4) O

e  extremely green & premium (5) OJ

31. When purchasing electrical and electronic appliances, such as kitchen appliances, cell phones,
and computers, which option best reflects your preference for environmental sustainability and
price?

e notgreen & budget-friendly (1) OO

e slightly green & moderately priced (2) O
e green & affordable (3) O

e very green & upscale (4) O

e extremely green & premium (5) O

32. When choosing food and snacks, dining at restaurants, or selecting juices and ice cream, how
do you prioritize environmental sustainability and price?

e notgreen & budget-friendly (1) OO

e slightly green & moderately priced (2) O
e green & affordable (3) O

e verygreen & upscale (4) O

e extremely green & premium (5) O
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10.1.5 Example of Greenness Scale Value Calculation in GTI
Formulation

The following example demonstrates how expert input is used to calculate the greenness scale

value S5 within the GTI formulation:

Step 1: Input from experts refers to Delphi methodology:

This research did not apply the Delphi method for a real case but provides an example assuming
that three experts give their opinions. This example is intended to explain the method of

reaching a consensus on the GTI in this research.
v Example of Step 1:

e VVery low greenness tendency:
Expert 1 input: (0, 0, 1)
Expert 2 input: (0, 0, 2)
Expert 3 input: (0, 1, 1)

e Low greenness tendency:
Expert 1 input: (1, 2, 3)
Expert 2 input: (0, 2, 3)
Expert 3 input: (1, 1, 3)

e Medium greenness tendency:
Expert 1 input: (2, 3, 4)
Expert 2 input: (2, 2, 4)
Expert 3 input: (1, 3, 4)

¢ High greenness tendency:
Expert 1 input: (3, 4, 5)
Expert 2 input: (2, 4, 5)
Expert 3 input: (3, 3, 5)

e VVery high greenness tendency:
Expert 1 input: (4, 5, 5)
Expert 2 input: (3, 5, 5)
Expert 3 input: (4, 4, 6)
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Step 2: Calculation of consensus triangular fuzzy numbers and defuzzification:

Combine the fuzzy numbers from all experts to form a consensus fuzzy number using the

following formula and then defuzzification for the best crisp value in Tzeng and Teng (1993):

Triangular Fuzzy Number: Tj = (Lj,Mj,Uj)
Lower Bound: L = min (X;;)

Geometric Mean: M = \/TT, X;;

Upper Bound: U = max (X;;)
Defuzzification: Best crisp value

(U—L);(M—L)+

Dpyj = L

v" Result of Step 2:

¢ VVery low greenness tendency:
Triangular Membership Function (Consensus): (0, 0.0, 2)
Components: L=0, M=0.0, U=2
Defuzzification: 0.67

e Low greenness tendency:
Triangular Membership Function (Consensus): (0, 1.59, 3)
Components: L=0, M~=1.59, U=3
Defuzzification: 1.53

e Medium greenness tendency:
Triangular Membership Function (Consensus): (1, 2.62, 4)
Components: L=1, M=2.62, U=4
Defuzzification: 2.54

¢ High greenness tendency:
Triangular Membership Function (Consensus): (2, 3.63, 5)
Components: L=2, M=3.63, U=5
Defuzzification: 3.54

e Very high greenness tendency:
Triangular Membership Function (Consensus): (3, 4.64, 6)
Components: L=3, M~=4.64, U=6
Defuzzification: 4.55
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Step 3: Normalization:
To normalize these values to a scale from 0 to 1, this research uses the following formula:

X; — min(x)

!

" max(x) — min(x)

v" Result of Step 3:

e Very low:
Triangular Membership Function (Consensus): (0, 0.0, 2)
Defuzzification: 0.67

Normalized value: 0.00

o Low:
Triangular Membership Function (Consensus): (0, 1.59, 3)
Defuzzification: 1.53

Normalized value: 0.22

e Medium:
Triangular Membership Function (Consensus): (1, 2.62, 4)
Defuzzification: 2.54
Normalized value: 0.48

e High:
Triangular Membership Function (Consensus): (2, 3.63, 5)
Defuzzification: 3.54

Normalized value: 0.74

e Very high:
Triangular Membership Function (Consensus): (3, 4.64, 6)
Defuzzification: 4.55

Normalized value: 1.00

(o).
kq *

v The final result of greenness scale value for S
Each normalized value is considered as. This provides a value for each scale in the GTI
questionnaire, which can be applied in the formulation as a greenness scale value S,E‘;) ranging

between 0 and 1;

e VVery low greenness tendency:

Greenness scale value: S,Efz): 0.00
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e Low greenness tendency:
Greenness scale value: S,EZ): 0.22
e Medium greenness tendency:
Greenness scale value: S,EZ): 0.48
e High greenness tendency:
Greenness scale value: S,Efl): 0.74
e VVery high greenness tendency:

Greenness scale value: S,Efl): 1.00
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10.1.6 Example of GTI Calculation

Assume that questionnaire includes two clusters with different weights and each questions
have 5 answers value based on above table. We have 3 customers in a customer zone.
Cluster 1 (G-CC): 4 questions

Cluster 2 (G-VS): 2 questions

The weight of Cluster 1 is twice that of Cluster 2. Let's denote the weight of Cluster 2 as w,
and the weight of Cluster 1 as 2w,.

Let's assume the same three customers and their responses or S,E‘;):

Customer 1:

Cluster 1: 0.00, 0.22, 0.48, 0.74

Cluster 2: 1.00, 0.48

Customer 2:

Cluster 1: 0.22, 0.48,0.22, 0.74

Cluster 2: 0.74, 1.00

Customer 3:

Cluster 1: 1.00, 0.74, 0.48, 0.22

Cluster 2: 0.22, 0.00

v’ Steps to Calculate GTI:

Step 1: Calculate the average scale for each customer in each cluster:

1
(o _ (o)
SkQ - @z Skq

qaeQ

Cluster 1 (4 Questions)

Customer 1:

(o _000+022+048+074
1Q1 4

Customer 2:

G _022+048+022+074 o
201 4

Customer 3:

© _ 100+ 074+ 0.48 + 0.22
Ssoh = Z = 0.61
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Cluster 2 (2 Questions)

Customer 1:
1.00 + 0.48
1(22 = =074
Customer 2:
0.74 + 1.00
©
=——— =087
2Q2 4
Customer 3:
0.22 + 0.00
©
=———=0.11
3Q2 4

Step 2: Calculate the greenness tendency for each customer:
CGT = Z woSto
Q€9

. . 1 . .
Given w; = 2w, and assuming w, = 3 for normalization:

2
Wy = 3

1
W, = 3
Customer 1:

© _ (2 1 _
CGT,” = 3 x 0.36 )+ 3 x 0.74 | = 0.487
Customer 2:

© _ (> 1 _
CGT,” = 3 x 0.415 )+ 3 x 0.87 ] = 0.566
Customer 3:

© _ (> 1 _
CGT;” = 3 x 0.61 )+ 3 x 0.11) = 0.443

Step 3: Calculate the greenness tendency index for the customer zone

1
GTI, = HZ CGT®
kec

Where |c| = 3 (number of customers)

0.487 + 0.5667 + 0.4434
GTI, = . = 0.499
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10.2 Details of SCG
10.2.1 Methodology to obtain Cardinal VValue for Greenness Scales in SCG

For assessing the greenness scale of different indicators in SCG, this research recommends
prioritizing the indicators using a Paired Comparison Matrix (PCM). This matrix is suggested
for ranking various greenness indicators effectively. The detailed steps and explanations for the
paired comparison matrix follow common methodologies used in decision-making processes,
specifically within the framework of the Analytic Hierarchy Process (AHP). The foundational
work and scale used in the explanation can be attributed to the following reference Saaty (1988)

is as follows:

Step 1: Introduction to Paired Comparison Matrix

A paired comparison matrix is a tool used to compare a set of items or alternatives in pairs to
evaluate their relative importance or preference. This method is often used in multi-criteria
decision-making processes. It helps in quantifying subjective assessments and deriving

numerical values that represent the relative importance of each item.

Step 2: Define the Set of Items or Criteria

Identify the items or criteria to be compared. Let's denote the set of items as A4, 4,, 43, ..., A,.
Step 3: Construct the Paired Comparison Matrix

Create n X n matrix where n is the number of items. Each cell a;; in the matrix represents the
comparison between item A; and item A;. The value of a;; shows how much more important or

preferred A; is compared to 4;.

Step 4: Perform Pairwise Comparisons

For each pair of items, compare them and assign a numerical value based on their relative
importance. Commonly, a scale such as Saaty's scale (used in the Analytic Hierarchy Process)
is employed. For example:

« 1: Equal importance

e 3: Moderate importance of one over another

e 5: Strong importance

e 7:Very strong importance

e 9: Extreme importance

e Reciprocals (e.g., 1/3, 1/5) for the inverse comparisons
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Step 5: Fill in the Matrix

Populate the matrix with the comparison values:

« If A; is compared with A; and is found to be moderately more important, a;;=3.
« The reciprocal value is placed in the opposite cell: a;;=1/3.

« Diagonal elements are always 1, as an item is equally important as itself: a;;=1.
v' Example:

Consider 3 items as A4, A,, As:

a1 0dpz dzz
asz; dszz dsz

a1 g a13]

If the comparisons are as follows:

e Ajisequally importantas A4,: a;,=1

e A, is moderately more important than 45: a;3=3
e A, isless important than A;: a,3=1/5

The matrix becomes:

1 1 3
1 1 1/5]
1/3 5 1

Step 6: Calculate Consistency

Check the consistency of the pairwise comparisons to ensure the judgments are reliable.
Consistency Ratio (CR) can be calculated using the principal eigenvalue (A4,,4,) and the

Consistency Index (CI):

Cl = Amax —1
n-—1

The Consistency Ratio (CR) is then:

cR=<
RI

where RI is the Random Index based on the size of the matrix. If CR < 0.1, the consistency is

acceptable.

Step 7: Derive Priority Vector

Calculate the priority vector (also known as the eigenvector) which provides the relative
weights of each item. This can be done by normalizing the matrix and averaging the values in

each row.
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10.2.2 Example of Greenness Scale of Suppliers in SCG Formulation

In the following, GPS evaluation is explained through an example:

In the context of green supplier selection, relevant data are collected from administrators or
decision-makers within the SC network (see Table 2.5). These data pertain to the influential
criteria that are crucial in assessing the environmental friendliness of potential suppliers. The
decision-makers then rank these criteria on a scale of 1 to 5, with a higher value indicating a
greater level of greenness compared to other criteria. To illustrate the implementation of this
approach, steps are adopted outlined in the WASPAS methodology. The steps involved in this

example are as follows:

Step 1: The decision matrix is illustrated based on experts' evaluation, and each supplier is
compared to others. The average of sub-criteria from criteria "i" for supplier "j" is " Xij", which

is shown as the decision matrix.

Step 2: In the normalized decision matrix, there are two types of criteria: positive criteria are
criteria whose increase is beneficial to the system, such as the quality criterion in Equation
(10.1), and negative that reduce benefits to the system, such as cost in Equation (10.2). Note
that all categorized criteria in this research are positive.

X..
X, =——— , for beneficial criteria
' maxx; (10.1)
min x;
X; = L, for non-beneficial criteria (10.2)

X;
Steps 3 & 4: The Sum value (WSM) and the Multiple value (WPM) are obtained through
Equations (10.3) and (10.4), respectively.

Qi(l) = Z X W, (10.3)
j=1

Q® =T (%,)" (10.4)
j=1

Step 5: Equation (10.5) calculates the greenness performance level, by A=0.5. Besides, an

optimum could be considered for A.

Q =1QY + (1- 1)Q® = ﬂznliijwj +(1—;t)]l[(¥ij)wj , 2=0102,..1 (10.5)
j=1 =1
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Criteria C1 C2 C3 C4
Subcriteria| C11 | C12 | C13 | C14 | C15 | Avg | C21 | C22 | C23 | C24 | C25 | C26 | C27 | C28 | C29 | Avg | C31 | C41 | C42 | C43 | Avg
Supplierl 2 1 2 1 2 | 167 | 2 3 4 2 2 1 3 5 2 | 267| 3 3 1 3 2,33
Supplier2 5 5 5 2 1 267 3 4 1 2 4 3 5 3 4 (322] 2 2 2 3 2,33
Supplier3 3 2 2 3 1 200 4 1 1 2 5 4 5 3 3 311 2 3 2 1 2,00
Supplier4 4 3 4 1 1 200 5 3 5 4 2 3 1 2 1 128 1 5 5 4 4,67
Supplier5 5 4 3 3 5 |367| 5 4 1 1 5 4 5 5 2 |356| 4 1 3 1 1,67
Supplier6 4 2 2 2 2 200 4 1 3 1 3 5 3 3 1 ]1267| 4 4 5 1 3,33
Supplier7 1 4 1 4 1 (200 2 1 5 3 3 5 4 1 1 1278] 2 1 4 2 2,33
Supplier8 1 3 5 4 5 | 467 2 4 5 3 2 5 5 3 4 1367 1 5 5 1 3,67
Supplier9 2 4 2 5 4 |367| 5 3 5 2 4 2 3 5 5 [378| 2 2 2 1 1,67
Supplierl0 | 3 4 4 1 4 300 3 4 5 5 2 2 3 2 3 |322] 2 3 2 1 2,00
Supplierll | 3 4 5 2 4 |367| 3 2 4 5 4 5 3 2 1 [1322| 4 2 4 1 2,33
Supplierl2 1 4 1 2 4 2,33 4 4 5 1 3 4 5 1 4 344 | 4 2 5 2 3,00
Supplierl3 | 5 3 2 5 5 |400| 2 5 4 2 4 2 2 1 1 1256 | 5 4 1 5 3,33
Supplierl4 2 3 5 5 1 3,67 1 5 1 3 4 3 5 2 4 3,11 4 1 5 2 2,67
Supplierl5 | 2 2 2 1 4 1233 4 3 3 3 5 5 5 3 5 [400] 5 3 1 1 1,67
Supplierl6 | 3 5 1 5 3 |300]| 4 2 5 3 2 5 2 4 4 (344 2 1 5 1 2,33
Supplierl7 | 5 5 4 3 1 267 5 4 4 3 4 5 5 2 5 [411] 1 5 3 3 3,67
Supplierl8 | 2 5 2 4 5 |367| 2 3 4 1 5 3 2 5 3 [311] 3 4 4 2 3,33
Supplierl9 | 5 2 3 4 1 (267 1 2 5 5 2 2 1 3 4 1278 5 3 1 2 2,00
Supplier20 | 3 4 4 1 3 |267| 5 3 5 2 4 2 5 2 3 | 344 2 2 4 1 2,33

Table 10.1: Data of GPS Calculation
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XU J:]. J:2 J:3 J:4 Xl] _]:1 _]:2 _]:3 _]:4
i=1 1.67 2.67 3.00 2.33 i= 0.357 | 0.648 | 0.600 | 0.500
i=2 2.67 3.22 2.00 2.33 i=2 0.571 | 0.783 | 0.400 | 0.500
i=3 2.00 3.11 2.00 2.00 i=3 0.428 | 0.756 | 0.400 | 0.428
i=4 2.00 2.89 1.00 4.67 i=4 0.428 | 0.702 | 0.200 | 1.000
i=5 3.67 3.56 4.00 1.67 i=5 0.785 | 0.864 | 0.800 | 0.357
i=6 2.00 2.67 4.00 3.33 i=6 0.428 | 0.648 | 0.800 | 0.714
i=7 2.00 2.78 2.00 2.33 i=7 0.428 | 0.675 | 0.400 | 0.500
i=8 4.67 3.67 1.00 3.67 i=8 1.000 | 0.891 | 0.200 | 0.785
i=9 3.67 3.78 2.00 1.67 i=9 0.785 | 0.918 | 0.400 | 0.357
i=10 3.00 3.22 2.00 2.00 i=10 0.642 | 0.783 | 0.400 | 0.428
i=11 3.67 3.22 4.00 2.33 i=11 0.785 | 0.783 | 0.800 | 0.500
i=12 2.33 3.44 4.00 3.00 i=12 0.500 | 0.837 | 0.800 | 0.642
i=13 4.00 2.56 5.00 3.33 i=13 0.857 | 0.621 | 1.000 | 0.714
i=14 3.67 3.11 4.00 2.67 i=14 0.785 | 0.756 | 0.800 | 0.571
i=15 2.33 4.00 5.00 1.67 i=15 0.500 | 0.973 | 1.000 | 0.357
i=16 3.00 3.44 2.00 2.33 i=16 0.642 | 0.837 | 0.400 | 0.500
i=17 2.67 4.11 1.00 3.67 i=17 0.571 | 1.000 | 0.200 | 0.785
i=18 3.67 3.11 3.00 3.33 i=18 0.785 | 0.756 | 0.600 | 0.714
i=19 2.67 2.78 5.00 2.00 i=19 0.571 | 0.675 | 1.000 | 0.428
i=20 2.67 3.44 2.00 2.33 i=20 0.571 | 0.837 | 0.400 | 0.500
Maxj | 4.67 411 5.00 4.67 W 0.104 | 0.258 | 0.526 | 0.110
Table 10.2: Results of Decision Matrix Table 10.3: Results of Normalized Decision

Matrix

WSM j=1 j=2 j=3 j=4 Q!

i=1 0.037 0.167 0.316 0.055 0.576

i=2 0.059 0.202 0.210 0.055 0.528

i=3 0.044 0.195 0.210 0.047 0.498

i=4 0.044 0.181 0.105 0.110 0.441

i=5 0.082 0.223 0.421 0.039 0.766

i=6 0.044 0.167 0.421 0.078 0.712

i=7 0.044 0.174 0.210 0.055 0.485

i=8 0.104 0.230 0.105 0.086 0.527

i=9 0.082 0.237 0.210 0.039 0.569

i=10 0.067 0.202 0.210 0.047 0.527

i=11 0.082 0.202 0.421 0.055 0.761

i=12 0.052 0.216 0.421 0.070 0.761

i=13 0.089 0.160 0.526 0.078 0.855

i=14 0.082 0.195 0.421 0.062 0.762

i=15 0.052 0.251 0.526 0.039 0.869

=16 0.067 0.216 0.210 0.055 0.549

i=17 0.059 0.258 0.105 0.086 0.510

i=18 0.082 0.195 0.316 0.078 0.672

=19 0.059 0.174 0.526 0.047 0.808

i=20 0.059 0.216 0.210 0.055 0.542

Table 10.4: Results of Weighted Sum Model
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=1 j=2 j=3 j=4 Q? Supplier Qi (GPS) score
i=1 0.897 0.894 0.764 0.926 0.568 i= 0.572
i=2 0.943 0.939 0.617 0.926 0.506 i=2 0.517
=3 0.915 0.930 0.617 0.910 0.478 i=3 0.488
i=4 0.915 0.912 0.428 1.000 0.357 i=4 0.399
i=5 0.975 0.963 0.889 0.892 0.745 i=5 0.756
i=6 0.915 0.894 0.889 0.963 0.701 i=6 0.706
=7 0.915 0.903 0.617 0.926 0.472 i=7 0.479
=8 1.000 0.970 0.428 0.973 0.404 i=8 0.465
i=9 0.975 0.978 0.617 0.892 0.525 i=9 0.547
i=10 0.954 0.939 0.617 0.910 0.504 i=10 0.515
i=11 0.975 0.939 0.889 0.926 0.754 i=11 0.757
i=12 0.930 0.955 0.889 0.952 0.752 i=12 0.756
i=13 0.984 0.884 1.000 0.963 0.838 i=13 0.847
i=14 0.975 0.930 0.889 0.940 0.758 i=14 0.760
i=15 0.930 0.992 1.000 0.892 0.824 i=15 0.847
i=16 0.954 0.955 0.617 0.926 0.521 i=16 0.535
i=17 0.943 1.000 0.428 0.973 0.393 i=17 0.451
i=18 0.975 0.930 0.764 0.963 0.668 i=18 0.670
i=19 0.943 0.903 1.000 0.910 0.776 i=19 0.792
i=20 0.943 0.955 0.617 0.926 0.515 i=20 0.528

Table 10.5: Results of Weighted Product Model

Table 10.6: Results of GPS

The Table 10.6 ranks the suppliers from highest to lowest based on their Greenness
Performance Score. Suppliers 13 and 15 are the highest-ranked, each with a score of 0.847,
while supplier 4 is the lowest-ranked with a score of 0.399. The GPS for suppliers can be refined
using the Delphi method combined with fuzzy logic, enhancing the assessment process.
Initially, each score is converted into a fuzzy rating by defining fuzzy sets like "low," "medium,"
and "high," and using membership functions to map each score accordingly. For instance, a
high GPS might predominantly belong to the "high" set while partially belonging to the
"medium" set. The Delphi method involves a panel of experts who iteratively provide their
evaluations and adjust their assessments based on group feedback, ensuring a consensus is
reached. These expert evaluations help define and refine the membership functions and the
fuzzy sets. The fuzzy ratings are then aggregated using fuzzy operators such as "AND" or "OR"
to evaluate the overall performance of each supplier. This aggregated fuzzy score undergoes
defuzzification, converting it back into a crisp value, which serves as the final performance
score. Finally, this score is used to rank the suppliers, with the ranking transformed to normalize
the data into a green scale value, providing a comprehensive, nuanced, and robust evaluation
of supplier performance by incorporating expert insights and addressing inherent uncertainties

and subjectivities in the criteria.
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10.2.3 Example of Greenness Scale of Packaging in SCG Formulation

Step 1: Defining the Set of Items

9

9

Reusable Packaging: Glass or metal containers that can be washed and reused multiple
times.

Biodegradable Packaging: Made from materials like cornstarch or paper, breaking down
naturally over time.

Minimalist Packaging: Utilizes minimal packaging, e.g., bulk bins where customers use
their own containers.

Recyclable Packaging: Consists of materials like cardboard or certain plastics that can be
recycled.

Compostable Packaging: Made from compostable plastics or plant-based materials suitable

for composting.

Step 2: Constructing the Paired Comparison Matrix

Assume the comparisons are based on sustainability and environmental impact. The values are

hypothetical and can be adjusted according to actual judgments. We'll use a scale similar to

Saaty's scale:

1: Equal importance

3: Moderate importance
5: Strong importance

7: Very strong importance
9: Extreme importance

Reciprocals for inverse comparisons

Step 3: Performing Pairwise Comparisons and Filling the Matrix

Let's assume the following comparisons:

Reusable Packaging is moderately more important than Biodegradable Packaging.
Reusable Packaging is strongly more important than Minimalist Packaging.

Reusable Packaging is very strongly more important than Recyclable Packaging.
Reusable Packaging is extremely more important than Compostable Packaging.
Biodegradable Packaging is moderately more important than Minimalist Packaging.
Biodegradable Packaging is strongly more important than Recyclable Packaging.
Biodegradable Packaging is very strongly more important than Compostable Packaging.

Minimalist Packaging is moderately more important than Recyclable Packaging.
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« Minimalist Packaging is strongly more important than Compostable Packaging.

« Recyclable Packaging is moderately more important than Compostable Packaging.

Here's the filled matrix based on these assumptions:

1 3 5 7 9
Ly 5 7
3
L1355
5 3

LN
7 5 3
111 1
i
9 7 5 3 "

Step 4: Normalizing the Matrix

To normalize the matrix, sum each column and then divide each element by its column sum.

Column sums:
1+ . + . + ! + ]
35 7 9
3+1+1+1+1 L1971
3 5 7 | 4.467 |
1 1] =19.533
1 25.333
7+5+3+1+§
L9 +74+5+3+11
Normalized matrix:
.+ 3 S5 _7_  _9_
1.97 4.46 9.53 16.33 25.33
N S TN S 2
1.97 4.46 9.53 16.33 25.33 0 O 067 052 042 035
1 1 L . . 0.16 0.22 0.31 0.30 0.27
7 3 . ~
1.97 4.46 9.53 16.33 25.33 ~ 010 007 010 018 019
1 1 1 L 3 0.07 0.04 0.03 0.06 0.11
7 3
1.97 4.46 9.53 16.33 25.33 005 003 002 002 003
1 1 1 1
5 7 5 3 1
-1.97 4.46 9.53 16.33 25.33-
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Step 5: Calculating the Priority Vector
The priority vector is the average of the normalized values in each row.

Priority vector:

0.50 + 0.67 + 0.52 + 0.42 + 0.357
5
0.16 + 0.22 + 0.31 + 0.30 + 0.27
0.497
> 0.258
0.10+0.07 + 0.10 + 0.18 + 0.19 '
z ~ 10.132
0.066
0.07 + 0.04 + 0.:3 +0.06 +0.11 0.034
0.05+0.03+ 0.02 + 0.02 + 0.03
5

The priority vector is approximately:

[0.497 0.258 0.132 0.066 0.034]

This means that:

- Reusable Packaging: 49.7%

-> Biodegradable Packaging: 25.8%
- Minimalist Packaging: 13.2%

- Recyclable Packaging: 6.6%

- Compostable Packaging: 3.4%

Note: we will transform these priorities into fuzzy and defuzzify them to reach a scale between
Oand 1.

Step 6: Defining the Fuzzy Sets for Each Priority Level

For this part, this research recommends methodologies similar to those elucidated in the GTI
questionnaire, namely the fuzzy ranking scale and FDM. An effective strategy involves
employing fuzzy ranking scales to initially prioritize criteria or alternatives. Subsequently,
through iterative refinement facilitated by the Delphi method, these rankings can be further

honed. Here is an example:

e (Very High green): (0.8,1.0,1.0)
e (High green): (0.6,0.8,1.0)

e (Moderate green): (0.4,0.6,0.8)

e (Low green): (0.2,0.4,0.6)

e (Very Low green): (0.0,0.2,0.4)
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Step 7: Assign Fuzzy Sets to Each Packaging Type Based on Priority
- Reusable Packaging: Very High green (0.8,1.0,1.0)

—-> Biodegradable Packaging: High green (0.6,0.8,1.0)

- Minimalist Packaging: Moderate green (0.4,0.6,0.8)

- Recyclable Packaging: Low green (0.2,0.4,0.6)

- Compostable Packaging: Very Low green (0.0,0.2,0.4)

Step 8: Defuzzification

To defuzzify, the best crisp value which mentioned before is used:
Final crisp value:

- Reusable Packaging: 0.909

-> Biodegradable Packaging: 0.800

- Minimalist Packaging: 0.602

- Recyclable Packaging: 0.382

- Compostable Packaging: 0.133

Step 9: Normalization

x;j—min(x)

By using x; = the final greenness scale is obtained. The final normalized

max(x)—min(x)
values, referred to in this research as the greenness scale values of packaging types, range
between 0 and 1 and are as follows:

- Reusable Packaging: 1.00

—-> Biodegradable Packaging: 0.852
- Minimalist Packaging:0.578

- Recyclable Packaging:0.284

- Compostable Packaging:0.00

Note: Steps 6 to 9 are applied similarly for all green scale values of technology, recycling, and
energy in SCG formulation by prioritizing the greenness based on experts' preferences
linguistically and then using fuzzy methods. This ensures that each indicator's greenness scale
is derived through a consistent and rigorous process, combining expert judgment with fuzzy
logic to capture the inherent uncertainty and subjectivity in assessing environmental impacts.
The final greenness scales provide a normalized value between 0 and 1, representing the relative

environmental performance of each indicator in the SCG assessment.
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10.3 Details of SSP Approach

Note 1. Example for an SC Network with Supply Disruption

Supplier 1 i K
cap: Xu Customer 1
dem:
K1 ] Xor
™ Production
—mP—>» Centers1 [
Ay cap’
X1
Customer 2
dem:
X2
» Production
p—— Centers 2
> cap’2
X a1 P X
1.
Supplier 3 X 3 Customer 3
caps dems
X2

Figure 10.1: Three-tiered SC: Supplier, Production and Customer

In the initial setup, we assume that all parameters are deterministic and there is no uncertainty
in the model. The mathematical model is designed for a system consisting of three suppliers,
two producers, and three customers, dealing with one type of material and one product. The
primary objective of the model is to minimize costs while adhering to the specified

constraints and satisfying customer demand.

e Parameters:
F: Fixed cost of activating a production center. This cost is incurred when a production center

is activated, regardless of the production level.
dem: Customer demand.

cap: Capacity related to supply. This represents the maximum amount of material each

supplier can provide to the system.

cap': Capacity related to production. This specifies the maximum quantity of the product

each producer can manufacture.

C: Unit supply, production, and transportation costs per unit.
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Unit Supply Cost: The cost incurred to acquire or purchase one unit of the material from
each supplier. It encompasses expenses related to the procurement of raw materials or

components.

Unit Production Cost: The cost incurred to produce one unit of the product by each producer.
This includes expenses associated with manufacturing processes, labor, overhead, and other

production-related costs.

Transportation Cost: The cost of transporting the material from suppliers to production
centers and delivering the final product from production centers to customers. It covers

expenses related to logistics, shipping, and distribution.

e Decision variables:
Y: Binary variable for production center activation. It is used to indicate whether a production

center is active (1) or inactive (0)
X: Represents the supply, production, and transportation quantities

In the mathematical model, these unit costs will be utilized to calculate the total cost incurred
for each supply source, production center, and customer, considering the quantities supplied,
produced, and transported. The objective of the model is to optimize the overall cost by
making decisions regarding material orders, production center activation, production

quantities, and transportation routes while considering the given capacities and constraints.

If we represent the supply, production, and transportation values as a vector X, the objective

function is formulated as Model (10.6) according to the definitions mentioned above.

e Objective Function:
Mincx + fy (10.6)

xy)

e Binary decision constraint for production centers if for example is assumed that at most
one production center should be activated (Model (10.7)):

Hy<e:{y;+y, <1 (10.7)
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e Capacity constraints for supplier (Model (10.8)):

x'11+x'1, +0 < cap, - b, (10.8)
Ax + By < b:{x',1+x'5, +0 < cap, — b,
xX'31+x'3, +0 < caps — bs

e Capacity constraints for production center (Model (10.9)):

X117+ X1, +x13< capyy; = By (10.9)

Ax + B < b: { 1]
Y Xo1 + X2 + X33 < cap, y, — B,

e Demand satisfaction constraints (Model (10.10)):
X171 + X1 = dy > demy (10.10)
Sex =>d;: {xlz +x,, = d, = dem,
X13 + X33 = d3 — dems
e Flow balance constraint for 2 production centers (Model (10.11)):
(P is the rate of utilization of the material in the product)

X11 + X12 + X13 < (x,11 + x’21 + x,31)P (1011)

AX < 0: {
X1+ X3 + 23 < (X2 + X' +x'3)P

e Using SSP Approach

Now, let's consider the disruption only in the supply part (to simplify the example). This
research assumes three disturbance scenarios where the capacity of each supplier (b) is
considered stochastically (Model (10.12)):
X'11 +x'1, < by > cap; (10.12)
x'12 +x'3, < b, — cap,
X'31 +x'35 < bs - caps
In these scenarios, the disturbance rates are as follows:

Scenario 1: (close to zero), scenario 2: (0.3), and scenario 3: (0.8).

Let S be the set of scenarios: S = Set of scenario = {1,2,3}. When scenario 1 occurs,
there is no disruption, and the rate of capacity loss is zero. When scenario 2 occurs, the rate

of capacity loss is 50%. In scenario 3, the rate of capacity loss is 80% (Model (10.13)):

Scenario 1: 0 (10.13)
Disruption rate: {Scenario 2: 0.5
Scenario 3: 0.8

Let assume the following probabilities of occurrence in Model (10.14) for each scenario:

scenario 1: 50%, scenario 2: 30%, and scenario 3: 20%.
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m; = 50% (10.14)
Probability of occurrence: {7, = 30%
T3 = 20%

In this situation, disturbance scenarios affect the flow variables (x) or the first stage, also
known as "wait and see" variables in the terminology of stochastic programming. These

scenarios are considered for all constraints involving variable 'x," with each constraint taking

on scenario indices. For instance in Model (10.15) b~12 represents the capacity of supplier 1

under scenario 2.

X2y, + %%, < by (10.15)
Scenario 2:{ x2,, + x2,, < b,

x%13 +x%53 < E’f
The objective function changes as follows in Model (10.16), just affect on variable X, where
binary variables or first-stage variables (referred to as "here and now" variables in the

terminology of stochastic programming) are not subjected to scenarios.

Objective Function: Min m;cx! + mycx? + myex® + fy (10.16)

In details, note that in scenario-based stochastic programming with the aim of minimizing
cost, the objective function can be formulated as follows:

Minimize: Total Cost = X [Probability(Scenario S) * Cost(Scenario S)]

Where:

- Scenario S represents the S-th scenario.

- Probability (scenario S) is the probability associated with the occurrence of the S-th
scenario.

- Cost (Scenario S) is the cost associated with the s-th scenario.

This objective function represents the expected total cost across all scenarios, taking into
account the probability of each scenario and the corresponding costs. The goal is to find

decision variables that minimize the expected total cost under uncertainty.

Note 2. Risk-Neutral Objective Function

A risk-neutral objective function aims to optimize the expected value of the objective under
uncertainty. It assumes that decision-makers are risk-neutral, meaning they are indifferent to
risk and solely concerned with maximizing the expected outcome. The risk-neutral objective

function does not explicitly consider the variability or downside risks associated with
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uncertain parameters. It focuses on maximizing the expected value without taking into account

risk preferences or aversion (Shapiro, 2021).

Note 3. Risk-Averse Objective Function

On the other hand, a risk-averse objective function accounts for decision-makers' risk
preferences and incorporates measures to mitigate the downside risks associated with
uncertain parameters. It aims to optimize not only the expected value but also considers the
risk associated with different scenarios (Noyan, 2012).

Note 4. Two-Stage Scenario-Based Stochastic Programming

Two-stage scenario-based stochastic programming is a mathematical optimization technique
used in decision-making under uncertainty. This approach is particularly useful when dealing
with complex problems where multiple scenarios and potential outcomes need to be
considered. The objective is to find the best possible decision strategy that minimizes risks

while achieving desired goals (Noyan, 2012).

In this context, the objective function of the optimization problem involves a combination of
the minimum of a sum and a maximum, reflecting a trade-off between risk aversion and

conservatism. Let's break down the components:

= Two-Stage Scenario-Based Approach

This approach divides the decision-making process into two stages: the first stage involves
making decisions with incomplete information, and the second stage occurs after additional
information (scenarios) becomes available. This allows for flexibility in adapting decisions
based on the actual outcomes observed.

This research uses the Objective Function of minimum of sum of cost plus maximum cost in

which we have:

Minimum of Sum: This part of the objective function aims to minimize the expected cost. It

represents the average or expected performance of the decision strategy.

Maximum Component: The maximum part captures the risk-averse nature of the decision-
maker. It focuses on the worst-case scenario among the potential outcomes. In other words, it

evaluates the performance of the decision strategy under the most adverse conditions.
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Note 5. Risk Averse Coefficient

Coefficient of Maximum Cost or p in the maximum part of the objective function is a
parameter that reflects the decision-maker's risk attitude or level of risk aversion. This
parameter controls the trade-off between the average and worst-case outcomes. A higher value
of the coefficient p indicates a more risk-averse decision-maker who is more concerned about

avoiding unfavorable outcomes.

The coefficient p lets decision-makers adjust the balance between optimizing average
performance and preparing for worst-case scenarios. A higher p value emphasizes worst-case
protection, while (1 — p) gauges risk tolerance. The approach uses a two-stage scenario-
based model, combining minimum and maximum objectives. This provides flexibility,
accommodating both risk aversion and average performance goals, enabling a balanced
decision-making strategy. This method is used in studies by Noyan (2012); Zhao and Guan
(2018).
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10.4 Details of FCCP Approach

Note 1. Trapezoidal Fuzzy Number

Steinrlicke (1997) discussed explicitly representing an expanded preference structure by
formulating membership functions. Membership functions determine the degree of an object's
association with a fuzzy set, with classical set theory being a particular case relying on binary
logic. The interpretation of membership degrees is context-dependent, requiring a connection
to a fundamentally fuzzy set. Decisions are made considering vaguely articulated ideas about
goal and constraint expressions. This leads to assessing the degree of association with the
entirely satisfactory action alternatives for each alternative characterized by utility functions.
In addition, it is discussed that the question of determining membership functions that
adequately describe a decision-maker's preferences is not answered by the concept of optimal
fuzzy decisions. The shape of membership functions is context-dependent, making general
statements about the advantages of a specific function type impossible. To provide practical
decision support, he discussed the efficiency of modeling different membership functions given
the time-sensitivity of decision processes, the importance of mapping human preferences
accurately using various functions, and the potential for implicit weighting in the goal system
through parameter variations in membership functions, primarily employing the minimum
operator, which doesn't allow compensation between different goals. Moreover, he discussed
distinguishing between linear and nonlinear membership functions for representing human
preferences and emphasized the significance of defining result value limits for assessing the

accuracy of mapping human preferences.

In Steinruicke (1997), a systematic framework was employed to elucidate the left and right peak
points and spans of TFNs, giving rise to well-defined membership functions. This integration
enhances the grasp of fuzzy logic and the precision of TFN modeling, thereby making
significant contributions to the broader field of fuzzy decision-making and its practical
applications. Additionally, he used a representation of an extended preference structure by
formulating membership functions. These functions are pivotal in quantifying an object's
association with a fuzzy set, a concept deeply rooted in classical set theory built on binary logic.
It is essential to underscore that the interpretation of membership degrees is inherently bound
to the specific context in which they are applied. He mentioned the paramount importance of
navigating through somewhat nebulous conceptions of goal and constraint articulations within

decision-making. This intricate process culminates in quantifying the degree of affiliation for
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every conceivable course of action. These membership functions exhibit utility characteristics,

implying their valuable role in facilitating decision-making.

The membership function pg:x —[0,1] for a TFN with four components F =
(f(l)rf(Z)Jf(3)'f(4)) is defined in Model (1017)

(0 , X <f(1) (1017)
x_f(1)

_—, foy < x < f,

f(z) _f(l) €Y} 2

fr)=41 o fosx=fg

f(4) - X

_—, fi) < x < f

f(4) _ f(g) 3 C))

\0 , X >f(4)

According to Model (10.17), diagram pz(x) for a TEN is shown in Figure 10.2.

Hg (x)
A
¢
X = f(1) f(4) —X
f(z) - f(1) f(4) - f(3)
1 1 > X
f(1) f(z) f(3) f(4)

Figure 10.2: TFN Membership Function
This research utilizes the representation of a TFN denoted as F = (f(1y, f2), f3) fiay)- IN LR

notation, this is related as F = (F, F, L, R);r, typically shown by four components reffer to left

and right side values of the TFN. These components define the starting and ending points of the
fuZZy range or ﬁ = (f(l)'f(Z)'ﬂ3)lﬂ4)) = ﬁ = (E,ﬁ, L'R)LR , WhICh . R = ﬂ4) _f(3) ,L =

fo —fay E =fo) F = f).
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Note 2. Confidence Level

The confidence level, in simple terms, is a measure of how certain we are about the results of a
measurement compared to a given hypothesis. Let's take the example of the Higgs boson with
a specific production cross section. When we talk about the "confidence level associated with
the exclusion of our hypothesis,” it means we want to know the probability that the
disagreement between the measurement and the given hypothesis is smaller than what we have
actually observed (Favara & Pieri, 1997).

The confidence level represents the degree of confidence or reliability desired for meeting the
specified constraints. It quantifies the acceptable level of violation or failure of constraints in
the presence of uncertainty. In other worlds, the confidence level determines the acceptable

degree of violation allowed for these fuzzy constraints.

For example, if we have a fuzzy chance constraint that states “the probability of constraint
violation should be less than or equal to P," the confidence level P indicates the desired level of
confidence. A higher confidence level implies a stricter requirement for constraint satisfaction,

where a lower degree of violation is acceptable.

The choice of the confidence level depends on the risk tolerance and preferences of the decision-
maker. A higher confidence level provides a more conservative solution by minimizing the risk
of constraint violation, but it may also lead to more conservative decisions. Conversely, a lower
confidence level allows for a higher degree of violation, which may result in more aggressive

decisions.

Note 3. Fuzzy Measures: Possibility, Necessity
The concepts are widely used in fuzzy logic, fuzzy sets, and related fields to handle uncertainty,

vagueness, and incomplete information in decision-making, reasoning, and modeling.

Fuzzy Measures: Fuzzy measures are mathematical functions used to quantify the degrees of
membership or possibility of elements belonging to fuzzy sets. They provide a way to model
and reason with uncertainty or vagueness in data or knowledge. Fuzzy measures assign values
between 0 and 1 to indicate the degree of membership or possibility for each element in a fuzzy

set.
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Possibility Measure:
Definition: The possibility measure of a fuzzy event A quantifies the maximum degree of
confidence that the event A might be true. It is an optimistic measure of confidence, focusing

on the upper bounds of the fuzzy set.

Possibility represents the maximum degree to which a statement or proposition can be true or a
condition can be satisfied. It measures the plausibility or likelihood of an event occurring or a
constraint being fulfilled. Possibility values range between 0 and 1, where O indicates

impossibility or complete non-fulfillment, and 1 represents certainty or complete fulfillment.

Necessity Measure:
Definition: The necessity measure of a fuzzy event A quantifies the degree to which the event
A is necessarily true. It is a conservative measure of confidence, focusing on the core part of

the fuzzy set.

Necessity represents the minimum degree required for a statement or proposition to be true or
a condition to be satisfied. It measures the degree of necessity or essentiality for an event to
occur or a constraint to be fulfilled. Necessity values also range between 0 and 1, where 0
indicates non-necessity or complete non-fulfillment, and 1 represents complete necessity or
essential fulfillment. (See more detail about the fuzzy measure, possibility, and necessity in
study by Murofushi and Sugeno (2000)).

Note 4. Credibility Measure
Definition: The credibility measure of a fuzzy event A combines both the possibility and
necessity of event A. It provides a balanced measure of confidence by considering both the

most optimistic and most pessimistic scenarios.

Credibility refers to the degree of belief or confidence in the truth or satisfaction of a statement,
proposition, or constraint under uncertain conditions. It quantifies the reliability or believability
of an event occurring or a constraint being satisfied. Credibility values range between 0 and 1,
where 0 indicates complete lack of credibility or belief, and 1 represents complete credibility
or high confidence in the truth or satisfaction. Here is the information utilized in this research,
which includes definitions related to fuzzy measures, specifically as referred to in the study
conducted by Xu and Zhou (2013). Fuzzy measures play a crucial role in quantifying the
possibility or likelihood of an element belonging to a fuzzy set, and their significance is

essential in handling uncertainty and imprecision within the context of this research.
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Definition 1: For d € R and the fuzzy number F = (F, F, L,R)eLR, the possibility measure for

F < d is defined in Model (10.18):
Pos(F = d) = suppus(x) (10.18)
xSd

Lemma 1: The following propositions (10.19) and (10.20) hold in the assessment of F § d
under the Possibility measure based on the confidence level P (Xu & Zhou, 2013):
Pos(F<d)>Ped>=F—-(1-P)L (10.19)

Pos(F>d)>P& d<F+(1-P)R (10.20)

Definition 2: For d € R and the fuzzy number F = (F,F, L, R),r, the Necessity measure for
F < d is defined in Model (10.21) and (10.22):

Nec(F <d) =1—-Pos(F > d) =1 — supuz(x) (10.21)
x>d

Nec(F =d)=1—-Pos(F <d) =1— supup(x) (10.22)
x<d

Lemma 2: The propositions (10.23) and (10.24) hold in the assessment of F < d under the

Necessity measure based on the confidence level P (Xu & Zhou, 2013):
Nec(F<d)=2P<d>F+P.R (10.23)
Nec(Fz2d)2Ped<F-P.L (10.24)

Definition 3: If we incorporate the Fuzzy Measure (Me) associated with Possibility (Pos) and
Necessity (Nec) measures, the Credibility (Cr) can be defined as average of them in Model
(10.25) (Dehghan et al., 2018; Zhang & Hang, 2010):

Me (. [A) = A.Pos(.) + (1- A).Nec(.) (10.25)

9 F: (Lower Bound of the Core): Represents the smallest value in the core where the membership function is at its maximum
(usually 1).

F: (Upper Bound of the Core): Represents the largest value in the core where the membership function is at its maximum
(usually 1).

L: (Left Spread or Tolerance): Indicates how far the fuzzy number extends to the left from F before the membership function
decreases to 0.

R: (Right Spread or Tolerance): Indicates how far the fuzzy number extends to the right from F before the membership function
decreases to 0.
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e |F A =1, then Me="Pos" (i.e., DM considers the maximum chance for an uncertain
parameter)

e |IF A =0, then Me="Nec" (i.e., DM considers the minimum chance for an uncertain
parameter)

e |F A=0.5 then Me="Cr" (i.e., DM considers the average chance for an uncertain
parameter)

When A = % the Cr measure as a middle of the measures Pos and Nec is used in this research

to satisfy the fuzzy constraints.
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10.5 Details of Bertsimas and Sim (2004) Approach

Note 1. Conservatism Level

The conservatism level of refers to the degree of cautiousness in handling uncertainty. It
determines how pessimistic or optimistic the model is when considering worst-case scenarios
or assumptions. A higher level is more cautious, leading to robust solutions but potential
conservatism. A lower level is more optimistic, allowing for efficient solutions but increased
vulnerability. Determining the right level requires balancing robustness, optimality, and risk

tolerance.

Note 2. Robust Counterpart

A robust counterpart, also known as a robust optimization or robust counterpart formulation, is
a mathematical approach used to handle uncertainty and variability in optimization problems.
It is commonly applied when the input parameters of a problem are subject to uncertainty or
variation, and the goal is to find a solution that performs well under all possible scenarios within
a certain uncertainty set. The formulation of a robust counterpart problem often requires
defining conservative or worst-case assumptions to ensure that the solution is robust against all

possible variations.

Note 3. Bertsimas and Sim (2004) Approach

In the early 1970s, researchers introduced a robust method for solving linear optimization
problems that deal with uncertain data. Since then, many studies have been conducted to further
develop and explore this method. The main focus of this approach is to prioritize the feasibility
and near optimality of the solution, even if it means accepting a suboptimal solution for the
nominal data values, especially when faced with changing data. However, a concern raised
about this approach is its potential conservatism, which may result in overly cautious solutions.
In this paper, an alternative approach is proposed to tackle this trade-off by reducing what is
call the "price of robustness.” This is achieved by flexibly adjusting the level of conservatism
in robust solutions, taking into account probabilistic bounds on constraint violations. An
interesting aspect of this method is that the new robust formulation remains a linear
optimization problem, which allows to be seamlessly extend this approach to discrete
optimization problems in a manageable and practical way. In sum, B&S proposed a robust
approach which offers full control on the degree of conservatism for every constraint.

To explain the robust approach by B&S, consider the optimization Model (10.26) in general:
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mXinz agX;j s.t. Eé‘ljxj <bViel (10.26)
j€l j€]

where @,; are uncertain parameters. Based on the robust programming approach, the

optimization problem under above-mentioned uncertainty is solved so that the solution is

always feasible, and the value of the objective function is also optimal in the worst-case (Ben-

Tal et al., 2009; Beyer & Sendhoff, 2007; Yanikoglu et al., 2019). Therefore, if uncertain

parameters are assumed @ € [aj;,aj |, then the robust counterpart of constraint in Model

(10.26) is obtained as follows in Model (10.27):

r (10.27)

min  sup z ApjXj
X

—~ L .U -
aOJE[aoi'aoi] j€]

s.t. sup z ai]'X]' < bi Viel

L aefafial] (55

L

8]
aij+ai]-

2

U
ij

If a, = is the nominal value of the uncertain parameter a;;, and a,, = a;; — a,; is the

deviation, then it is proved that the RC of Model (10.27) known as the robust formulation by
A. L. Soyster (1973) is illustrated in the Model (10.28).

min t (10.28)
j€) J€]
Za_”xj + Za’&,|x,| SbIVIEI
J€] j€]

Although the RC based on the A. L. Soyster (1973) formulation provides a feasible solution for
all data in a convex set, it is over-conservative. In other words, this approach considers all
uncertain parameters simultaneously in their worst-case, which is excessively conservative and
imposes high costs on the system. Later, a new robust formulation was presented by B&S, in
which the level of conservatism of the robust solution is controlled by parameter 0 < T < |]|,
and an RC by B&S is presented.

As mentioned above, the robust counterpart by B&S formulation, the |I'| uncertain parameters
are in their worst-case, and the one parameter with a ratio of I' — |I'| gets close to the worst-
case. The RC based on B&S approach is formulated in Model (10.29):
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mint (10.29)

— = |x. —|I'Dans <
z %) + (SutgIschISiAlr] tes\J} Zs: Tl + Mhaodxl =t
JE

{ j€]

. . T DS
kZauxl+ . . Zau|xl|+(f‘ ITDElx b<biviel
JE jE

In the study by B&S, it is proved that the Model (10.29) is still a nonlinear formulation, and it
has an equivalent linear formulation as follows in Model (10.30). (The detail of proof can be

found in Bertsimas and Sim (2004)).

min t (10.30)

Za_olx]—+ Fq0+2p0] <t

j€J j€J
<Za_1]x]-+ Fq1+ZpIJSb1 vViel
j€] j€J
qi+p1j2§;X]‘ VjE],iEIU{O}
qi,p;j = 0Vj €], i €U {0}

In the robust model known as the B&S method in Model (10.30), if I' = 0, then just the
nominal value of parameters are taken into account. When I — | J |, in addition to the nominal

value, the deviation value of all parameters is also considered in their worst-case, and the

model's conservatism level increases.
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10.6 Details of AEC Method and Solution Approach

Note 1. Pareto Front

The Pareto front, also known as the Pareto set or Pareto frontier, represents the set of optimal
solutions in multi-objective optimization. In a multi-objective optimization problem, there are
multiple conflicting objectives that need to be optimized simultaneously. The goal is to find a
set of solutions where no other solution can improve one objective without degrading at least
one other objective. The Pareto front consists of all the non-dominated solutions, meaning that
no other solution in the set is better in all objectives. These solutions represent trade-offs
between different objectives, where improving one objective comes at the cost of degrading
another. The Pareto front is often visualized as a curve or a surface in the objective space, where
each point on the curve represents a solution and its corresponding objective values. The shape
of the Pareto front provides valuable insights into the trade-offs and potential solutions for
decision-makers to choose from. The Pareto front in optimization represents the set of optimal
solutions that achieve the best trade-offs between conflicting objectives in multi-objective

optimization problems.

Note 2. Compensatory Selection

Compensatory selection involves assessing and comparing solutions based on a trade-off or
compensation between the objectives. It allows for a flexible evaluation where improvements
in one objective can compensate for potential drawbacks in another. In this approach, the
decision-maker assigns weights or importance to each objective, and the solutions are evaluated
based on a weighted combination of the objectives. Compensatory selection allows for trade-
offs between objectives, meaning that a solution may be considered favorable if it achieves a

higher level of performance in one objective, even if it falls short in another.

Note 3. Non-Compensatory Selection

Non-compensatory selection, on the other hand, does not allow for trade-offs between the
objectives. It involves the application of strict rules or constraints that a solution must satisfy
in order to be considered acceptable. These rules or constraints are typically predefined and
reflect specific requirements or criteria that cannot be compromised. Non-compensatory
selection focuses on identifying solutions that meet certain thresholds or criteria for each

objective individually, without considering trade-offs between them.

In summary, compensatory selection in a bi-objective problem allows for trade-offs between

objectives, weighing the importance of each objective and evaluating solutions based on a
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combination of their performances. Non-compensatory selection, however, applies strict rules
or constraints without allowing trade-offs, evaluating solutions based on whether they meet
predefined thresholds or criteria for each objective separately.

Note 4. AEC Method Details
In a multi-objective decision-making (MODM) problem involving the minimization of two
objective functions, the problem can be represented in Model (10.31):

{min (0:(x),0,(x) (10.31)
x€X

In Model (10.31), the objective is to minimize the combined outcome of two objectives O and
O, over the decision variable set X, which is subject to corresponding constraints. The primary
emphasis is placed on optimizing the first objective, while the second objective is bounded by
an upper limit denoted as epsilon (¢) and enforced through constraints. In this context, when
employing the Epsilon Constraint approach, the single-objective model can be formulated as
Model (10.32):

min 0, (x) (10.32)

0,(x)<e
x€X

The Epsilon Constraint formulation outlined previously yields different solutions by adjusting
the value of e. However, it's important to note that these solutions might not necessarily be
efficient or weakly efficient. To tackle this concern, a partial modification is applied to Model
(10.32) with the AEC method, as introduced by Mavrotas (2009).

Furthermore, the Lexicographic (Lex) method, as discussed by Aghaei et al. (2011), is utilized
to establish a suitable range for e to implement the AEC method effectively. The Lexicographic

method assists in achieving a well-balanced trade-off between conflicting objectives.

Process of finding the appropriate range of e:

In order to find the appropriate range of e, a multi-step process is employed, starting with the
separate optimization of each objective. The pay-off matrix is utilized to establish this range,
and the Lexicographic method is subsequently applied to prioritize and compare the objectives

in a hierarchical manner.

1. Objective optimization:

PayOff;; = min 0, (x)
XeX
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PayOff,, = min 0,(x)
xXeX
These values represent the optimal outcomes for each objective when considered individually.

2. Using Lexicographic Method:
The Lexicographic method introduces a hierarchical ordering of objectives. Each objective is
optimized while minimizing the other objective as much as possible, based on the prioritized

objective's optimal value.

PayOff,, = mel)? 0;(x) s.t. 0,(x) = PayOff,,
X

PayOff,; = mel)? 0,(x) s.t. 0,(x) = PayOff;,
X

3. Pay-off matrix:
Using the pay-off matrix, which is a 2 x 2 matrix in this case, we can determine the minimum

(best-case), maximum (worst-case), and range of each objective as follows:

0, 0y

PayOff =

0, 0O

0; = minimum of 0, (x)

0, = worst — case of 0 (x)

0, = minimum of 0, (x)

o
N
Il

worst — case of 0,(x)

-
=%
Il

0, — 0; = The best range of 0,(%)

-
N *
Il

0, — 0, = The best range of 0,(x)

4. Determining a range for e:
Based on the above definition, e € [&, 0_2] is the suitable range via the Lex method, and to

ensure that each objective function is on the same scale, it is divided by its respective variation
range. By normalizing the objective functions, they are transformed to a common scale,
allowing for fair and meaningful comparison between the objectives. This normalization
process helps eliminate any bias that may arise due to differences in the magnitudes or units of
measurement between the objectives. Dividing each objective function by its respective
variation range enables an objective-wise comparison that accounts for the relative importance

or impact of each objective within the given problem.
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As a result of these considerations, the objective function of AEC method is in Model (10.33):

. 0;(%) 8 (10.33)
min R; — R_E
0,x)+ s=c¢e
x €X

In this formulation:

X represents the decision variables and their corresponding constraints.

Oz and O are the two conflicting objectives that need to be optimized.

R1, R> are reference points that help in defining the trade-off between the objectives.

8 = 0is an auxiliary variable introduced to aid in the optimization process.

e is the constraint representing the augmented epsilon, which helps in controlling the trade-off
between the objectives.

¢ is a control coefficient that adjusts the influence of the second objective based on its

importance.

The objective function is designed to minimize the trade-off between the two objectives while
considering the reference points and the control coefficient. The constraint 0,(x) + s = ¢
enforces the augmented epsilon constraint, which determines the feasible range of trade-offs
between the objectives. The auxiliary variable s > 0 and the control coefficient ¢ play key
roles in achieving a balanced optimization outcome that respects the trade-off preferences and

the significance of the objectives.

Note 5. Relative Optimality Deviation

Relative Optimality Deviation (ROD) is a metric used to quantify the extent to which a solution
deviates from the optimal or ideal solution in multi-objective optimization or decision-making
problems. It provides a measure of how far a given solution is from the best achievable

performance with respect to a set of conflicting objectives.

In the context of multi-objective optimization, where there are multiple objectives that need to
be simultaneously optimized, finding a single solution that perfectly optimizes all objectives
may not be feasible due to conflicting nature of objectives. Therefore, the goal is to find a set
of solutions that represents a trade-off between these objectives.

ROD is typically calculated as the ratio of the difference between the objective values of a
specific solution and the optimal solution to the objective values of the optimal solution.
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ROD provides insights into how close or far a solution is from the best possible solution,
allowing decision-makers to assess the quality of a given solution and make informed trade-
offs between different objectives. A smaller ROD indicates a solution that is closer to the
optimal solution, while a larger ROD indicates a greater deviation from optimality. ROD is a
useful tool for comparing and evaluating different solutions in multi-objective optimization
scenarios, as it provides a quantitative measure of solution quality in relation to the best possible

outcomes.

Now, in this research suppose we have a set of Pareto optimal solutions P obtained using the
AEC technique. In this set for each solution (P € P), there are different values for objectives,
0,(p) and 0,(p). To assess the performance of each solution, the ROD for each objective (in

minimization aim), is considered according to Equations (10.34) and (10.35).

0,(») -0, (10.34)
ROD,(p) = —x  #E P
1
02(p) — 0, (10.35)
ROD,(p) = — g PE P
2

Where:

0; = minimum of 0, (x)/ Best -case

0, = worst case of 0;(x)

0, = minimum of 0, (x)/ Best- case

0, = worst — case of 0,(x)
R; = 0, — 0, = The range of 0, (x)
Ry = 0, — 0, = The range of 0,(x)

In summary, the ROD values offer insights into the performance of each solution within the
Pareto optimal set, by comparing their objectives to the minimum and worst-case values,

relative to the optimal range of each objective.
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10.7 Parameters of CLSCDP Model

alfaC (parameter)

c Value

cl 0,379336828

c2 0,482619265

c3 0,323915546

cd 0,447095778

ch 0,311083695

c6 0,415259961

c/ 0,310281422

c8 0,301201674

c9 0,380245537

cl0 0,403976237

cll 0,425775451

cl2 0,345149976

cl3 0,379224282

cl4 0,355201226

cl5 0,330474522

cl6 0,487264567

cl7 0,384532118

cl8 0,326932626

cl9 0,377211123

c20 0,374926549

betaR | (parameter)
M Value
m1l 0,372501894
m2 0,418813592
capCK | (parameter)

C K Value
cl k1 855,6228
cl k2 888,3293
cl k3 370,1495
c2 k1l 565,4313
c2 k2 230,6902
c2 k3 458,4016
c3 k1l 551,9019
c3 k2 452,2632
c3 k3 307,8129
cd k1l 848,7651
cd k2 533,4338




c4 k3 313,4249
c5 k1 572,4277
c5 k2 426,3951
c5 k3 916,5453
c6 k1l 251,5262
cb k2 531,6795
cb k3 473,291
c/ k1l 574,6288
c/ k2 714,136
c/ k3 714,8605
c8 k1 470,0845
c8 k2 280,6529
c8 k3 924,6616
c9 k1 373,8806
c9 k2 935,093
c9 k3 561,4035
cl0 k1l 271,9446
cl0 k2 499,3588
cl0 k3 531,992
cll k1l 523,3559
cll k2 289,3351
cll k3 800,9029
cl2 k1 842,7232
cl2 k2 218,926
cl2 k3 584,7031
cl3 k1 422,8684
cl3 k2 921,2911
cl3 k3 214,0691
cl4 k1 744,8314
cl4 k2 960,7254
cl4 k3 920,1404
cl5 k1 919,0426
cl5 k2 899,5697
cl5 k3 512,7962
cl6 k1 603,3713
cl6 k2 865,0117
cl6 k3 681,7102
cl7 k1l 265,7968
cl7 k2 662,2057
cl7 k3 674,5408
cl8 k1 747,0182
cl8 k2 327,0171
cl8 k3 465,4215
cl9 k1 452,6843
cl9 k2 615,9454

254



cl9 k3 491,0305
c20 k1l 334,2051
c20 k2 746,4685
c20 k3 604,3143
capD (parameter)
D \Y Value
di Small 1358,714
di Medium 2038,071
di Big 2717,428
d2 Small 1243,035
d2 Medium 1864,552
d2 Big 2486,069
d3 Small 1246,422
d3 Medium 1869,632
d3 Big 2492,843
d4 Small 1130,503
d4 Medium 1695,754
d4 Big 2261,006
d5 Small 1933,45
d5 Medium 2900,175
d5 Big 3866,899
capDC | (parameter)
D C Value
di cl 754,1544
dil c2 810,379
di c3 323,8449
dl c4 511,5027
di c5 756,342
di c6 876,6496
dil c7 690,1768
di c8 980,7775
dl c9 221,5115
di cl0 349,959
dil cll 269,6951
dil cl2 632,3205
dl cl3 301,4914
dl cl4 787,1992
dl cl5 290,5856
dil cl6 590,6832
di cl7 836,4803
di cl8 593,6377

255



di cl9 626,8488
di c20 208,4995
d2 cl 635,0961
d2 c2 560,9033
d2 c3 980,2627
d2 c4 347,0778
d2 cS 330,8258
d2 c6 219,7075
d2 c/ 342,2581
d2 c8 249,0548
d2 c9 213,3151
d2 c10 868,5239
d2 cll 681,3272
d2 cl2 221,6134
d2 cl3 356,8751
d2 cl4 960,5686
d2 cl5 468,4334
d2 cl6 675,41
d2 cl7 407,3531
d2 c18 712,507
d2 cl9 324,1992
d2 c20 568,0133
d3 cl 514,672
d3 c2 844,37
d3 c3 632,7934
d3 c4 512,5775
d3 cS 646,2552
d3 c6 946,2084
d3 c7 479,0124
d3 c8 206,6298
d3 c9 959,0689
d3 c10 657,539
d3 cll 466,9011
d3 cl2 986,998
d3 cl3 813,1665
d3 cl4 288,0757
d3 cl5 995,8428
d3 cl6 664,2596
d3 cl7 333,1325
d3 cl8 714,6858
d3 c19 475,4499
d3 c20 929,8604
d4 cl 920,05
d4 c2 213,0067
d4 c3 494,9045
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d4 cd 731,5039
d4 c5 674,7046
d4 c6 227,6567
d4 c7 873,4558
d4 c8 945,6645
d4 c9 606,3717
d4 cl10 439,6774
d4 cll 597,2987
d4 cl2 235,9444
d4 c13 818,9627
d4 cl4 626,3759
d4 cl5 797,4135
d4 cl6 776,0401
d4 cl7 705,2805
d4 c18 291,9334
d4 cl9 976,9283
d4 c20 765,3945
ds cl 989,0174
d5 c2 883,8565
d5 c3 697,1529
ds cd 761,0519
d5 c5 760,7109
ds c6 832,5622
d5 c7 688,1796
ds c8 243,4502
ds c9 588,1409
d5 cl0 242,0384
ds cll 758,8647
d5 cl2 355,8269
ds cl3 380,8275
d5 cl4 850,9082
d5 c15 993,3844
ds cl6 800,5359
d5 cl7 774,6749
ds cl8 200,4729
d5 cl9 411,086
ds c20 859,056
capF | (parameter)

F T Value

fl t1 5582,909
fl t2 5242,982
fl t3 6079,847
2 tl 4191,223
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2 t2 5644,425

2 t3 6023,287

f3 tl 5509,79

3 t2 4135,457

3 t3 3345,698
capFD | (parameter)

F D Value
fl di 2973,441
fl d2 1456,246
fl d3 2351,31
fl d4 2553,555
fl d5 2864,904
2 di 1402,483
2 d2 1594,272
2 d3 1394,455
2 d4 1492,691
2 d5 2292,953
3 di 2469,945
3 d2 1170,873
3 d3 1300,695
3 d4 1868,377
3 d5 1373,876

capK | (parameter)

K V Value
k1 Small 6487,548
k1l Medium 9731,322
k1 Big 12975,1
k2 Small 5372,764
k2 Medium 8059,146
k2 Big 10745,53
k3 Small 7006,731
k3 Medium 10510,1
k3 Big 14013,46

capKR | (parameter)

K R Value
k1 rl 2576,235
k1l r2 2719,827
k1 r3 2683,728
k2 rl 2019,849
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k2 r2 2839,796
k2 r3 2710,049
k3 rl 2155,509
k3 r2 2610,714
k3 r3 2661,553
capR | (parameter)
R \Y/ Value
rl Small 4534,347
rl Medium 6801,52
rl Big 9068,694
r2 Small 3135,198
r2 Medium 4702,797
r2 Big 6270,396
r3 Small 5349,306
r3 Medium 8023,959
r3 Big 10698,61
capRF | (parameter)
R F Value
rl fl 3388,734
rl 2 3727,038
rl 3 4247,793
r2 fl 4462,779
r2 2 3827,947
r2 3 3314,988
r3 fl 3025,038
r3 2 3020,344
r3 3 4904,063
capS | (parameter)
S M Value
sl ml 4399,322
sl m2 6425,081
s2 ml 3268,455
s2 m2 5000,843
capSF | (parameter)
S F Value
sl fl 5359,708
sl 2 5013,176
sl 3 4318,508
s2 fl 5313,784
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S2 2 5047,759
S2 3 4248,793
cE (parameter)
E Value
Fossil 0,1
Biomass 0,3
Natural 0,6
dem (parameter)
C Value
cl 275,9875812
c2 356,6800922
c3 260,0068516
c4 225,0966444
c5 349,774821
c6 213,8464926
c7 240,4031114
c8 201,0131716
c9 253,9226104
cl10 299,970295
cll 230,2571738
cl2 234,833891
cl3 266,1275468
cl4 263,3812108
cl15 264,417391
cl6 392,7953282
cl7 398,720441
cl8 273,980611
cl9 2745777134
c20 354,395666
fD (parameter)
D \Y/ Value
dil Small 58,90619
dl Medium 76,57804
dl Big 100,1405
d2 Small 51,70705
d2 Medium 67,21916
d2 Big 87,90198
d3 Small 79,25656
d3 Medium 103,0335
d3 Big 134,7361
d4 Small 81,0615
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d4 Medium 105,3799
d4 Big 137,8045
d5 Small 69,4681
ds Medium 90,30852
ds Big 118,0958
ecF (parameter)
F T Value
fl tl 0,141006
fl t2 0,3565
fl t3 0,318124
2 tl 0,11261
2 t2 0,416944
2 t3 0,129107
f3 tl 0,170264
3 t2 0,310253
3 t3 0,400083
ecR (parameter)
R Value
rl 0,191862412
r2 0,139469383
r3 0,141101195
fF1 (parameter)
F T Value
fl tl 1499,059
fl t2 3524,501
fl t3 5797,589
2 tl 1289,367
2 t2 2261,385
2 t3 6250,403
3 tl 1495,567
f3 t2 3279,438
3 t3 8344,643
fF2 (parameter)
F P Value
fl pl 60,47495
fl p2 113,1492
fl p3 449,2678
2 pl 55,17902
2 p2 115,0102




2 p3 269,2447
3 pl 54,6009
f3 p2 158,9114
3 p3 399,7203
fK (parameter)
K \ Value
k1 Small 83,42405
k1 Medium 108,4513
k1 Big 141,8209
k2 Small 117,4185
k2 Medium 152,6441
k2 Big 199,6115
k3 Small 79,44702
k3 Medium 103,2811
k3 Big 135,0599
fR (parameter)
R \ Value
rl Small 620,3378
rl Medium 806,4392
rl Big 1054,574
r2 Small 676,7779
r2 Medium 879,8113
r2 Big 1150,522
r3 Small 664,8188
r3 Medium 864,2644
r3 Big 1130,192
fS (parameter)
S Value
sl 585,8736
s2 921,6334
pck (parameter)
F T Value
fl t1 4,327573
fl t2 2,910975
fl t3 2,331477
2 tl 3,507155
2 t2 2,480518
2 t3 4,617387
3 tl 2,795344
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3 t2 2,857443
3 t3 3,781868
pkcF | (parameter)
F P Value
fl pl 0,589088
fl p2 0,551299
fl p3 0,485519
2 pl 0,465323
2 p2 0,347078
2 p3 0,425685
f3 pl 0,318621
3 p2 0,43542
3 p3 0,37284
rcR (parameter)
R Value
rl 0,55764
r2 0,533711
r3 0,678967
rcS (parameter)
S M Value
sl ml 5,751877
sl m2 4,50569
S2 ml 4,461061
s2 m2 4,120264
ro (parameter)
M Value
m1l 1
m2 1
tcCK (parameter)
C K Value
cl k1l 0,252955
cl k2 0,258909
cl k3 0,23458
c2 k1l 0,225288
c2 k2 0,254766
c2 k3 0,254748
c3 k1l 0,205827
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c3 k2 0,237772
c3 k3 0,297407
c4 k1l 0,237982
c4 k2 0,215629
c4 k3 0,247226
c5 k1 0,2397
c5 k2 0,220552
c5 k3 0,262734
cb k1 0,200355
c6 k2 0,250395
cb k3 0,200223
c/ k1l 0,252137
c/ k2 0,283612
c/ k3 0,207212
c8 k1l 0,276065
c8 k2 0,229015
c8 k3 0,224495
c9 k1 0,243598
c9 k2 0,236881
c9 k3 0,255342
cl0 k1 0,207466
cl0 k2 0,290944
cl0 k3 0,20487
cll k1l 0,282036
cll k2 0,279295
cll k3 0,265954
cl2 k1 0,239177
cl? k2 0,241315
cl2 k3 0,286568
cl3 k1 0,297532
cl3 k2 0,257238
cl3 k3 0,231397
cl4 k1 0,245503
cl4 k2 0,237102
cl4 k3 0,241985
cl5 k1 0,20853
cl5 k2 0,281454
cl5 k3 0,25092
cl6 k1 0,273442
cl6 k2 0,282438
cl6 k3 0,241453
cl7 k1l 0,292443
cl7 k2 0,239415
cl7 k3 0,244431
cl8 k1l 0,269547
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cl8 k2 0,267669
c18 k3 0,257154
cl9 k1l 0,217352
cl9 k2 0,260435
cl9 k3 0,258599
c20 k1l 0,272778
c20 k2 0,224623
c20 k3 0,214208
tcFD (parameter)
F D Value
fl di 0,234968
fl d2 0,211734
fl d3 0,258598
fl d4 0,244553
fl d5 0,241232
2 dl 0,291451
2 d2 0,221378
2 d3 0,222417
2 d4 0,254233
2 d5 0,263106
f3 dl 0,232743
3 d2 0,214878
f3 d3 0,292915
3 d4 0,225103
f3 ds 0,206259
tcKR (parameter)
K R Value
k1 rl 0,289119
k1l r2 0,244276
k1 r3 0,211432
k2 rl 0,290362
k2 r2 0,233385
k2 r3 0,299602
k3 rl 0,246449
k3 r2 0,253049
k3 r3 0,219038
tcRF (parameter)
R F M Value
rl fl m1l 0,119906
rl fl m?2 0,16449
rl 2 m1l 0,179908
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rl 2 m2 0,158636

rl 3 ml 0,197157

rl 3 m2 0,149109

r2 fl ml 0,137254

r2 f1 m2 0,182717

r2 2 ml 0,182087

r2 2 m2 0,103134

r2 3 ml 0,19252

r2 3 m2 0,100309

r3 fl ml 0,161802

r3 fl m2 0,100666

r3 2 ml 0,140558

r3 2 m2 0,165629

r3 3 ml 0,16155

r3 3 m2 0,126341

tcSF | (parameter)

S F M Value

sl fl ml 0,197668

sl fl m2 0,196632

sl 2 ml 0,185628

sl 2 m2 0,114161

sl 3 ml 0,104973

sl 3 m2 0,155303

S2 fl ml 0,118403

s2 fl m2 0,199417

s2 2 ml 0,180909

s2 2 m2 0,130621

s2 3 ml 0,10874

s2 3 m2 0,14305
tecCK (parameter)

C K Value

cl k1l 0,023879

cl k2 0,08452

cl k3 0,078609

c2 k1 0,093601

c2 k2 0,046532

c2 k3 0,036782

c3 k1l 0,023772

c3 k2 0,090643

c3 k3 0,027424

cd k1 0,086952

cd k2 0,057105
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c4 k3 0,020013
c5 k1 0,032526
c5 k2 0,076402
c5 k3 0,042428
c6 k1 0,070846
cb k2 0,066397
cb k3 0,096968
c/ k1 0,061135
c/ k2 0,067224
c/ k3 0,065397
c8 k1 0,022392
c8 k2 0,097512
c8 k3 0,0675
c9 k1 0,024769
c9 k2 0,063529
c9 k3 0,030189
cl0 k1 0,053639
cl0 k2 0,090516
cl0 k3 0,077327
cll k1 0,045086
cll k2 0,099436
cll k3 0,024427
cl2 k1 0,069526
cl2 k2 0,084355
cl2 k3 0,043727
cl3 k1 0,096714
cl3 k2 0,07558
cl3 k3 0,070513
cl4 k1 0,069278
cl4 k2 0,061841
cl4 k3 0,031283
cl5 k1 0,086938
cl5 k2 0,091367
cl5 k3 0,075718
cl6 k1 0,044943
cl6 k2 0,048466
cl6 k3 0,080886
cl7 k1 0,030909
cl7 k2 0,077331
cl7 k3 0,097096
cl8 k1 0,055353
cl8 k2 0,041158
cl8 k3 0,055534
cl9 k1 0,051736
cl9 k2 0,049354
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cl9 k3 0,069701
c20 k1 0,088778
c20 k2 0,080401
c20 k3 0,092065
tecDC | (parameter)
D C Value
dil cl 0,053056
di c2 0,084516
di c3 0,020062
di cd 0,056421
di c5 0,053533
di c6 0,021253
di c7 0,026558
di c8 0,067905
di c9 0,064414
di cl0 0,06944
di cll 0,090807
dil cl2 0,035189
di c13 0,054245
di cl4 0,033321
dil cl5 0,090901
di cl6 0,074123
dil cl7 0,089067
di cl8 0,027421
di cl9 0,099719
dil c20 0,069345
d2 cl 0,020062
d2 c2 0,068716
d2 c3 0,033897
d2 cd 0,044895
d2 c5 0,078311
d2 c6 0,02678
d2 c7 0,055359
d2 c8 0,072725
d2 c9 0,058756
d2 cl0 0,045455
d2 cll 0,093123
d2 cl2 0,034738
d2 cl3 0,089769
d2 cl4 0,056488
d2 cl5 0,056714
d2 cl6 0,029928
d2 cl7 0,028304
d2 cl8 0,038791




d2 cl9 0,047213
d2 c20 0,089845
d3 cl 0,087583
d3 c2 0,085835
d3 c3 0,058441
d3 c4 0,093101
d3 c5 0,094342
d3 c6 0,028649
d3 c/ 0,048048
d3 c8 0,088798
d3 c9 0,04724

d3 cl0 0,037048
d3 cll 0,094109
d3 cl2 0,048858
d3 cl3 0,090079
d3 cl4 0,031851
d3 cl5 0,056479
d3 cl6 0,04146

d3 cl7 0,043741
d3 cl8 0,02924

d3 cl9 0,051983
d3 c20 0,092941
d4 cl 0,040124
d4 c2 0,028238
d4 c3 0,031707
d4 c4 0,050904
d4 c5 0,023713
d4 cb 0,022111
d4 c7 0,03232

d4 c8 0,025817
d4 c9 0,086291
d4 cl0 0,051982
d4 cll 0,053374
d4 cl2 0,097772
d4 cl3 0,039475
d4 cl4 0,048957
d4 cl5 0,070428
d4 cl6 0,039428
d4 cl7 0,028085
d4 cl8 0,052475
d4 cl9 0,058325
d4 c20 0,031596
d5 cl 0,060775
d5 c2 0,090823
d5 c3 0,024438
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d5 c4 0,060592
ds c5 0,081129
d5 c6 0,09832
ds c7 0,077633
d5 c8 0,089756
ds c9 0,043962
ds cl0 0,080312
d5 cll 0,087501
ds cl2 0,057458
d5 c13 0,072394
ds cl4 0,050244
d5 c15 0,04871
d5 cl6 0,040358
ds cl7 0,040439
d5 c18 0,05605
ds cl9 0,095588
d5 c20 0,046842
tecFD | (parameter)
F D Value
fl di 0,091295
fl d2 0,087946
fl d3 0,070761
fl d4 0,098917
fl d5 0,080633
2 di 0,060631
2 d2 0,081422
2 d3 0,08657
2 d4 0,066715
2 ds 0,066005
3 di 0,064536
3 d2 0,068286
3 d3 0,098164
3 d4 0,064326
3 d5 0,094803
tecKR | (parameter)

K R Value
k1 rl 0,055044
k1 r2 0,025528
k1l r3 0,095086
k2 rl 0,087517
k2 r2 0,096035
k2 r3 0,066351
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k3 rl 0,022817
k3 r2 0,052595
k3 r3 0,024594

tecRF | (parameter)
R F M Value
rl fl ml 0,031279
rl fl m2 0,014496
rl 2 ml 0,045754
rl 2 m2 0,019668
rl 3 ml 0,03569
rl f3 m2 0,021631
r2 fl ml 0,042543
r2 fl m2 0,017446
r2 2 ml 0,030027
r2 2 m2 0,047553
r2 f3 ml 0,037263
r2 3 m2 0,017409
r3 fl ml 0,044915
r3 fl m2 0,0166
r3 2 ml 0,027233
r3 2 m2 0,040869
r3 3 ml 0,049122
r3 f3 m2 0,047778

tecSF | (parameter)
S F M Value
sl fl ml 0,012818
sl fl m2 0,011839
sl 2 ml 0,016411
sl 2 m2 0,028099
sl 3 ml 0,016755
sl 3 m2 0,032864
s2 fl ml 0,044348
s2 fl m2 0,011435
s2 2 ml 0,024214
s2 2 m2 0,023515
S2 3 m1l 0,02946
s2 3 m2 0,020375
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10.8 Result of CLSCDP Model

(A10.1)
—_—— 510 Mominal Econimic
VARIABLE 71.L = T72850.679
S 510 VARIAELE Y5.L (A10.2)
sl 1.000, =2 1.000
(A10.3)
_— 510 VARILEBLE YF1.L
t2
£2 1.000
(A10.4)
_— 510 VARILELE YF2.L
D2
£2.t2 1.000
_— 510 VARILEBLE YD.L (A10.5)
Emall Medium
dz 1.000
ds 1.000
d4 1.000
45 1.000
-——- 510 VARIABLE YK.L (A10.6)
Small
Kkl 1.000
(A10.7)
_— 510 VARIABLE YR.L
Small
r2 1.000
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(A10.8)
—_ 510 VARIABLE YE.L
Fossil 13157.574
(A10.9)
—_ 510 VARIABLE Q5.L
ml s
=1 1583.142 2953 .006
=2 3268.455 17759.304
(A10.10)
—_—— 510 VARIABLE WF1.L
Ttz
£z Le30.189
(A10.11)
—_— 510 VARIABLE WF2.L
P2
£f2 .tz S5g30.18%9
—_— 510 VARIABLE GR.L (AlOlZ)
ml T
r2 Tag.5az B97.878
(A10.13)

- 510 VARIABLE QS5SF.L

ml m2

sl.f2 1563.142 25953.006
s52.f2 3268.455 1775.304
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(A10.14)
-——- 510 VARIABLE XFD1.L
t2
£2.dz2 1594.272
£2.d3 124€.422
£2.d4 1130.503
£2.d5 1658.992
(A10.15)
———- 510 VARIABLE XFD2.L
INDEX 1 = f£2
P2
dz.t2 1594.272
d3.t2 1246.422
d4.t2 1130.503
ds.t2 1658.992
-—— 510 VARIABLE XDC.L (A10.16)

INDEX 1 = d2

p2
cS .t2 330.826
ce .t2 213.846
cT .2 0.911
cd .t2 201.013
clo. 2 289,970
cll.t2 230.257
cl3. 2 266.128
clg8.t2 51.321
INDEX 1 = d3
D2
c2 .tZ 356.680
ch .t2 5.oz22
ch .tZ 253.523
cl7.t2 333.132
clg.t2 22.187
clo. 2 274578
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INDEX 1 = d4

B2
cT .t2 239.492
clz2. 2 234.834
cl4.t2 263,381
cle.t2 392,795
INDEX 1 = d&

p2
cl .t2 2T75.988
c3 .t2 Z2e0.007
cd .t2 225,097
cS .t2 13.027
cl5.t2 Ze4.417
cl7.t2 65.588
clg. 2 200.473
c20.t2 354.3%9¢

(A10.17)

——— 510 VARIABLE TUCKE.L
k1l
cl 104.6892
c2 172.141
c3 84.220
c4 100.640
c5 108.80%9
cE 88.802
c7 T74.593
g &0.54¢6
S6.553
clO 121.181
cll 98.038
cl2 81.053
cl3 100.922
cl4 93.553
cls 87.38
clé 191.3%85
cl7 153.321
clg 29,573
clg 103.574
c20 132.872

(A10.18)

———= 510 VARIAELE UER.L

kl 2143.861
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——— 510 VARIABLE QRF.L
ml ma
r2.f2 T798.592 BST.878
EXECUTICH TIME = 0.000 SECCHNDS 3 M WINZ238-238 apr 3, 2012
USER: Martin Steinruecke 5120224 :0335aN-WIN
Ernst-Moritz-Arndt-Universitaet Greifswald DCEO00
License for teaching and research at degree granting institutions
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10.9 Parameters of CLSCDP-GT Model

GPS (parameter)

S Value

sl 0,390124939

s2 0,299323103

GSE (parameter)

E Value
Fossil 0,2
Biomass 0,6
Natural 1

GSF (parameter)

T Value

tl 0,065689256

t2 0,546516002

t3 0,661065165

GSP (parameter)

P Value

pl 0,285164366

p2  |0,309575187

p3 0,893785304

GTI (parameter)

C Value

cl 0,248838158

c2 0,886464713

c3 0,884427478

c4 0,964948489

cS 0,749143602

c6 0,647604097

c/ 0,748378144

c8 0,523169329

c9 0,686111771

cl0 0,691068315

cll 0,865647846

cl2 0,795756739

c13 0,217550999

cl4 0,589621917

cl5 0,922616095

cl6 0,602902782

cl7 0,035704498

c18 0,911119939




cl9 0,565012773

c20 0,324824414
Parameter Value

bigM 1000000000
me 0,2

WE 0,2

WF 0,2

WP 0,2

WR 0,2

WS 0,2
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10.10 Result of CLSCDP-GT Model

(A10.20)
—— 617 Nominal GreennessTendency
VARIABLE 7Z2.L = 0.003
(A10.21)
——— 617 VARIABLE DeGT.L
cd4 0.057, cld 0.014, cld 0.003
--—- 617 VARTABLE SCG.L (A10.22)
cl 0.479, c2 0.886, c3 0.884, cd  0.908, c5 0.819, c6 0.648
c7 0.748, c8 0.523, c9 0.686, cl0 0.691, cll 0.866, cl2 0.819
cl3 0.619, cl4 0.619, cl5 0.908, cl6 0.619, cl7 0.619, cl8 0.908
cl9 0.656, c20 0.619
(A10.23)
———= 617 VARIABLE SCGS.L = 0.541
-——— 617 VARIABLE SCGF.L (A10.24)
cl 0.547,  ¢2 1.000, ¢3 1.000, c4 1.000, c5 0.661, c6 0.547
c7 0.740,  c8 0.582,  c% 0.561,  cl0 0.639,  cll 1.000,  cl2 0.661
cl3 0.661,  cl4 0.661,  cl5 1.000,  clé 0.661,  cl7 0.661,  cl8 1.000
cl9 0.547,  c20 0.661
--—— 617 VARIABLE SCGP.L (A10.25)
cl 0.310, c2 1.000, ¢3 0.933, c4 1.000, c5 0.894, c6é 0.285
c7 1.000, c8 0.492, c9 0.363,  cl0 0.781,  cll 0.853,  cl2 0.894
cl3 0.894,  cl4 0.894,  cl5 1.000,  cl6 0.894,  cl7 0.894,  c18 1.000
cl% 0.310,  c20 0.894
(A10.26)
———= 617 VARTABLE SCGE.L = 1.000
---- 617 VARIABLE SCGR.L (A10.27)
c2 0.891, ¢3 0.948, c4 1.000, c5 1.000, c6 0.865,  c7 0.461
c9 0.965,  cl0 0.494,  cl1l 0.934,  cl2 1.000,  cl15 1.000,  cl8 1.000
cl9 0.883
-———= 617 VARIABLE YS.L (/\10'28)
s1 1.000, s2 1.000
-———= 617 VARIABLE YF1l.L (A1029)

t2 t3

f2 1.000
£3 1.000

1.000
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(A10.30)
— 617 VARIABLE YF2.L
pl p2 p3
fz2.t2 1.000
f2.t3 1.000
£f3.t2 1.000
—-——— 617 VARTABLE ¥YD.L (A1031)
Big
dl 1.000
d2 1.000
d3 1.000
d4 1.000
d5 1.000
— 617 VARTABLE YK.TL (/\10'32)
Small Big
k1 1.000
k2 1.000
k3 1.000
(A10.33)
——— 617 VARIABLE YR.L
Medium Big
rl 1.000
r2 1.000
r3 1.000
(A10.34)
- 617 VARIABLE YE.L
Fossil 17575.060, Natural 2115.177
- 617 VARIABLE QS.L (A1035)
ml m2
sl 43989.322 6425.081
52 3268.455 2990.521
———— 617 VARIABLE WF1l.L (A1Q36)
t2 t3
fZ2 1225.285 4154.632

£3 1345.099
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(A10.37)
—_—— 617 VARIAEBLE WFZ2.L
pl P2 p3
f2.t2 1225.285
f2.t3 4154 .632
£f3.t2 1345.099
——— 617 VARIABLE GR.L (A1038)
ml me
rl 66.652 74.939
r2 67.230
r3 293.721 330.238
- 617 VARIABLE QSF.L (A1039)
ml m2
s1.f1 1370.365 3095.764
s1.f2 3028.957 1984.219
s1.£3 1345.099
s52.f2 2057.238 2990.521
s52.f3 1211.217
(A10.40)
- 617 VARIABLE XFD1.L
t2 t3
f2.d2 557.163 1037.109
f2.d4 253.937 1238.755
£f2.d5 414.185 1878.768
£f3.d1 1345.089
- ©l7 VARIABLE XFD2.L (A1041)
INDEX 1 = f2
p2 p3
d2.t2 557.163
d2.t3 1037.109
d4.t2 253.937
d4.t3 1238.755
d5.t2 414.185
db.t3 1878.768
INDEX 1 = £3
pl
dl.t2 1345.099
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- 617 VARIABLE XDC.L (A1042)
INDEX 1 = dl

el
c2 .t2 276.730
cd .t2 174.641
c6 .t2 213.846
9 .t2 221 .512
cll.t2 253.223
cl5.t2 205.148
INDEX 1 = d2

p2 p3
c9 .t3 32.411
cl0.t2 57.932
cl2.t3 221.613
cl13.t3 266.128
cl5.t3 230.387
cl7.t3 286.570
cl8.t2 224 .653
clo.t2 274.578
INDEX 1 = d4

el 3
cZ2 .t3 213.007
c3 .t2 253.937
c4 .t3 196.127
cS .t3 349.775
cll.t3 138.968
cl7.t3 112.150
cl8.t3 228.728
INDEX 1 = db5
P2 3

cl .t2 275.988
c2 .t3 97.769
c3 .t3 183.380
c7 .t3 268.972
c8 .t2 138.197
c8 .t3 62.816
clO.t3 242 .038
clZ2.t3 13.220
cl4.t3 263.381
cle.t3 392.795
cZ20.t3 354.396
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- 617 VARIABLE UCK.L (A10.43)
k1l k2 k3

c2 153.365

c3 79.842

c4 100.640

c5 108.809

cé 76.809

ct 34.378

c9 93.191

cl0 59.869

cll 91.548

cl2 81.053

clb 87.383

c18 89.573

cl19 91.463

———- 617 VARIABLE UKR.L (A10.44)

rl r2 r3

k1 178.932

k2 180.482

k3 788.508

—— 617 VARIABLE QRF.L (A10.45)

ml m2

rl.f2 74.939

rl.f£3 66.652

r2.£3 67.230

r3.f2 293.721 330.238
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10.11 Result of Pay-off Matrix in CLSCDP Model

c&x&x® REPORT SUMMARY [v] HONOPT
0 INFEASIELE
Q THBOUNDED
8 WEX-V58 23.8.2 x86/M5 Windows aT/sz22/2
2 ©

3 15:00:20 Page 11
G eneral B 1l ge bradic Modelindg 5 v m
u Tt

F——— 673 PARAMETER PayoffMat
ob3l ob32

ob3jl 72890.679% 135037.796

ob32 1.000 0.003

——— 673 PARAMMETER MinFunction

ob3l TZ890.679, obi2 0.003

———— 673 PARAMETEER MaxFunction

objl 135037.7%6, objZz 1.000

—_— 673 PARAMETER RangFunction

obijl &€2147.116, okbi2 o.997

EXECUTICH TIME = D.000 SECOHDS 3 Mo WINZ33—-2358 Aprc 3, 2012

TUSEER: Martin Steinruecke S1Z0224:0835AN-WIN
Ermst-Moritz-Arndt-Universitaet Greifswald DCE000

License for teaching and rescarch at degree granting institutions

##&#&% FILE SUMMARY

Input C:\Users\User—Cmne\Desktop\CLSCDP_ Baghban PawOff.gms
Cutput C:\Users\User—Cne’\Documentshgamnsdiriprojdir\CLSCDP_ Baghban PayCff.lst
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10.12 Result of AEC Method

—_—— 731 PARAMMETER ParetoSolution
obijl obj2 eps

iterl T2818.0&7 1.000 1.000

itcer2 T2965.378 0.225 0.88%

itcer3 T2965.378 0.225 a.7748

itcer4d T2965.378 0.225 0.668

itcers T2965.378 0.225 0.557

itceré T2865.3749 0.225 0.446

icex7 T2865.378 0.225 0.336

icerd T2865.378 0.225 0.225

icers T3562.185 0.114 0.114

iterlQ 117609.553 0.003 0.003

EXECUTICHN TIME = 0.01l& SECCHDS 3 Mz WINZ238-23% Rpr 3, 2012

USER: Martin Steinruecke 5120224:0835AN-WIN
Ernst-Moritz-arndt-Universitaet Greifswald DCE000
License for teaching and research at degree granting institationﬂ
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10.13 Result of Optimal Solution

F--- var ¥s

LOWER LEVEL UPPER MARGINAL
s1 . 1.000 1.000 0.008
52 . 1.000 1.000 -0.034
---—- VAR YF1
LOWER LEVEL UFFER MARGINAL
f1.t1 1.000 0.024
fl.c2 1.000 0.057
£1.t3 1.000 0.0%3
f2.cl . 1.000 0.021
f2.t2 . 1.000 1.000 0.036
f2.c3 1.000 0.101
£3.t1 1.000 0.024
£3.t2 1.000 0.053
£3.£3 1.000 0.134
--—— VAR YFZ
LOWER LEVEL UFPPER MARGINAL
fl.cl.pl 1.000 -1.129E+6
fl.tl.p2 1.000 -1.125E+6
fl.cl.p3 1.000 -1.129E+6
fl.t2.pl 1.000 -1.125E+6
fl.c2.p2 1.000 -1.129E+6
£1.t2.p3 1.000 -1.126E+6
fl.t3.pl 1.000 -1.129E+6
f1.c3.p2 1.000 -1.125E+6
f1.t3.p3 1.000 -1.129E+6
f2.ctl.pl 1.000 -1.129E+6
f2.tl.p2 1.000 -1.1259E+6
f2.cl.p3 1.000 -1.129E+6
f2.t2.pl 1.000 -1.1259E+6
f2.c2.p2 . 1.000 -1.129E+6
f2.£2.p3 . 1.000 1.000 6849.637
f2.c3.pl 1.000 -1.129E+6
f2.t3.p2 1.000 -1.125E+6
f£2.t3.p3 1.000 -1.129E+6
£3.tl.pl 1.000 -1.125E+6
f3.cl.p2 1.000 -1.129E+6
£3.cl.p3 1.000 -1.125E+6
£3.t2.pl 1.000 -1.1259E+6
f3.c2.p2 1.000 -1.129E+6
£3.t2.p3 1.000 -1.126E+6
£3.t3.pl 1.000 -1.129E+6
£3.t3.p2 1.000 -1.125E+6
£3.t3.p3 1.000 -1.129E+6
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-——— VAR ¥D

dl.S5mall
dl.Medium
dl.Big
dz2.5mall
dz2 .Medium
d2.Big
d3.5mall
d3.Medium
d3.Big
d4.5mall
d4 .Medium
d4.Big
d5.5mall
dS . Medium
ds.Big

--—— VAR YK

kl.Small
kl.Medium
kl.Big
k2.5mall
k2 .Medium
kZ.Big
k3.5mall
k3. Medium
k3.Big

LOWER LEVEL

1.000

1.000
1.000

1.000

LOWER LEVEL

1.000

UFFER

[ I T I T S R S R S e e N N

D00
. Q00
. Q00
. 000
. 000
. 000
D00
D00
000
. Q00
. Q00
. 000
. 000
D00
D00

UFFER

[ S I S~ I S ST SR S

e lely]
D00
D00
. Q00
. Q00
. 000
. 000
. 000
D00

£ =1 n tn

(¥ T I VY SO S Y S

MARGINAL

.0T81E-4
.TZ15E-4
.31ZTE-4
.3201E-4

0.001
0.001

.2624E-4
.8430E-4
.6983E-4
.5261E-4
.1804E-4
.1391E-4

0.001
0.001
0.002

MARGINAL

0.001
0.002
0.002
-0.003
-0.004
-0.006
-0.005
-0.008
-0.011
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-——— VAR YR

rl.

rl
r2
rz
rz

r3

r3.

Small

JMHMedium
rl.

Big

.Small
JMedium
.Big
r3.

Small

Hedium

Big

-——-— VAR YE

Fossil

Biomass

HNatural

-——— VAR QS

sl
51
52
52

LOWER

LOWER

LOWER

.ml
.m2
.ml
L2

-—-—— VAR WF1l

fl
fl
fl
£z
e
fz
£3
£3
I3

LOWER

.tl
I e
B3
L.E1
L2
L3
.l
B2
L3

132

LEVEL

1.000

LEVEL

28.385

LEVEL

1563.
2953,
3Z268.
1779,

14z
o0&
455
304

LEVEL

5630

.18%

UFFPER MARG

o e e e e e e e

UFFER

+INF
+INF
+INF

UFFER

+INF
+INF
+INF
+INF

UFFER

+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF

. 000
. 000
000
. 000
. 000
000
000
. 000
. 000

Lo TR e TR N Y s T s Y e Y Y o

INATL

.010
013
017
.011
.014
013
011
.014
.018

MARGIHAL

3.2182E-
§.0454E-

MBRGINAL

MARGINAL

.9861E-5
. T414E-5
.B027E-5
.289T1E-4

[ S FEY ORe 11

.4Te0E-4
.5253E-5
.64T8E-5
.143TE-5

[T T SR S

3
L3




289

-—-—— VAR WFZ

fl.t1l.

fil.tl
fl.tl
fl.t2
fl.t2
fl.c2
fl.t3

fl.t3.
fl.t3.

f2.c1
f2.ctl

f2.cl.

f2.t2
f2.c2
f2.tc2

f2.t3.
f2.t3.
f2.t3.

f3.cl

£f3.cl.
f3.t1.

£3.t2
£f3.t2
£3.t2

£f3.t3.
£3.t3.

£3.t3

rl.ml
rl.m
r2.ml
r2.m
r3.ml
r3.m

LOWER LEVEL UPPER
pl +INF
.p2 +INF
.03 +INF
.pl +INF
.p2 +INF
.03 +INF
.ol +INF
p2 +INF
p3 +INF
.pl +INF
.p2 +INF
p3 +INF
.ol +INF
.p2 . +INF
.03 5630.189 +INF
pl +INF
p2 +INF
p3 +INF
.pl +INF
D2 +INF
p3 +INF
.ol +INF
.p2 +INF
.D3 +INF
pl +INF
p2 +INF
.p3 +INF
GR

LOWER LEVEL UPPER

+INF

. +INF

798.592 +INF

897.878 +INF

+INF

+INF

MARGIHNAT

.47T85%E-&
.BT0SE-&
.3124E-6
.47T85E-6&
.BT0SE-&
.B124E-¢&
.47T35E-6&
.83T0SE-6&
.8124E-&
.487T4E-&
. 5848E-6
.3456E-6
.48T7T4E-&
.58438E-¢6

=] & N =1 =] 0w =] 0o =] o

.4874E-6&
.5843E-¢
.3456E-6
.1265E-6&
.0063E-¢&
.9953E-¢&
.1265E-&
.0063E-6
.9953E-¢&
.1265E-&
.0083E-6
.9953E-6

tn =] tn n =] & =] o N =]

MARGINAT
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-——- VAR QSF

sl.fl.ml
51.fl.m2
sl1.f2.ml
51.f2.m2
21.f3.ml
51.f3.m2
.fl.ml
.f1.m2
L2 ml
L2 . m2
I3 ml
L3 m2

W o
| T % TR T S I N |

La

LOWER

LEVEL

1563.142
2953.006

3268.455
1775.304

UFPER

+INF
+IHF
+IHF
+INF
+INF
+IHF
+IHF
+INF
+INF
+IHF
+IHF
+INF

[1s]

MARGINAL

. T342E-5
T7.7273E-5

.5851E-5
T.6608E-5
.0206E-3
T.1116E-5

.0050E-3
T.0208E-5
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-—-—— WAER XFD1

fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.
fl.

£2
f2
f2
£2
£z
f2
f2
£2
£z
f2
f2
£2
£z
f2
f2

£3.
£3.
f3.
£3.
£3.
£3.
f3.
£3.
£3.
£3.
f3.
£3.
£3.
£3.
f3.

dl.
dl.
dl.
.tl
I
.t3
d3.
d3.
d3.
d4.
d4.
d4.
ds.
ds.
ds.
.dl.
.dl.
.dl.
a2
Ld2
Ld2
Ld3.
Ld3.
L.d3.
4.
Ld4.
.d4.
.d5.
Ld5.
.d5.
dl.
dl.
dl.
.tl
I e
L3
d3.
d3.
d3.
d4.
d4.
d4.
ds.
ds.
ds.

dz2
d2
d2

d2
dz2
dz2

tl
t2
t3

tl
t2
t3
tl
t2
t3
tl
t2
t3
tl
t2
t3

.Et1
B2
L.E3

tl
t2
t3
tl
t2
t3
tl
t2
t3
tl
t2
t3

tl
t2
t3
tl
t2
t3
tl
t2
t3

LOWER LEVEL

15594 .272
1246.422
1130.503

l1e58.992

UPPER

+INF
+IHF
+IHF
+INF
+INF
+IHF
+IHF
+INF
+INF
+IHF
+IHF
+INF
+INF
+IHF
+IHF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF

n LY Y Y T T Y Y I

[ S Y

L L T Y O -

MARGIHNAL

.2516E-&
.2516E-&
.2516E-6&
.54835E-6
.5485E-&
.5485E-¢&
.556lE-¢6
.9561E-6
.9561E-¢&
.BTOTE-&
.BTOTE-&
.6TOTE-&
.0114E-&
.0114E-&
.0114E-&
L1111E-6

L1111E-6
. 9862E-6

.9862E-6
.35954E-¢

.3954E-6
.TT4T7E-&

. TT4TE-&
.3358E-¢6

.3358E-¢
LAT2TE-6
LATITE-6
LAT2TE-&
.S6T5E-&
.S36T75E-6
.56T75E-6
.5524E-¢
.5524E-¢&
. 5524E-6
.3021E-6
.3021E-&
.3021E-¢6
.4714E-6&
.4714E-6&
.4T714E-&
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-——— VAR UCE

cl
cl
cl
[ade
a2
a2
c3
o3
c3
c4
cd
c4d
c5
c5
c5
cE
(a2
cE
o7
o7
cT
cg
ci
ci
cS
(s3]
cB

cld.
cld.
cli.
cll.
cll.
cll.
4l
k2
k3

cl2
clz2
clZ

cl3.
cl3.
cl3.
cl4a.

.l
k2
L3
.l
L2
L3
-l
L2
L3
.l
k2
L3
.l
L2
L3
Nl
L2
L3
.l
L2
L3
.l
L2
L3
Nl
L2
L3

k1l
k2
k3
kEl
k2
k3

k1l
k2
k3
kEl

LCWER LEVEL

104.

172

34:
lDG:
103:

33:

?4:

EG:

96:
121:

93:

Sl:
lDG:

93.

692

141

220

640

go9

g0z

283

546

553

181

038

053

Qz2

553

UFFER

+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF
+INF

MARGIHAL

LB1TZE-T
.98T4E-T

.18659E-&
.4889E-&

1.4100E-&
.5858E-6

.8064E-7
.14T4E-6

. S083E-7
.A529E-6

.5864E-6
.1462E-6

.30496E-&
.9030E-7

.5214E-7
L4511E-7

L43262E-T7
.3040E-6

LA1S0%E-&6
LA02TE-6

LILTOE-T
LA1431E-T

.2661E-T
.82T74E-6

LO58TE-T
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-—-—— VAR TER

LCWER

kEl.xl
kEl.r2
kEl.x3
E2.xl
k2.r2
kE2.x3
kE3.xrl
k3.xr2
kE3.x3

-—-—— VAR QFEF

rl.fl.ml
rl.f1.
rl.f2.ml
rl.f2.
rl.f3.ml
rl.f3.
r2.fl.ml
r2.fl.
r2.f2.ml
r2.f2.
r2.f3.ml
r2.f3.
r3.fl.ml
r3i.fl.
r3i.f2.ml
ri.f2.
r3i.f3.ml
r3.f3.

-———— VAR Z1
-——— VAR ZZ

LEVEL

2143.861

LOWEER LEVEL

Tag.592
§97.878

LOWER

-INF
-INF

UFFER

+INF 1.
+INF
+INF 2
+INF 1.
+INF
+INF 3.
+INF &.
+INF
+INF 1.

UFPPEER

+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF
+INHF

LEVEL

T35e2.18
0.11

MARGINAL

SS00E-&

.085%4E-6

T241E-&

S5237E-&
6633E-T

S913TE-6

MARGINAL

9.6l60E-5
LB032E-5

-1

. T410E-5
.3T96E-5
.644TE-5
LT1TSE-5

=1 =]

. TI2BE-5
.3852E-5
.T318E-5
.4862E-5

=1 =]

9,T522ZE-5
T.5323E-5

UFFER

S +INF
4 +INF

MARGINAL
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-——— WAR S5CGS

-——— WAR S5SCGF
LOWER LEVEL
cl 0.547
c2 0.547
c3 0.547
c4 0.547
c5 0.547
(=131 0.547
cT7 0.547
8 0.547
G 0.547
cld 0.547
cll 0.547
clz2 0.547
cl3 0.547
cl4 0.547
cls 0.547
clé 0.547
cl7 0.547
clsg 0.547
cl9 0.547
cz20 0.547

-——— WAR SCGP
LOWER LEVEL
cl 0.894
c2 0.894
c3 0.894
c4 0.894
c5 0.8594
(=131 0.8594
c7 0.8594
8 0.894
0.894
cld 0.894
cll 0.894
cl2 0.894
cl3 0.894
cl4 0.8594
cls 0.8594
cleé 0.8594

LCOCWER

UFPFER

I I S S R S N S S I B = B R S S S R R

.000
.000
.000
. Q00
.Q00
.Q00
.000
.000
.000
.000
.000
.000
. Q00
.000
.Q00
.000
.000
.000
.000
.000

UPFER

I I I I N T aa

.000
.000
.000
.000
.000
. Q00
. Q00
.Q00
.Q00
.000
.000
.000
.000
.000
.000
. Q00

LEVEL UFPER

0.281

MARGINAL

MARGINAL

1.000

MARGTMAL
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—-——— VAR DeiGT

LCWER LEVEL
cl 0.317
c2 0.246
c3 0.244
c4 0.325
c5 0.10%9
(a2 0.007
c7 0.108
ci .
c9 0.046
cl0 0.051
cll 0.225
clz2 0.156
cl3
cl4 . .
cls . 0.282
clée
cl7 . .
clg . 0.271
clS
c20
-——— VAR S5CG

LCWER LEVEL
cl 0.640
c2 0.640
c3 0.640
c4 0.640
c5 0.640
cE 0.640
c7 0.640
cB 0.640
co 0.640
clo 0.640
cll 0.640
clz2 0.640
cl3 0.640
cl4 0.640
cls 0.640
cle 0.640
cl7 0.640
clg 0.640
cls 0.640
c20 0.640

UPPER

N I I S R S N T ™

.00o
.0oo
.000
000
.00o
.0oo
.000
000
.00o
.0oo
.000
000
.00o
.0oo
.000
000
.00o
.0oo
.000
000

UPPER

I I T B S I S R N S I N

.00o
. 000
000
.0oo
.00o
. 000
000
.0oo
.00o
. 000
000
.0oo
.00o
. 000
000
.0oo
.00o
. 000
000
.0oo

HMARGINAL

EES

EES
EES
EES
EES
EES

EES

MARGINAL




