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PURPOSE AND CONTENTS OF THE THESIS

Essays in Supply Chain Management and Modeling
Iside Rita Lagana, Mediterranea University of Reggio Calabria, Italy

In recent decades, supply chains have become highly sophisticated and crucial to ensure
companies' competitiveness. Globalization is always profoundly impacting supply
chains, making them even more interconnected and vulnerable to an ever-increasing
range of risks. Recent events around the world have provided frequent reminders that we
live in an unpredictable and changing world.

The economic turmoil caused by the outbreak of the COVID-19 pandemic in 2020 has
exposed supply chains to various risks, raising doubts about globalization. Exposure to
the COVID-19 pandemic has clearly shown the central function of supply chains in
providing goods and services. The new coronavirus disease and the related crises have
been inducing managers to redesign their supply networks offering an opportunity to
understand their vulnerabilities and take actions to implement resilient activities to
improve robustness and stabilization.

The purpose of this thesis is to present new information or, at least, a new perspective on
Supply Chain Management. This thesis aims to be a contribution to support researchers,
experts, and politicians’ decisions to respond to the new business disruptions and supply
chain challenges especially posed by the global spread of the COVID-19 pandemic.

This work is written in the format of a compilation thesis. This doctoral thesis consists of
a collection of four joint papers published, approved, or submitted for publication.
Clarification about how they are interrelated is included. The remainder of this thesis is
divided into five chapters. An introductory research setting definition is presented to
clarify the connection between the articles and emphasize aspects of the scientific work.
The rest of the thesis is organized as follows:

Chapter 2 will present the most relevant definitions in the field of Supply Chain
Management and associated terms establishing conceptual boundaries to enhance
readers’ understanding of the supply chain-related terminologies used in this thesis.
Chapter 3 will provide a systematic literature review of the application of multi-criteria

decision-making methods in the healthcare supply chain. This paper has been revised and



resubmitted in the Journal of Multi-Criteria Decision Analysis under the title “Multiple
criteria decision-making in healthcare supply chain management: a state-of-the-art review
and implications for future research”. This paper has been written in collaboration with
Prof. Cinzia Colapinto from the Department of Strategy and Management of IPAG
Business School, Nice Campus (France).

Chapter 4 will study how to establish a reverse logistics (RL) system to collect unwanted
medications (UMs) in households. In this chapter, a reverse supply chain (RSC) is
proposed in a decentralized state including a manufacturer, a retailer, and a strategic
consumer. The novelty of this article is that the model is investigated from the consumer's
perspective. This chapter contains the joint paper entitled “Analysis of some incentives
on two-echelon reverse supply chain with the strategic consumer: the case of unwanted
medications in households” published in the Journal of Multi-Criteria Decision Analysis.
This paper has been co-authored by Drs. Mehrnoosh Khademi, Somayeh Sharifi, and
Mehdi Salimi, and Prof. Massimiliano Ferrara.

Chapter 5 aims at analyzing the impacts of COVID-19 pandemics on supply chain
networks. In this chapter, the compiler collects the main results of the two joint works
entitled respectively “Impact of epidemic dynamics on retail distribution networks” and
“Modeling shock propagation on supply chain networks: a stochastic logistic-type
approach”. Both papers have been co-authored by Proff. Cinzia Colapinto and Davide La
Torre, and Dr. Danilo Liuzzi. Both have been also submitted, accepted after a double-
blind review process as conference papers, and presented respectively at the “6™
Colloquium on European Research in Retailing (CERR) 2021” and the International
Conference “Advances in Production Management Systems (APMS) 2021

Each chapter contains a statement of motivation explaining the main purposes of the
study. Details about the paper’s status and publication journal are provided. The

references list is included at the end of each chapter.
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1. CHAPTER ONE - RESEARCH SETTING DEFINITION

1.1. Introduction

This chapter defines the research setting of this thesis, briefly indicating the aim,
objectives, and scope of the work, as well as the structure and organization of the thesis.
The background section provides general information on the topic and particularly
explains why it is essential in catching the main aspects of the study, justifying the main
need to conduct the research, and summarizing what the study aims to achieve. The
remaining sections clarify the connection between all articles, emphasizing the main

aspects of the scientific work.

1.2 Research Background

The term “supply chain” was first introduced by the newspaper “The Independent” in
1905, referring to the concept of a network of suppliers, producers/manufacturers, and
consumers. “Supply chain management” wasn’t coined until the 1980s, so the field is still
young compared to related areas such as procurement, logistics, and manufacturing, all
of which play a role in supply chain management. Indeed, the term "supply chain" has
been widely recognized mainly due to the globalization of manufacturing since the mid-
1990s, particularly the growth of manufacturing in China (Vidrova, 2019).

A supply chain (SC) is the connected network of individuals, organizations, resources,
activities, and technologies involved in the production and sale of a good or service.
Supply chain activities involve the transformation of natural resources, raw materials, and
components into a finished product delivered to the end customer.

Supply Chain Management (SCM) is the centralized management of the flow of goods
and services and includes all processes that transform raw materials into final products.
Supply chain management is the practice of coordinating the various activities necessary
to produce and deliver goods and services to the end-user (Ivanov et al., 2019). SCM
integrates supply and demand management within and between companies. SCM is often
described as having five key elements: planning, procurement of raw materials,

manufacturing, delivery, and returns. A traditional view of supply chains describes the
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flow of orders and goods between the following actors: supplier, manufacturer,
wholesaler, retailer, and consumer.

The supply chain represents the backbone of most economies and successful
multinational companies since it provides markets and society with goods and services
throughout the world (Ivanov, 2021). Traditionally, global companies have based their
supply chain on the assumption that materials flow freely globally, allowing them to
source, produce, and distribute products at the lowest-cost locations around the world.
Today, supply chains have become highly sophisticated and complex, with innumerable
partners spread across multiple geographies as part of an unprecedented, intertwined
global trade ecosystem.

The growing number of interconnections and the global nature makes the supply chain
exposed to a wide range of risks that can disrupt the normal flows of the network,
exposing organizations to economic, environmental, and social consequences. Indeed,
supply chain disruptions have occurred more frequently in recent decades, representing a
new challenge for supply chain managers. Furthermore, since 2020, the modern world
has been stressed by an unprecedented and disruptive disease outbreak commonly known
as COVID-19, an infectious disease caused by a newly discovered coronavirus and
transmitted via droplets or contaminated objects, during close, unprotected contact
between at least one infectious and one infected (La Torre et al., 2021). The COVID-19
pandemic is seen as a new type of global upheaval quite unlike anything seen before that
has created significant uncertainty between trade, finance, health and education systems,
business, and society (Ivanov and Das, 2020). The current crisis and its widespread effects
have clearly shown the significant role that supply chains play in the overall success and
valuation of global societies, revealing vulnerability and fragility.

As the COVID-19 pandemic has shown, unforeseen events can cause major disruptions
to the entire supply chain network: it is interesting to analyze how companies must focus
much of their attention on managing the types of shocks, known as "unexpected
disruptions", redesigning their supply chain, and implementing resilient activities that
allow them to be able to mitigate risks, respond promptly to risk, and ensure faster

stabilization and recovery (Ivanov et al., 2019).
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1.3 Research Aim and Objectives

The COVID-19 pandemic has had a devastating human impact and exerted unrelenting
pressure on supply chains. This thesis aims to present new information or, at least, a new
perspective on Supply Chain Management by identifying the key areas that have been
most impacted by the pandemic and crises. The specific research objectives are:

P1. To review the existing and current status of the implementation of multicriteria
decision making methods in the healthcare supply chain. To examine the applicability of
these models in order to find out the best solution to manage the healthcare supply chain
activities.

P2. To develop a reverse logistics (RL) system to collect unwanted medications (UMs)
in households. To examine a reverse supply chain (RSC) in a decentralized state that
includes a manufacturer, a retailer, and a strategic consumer. To investigate RSC from
the consumer's perspective.

P3. To examine the applicability of mathematical models for infectious diseases to
analyze the effects of epidemic outbreaks on supply chain networks. To develop
stochastic Susceptible-Infected-Susceptible (SIS) frameworks to model the spread of new
epidemics across different distribution networks and determine social

distancing/treatment policies in the case of local and global networks.

1.4 Research Scope

This study is conducted to understand the areas of the supply chain that have been most
affected by the pandemic and related crises. The scope of this thesis is to offer a fresh
view of supply chain risk and resilience by covering management and modeling
perspectives. This work is an attempt to inform researchers, experts, and policymakers
on how to ingenerate organizations’ preparedness to face supply chain disruptions and

recovery.

1.5 Research Methods

The study methodology includes the following components:
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Chapter three — Multi-Criteria Methods and Healthcare Supply Chain
Management: A review of the relevant literature on the application of multi-criteria
methods in the healthcare supply chain management is carried out by adopting a four-
step methodology based on the practical guidelines provided by Frazao et al. (2018). The
supply chain key areas of the MCDM implementation are identified by applying the
decision matrix proposed by Ivanov et al. (2019:11).

Chapter four — Model Design and Methodology: Analysis of Some Incentives on
Two-echelon Reverse Supply Chain with Strategic Consumer: The Case of
Unwanted Medications in Households: In this article, a reverse logistics (RL) system
is established to collect unwanted medications (UMs) in households. A three-person
supply chain model is developed to analyze consumer behavior and preferences to
achieve a more efficient RL system. As the manufacturer and retailer want to motivate
the consumer, an RL system is designed consisting of advertising and exchange incentive
from the manufacturer and retailer to motivate the consumer with the FSC for collecting
UMs. The two-echelon supply chain consists of a pharmaceutical producer
(manufacturer) and a pharmacy retailer who interact with a strategic consumer. The
system possesses a forward supply channel where the manufacturer sells products to
potential consumers through the retailers. Then, in a reverse supply channel, the retailers
offer an exchange incentive, and the consumer decides whether to give the product based
on her valuation and the utility function. Not only the exchange incentive can motivate
householders to return UMs but also it can enhance sales in the FSC. Thereupon, the UMs
collected are delivered to the manufacturer in order to dispose of appropriately. The
disposal methods are associated with the properties of the collected UMs and the local
government's policy (Lagana et al., 2021:3). In order to analyze the effect of these
strategies, a three-person RSC game theory approach is used. A three-person supply chain
consists of a pharmaceutical manufacturer and retailer who will interact with a strategic
consumer in several non-cooperative Stackelberg games. Three Stackelberg games are
established and each member assumes the role of leader and the other two players assume

the role of follower (Lagana et al., 2021:1).
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Chapter five — Modeling Supply Chain in the Era of Pandemics - A Dynamic
Approach: In this chapter, a contribution to the current literature on applications of
mathematical epidemiology in the field of Supply Chain Management is proposed by
adopting a modified Susceptible-Infectious-Susceptible (SIS) framework. As regards the
classic version of the SIS model which assumes a logistic formulation, this chapter first
proceeds by focusing on the outbreak of the disease by using a simplified linearized
version of the SIS model. Hence, a stochastic Susceptible-Infected-Susceptible (SIS)
framework models the spread of new epidemics across different distribution networks in
order to determine social distancing/treatment policies in the case of local and global
networks, also highlighting the importance of adaptability. and the flexibility of decisions

in unstable and unpredictable scenarios.

1.6 Thesis Organization

As said before, this work is compiled in the format of a collection thesis. It consists of
four articles/papers that illuminate the collection of scientific problems previously
proposed. Each chapter contains a statement of motivation explaining the main purposes
of the related study. Details about the paper’s status and publication journal are provided.
Each chapter is framed by an introductory and a concluding/final discussion section. The
references list is included at the end of each chapter.

The thesis consists of the following five chapters:

Chapter one — Research Setting Definition: This chapter provides a comprehensive
introduction to the research study.

Chapter two — Theoretical Framework: This chapter presents the most relevant
definitions in the field of Supply Chain Management and associated terms establishing
conceptual boundaries to enhance readers’ understanding of the supply chain-related
terminologies used in this thesis.

Chapter three — Multi-Criteria Methods and Healthcare Supply Chain
Management: This chapter has been supervised by Prof. Cinzia Colapinto from the
Department of Strategy and Management of IPAG Business School, Nice Campus

(France) and contains a joint paper written in collaboration with the supervisor. This work
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has been revised and resubmitted in the Journal of Multi-Criteria Decision Analysis under
the title “Multiple criteria decision-making in healthcare supply chain management: a
state-of-the-art review and implications for future research”. Results can inform decision-
makers about multiple criteria decision methods in order to support decisions in the
healthcare supply chain management.

Chapter four — Model Design and Methodology: Analysis of Some Incentives on
Two-echelon Reverse Supply Chain with Strategic Consumer: The Case of
Unwanted Medications in Households: this chapter has been supervised by Prof.
Massimiliano Ferrara from the Department of Law, Economics, and Human Sciences of
the Mediterranea University of Reggio Calabria (Italy) and contains the joint paper
entitled “Analysis of some incentives on two-echelon reverse supply chain with the
strategic consumer: the case of unwanted medications in households” published in the
Journal of Multi-Criteria Decision Analysis. This paper has been co-authored by Drr.
Mehrnoosh Khademi, Somayeh Sharifi, and Mehdi Salimi, and Prof. Massimiliano
Ferrara.

This paper highlights the growing importance of environmental issues among
researchers’ attention leading to an advancement in the green supply chains. The novelty
of this article is that the model is investigated from the consumer's perspective. Indeed,
the interesting point of this article is to investigate the result of having an appropriate
RSC method from the consumer's perspective. The behavior and evaluation of the
consumer on the proposed strategies affect both the manufacturer's and retailer's profits.
Reversely, the decisions of the manufacturer and retailer have an influence on the
consumer's benefit. So, this interaction has been investigated and resulted in a successful
green activity. Moreover, the suggested RL system designed properly is beneficial for
both FSC and RSC and, it showed how participating in green activities gives advantages
to the members of the supply chain.

Chapter five — Modeling Supply Chain in the Era of Pandemics - A Dynamic
Approach: This chapter has been supervised by Prof. Davide La Torre from SKEMA

Business School and Université Cote d’Azur, Sophia Antipolis Campus (France).
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In this chapter, the compiler collects the main results of the two joint works entitled
respectively “Impact of epidemic dynamics on retail distribution networks” and
“Modeling shock propagation on supply chain networks: a stochastic logistic-type
approach”. Both papers have been co-authored by Proff. Cinzia Colapinto and Davide La
Torre and Dr. Danilo Liuzzi. Both have been also submitted, accepted after a double-
blind review process as conference papers, and presented respectively at the “6™
Colloquium on European Research in Retailing (CERR) 2021 and at the International
Conference “Advances in Production Management Systems (APMS) 2021

Findings and models can help global supply chain managers to understand the evolution
of the epidemic and, therefore, determine the best counteractions to put in place in order
to ingenerate resilience along the Supply Chain and support productivity, and thus the

organizational performance.
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2. CHAPTER TWO - THEORETICAL FRAMEWORK

2.1 Introduction

The purpose of this chapter is to explore some of the most relevant definitions in the field
of Supply Chain Management and associated terms, to establish conceptual boundaries
to enhance readers’ understanding of the supply chain-related terminologies used in this
thesis. The definitions are compiled by the author from various books, research papers,

journals, websites, and authors' experiences.

2.2 Basic concepts of Supply Chain Management

2.2.1 Operations management, Transformation process, and Value creation
Operations Management (OM) is the area of management concerned with designing and
controlling of all the process involved in the transformation of inputs into finished
products (goods and services). OM is the business function responsible for planning,
organizing, coordinating, and controlling all the resources required to produce goods and
services. Since OM is a management function, it also involves managing people,
equipment, technology, information, and all other resources needed in the production of
goods and services. OM is the central core function of any organization. OM's goal is to
maximize efficiency throughout the transformation process. Consequently, operations are
one of the strategic functions of any organization. OM includes strategic decisions with
long-term business consequences, which also involve a large amount of expense and
resource commitment. OM physically transforms inputs (e.g., labor, machines, materials,
information, etc.) into outputs (e.g., products, services, emissions, etc.) adding value to
the end customer or client.

The transformation process is critical to ensuring the matching between supply and
demand and all organizations must strive to maximize the quality of their transforming

approach to meet customer needs. Figure 2.1 summarizes the transformation process.
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Figure 2.1: The transformation process
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One of the basic elements in OM is the creation of value-added. Identifying the value of
a product means understanding and specifying what the customer is expecting to receive
(Ivanov et al., 2019). In business, value-added generally refers to the increased utility that
a company generates through the transformation process before offering semi-finished
and then finished products to the end-customer or client. The increase in items’ value can
be due to labor, machine, materials, technology etc. Specifically, value-added concerns
the extra features a company may add to a good or service, including either changing the
product design or providing extra accompaniments primarily, with the main purpose of
increasing consumer perceived value. Mathematically, value-added is defined as the
difference between the total revenue and the total cost of materials, components, and
services. Moreover, the value added at each stage is the difference between the cost of
the input and the value of the output obtained from the stage. So providing value to end-
customers is one of the main goals of any business. However, companies must guarantee
to themselves a profit margin from the sale of goods and services. Consequently, a
business is said to be profitable if the value that it creates or adds is greater than the cost

to produce goods or services.
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2.2.2 The Supply Chain

The Supply Chain (SC) is the connected network of individuals, organizations, resources,
activities, and technologies, involved in the manufacturing and sale of a finished good or
service.

SC activities involve the transformation of natural resources, raw materials, and
components into a finished product then delivered to the end customer. A supply chain
starts with the delivery of raw materials from a supplier to a manufacturer and ends with
the delivery of a finished product or service to the customer or client. SC creates value in
the form of products and services to end customers through various processes and
activities carried out by the network of companies from upstream and downstream links
(Christopher, 2005). SC is also described as a value chain, reflecting the idea that value
is added along the chain (Stevenson, 2009). Specifically, the network, process, and
activities underlying the SC are made up of suppliers, purchasing, manufacturing centers,
warehouses, transportation, distribution centers, and retail outlets, as well as raw
materials, inventory process, and finished products that flow between the structures. A
simplified representation of the flow of materials, information, and services from the raw
material, through manufacturers and distribution centers, to the end customer, is shown

below.

Figure 2.2: A simplified representation of a supply chain
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Figure 2.3 illustrates a very simple supply chain with three entities: a supplier, a
manufacturer, and a customer. Technically, a SC needs these three entities to exist. The
supplier provides materials, energy, services, or components required in the
transformation into products; the manufacturer, or producer, receives materials, supplies,
energy, and components for use in the creation of finished products, and the end customer,

or client, receives finished goods or services.

Figure 2.3: Supply chain with three entities
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Mentzer et al. (2001) describes a supply chain as a set of three or more entities
(organizations or individuals) directly involved in the upstream and downstream flows of
products, services, finances, and/or information from a source to a customer. As stated
by Mentzer et al. (2001), there are three degrees of supply chain complexity: a “direct
supply chain,” an “extended supply chain,” and an “ultimate supply chain”. The direct
supply chain consists of a central organization, its suppliers and its customers. In addition,
the extended supply chain includes suppliers of the immediate supplier and customers of
the immediate customer. The ultimate supply chain includes all organizations that are
involved in all flows of products, services, finance, and information from the ultimate
suppliers to the ultimate customers. Also, the ultimate supply chain encompasses
functional intermediaries such as market research firms, financial, and logistics services

providers (Felea et al., 2013).
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Figure 2.4: Types of supply chain
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An integrated supply chain model can generally contain three interrelated flows: physical
material or primary product flow (which has itself three different stages: purchasing,
transformation, and distribution), information flow (i.e., electronic data exchange or
website linkages), and financial flow (which include the payment to suppliers and
subcontractors for products and the payment by the customer to retailer for the final good
or service) (Waller, 2003). The flow direction in the supply chain is not only forward,
from first supplier to final customer or client. Goods can flow back up the supply chain
for different reasons such as service, repair, remanufacturing, recycling, or disposal. The
reverse chain plays a fundamental role in areas such as customer satisfaction, recycling,
and environmental protection. Reverse logistics refers to a set of programs or
competencies aimed at moving products in the reverse direction in the supply chain (i.e.,
from consumer to producer) and related activities may include handling product returns,
recycling, reuse of materials, waste disposal, refurbishing or remanufacturing (Moise,
2008:198). Moreover, SCs can have multiple linked suppliers and different
configurations. It is notable that an increasing number of companies coordinate in both

upstream and downstream echelons in a supply network the material and information
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flows among a number of different suppliers, manufacturers, and distributors (Seifbarghy

and Gilkalayeh, 2012).

2.2.3 Supply Chain Management

As we showed in the previous section, the supply chain consists of all the activities and
processes associated with the flow of material, information, and money from the raw
material stage to the final product and service. The integration of activities and processes
among the members of the supply chain is frequently referred to the discipline of Supply
Chain Management (Handfield and Nichols, 2003). The topic of Supply Chain
Management (SCM) was first introduced to manage the flow of information, goods, and
services across a network of customers, enterprises, and supply chain partners (Russel
and Taylor, 2009). Since its introduction as a concept in the 1980s, SCM has undergone
significant changes and extensions. Many authors attribute the foundations of SCM to the
historical evolution of the logistics function and several consider that SCM and logistics
are synonyms. As stated by Waters (2008:38), “logistics, or supply chain management, is
the function responsible for the transport and storage of materials on their journey from
original suppliers, through intermediate operations, to final customers”. Even if SCM
consists of logistics management activities, however, there is a difference between the
concept of supply chain management and the traditional concept of logistics. Logistics is
the management function responsible for all movement of materials within the boundaries
of a single organization while SCM takes a broader view of movement through all related
organizations that form the supply chain. SCM acknowledges all of traditional logistics
and also includes activities such as marketing, new product development, finance, and
customer’s service (Hugos, 2006).

Thereby, over the past 30 years, the concept of SCM has been explored by various
academic researchers and practitioners. Oliver and Webber (1982) define SCM as the
process of planning, implementing, and controlling the operations of the supply chain
with the purpose to satisfy customer requirements as efficiently as possible. Specifically,

SCM spans all movement and storage of raw materials, work-in-process inventory, and
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finished goods from point-of-origin to point-of-consumption. Simchi-Levi, Kaminsky,
and Simchi-Levi (2008) describes SCM as a set of approaches utilized to efficiently
integrate suppliers, manufacturers, warehouses, and stores, so that merchandise is
produced and distributed at the right quantity, to the right locations, and at the right time,
in order to minimize system wide costs while satisfying service level requirements.
Literature reveals that there are various ways in defining Supply Chain Management.
However, logistics and SCM academic textbooks and research papers typically adopt the
widely used Council of Supply Chain Management Professionals (CSCMP) definition
that defines SCM as the planning and management of all activities involved in sourcing
and procurement, conversion, and all logistics management activities.

To sum up, Supply Chain Management is the centralized management of the flow of
goods and services, including all the processes to transform raw materials into final
products. SCM is the practice of coordinating the various activities necessary to produce
and deliver products to the end customer. SCM is often described as having five key
elements: planning, sourcing of raw materials, manufacturing, delivery, and returns. The
planning phase refers to developing an overall strategy for the supply chain, while the
other four elements specialize in the key requirements for executing on that plan.
Companies must develop expertise in all five elements in order to have an efficient supply
chain and avoid expensive bottlenecks. SCM also involves the oversight of materials,
information, and finances as they move in a process from supplier to manufacturer to
wholesaler to retailer and then to the end customer. The three main flows of the supply
chain are the primary product (or materials) flow, the information flow, and the financial
flow. These occur across the following decision-making (DM) levels: strategic, tactical,
and operational (Ivanov et al., 2019). SCM includes the coordination and integration of

these flows both within and among companies.

2.2.4 Basics of Logistics Management
The word logistics has originated from the Greek word “logistikos” and the Latin word

“logisticus”, meaning the science of computing and calculating. Originally, logistics was
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used as a military term in connection with the art of moving armies and supplies of food
and armaments to the war front. Today, logistics refers to the part of an organization
responsible for managing resources along the supply chain. Logistics is defined as the art
and science of obtaining, producing, and distributing materials and products in the right
place and in the right quantity. The Italian Logistics Association defines logistics as the
set of all those organizational, managerial, and strategic processes within a company,
from the supply to the final distribution of products.

Logistics Management (LM) is a subset of the larger supply chain management.
According to the Council of Logistics Management (CLM), LM relates all the processes
that refer to the planning, implementation, and control of the efficient, cost-effective flow,
and storage of goods, services, and related information from the point of origin to the
point of consumption in order to meet customers’ requirements.

The main goal of logistics relates to the concept of seven R’s. It's about getting the right
product, in the right quantity, in the right conditions, at the right time to the right
customer, and in the right place.

Logistics and Supply Chain Management are terms often used interchangeably, but they
actually refer to two aspects of the process. As mentioned above, a supply chain is a
network of resources and distribution points that performs the functions of procurement
of materials, transformation into intermediate and finished products, distribution, and
delivery to customers, while logistics performs the function of planning and management
of activities ranging from the procurement of raw materials to the distribution of finished
products. In other words, SCM refers to the process of converting raw material to finished
goods and services and getting it to the end customer, while logistics concerns the
movement of raw materials or final product in the whole supply chain.

In general, logistics activities can be classified into two main groups: inbound and
outbound logistics. Inbound logistics processes are linked to the inflow of raw materials
from suppliers to production plants. Inbound logistics refers to the first stage of the value
chain, involving different activities, such as the storage and delivery of raw materials or

components used in production. Moreover, it includes the procurement of materials,

32



inventory tracking, and optimization of the movement of products from suppliers to the
store, warehouse, or production unit.

Outbound logistics involves the flow of finished products from a company to the end
customer. These activities mainly concern distribution channels and customer service.
Outbound logistics is the collection, storage, and distribution of final goods and related
information flows, from the production plant to the end customer. It covers all those
activities (i.e., sorting, packing, transporting, etc.) involved in the outflow of goods from
the seller to the buyer.

Specifically, LM activities typically include inbound and outbound transportation
management, fleet management, warehousing, materials handling, order fulfillment,
logistics network design, inventory management, supply/demand planning, and
management of Third-Party Logistics (3PLs) services providers. To varying degrees, the
logistics function also includes sourcing and procurement, production planning and
scheduling, packaging and assembly, and customer service activities. LM is evaluated as
an integrating function, which coordinates and optimizes all logistics activities, as well
as integrates logistics activities with other functions including marketing, sales
manufacturing, finance, and information technology (Council of Supply Chain
Management Professionals, 2021).

Logistics can be split into five types by field: procurement logistics, production logistics,
sales logistics, recovery logistics, and recycling logistics.

In more details, with procurement logistics we refer to the flow of goods when the raw
materials and parts required for manufacturing are procured from suppliers. Companies
are actively pursuing production by procuring the necessary materials in the proper
amounts at the right times to reduce inventory costs. Production logistics is the flow of
goods that includes the management of procured parts and materials, distribution inside
a factory, product management, packaging, and shipping to warehouse. Delivery
management, warehouse dispatch management, and shipping management can be
optimized and the state of delivery vehicles can be managed by smoothly linking
procurement logistics and sales logistics. Sales logistics relates to the delivery from

delivery centers and logistics warehouses to distribution points such as wholesalers and
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retailers. Higher efficiency in transportation and delivery and shrinking inventory are
indispensable for delivering the right product to the right customer in the necessary
quantities and time. This also contributes to improving customer satisfaction. Finally,
Recovery logistics and Recycling logistics respectively refers to a specialized segment of
logistics focusing on the movement and management of products and resources after the
sale and after delivery to the customer, including product returns for repair and/or credit,

and on recycling of used products, containers, packaging, etc.

2.2.5 Global Supply Chain Management

In recent years, globalization has been a prevalent trend in almost every industry, as
manufacturers and other companies attempt to take advantage of the abundant raw
materials and low-cost manufacturing available in developing countries around the world.
Global Supply Chain Management (GSCM) is directly linked to the growth of
globalization. GSCM is widely discussed by academic and professional researchers,
gaining wide worldwide recognition of global supply chain practices (Lambert and
Cooper, 2000). GSCM refers to the design, planning, implementation, control and
monitoring of supply chain activities with the aim of creating net value, building a
competitive infrastructure, influencing world logistics, coordinating supply with demand,
and measuring performance globally (Tiwari and Jain, 2013).

Global supply chains are the sophisticated networks of manufacturing, logistics,
transportation and communications companies that move products and materials through
production and distribution channels around the world. Global supply chain management
is the process of ensuring the safe and timely delivery of everything from raw materials
to finished consumer goods as they travel from manufacturers and suppliers to
wholesalers, retailers and other distribution points. Global supply chains are networks
that can span multiple continents and countries for the sourcing and supply of goods and
services. Global supply chains involve the flow of information, processes and resources
around the world. A global supply chain uses low-cost home procurement and refers to

sourcing products and services from countries with lower labor rates and production costs

34



than in the country of origin. The goals of supply chain managers are to reduce costs,

improve efficiency, and mitigate risks.

2.3 Green Supply Chain Management
2.3.1 Sustainability

In the last few decades, a growing number of large, medium, and even small companies
are increasingly focused on sustainability issues. The most cited definition of
sustainability comes from the United Nations World Commission for Environment and
Development which defines sustainable development as that development aimed at
satisfying the needs of the present without compromising the ability of future generations
to meet their own needs. The UCLA Sustainability Committee defines sustainability as
integrating environmental health, social equity, and economic vitality to create thriving,
healthy, diverse, and resilient communities for present and future generations. Sustainable
practices support ecological, human, and economic health and vitality. Sustainability
assumes that resources are limited, so they should be used prudently and wisely, given
the long-term priorities and the consequences of how resources are used.

The concept of sustainability is often made up using the concept of the Triple Bottom
Line (TBL), coined by John Elkington in 1994 as his way of measuring performance in
American corporations. The TBL is an accounting framework whose main purpose
consists of measuring the financial, social, and environmental performance of a company
over time. The number of companies, of all types and sizes, public and private, that share
the concept of TBL, is in extraordinary increase. In fact, in recent years, companies are
more than ever aware of their social and environmental responsibility, adopting or
increasing their social programs. Moreover, consumers require companies to be more
transparent about their environmental and social performance and are willing to pay more
for goods and services if it means that workers receive a living wage and the environment
is respected in the production process. Inspired by the illustration proposed by Brockhaus

et al. (2013), TBL can be graphically interpreted as follows:
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Figure 2.4: Illustration of Triple Bottom Line as “overlapping circles”
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As shown in the figure above, the TBL incorporates three dimensions of performance:
social, environmental, and economic. In more details, environmental performance refers
to the maintaining of ecological integrity, all of earth’s environmental systems are kept
in balance while natural resources within them are consumed by humans at a rate where
they can replenish themselves. Social performance recognizes the importance of
respecting universal human rights and the need for all people to have access to sufficient
resources to keep their families and communities healthy and safe. Healthy communities
want heads of government and business leaders who ensure respect for personal, labor,
and cultural rights, and all people are protected from discrimination. Economic
performance recognizes that human communities around the world must maintain their
independence and have access to the resources they need, financial and otherwise, to meet
their needs as secure sources of livelihood.

In 2005, IUCN mapped the three dimensions of TBL in three different ways: concentric
circles, interlocking circles, and "pillars". This demonstrates that the three objectives need

to be better integrated to ensure the balance between the dimensions of sustainability.
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Figure 2.5: Three visual representations of sustainable development: concentric circles, overlapping
circles, and pillars
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b. The overlapping circles of sustainability
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In 2005, the IUCN World Conservation Unit's annual report on the Business and
Biodiversity program empathized the great attention demanded from governments,

communities, and businesses in responding to the challenge of sustainability.

2.3.2 Linking Sustainability to Supply Chain

2.3.2.1 From Sustainable Supply Chain Management to Green Supply Chain
Management

The supply chain considers the product from the initial processing of raw materials to
distribution to the end customer, and then, if the loop is closed, from collection to the
reintroduction in a new supply chain. Nowadays, there is an increasing recognition that
companies must address the issue of sustainability in their own operations. The growing
focus on the supply chain is a step towards wider adoption and development in the field
of sustainability. The issue of sustainability in the context of SCM is discussed in the
literature by using several terms.

Over the last few years, the issues of sustainability and SCM have been the subject of
numerous debates (Seuring and Miiller, 2008). Green Supply Chain Management
(GSCM) and Sustainable Supply Chain Management (SSCM) are the two terms that most
closely link the concepts of sustainability (Ashby et al., 2012). A survey of the published
definitions for SSCM and GSCM was proposed by Ahi and Searcy (2013). Carter and
Rogers (2008) define SSCM as the strategic and transparent integration and achievement
of the social, environmental, and economic objectives of an organization in the systemic
coordination of key inter-organizational business processes to improve the long-term
economic performance of the individual company and its supply chains. Ciliberti et al.
(2008) describes it as the management of SCs in which all three dimensions of
sustainability are taken into account, namely the economic, environmental, and social
ones. Seuring (2008) defines SSCM as the integration between sustainable development
and supply chain management (in which) by merging these two concepts, the
environmental and social aspects along the supply chain must be taken into account, thus

avoiding the related problems, more sustainable products, and processes. Seuring and
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Miiller (2008) interprets it as material, information, and capital flow management, as well
as cooperation between companies along the supply chain, taking goals from all three
dimensions of sustainable development, namely, economic, environmental, and social
into account that derive from the requirements of the customer and interested parties.
Haake and Seuring (2009) refers to SSCM as the set of supply chain management policies
conducted, actions taken, and relationships formed in response to concerns related to the
natural environment and social issues regarding design, acquisition, the production,
distribution, use, reuse, and disposal of the company's goods and services. All these
definitions explicitly take into account the concept of TBL as all of them integrate the
concepts of economic, environmental, and social sustainability, while also fully agreeing
on the multidimensional idea of sustainability. As regards the reference to Supply Chain
Management, it is possible to note different versions: from integration and achievement
of objectives to actions taken and relationships established regarding the design,
acquisition, production, distribution, use, reuse, and disposal of goods and services. In
this perspective, we can consider the definition proposed by Haake and Seuring (2009)
as the most comprehensive. The greater emphasis on the environmental dimension of
sustainability makes the GSCM definitions more focused than those for SSCM. This
clearly shows that SSCM is usually interpreted as an extension of GSCM. One of the
most adopted definitions of GSCM is given by Srivastava (2007) who integrating
environmental thinking into SCM, including product design, material sourcing, and
selection, manufacturing processes, delivery of the final product to the consumer as well
as end-of-life management of the product after its useful life. Handfield et al. (1997) refer
to the application of environmental management principles to the entire set of activities
across the whole customer order cycle, including design, procurement, manufacturing
and assembly, packaging, logistics, and distribution. Zhu and Sarkis (2004) state that
GSCM is a new important archetype for companies to achieve profit and market share
goals by reducing risks and environmental impacts by increasing their ecological
efficiency. Wee et al. (2011) describe it as integrating environmental considerations into
supply chain management, including product design, sourcing and material selection,

manufacturing processes, delivering the final product to consumers, and managing the
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end-of-life of ecological products. Gnoni et al. (2011) refer to GSCM as an approach that
aims to integrate the issue of the environmental dimension into supply chain procedures,
starting with product design and continuing through procurement and selection of
materials, production processes, delivery of the final product, and end-of-life
management. Unlike in the case of SSCM, for GSCM there is broad agreement on the
extension of SCM's activities, with some differences. In defining GSCM, Zhu et al.
(2012) remark that the main goal is to achieve profit by increasing eco-efficiency.
Handfield et al. (1997) consider the product life cycle from design to customer
distribution, while Wee et al. (2011) also include reverse logistics. However, Gnoni et al.
(2011) and Srivastava (2007) provide the most exhaustive definitions considering GSCM
as the integration of SCM activities from product design to end-of-life management of
the product after its useful life. According to this point of view, the life cycle of the
product, from the cradle to the grave, is the subject of all the activities of GSCM, so that
there is a full correspondence between the two concepts. Tseng et al. (2009) conduct an
extensive literature review on GSCM, readapting the list of GSCM definitions introduced
by Ahi and Searcy (2013).

Based on the discussion above, the process of integrating sustainability within the supply
chain, the so-called Green Supply Chain Management, allows organizations to improve
the flows, operations, and activities within the chain, gaining simultaneously economic,
environmental, and social goals.

In addition, in recent years, improved environmental legislation and the wide range of
green initiatives have provided some incentives for organizations to become more
environmentally friendly. This underlines an increase in public awareness of
environmental and social concerns and the growth of corporate social responsibility
(CSR) within companies.

By providing some definitions of both SSCM and GSCM, it was possible to state that if
SSCM simultaneously addresses the three pillars of sustainability (economic,
environmental, and social dimension), GSCM emphasizes, in particular, the integration
of the environmental dimension within the operations and activities of the SC,

consequently promoting the achievement of social goals.
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2.3.3 A brief history of Green Supply Chain Management

Environmentally conscious business practices have been receiving increasing notoriety
among academic researchers and practitioners just in the early 20th century (Svensson,
2007). Some of the early modern supply chain practices, such as lean manufacturing and
Just-In-Time (JIT), can be traced to Henry Ford's efforts to vertically integrate automotive
supply chain and organizational practices. The concept of JIT and SCM at that time
essentially focused on improving operational efficiency and minimizing waste. The main
purpose of waste minimization was not related to environmental, but mostly to economic
reasons. Waste is essentially described as a simple economic loss (Lai and Cheng, 2009).
Furthermore, in recent years, industrial pollution has not been one of the main topics of
investigation for economics or supply chain management researchers and practitioners.
In the economy, the application of taxes for the management of externalities such as
industrial pollution has been proposed (Pigou, 1920). At that time, the debate on the
taxation of environmental pollution generated by industrial activities represented
essentially the limit of the discussion. During this period, philosophical developments
were taking place with the discussion of whether the natural environment deserved its
rights and had its own intrinsic value (Fine and Leopold, 1933). In their work, Ayres and
Kneese (1969) highlight that some of the earliest work, related to the current greening
process of the supply chain, can be traced back even before the formation of the United
States Environmental Protection Agency. During the 1970s, a further refinement of ideas
about industrial metabolism and material flow balance occurred (Ayres, 1978). The
discussion of how to use the mass balance for organizational and governmental decision
making was also introduced in the early 1970s through a process chain assessment model
estimates the cumulative (direct and hidden) costs of various processes or phases that
form 'chains' that initiate a set of raw material inputs for a production that can be sold as
semi-finished or consumer products (Stern et al., 1973). At the same time, a further
refinement of the philosophy of industrial ecosystems was taking place (Jelinski ef al.,
1992) and further recognition of the concept of the supply chain as a competitive strategic

weapon (Bhote, 1989). In the late 1960s, the environmental movement in the United
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States was catalyzed due to growing consumer concerns about degradation. This led to
the establishment, in the early 1970s, of the Environmental Protection Agency, with
directives aimed at applying the regulations concerning the industrial production of all
companies along the supply chain (Sarkis, 2012). This resulted in a growing need to
enforce environmentally friendly decisions in supply chain management (SCM), shifting
planning from reactive to proactive. As a result, environmental performance standards
have increasingly been incorporated into contract guidelines for supply chain partners
(Simpson and Samson, 2007). A company's response to the environmental requirements
of external stakeholders is directly influenced by their level of commitment related to
both environmental awareness and performance. In such environment-based scenarios,
the supplier-customer relationship is affected by both the existing transaction cost
requirements and the environmental commitment of both entities. Responding to growing
environmental compliance needs, GSCM has evolved, reflecting an integration of
environmental thinking. GSCM implies a global perspective, including product design,
material sourcing, and selection, manufacturing processes, delivery of final products to
consumers, as well as end-of-life product management (Srivastava, 2007). According to
Srivastava (2007), the GSCM is growing in importance and is driven by increasing

environmental degradation, decreasing natural resources, and increasing pollution levels.

2.3.4 Green Supply Chain Management definition and main topics

During the last two decades, Green Supply Chain Management has emerged as a result
of the growing interest in integrating sustainability into supply chain practices.

Green Supply Chain (GSC) arises from the integration between the concept of supply
chain and green management. With SC, we refer to the complex flows of materials and
information aimed at the production and transfer of a product on the market, while, with
green management, we refer to the management strategies of the environmental and social
impacts of a company.

With the term “Green Supply Chain”, we define a management approach that aims to

minimize the environmental impact of a good or service throughout its life cycle. In this
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definition, the concept of the Life Cycle (LC) of a product and process shifts the focus of
attention from the organization itself to the entire system of relationships and actors who
contribute, together with it, to the creation of value, opportunity, and the minimization of
environmental impacts. Most organizations have so far considered their relationship with
the environment as a problem essentially limited to its physical boundaries, manageable
through the environmental compatibility of their processes and products, and the adoption
of management models aimed at limiting negative impacts on the productivity of the site.
However, such an approach is limiting, as the environmental impacts of a product, if
traced back and related to the entire life cycle, accumulate together with the relationships
that exist between the various customers and suppliers in the form of waste, emissions,
and consumption generated along the value chain, from the extraction of raw materials to
the end of life of the product. If we leave a model that sees the company responsible and
able to act exclusively on the impacts generated by its internal operations (in particular,
in the production process), we realize that a significant part of the negative externalities
is generated in the nodes and connections that make up the supply chain. From these
assumptions derives the need to consider extended management models, able to reduce
the overall impacts through the involvement of all the players in the supply chain, creating
sustainable value for stakeholders, minimizing inefficiencies and risks. From a
management point of view, the application of a GSC involves the adoption of strategic
supply chain measures that are numerous, including the reduction of environmental and
economic risks, the increase in the operating efficiency of the system, and green
innovation processes and products.

GSCM covers every stage of the supply chain from product design, procurement,
sourcing and supplier selection, manufacturing and manufacturing processes, logistics,
and final product delivery to consumers, together with the end of the life-product
management (Emmet and Sood, 2010). As a whole, these phases cover: upstream,
downstream, within organizations, and the logistics processes.

A green SC can be implemented in all four different areas of the supply chain, as
mentioned above. Upstream, GSC can be implemented using green design, green

procurement, and supplier environmental performance assessment. GSCM can be

43



implemented in downstream activities by introducing any recovery and recycling
opportunities after the product has provided its utility and also the disposal and sale of
excess inventory. Within organizations, GSCM involves all activities related to green
design, green packaging, and green manufacturing. Figure 2.6 is a representation of how

and where an organization can adopt GSCM practices, from supplier to end customer.

Figure 2.6: Classification of Green Supply Chain Management main topics
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2.3.4.1 Green Design

Green Design is used to express the systematic consideration of design issues associated
with environmental safety and health throughout the entire life cycle of the product.
Srivastava (2007) proposes two main sub-themes: Life Cycle Assessment (LCA) and
Environmental Conscious Design (ECD). Life Cycle Assessment, or analysis, (LCA) is
described as a process to assess and evaluate the environmental, occupational health, and
resource-related consequences of a product at all stages of its life, i.e. extraction and

processing of raw materials, production, transport and distribution, use, regeneration,
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recycling, and final disposal. The purpose of the LCA is to monitor all material and
energy flows of a product from the recovery of its raw materials from the environment to
the disposal of the product in the environment. Attempts have also been made to develop
operational models to help companies understand, monitor, and evaluate life cycle
management (Srivastava, 2007). The Environmental Conscious Design (ECD) concept
was adopted to support increased concerns about the environmental impact of products
early in the design phase. This new trend requires that a product's design strategy be

modified to integrate environmental constraints (Steven et al., 2021).

2.3.4.2 Green Operations

Green Operations refer to the production/reproduction, use, handling, logistics, and waste
management of the product and reverse logistics. Srivastava (2007) proposes three main
themes related to Green Operations: Green Manufacturing and Remanufacturing, Reverse
Logistics and Network Design, and Waste Management.

Green Manufacturing and Remanufacturing are some of the most important areas within
green operations. It is about renewing production processes and establishing
environmentally friendly operations within the manufacturing field. In essence, it is the
"greening" of production, in which workers use fewer natural resources, reduce pollution
and waste, recycle and reuse materials, and moderate emissions in their processes
(Srivastava, 2007).

Reverse Logistics (RL) differs from Forwards Logistics (Tibben-Lembke and Rogers,
2002). Logistics has been defined as that part of the supply chain process that plans,
implements, and controls the efficient and effective flow and storage of goods, services,
and related information from the point of origin to the point of consumption to meet
customer needs (Council of Logistics Management - CLM, 1999). Reverse logistics has
been defined as the movement of products or materials in the opposite direction to create
or recover value or for proper disposal (Tibben-Lembke and Rogers, 1999, 2001).
Network Design aims to accommodate returns and remanufacturing of products and the

reuse of such parts and components (Closed-Loop Supply Chain Network Design).
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Reverse Logistics differs from Waste Management in that the latter mainly refers to the
collection and treatment of waste (products for which there is no new use) efficiently and
effectively. The crux in this matter is the definition of waste. This is a major issue, as the
term has serious legal consequences, e.g., it is often forbidden to import waste. Reverse
Logistics focuses on those flows where there is value to be recovered and the results enter
a (new) supply chain (De Brito and Dekker, 2002). Specifically, Waste Management
refers to all the activities and actions necessary to manage waste from its birth to its
disposal. It includes the collection, transportation, treatment, and disposal of waste, along

with the monitoring and regulation of the waste management process.

2.4 Advanced Topics in Supply Chain Management: Supply Chain Risk
Management and Resilience

2.4.1 Risk and Uncertainty in the Supply Chain

For the last few years, risk and uncertainty issues have become increasingly popular in
the supply chain context (Davis, 1993; Prater, 2005; Sanchez-Rodrigues Vasco et al.,
2008; Simangunsong et al., 2012). There are various ways to define uncertainty and risk
(Wang and Jie, 2019). Van den Vorst and Beulens (2002) define supply chain uncertainty
as follows: “Decision-making situations in the supply-chain in which the decision-maker
does not know definitely what to decide as he/she is indistinct about the objectives; lacks
information about (or understanding of) the supply-chain or its environment; lacks
information processing capacities; is unable to accurately predict the impact of possible
control actions on supply-chain behavior; or lacks effective control actions (non-
controllability)” (Van den Vorst and Beulens, 2002:413).

Miller (1992) focuses on the difference between the notions of risk and uncertainty. Miller
(1992) defines risks in business as unanticipated variation or negative variation that may
influence business performance such as revenues, costs, profit, and market share; while
uncertainty refers to the unpredictability of environmental or organizational variables that
impact business performance or the insufficient information about these variables. There

is a very close relationship between uncertainty and risk, because uncertainty increases
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the possibility of risk occurring, and risk is a consequence of uncertainty. In other words,
risk occurs because of uncertainty about the future, and this uncertainty means that
unexpected events may occur that cause some kind of damage. In practice, supply chain

uncertainty is often used interchangeably with the term supply chain risk.

2.4.2 Supply Chain Risk Management

In recent decades, risk management has become one of the most important topics in
academic research and practice. Risk management is a methodological approach to handle
uncertainty (Ivanov et al., 2019). From the organization’s point of view, risk management
is a continuous and systematic process to identify and treat risks attached to the
organization’s activities, aiming at securing the organization’s existence and long-term
success. A typical risk management process consists of four steps: 1) risk identification;
i1) risk estimation; iii) risk treatment; and iv) risk monitoring.

Specifically, risk identification is the first step in the risk management process. It aims at
identifying an organization’s exposure to uncertainty, and, thereby, being able to manage
risks proactively. Therefore, risk identification is an important stage of the risk
management process, since unidentified risks remain neglected in the subsequent steps;
hence, it should be approached methodically. In a supply chain environment, risk
identification must take into account the value stream of products and processes, assets
and infrastructure, dependencies on other organizations, and the environment. The result
of this process step is a list and description of the identified risks. Risk estimation aims
to give a quantitative, semi-quantitative, or qualitative description of the probability and
severity of each risk. This helps to focus attention on more severe risks and to choose
suitable management options in the subsequent step. Risk treatment refers to the process
to manage the identified risks by reducing the probability of occurrence, reducing the
consequence, or accepting the risk. Its goal is not necessarily to minimize risk but to find
an acceptable trade-off between risk and return for the organization. Risk treatment
actions generally include risk transfer, risk-taking, risk elimination, risk reduction, and
further analysis of individual risks. Moreover, risk treatment should define mitigation

plans for reducing the effects of any adverse events. The fourth and last step refers to risk
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monitoring. It includes a reporting and review structure for identified and newly emerging
risks, and controlling the implementation of risk treatment strategies.

Risk Management in Supply Chain (SCRM) is the implementation of strategies to
manage both every day and exceptional risks along the supply chain based on continuous

risk assessment to reduce vulnerability and ensure continuity (Heckmann et al., 2015).

2.4.2.1 Supply Chain Risk Classification

Recent literature introduced different classifications of supply chain risks (Chopra and
Sodhi, 2004; Tang and Musa, 2011; Ho et al., 2015; Quang and Hara, 2017). For example,
Chopra and Sodhi (2004) categorize potential supply chain risks into nine categories: 1)
Disruptions (e.g., natural disasters, terrorism, war, epidemics, etc.); 2) Delays (e.g.,
inflexibility of supply source); 3) Systems (e.g., information infrastructure breakdown);
4) Forecast (e.g., inaccurate forecast, bullwhip effect, etc.); 5) Intellectual property (e.g.,
vertical integration); 6) Procurement (e.g., exchange rate risk); 7) Receivables (e.g.,
several customers); 8) Inventory (e.g., inventory holding cost, demand, and supply
uncertainty, etc.); 9) Capacity (e.g., cost of capacity). Moreover, Quang and Hara (2017)
classify risks as the following: external risks which deal with threats from an external
perspective of SC that can be caused by economical, socio-political or geographical
reasons. examples are fire accidents, natural catastrophes, economic downturn, external
legal issues, corruption, and cultural differentiation; time risks, referring to delays in SC
processes; information risks (e.g., communication breakdown within the project team,
information infrastructure complications, distorted information, and information leaks);
financial risks (e.g., inflation, interest rate level, currency fluctuations, and stakeholder
requests); supply risks (i.e., risks related to suppliers, e.g., supplier bankruptcy, price
fluctuations, unstable quality and quantity of inputs); operational risks, caused by
problems within the organizational boundaries of a firm (e.g., changes in design and
technology, accidents, and labor disputes); demand risks that refer to demand variability,

high market competition, customer bankruptcy, and customer fragmentation.
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2.4.2.2 Operational and Disruption Risks

With the growth of global sourcing, the complex and interconnected structure of supply
networks, and the increasing adoption of demand-driven and lean production practices,
supply chains (SCs) have become increasingly exposed to several disruptions (Hosseini
et al., 2019). As a consequence of the increasing complexity of modern supply chains,
the study of disruption management is continually developing, constituting a complicated
and challenging field (Aldrighetti ez al., 2019).

Ivanov et al. (2019) classifies supply chain risks into demand, supply, process, and
structure areas (Figure 2.7). Risks of demand and supply uncertainty are related to random
uncertainty and business-as-usual situations. Such risks are also known as recurrent or

operational risks.

Figure 2.7: Operational and disruption risks in the supply chain
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Disruption risks represent a new challenge for supply chain managers. Due to the
unpredictability of the disruption appearance and the magnitude of the propagation of
disruption consequences, the ripple effect has emerged in the supply chain. As stated by

Hosseini et al. (2019), the ripple effect in the supply chain “refers to the structural
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dynamics and describes a downstream propagation of the disruption consequences, e.g.,
in the form of downscaling in demand fulfillment, downstream the SC as a result of a
severe disruption (or a series of disruptions)”. Recently, the supply chain disruption
propagation of ripple effect, also known as “domino effect” or “snowball effect”, has
gained increasing attention from both academia and practitioners, because of the
significant global economic loss caused by various disruption events such as the Thailand
Flood in 2011, the Japan Earthquake in 2012, and now the Coronavirus Disease (COVID-
19). Despite the growing number of contributions on disruption studies, the most recent
overview of the ripple effect research in the supply chain has been provided by Ivanov
and Dolgui (2020). The ripple effect is considered as “a specific area” of supply chain
disruptions and “a strong stressor” to supply chain resilience (Dolgui and Ivanov, 2021).
In recent years, the phenomenon of the ripple effect is widely present in practice. As
stated by Dolgui et al. (2018), the ripple effect “occurs when a disruption, rather than
remaining localized or being contained to one part of the SC, cascades downstream and
impacts the performance of the entire SC” (Figure 2.8). For more details, please refer to

the Handbook on the Ripple Effects in Supply Chain (Ivanov et al., 2019).

Figure 2.8: Operational and disruption risks: The Bullwhip and the Ripple effects
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2.4.3 Supply Chain Resilience

In a changing world, where globalization is playing an increasing role and where supply
chains are more and more exposed to disruption events, the resilience issue has been
receiving increasing attention among researchers and practitioners. Resilience in the
supply chain has been described in simpler and broader terms by different authors (For
further information see Pires Ribeiro and Barbosa-Povoa, 2020). According to Ivanov
(2018), supply chain resilience is the “ability to maintain, execute and recover (adapt)
planned execution along with achievement of the planned (or adapted, but yet still
acceptable) performance is therefore the next objective property of the supply chain”.
One of the main objectives of supply chain management is to increase total supply chain
output performance, which is basically referred to as supply chain effectiveness and
efficiency. At the same time, achievement of planned performance can involve the impact
of perturbations in a real-time execution environment. Supply chain execution is subject
to uncertainty at the planning stage and disruption at the execution stage. This requires
supply chain protection against an efficient reaction to disturbances and disruptions. As
a consequence, supply chains need to be planned to be stable, robust and resilient enough
to maintain their basic properties and ensure execution; and be able to adapt their behavior
in the case of disturbances in order to achieve planned performance using recovery

actions (Figure 2.9).

Figure 2.9: Resilience control elements
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The robustness of supply chains is a complex characteristic of a non-failure operation,
durability, recoverability, and the maintenance of supply chain processes and a supply
chain as a whole. This is connected with the creation of a reserves system (the
introduction of resource excessiveness) for the prevention of failures and deviations in
supply chain processes. The flexibility of supply chains is a property concerning its ability
to change itself quickly, structurally and functionally depending on the current execution
state and reaching supply chain management goals by a change in supply chain structures
and behavior. This is connected with the creation of an adaptation system (with regard to
operations and resources) for the prevention, improvement, or acquisition of new
characteristics for the achievement of goals under the current environmental conditions

varying in time.
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3. CHAPTER THREE - MULTI-CRITERIA METHODS AND
HEALTHCARE SUPPLY CHAIN MANAGEMENT

This chapter has been supervised by Prof. Cinzia Colapinto from the Department of Strategy
and Management of IPAG Business School of Nice Campus (France) and contains the results
of the state-of-the-art review conducted during the research stay as a Ph.D. student at SKEMA
Business School of Sophia Antipolis Campus (France) with the co-authoring of the main
supervisor of this thesis, Prof. Cinzia Colapinto. This work was first submitted in May 2021 for
publication in the Journal of Multi-Criteria Decision Analysis. The Journal of Multi-Criteria
Decision Analysis is indexed in Scopus and the Emerging Sources Citation Index of the Web of
Science (Clarivate Analytics). This paper has undergone a thorough refereeing process, like
papers submitted to regular issues. This paper is planned to be published by the end of 2021.

This chapter provides details of how the rigorous systematic literature review was conducted,
highlights the gaps allowing to clarify the research problems in the proposed study. The review
of the literature comprises two key areas: multicriteria decision making (MCDM) methods and
healthcare supply chain management (HSCM). It begins with a review of the current status of
healthcare supply chain management and an introduction to the systematic review
methodology. This is followed by the results section. The discussions of conceptual and
research methodological issues are presented. This chapter concludes by summarizing the key
findings of the review, highlighting the contributions this study makes to the body of healthcare
SCM and MCDM knowledge, also identifying the implications of the findings for academic
researchers and practitioners. Thus, a future research agenda can be derived from the research

gaps identified.

3.1 Introduction

In the last two decades, Supply Chain Management (SCM) has become pivotal in making
business competitive in the market, gaining increasing and continuous attention from academic
researchers and practitioners. Today, companies are facing significant challenges in identifying
the best opportunity to meet customer expectations and containing costs. A Supply Chain (SC)
is a network of organizations and processes used by various enterprises to deliver products and
services from raw materials to end customers through material, information, and financial

flows. Consequently, SCM can be defined as the design, planning, execution, control, and
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monitoring of supply chain activities to create net value, building a competitive infrastructure,
leveraging worldwide logistics, synchronizing supply with demand, and measuring
performance globally. SC is responsible for balancing demand supply along the entire value-
adding chain. SCM is one of the key elements of any organization, responsible for matching
supply and demand along the entire value-added chain, by integrating production and logistics
processes at different levels. It is evident that decision-makers need to cope with different
variables and conflicting objectives simultaneously. Consequently, mathematical modeling can
come to support the decision-making process. Given the SCM characteristics described above,
it is evident why MCDM models can be used in this area. Indeed, Multiple Criteria Decision
Making (MCDM) models are important tools in Operation Research and Management Science
(OR/MS) with extensive application in a variety of fields, including Supply Chain Management
(Colapinto et al., 2019). MCDM is a subfield of OR/MS to evaluate alternatives based on
various and/or conflicting criteria by assigning weights to support the decision-making process.
MCDM is appropriate for solving real-life problems by using quantitative and qualitative
approaches, taking into account multiple conflicting objectives, and making the decision-
making process more explicit, rational, and efficient. Since the 1960s, MCDM methods have
been developed, proposed, and successfully implemented in many fields. The conceptualization
of MDCM is beyond the scope of this work (for more information see Beck and Hofmann,
2012). In recent years, academic researchers have increasingly applied these techniques and
approaches in the field of healthcare, with a particular focus on SCM. Although many literature
reviews of such methods used to handle SCM issues already exist (e.g., Beck and Hafmann,
2012; Khan et al., 2018), a literature review of MCDM methods with applications in HSCM
does not exist to the best of our knowledge. This paper has two main objectives. First, we
present a comprehensive review of the most significant literature on HSCM, classifying how
and why MCDM models are becoming popular in this area. The intended purpose is to promote
knowledge of the MCDM models that have been applied by researchers to the management of
HSCM, highlighting which are the most common approaches adopted in searching for an
optimal solution. Second, we use the literature review to identify gaps and thus contribute to
the development of the theory and understanding of the latest techniques and applications. The
choice of healthcare area as the subfield of application of SC is linked to its exponential growth
due to increasing general awareness and globalization, to its potential negative impacts as a

result of incorrect management, especially after the spread of the COVID-19 pandemic. In
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2021, we aim to collect, analyze, and interpret data by using an inquiry model based on an
appropriate analysis settled into two types of methods (qualitative and quantitative). The
number of publications using MCDM and incorporating SC in the healthcare sector has mainly
increased since 2006. The paper is organized as the following. In Section 2, we briefly introduce
various HSCM and MCDM approaches and popular techniques used. In Section 3, we discuss
the methodology we adopted to search, analyze, classify, and categorize the literature. In section
4, we present the results of this literature review. In section 5, we summarize our findings and

identify future research directions. Section 6 concludes as usual.

3.2 Literature Review

In this section, a theoretical background is presented. We first introduce the topic of supply

chain management in healthcare, followed by a general overview of MCDM methods in HSCM.

3.2.1 Healthcare Supply Chain Management

In general, Supply Chain (SC) refers to all the resources needed by an organization to provide
goods or services to the end customers. Healthcare Supply Chain (HSC) has often been valued
differently from conventional SC due to its high level of complexity, high-value goods, and
because it involves human life (Aldrighetti et al., 2019). Healthcare Supply Chain Management
(HSCM) refers to the procurement and distribution of products and services as they move from
the warehouse to the patient/customer. Healthcare is a hybrid sector that encompasses both
products and services such as pharmaceutical, medical, equipment, waste management,
information technology, et cetera. The management of the HSC is a very fragmented and
complicated process, as it requires the management of special supplies and resources, and the
provision of goods and services to healthcare practitioners and patients. There are various ways
to define HSC. Dixit et al. (2019), define it as a special type of supply chain where medicines
are produced, transported, and consumed. HSC takes place with the drug manufacturer's
suppliers and ends with the patient (i.e., the customer) to meet demand through a defined
distribution channel. Due to their properties and patient needs, various researchers have
suggested different and specific models of SC for different health products such as drugs,
vaccines, and other medical equipment (Dixit et al.,, 2019). From the literature review, we can
observe that academic researchers provide different terminologies for naming the supply chains
exercised in the healthcare sector. In Dixit ef al. (2019), a categorization is reported: healthcare

SC (Kwon et al., 2016; Azadeh et al., 2016; Wijewardana and Rupasinghe, 2016; Ghorani,
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2015; Kumar and Kumar, 2014; Guimaraes and Carvalho, 2013; Al-Karaghouli et al., 2013;
Mathew et al., 2013; Miah et al., 2013; Kritchanchai, 2012; Mustaffa and Potter, 2009; Zheng
et al., 2006), pharmaceutical SC (Sabegh et al., 2017; Papert et al., 2016; Parmata et al., 2016;
Singh et al., 2016; Papalexi et al., 2016; Narayana et al., 2014; Rossetti et al., 2011; Wyld,
2008; Shah, 2004), hospital SC (Supeekit et al., 2016; Chen et al., 2013; Rachmania and Basri,
2013; Rego and de Sousa, 2009; Toba et al., 2008), drug SC (Mensah et al., 2015; Pinna et al.,
2015; Patel et al., 2009), vaccine SC (Lee and Haidari, 2017; Sarley et al., 2017; Kartoglu and
Milstien, 2014), lean SC management in healthcare (Hatibu, 2015; Adebanjo et al., 2016), and
agile SC management in healthcare (Mehralian ef al., 2015).

3.2.2 Multiple Criteria Decision Making in Healthcare Supply Chain Management
Multiple Criteria Decision Making (MCDM) is a powerful tool that combines alternatives
between numerous contradictory qualitative and/or quantitative criteria, resulting in a solution
that requires consensus. Since the 1960s, many MCDM techniques and approaches have been
successfully developed and implemented in many areas of application, requiring knowledge
gathered from many fields, including behavioral decision theory, information technology (IT),
economics, and mathematics. MCDM methods wuse multi-objective mathematical
programming, multi-attribute utility theory, outranking or non-classical approaches to support
decision model construction, respectively through the well-known MCDM approaches: Goal
Programming (GP) or Data Envelopment Analysis (DEA), Analytic Hierarchy Process (AHP)
or Analytic Network Process (ANP), PROMETHEE, and Fuzzy Sets Theory. However, a
detailed analysis of the theoretical foundations of MCDM is beyond the scope of this article.
For further information about MCDM see Khan et al. (2018). AHP and ANP have been
evaluated as the most frequently used methods in healthcare due to the flexibility and ability to
capture both subjective and objective characteristics of decisions-making, successfully
supporting the managerial judgment and knowledge of healthcare practitioners. Over the past
few decades, the healthcare sector has grown more and more rapidly due to the increased degree
of general awareness and globalization. As a consequence, the number of MCDM applications
has been developing to support HSCM decisions. We cannot ignore the effects and
consequences brought by the coronavirus pandemic in 2020. In the last two years, Coronavirus
disease (COVID-19) has been representing an extraordinary event that has been having a

decisive impact on countries all over the world, businesses, and supply chains. The COVID-19

62



pandemic poses significant challenges in managing supply chains, including Healthcare Supply
Chains: hospitals are often on the verge of collapse, supply chains are often disrupted in the
production and distribution of products, and critical services, and federal and state agencies
struggle to take preventive and palliative measures to counter the health, economic and social
consequences. Of course, MCDM approaches appear to be appropriate in response to HSC
management as they use quantitative and qualitative information, taking into account multiple
conflicting objectives and performing a decision-making process as more explicit, rational, and
efficient, by helping to determine performance metrics, driving preferences and exchanging
criteria consistently and transparently. HSCM is an MCDM problem because, in the whole SC
cycle, we have to examine various criteria. To manage the whole SC, we also necessitate
identifying the relationship of each criterion that impacts the performance of the SC. This shows
that decision-making is crucial in managing the SC cycle. Consequently, HSCM can be
evaluated as an MCDM problem. Decisions are made based on conflicting criteria of
maximizing profit and customer responsiveness while minimizing risk. MCDM in healthcare
provides a comprehensive overview of multi-criteria optimization models and methods that can
be used in the management of the related SC. Furthermore, with the involvement of internal
and external stakeholders at the strategic, tactical, and operational levels (Ivanov ef al., 2019),
the decision-making process provides alternatives that are usually of a conflictual nature. This
situation increases the complexity of the decision-making process. Several academics have
demonstrated the importance of applying MCDM methods and techniques in HSCM. A huge
amount of literature review articles is focused on the applications and methodologies of MCDM
in SC (e.g., Khan et al,, 2018; Govindan et al, 2015; Razei, 2015). However, a systematic
literature review in supply perspective of MCDM methods in the healthcare sector is not yet
available, especially with the focus on DM levels. As a matter of fact, it is unclear which method
is used for what function and at what level of DM. Furthermore, the categorization of MCDM
methods and their application at different levels of SC decisions (strategic, tactical, and
operational) are rather limited and are not evidently shown in the literature. For more
information, see Adunlin et al. (2015). Here is a review of the literature that suggests increased
awareness of MCDM methods and techniques as a robust and rigorous approach to support
decision making in healthcare, especially due to the impact and complexity of healthcare

decisions.
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3.3 Methodology

In order to systematically perform our literature review and use content analysis in the process,
we adopt a four-step methodology based on the practical guidelines provided by Frazao et al.
(2018). The process model consists of the steps shown in Figure 3.1

3.3.1 General search data

Step 1 - Recognition This study presents a review of the literature based on the bibliographic
database SCOPUS, which was searched on March 4, 2021. No language, publication date, or
publication status restrictions were imposed to reach as many articles as possible. The main
objective is to investigate how and for what purpose the researchers and practitioners (or
government) use MCDM for the decision-making processes in Healthcare Supply Chain. The
data for the literature review was obtained by keyword search using the search terms in
combination with “multicriteria” or “multi-criteria” or “MCDA” or “multiple-criteria” or
“MCDM?” or “multi-objective” or “MODA”; and “supply chain” or “logistics” or “waste”’; and
“healthcare” or “health-care” or “hospital” or “pharmaceutical” or “drug” or “vaccine” or
“health”. In the SCOPUS repository, the searches were given for “title, abstract and keywords”,
the added filters are presented in Figure 3.1 The study was conducted in four phases (see Figure
3.1) obeying some inclusion and exclusion criteria, as shown in Table 3.1 The search was
performed independently in a standardized non-blind manner by two reviewers and agreements
among the reviewers were solved by consensus. We have developed a data extraction sheet.
The searched items were not split between two authors for data extraction. Already, the

disagreements were resolved by the discussion between two review authors.
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Figure 3.1: Sequential steps for the collection and analysis of the data

Database Selection Title, Abstract and Tabulation and
Search Full Text Reading Data Analysis
256 Records identified by 143 Records after 139 Items for 135 Items included
searching the SCOPUS filters and duplicates eligibility based on Title, for Analysis through
database removed Abstact and Full Text Descriptive Statistics.
Reading
Combination of the
following keywords:

(“multicriteria” or “multi-
criteria” or “MCDA" or

“multiple-criteria” or Inclusion
“MCDM" or “multi-

objective” or “MODA")

AND

(“supply chain” or Eligibility

“logistics” or “waste”)

AND

{“healthcare” or “health-
care” or "hospital” or

“pharmaceutical” or Screening
“drug” or "vaccine” or

“health”)

Recognition

Source: Frazdo et al., 2018:3

Step 2 — Screening For the first selection of studies, filters were applied and duplicate
documents removed.

Step 3 — Eligibility After any duplicate documents were removed, article titles, abstracts, and
full texts were read. This second step consisted of two phases: in the first one, article titles and
abstracts were read. If they obeyed the prerequisite for inclusion criteria for title and abstract,
the full text would be downloaded. For the second phase, inclusion criteria and exclusion
criteria were determined as requirements to proceed with the reading of the pre-selected and

downloaded document (see Table 3.1).
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Table 3.1: Criteria used for inclusion and exclusion of the studies in the review

Inclusion criteria

Inclusion criteria for title and abstract Inclusion criteria for full text
Is a HSC intervention aided by the MCDM? The MCDM method is applied to solve case studies in
the healthcare SC.

Exclusion criteria

Exclusion criteria for title and abstract Exclusion criteria for full text
Does not present abstract; Does not present the full text Be an MCDM application, however: Does not make clear
available; Be a review article; Does not be an MCDA the structuring of the problem; Does not make clear the
application and/nor Does; Not be MCDM application in the  criteria and their origin; Presents a purely mathematical
health sector. model.

Step 4 — Inclusion The obtained dataset consists of the articles that obeyed the inclusion pre-

requisites (see Appendix).

3.4 Results

Methodologically, literature reviews can be comprehended as content analysis, combining
quantitative and qualitative aspects to assess descriptive and content criteria. After preliminary
screening and eliminating duplicates and qualitative and/or unrelated documents, 139 papers
hit the scope of this review up to March 2021. Figure 3.2 shows how interest in the topic has

grown over the past few years and decades.

Figure 3.2: Number of publications by year (2006-2021%*)
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We can observe that the 2010s saw an upsurge in the publications. In terms of outputs, our
research identified 139 articles, namely 105 journal articles (5 in press, 74%), 2 book chapters
(1%), 32 conference papers (22%), and 4 literature reviews (3%). Most of the papers were co-

authored by at least 3 researchers (40.3%; average 3.19; min=1; max=11) (see Figure 3.3).
Figure 3.3: Number of papers by co-authoring
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Based on the geographical origin of the papers, it can be inferred that scientific contributions
from Asian countries are pivotal in the area of HSCM. From a country point of view, it is
apparent that most contributions are from Iran (41), followed by Morocco (18), India (16),
United States (15), France (13), and Turkey (13). As a result Iran can be seen as the hub for the

research concerning healthcare SC and MCDM (see Figure 3.4).
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Figure 3.4: Number of documents by country (or territory)
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This is confirmed even if we look at the contributions by region (or continent): Asia dominates
the stream of research (46%), followed by inter-continental collaborations (25%), whilst the
research is still marginal in the remaining areas (Africa (13%), Europe (12%), and America

(7%)).

Figure 3.5: Number of publications by region (or continent)
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To confirm again the central role played by Asia, we can refer to the leading role of Asian
universities as hosting institutions (Figure 3.6): 7 out of the top 10 university are Asian, namely
University of Tehran (Iran), Iran University of Science and Technology (Iran), Kharazmi
University (Iran), Amirkabir University of Technology (Iran), Galatasaray Universitesi
(Turkey), Babol Noshirvani University of Technology (Iran), and National University of
Singapore (Singapore). We can also consider the top authors in HSCM, namely A. Berrado (12,
Morocco), L. Benabbou (10, Morocco), M. Dursun (4, Turkey), Hosseini-Motlagh (4, Iran),
Paydar (4, Iran) and Tavakkoli-Moghaddam (4, Iran). One more time it is evident the top

position of Asian scholars.

Figure 3.6: Number of documents by affiliations
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Indeed, since 2015, we can observe an upsurge in the investment on this subject (Figure 3.6),
and that the leading funding sponsor institution is the Iran National Science Foundation (3
investments), followed by the Bagiyatallah University of Medicine (Iran, Asia), Galatasaray
Universitesi (Turkey), King Saud University (Saudi Arabia), Kumoh National Institute of
Technology (South Korea), National Natural Science Foundation of China (China), Universitas
Indonesia (Indonesia), and University of Tehran (Iran). Our list proves that half of funds are
coming from Asian countries. Table 3.2 lists the journals that published most papers. The

publications have appeared in top journals with an average IF of 4.14 and an average 5-Years

69



Impact Factor (IF5) of 4.22. IF5 is computed as a ratio over a 5-year window; more accurately,
the numerator refers to the number of citations in the current year to all items published in a
journal in the previous 5 years. As reported by Vanclay (2012), the IF5 provides to catch the
impact of a journal in specific fields, that on average, might take longer than others to attract
the majority of their citations (Colapinto et al.,, 2019). Looking at the titles, we can observe
that the topic is analyzed from a technical point of view not only considering the models’
perspective. We can also state that the distribution of the titles is really fragmented. In fact, the
maximum number of articles per journal is 4 (International Journal of Logistics System and
Management), followed by Annals of Operations Research, Computer and Industrial
Engineering, Expert Systems with Applications, and Journal of Cleaner Production with 3
published articles. There is no dominant journal covering these topics, as the leading journal

accounts for 3% of all published articles.

Table 3.2: Top 5 journals based on number of publications

Journal Number of IF IF5
papers

International Journal of Logistics 4| 1,304 1,295
Systems and Management

Annals of Operations Research 3| 2,583 2,574
Computers and Industrial Engineering 3| 4,135 4,296
Expert Systems with Applications 3| 5,452 5,448
Journal of Cleaner Production 3| 7,246 7,491

20,720 | 21,1036

In the broad area of the healthcare supply chain, SCOPUS identified the following as the main
subject areas (or application domains) in which papers were published:

e Engineering: 54 papers (20.1%)

e Computer Science: 50 papers (18.2%)

¢ Business, Management, and Accountant: 47 papers (17.1%)

e Decision Sciences: 38 papers (13.8%)

e Mathematics: 19 papers (7.1%)

e Social Sciences: 13 papers (4.8%)

¢ Environmental Science: 10 papers (3,7%)

e Medicine: 9 papers (3%)
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e Energy: 6 papers (2.2%)
e Chemical Engineering: 5 papers (1.5%)
e Others: 24 papers (8.6%)

3.4.1 Applications in the Healthcare Supply Chain Management

MCDM approaches are suitable for the study of different decision problems. Since the
healthcare supply chain is a special and unusual type of SC, the nature of the factors influencing
decisions, for example, raw material shortage, short product life, high-quality products and
services, patient life care, risk prevention/mitigation, and seasonal demand are just some of the
decision-making elements compliant with the MCDM modeling framework. Based on these
observations, this section examines the updated applications of MCDM methodologies applied
in the decision-making process in healthcare. Following Dixit et al. (2019), we can identify
where MCDM models are more frequently applied (Figure 3.7): Pharmaceutical/Drug SC
(40%) is the dominating area, followed by Hospital SC (19%), and Blood/Platelet SC (13%).

Figure 3.7: Number of papers by supply chain application areas
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We decided to apply the decision matrix presented by Ivanov et al. (2019) to better illustrate
the different approaches used to cope with specific challenges. Decision makers cope with
multi-faceted responsibilities ranging from strategic to tactical and operative levels (Ivanov,

2010): strategic issues include, for example, plant location, decisions on the structure of service
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networks, and design of the SC, whilst tactical ones include decisions about production,
transportation, and inventory planning. Operative issues relate to the execution thus they deal
with production scheduling and control, vehicle routing, and equipment maintenance policies

as examples (see Figure 3.8).

Figure 3.8: Decision matrix in supply chain and operations management
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PROCESS INTEGRATION

,g Demand Forecasting / Inventory Management / APS / JIT-JIS
=
é—_" - MRP/EOQ —Aggregate Planning | | — Distribution planning | | — Reverse flow

— ABC analysis — MPS / Lot-Sizing — Transport. planning planning
@ EXECUTION COORDINATION
{= Vendor-Managed Inventory / Supply Chain Event Management
-
[&]
2 |- Ordering — Scheduling — Vehicle routing - Reverse flow
=1 Inventory Control — Sequencing — Tour planning control

Source: Ivanov et al., 2019:11

In our sample, most papers focus on strategic issues (69,6%), whilst the attention paid to tactical
(19,3%), and operational issues (11,1%) is marginal. Following the decision matrix in supply
chain and operations management proposed by Ivanov et al. (2019), we can divide searched
items along the different SC activities: Sourcing, Production, Distribution, After Sales, and
Other (mainly dealing with Performance measurement (e.g., Chorfi ef al., 2015; Khaoula and
Abouabdellah, 2017) and Risk Management (e.g., El Mokrini et al., 2016; Elamrani et al., 2016;
Kharisma and Ardi, 2020; Mokrini and Aouam, 2020; Sudarmin and Ardi, 2020). Looking at
this SC classification, it is evident that Distribution (49 items) is the main application area
followed by Sourcing (36 items), Production (18 items), Production/Distribution (1 items), and
After sales (7 items). In the relevant category labeled "Other" (24 entries), researchers address
issues related to supply chain performance management (e.g., Sahu and Kohli, 2019; Sahu and
Sahu, 2019), Risk Management (e.g., Enyinda, 2018), Information Technology (e.g., Bouayad
et al., 2018), Resilience (e.g., Ganguly and Kumar, 2019) (see Table 3.3). Ozkan et al. (2017)
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focus on risk classification, prioritization, and minimization strategies related to demand
planning, transport conditions, and storage in the pharmaceutical sector. It is interesting to see
which are the main challenges identified by the researchers including in our matrix different
application areas, decision-making level and SC activities. Most of the time, Distribution is the
core of the analysis, except for Hospital SC and Pharmaceutical SC where it is possible to notice
a homogeneous distribution of the published papers. Focusing on MCDM approaches, we
observe the most used approach is Multi objective/Goal Programming (52 items), followed by
Multi attribute utility theory (26 items), and Fuzzy logic theory (21 items). Focusing on the SC
type, we can notice that Multi objective/Goal Programming approaches are widely used in
Pharmaceutical SC (15 items), followed by Blood/Platelet SC (13 items), and Hospital SC (8
items). Multi attribute utility theory approaches are frequently applied to solve DM problems
in Pharmaceutical SC (13 items), followed by Hospital SC (7 items), and Generic Healthcare
SC (5 items). Furthermore, Fuzzy logic theory approaches are popular in supporting PSC

decisions (12 items).

Table 3.3: Categorization by SC application areas and DM levels

DM level
Strategic Tactical Operation Total

Blood SC/Platelet SC 15 3 18
Sourcing 1 1 2
Production 1 2 3
Distribution 13 13
Clinical SC 1 1 2
Production 1 1 2
Global Health SC/Humanitarian SC/Public 5 1 2 8
Health SC

Sourcing 1 1
Production 1 1
Distribution 4 2 6
Healthcare SC 10 4 2 16
Sourcing 3 3
Production 1 1 2
Distribution 5 2 7
After Sales 2 1 3
Other 1 1
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Home Healthcare SC
Distribution

After Sales

Hospital SC

Sourcing

Production
Distribution

Other

Medical Waste SC
After Sales

Medicine SC
Production
Distribution

Other

Organ Transplant SC

Production

Pharmaceutical SC/Drug SC

Sourcing

Production
Production/Distribution
Distribution

After Sales

Other

Surgical Instrument SC
Distribution

Vaccine SC

Sourcing

Distribution

Other

TOTAL

42
13

12

13

94

NN e

26

15

54
16

14

16

135
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Table 3.4: Categorization by MCDM approaches and DM levels

Blood SC/Platelet SC

Fuzzy Logic Theory

Multi/Hybrid MCDM Methods
Multi-Objective/GP (Goal Programming)
Other Methods

Clinical SC

Multi-Objective/GP (Goal Programming)
Other Methods

Global Health SC/Humanitarian
SC/Public Health SC

MCDA

Multi Attribute Utility Theory
Multi-Objective/GP (Goal Programming)
Other Methods

Healthcare SC

Fuzzy Logic Theory

Multi Attribute Utility Theory
Multi/Hybrid MCDM Methods
Multiobjective/GP (Goal Programming)
Home Healthcare SC
Multiobjective/GP (Goal Programming)
Hospital SC

Fuzzy Logic Theory

MCDA

Multi Attribute Utility Theory
Multi/Hybrid MCDM Methods
Multi-Objective/GP (Goal Programming)
Other Methods

Outranking Relations

Medical Waste SC

Multi-Objective/GP (Goal Programming)
Medicine SC

Multi/Hybrid MCDM Methods

Multi-Objective Fuzzy Programming

Strategic
15
2
1
10

DM level
Tactical

3

Operation

Total
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Multi-Objective/GP (Goal Programming) 1 |

Organ Transplant SC 1 1
Multi-Objective/GP (Goal Programming) 1 |
Pharmaceutical SC/Drug SC 42 9 3 54
Fuzzy Logic Theory 12 12
MCDA 1 1
MCDM 2 1 3
Multi Attribute Utility Theory 12 1 13
Multi/Hybrid MCDM Methods 1 2 3
Multi-Objective/GP (Goal Programming) 10 4 1 15
Other Methods 1 2 3
Outranking Relations 3 3
Preference Disaggregation 1 |
Surgical Instrument SC 1 1
Multi-Objective Fuzzy Programming 1 |
Vaccine SC 2 1 1 4
MCDA 1 1
Multi-Objective/GP (Goal Programming) 1 |
Other Methods 1 1
Outranking Relations 1 |
TOTAL 94 26 15 135

From the above analysis, we decide to focus on Pharmaceutical SC. Even if we reduce our
analysis to a subsample, strategic issues are still predominant, and they are equally associated
with sourcing, distribution, and other activities. The latter category includes papers dealing with
reducing risk assessment and management as well as performance measurement. Moving to
consider the used methods, we see the relevance of fuzzy logic theory especially Fuzzy AHP
models. Fuzzy sets theory is often incorporated with MCDM methods such as AHP, TOPSIS,
and VIKOR, allowing to include uncertainty and subjectivity, and providing a more realistic
decision-making framework (El Mokrini et al., 2016). Pharmaceutical companies compete in a
context characterized by multiple uncertainties and heterogenous data information, thus fuzzy
logic can integrate it in the decision-making process. On the same line when we consider the
Multi attribute utility theory models, AHP methods are still the most used: it appears that as the
AHP approach is designed to help decision makers incorporate qualitative (intangible) and

quantitative (tangible) aspects of complex problems, it is really suitable to decompose the
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structure of a HCSC problem. Finally, it is worthy to mention the use of Multi-objective/Goal

Programming methods as well.

3.5 Discussion and Future Research Directions

As shown above, decision-making in the supply chain is influenced by various and often
conflicting criteria/objectives. MCDM methods can support the creation of a clearer framework
for solving SCM problems, particularly in the healthcare sector where the level of complexity
is very high as it involves human life. Furthermore, in recent decades, the exponential increase
in globalization and digitization has meant that the availability of data is constantly increasing,
so the application of MCDM methods in dealing with SCM problems becomes inevitable, but
also requires an adequate transformation. In particular we have observed that Pharmaceutical
companies are more and more seeking the decision support model with computing techniques,
which can improve their future performance and SC management. This has been reflected in
the increasing number of publications in the last five years, partly supported by the development
and diffusion of software. Our paper provides an overall presentation of the contributions and
use of MCDM techniques in the supply chain, focusing on the methods used and their real-
world applications in the healthcare area. As a result, we can summarize the main advantages
that the MCDM paradigm provides in healthcare decision-making as follows: 1) the possibility
of better structuring complex decision-making problems through the application of MCDM
approaches; 2) the introduction of both quantitative and qualitative (human factor) criteria in
evaluating DM process; 3) the introduction of sophisticated and/or hybrid MCDM methods in
supporting decision makers in understanding peculiarities of healthcare SC real-world
problems; 4) in conclusion, MCDM methods appear to have a promising future in the field of
HSCM because they offer an efficient and realistic methodological framework for decision-
making problems. As we are aware of some limitations of this study, we conclude highlighting
some eventual future research directions:

The review can present a more in-depth analysis of all papers taking into consideration all the
specific criteria considered by the DM in evaluating HSC.

Given the current unstable situation where digitalization has supported SC management during
the COVID-19 crisis, further analysis on the inclusion and the relative contribution of Industry
4.0 and Digitalization (see Bouayad et al., 2018) as tools to support better decisions in HSCM

should be considered and discussed.
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4. CHAPTER FOUR - MODEL DESIGN AND
METHODOLOGY: ANALYSIS OF SOME INCENTIVES ON
TWO-ECHELON REVERSE SUPPLY CHAIN WITH
STRATEGIC CONSUMER: THE CASE OF UNWANTED
MEDICATIONS IN HOUSEHOLDS

This chapter has been supervised by Prof. Massimiliano Ferrara from the Department of Law,
Economics, and Human Sciences of the Mediterranea University of Reggio Calabria (Italy)
and contains the joint work launched during the research stay as visiting professor (September
2019-February 2020) of Drr. Merhnoosh Khademi and Somayeh Sharifi at the Mediterranea
University of Reggio Calabria under the supervision of the two senior co-authors Dr. Mehdi
Salimi and Prof. Massimiliano Ferrara. This research has been partially supported by
Department of Law, Economics, and Human Sciences through the “Piano Dipartimenti
Universitari di Eccellenza L.232/2016”. The reported paper is a special issue article published
in February 2021 in the Journal of Multi-Criteria Decision Analysis (Wiley Online Library).
The aforementioned article was the compiler's first attempt to conduct joint research on Supply
Chain Management issues. This article deserves to be included in this thesis as a starting point
from which all the research activities were carried out during the stay at SKEMA Business
School of Sophia Antipolis Campus (France).

In this article, there is established a reverse logistics (RL) system to collect unwanted
medications (UMs) in households. A reverse supply chain (RSC) is proposed in a decentralized
state including manufacturer, and retailer involving a strategic consumer. The novelty of this
article is that the model is investigated from the consumer's perspective, whereas in the
previous studies, the proposed models were from other upstream members' perspectives such
as manufacturer and retailer. Furthermore, inducement and advertising strategies are
proposed for stimulating consumers to engage more in an RSC. To analyze the effect of these
two strategies, the three-person RSC game-theoretical approach is used. A three-person supply
chain consists of a pharmaceutical manufacturer and a retailer who will interact with a
strategic consumer in several non-cooperative Stackelberg games. Three Stackelberg games
are established and each member takes a turn as a leadership role and the other two players

assume the role of the follower.
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4.1. Introduction

Environmental issues have taken considerable interest among researcher's attention leading to
an advancement in the green supply chains. Many pharmaceutical industries have been forced
to implement more green activities in their guidelines by imposing governmental policies and
regulations as well as ecological awareness in the consumer society. Green supply chain
management should be considered from two aspects: Forward Supply Chain (FSC) and Reverse
Logistics (RL) process. Research on FSC networks studies the impact of enhancing the supply
quality, such as energy and resource efficiency (Gong et al., 2018; Horton et al., 2016). RL
gives all attention to recycling excess and unwanted products in households (Govindan and
Popiuc, 2014; Walther et al., 2008). One of the most vital recycling products is medications
that are not being used including expired, unused, and spilled drugs, vaccines, and sera that
should not be taken and need to be disposed of suitably (WHO, 2014). If leftover medications
dispose of improperly, not only can damage the environment but also might cause harm to
human health. Regards the price of medications, consumers are willing to keep large quantities
of drugs in stock. Given the expiration date of the drugs, such a strategy will lead to irreparable
consequences. Conversely, if unwanted medications (UMs) are returned to the pharmacies
before their expiration date, they can be either sold in subsidiary markets or sent to the needful
countries. This approach could have some positive results, such as improvement in the quality
of health care in those societies. Hence, the consumer must be more involved in returning and
recycling UMs and the companies employ proper methods to convince consumers to return
UMs. The pharmaceutical companies are trying to be more active in improving RSC
performance due to the government's regulations and policies imposed on them to dispose of
and recover drugs and they also tend to create a decent image between their consumers. As the
medications' recovery process is complex, in comparison with the numerous studies on
forward-supply chain networks, the studies on the RSC networks are scant in some fields like
UM. This complexity is chiefly due to the complicated recovery process in UMs in the sense
that the producers always do not know information about the amount of money that they have
to pay to collect and dispose of medications, available amounts of leftovers and the willingness
of consumers to return medications.

This literature review shows inefficiency in the existing RL system. Although some regions
such as the European Union (EU) have a collection system for collecting UM, in practice it is

not effective (Jonjic and Vitale, 2014). In a real-world situation, UMs are still dumped into
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sewers and garbage cans in many countries (Al-Shareef et al., 2016; Kozak et al., 2016;
Massoud et al., 2016). Hence, current ER systems appear to be of little practical value. The
process in RSC is doomed to fail unless there is a new RL system built for UM collection. In
this research, we present a methodology to improve current methods for collecting unwanted
products and increase consumer engagement in the RL system. Although the role of the
consumer as a central figure is crucial in the Reverse Supply Chain (RSC), it has been ignored
in previous studies. To establish the consumer will form an effective ER system, preferences
should be taken into account. Motivated from this point of view, we consider the consumer as
a strategic member with whom the other members of the supply chain interact.

The proposed RL system for the collection of UM integrates two strategies: an incentive with
the advertising of the retailer and the manufacturer. We offer consumers some incentives to
encourage them to collaborate and return UM messages. The incentive to trade is one of the
incentive systems that have been examined in some recent studies on food waste and unwanted
medicines. Additionally, advertising has been observed to bring more awareness of the
environment, in turn, leading consumers to interact more (Tong et al., 2011). As a result, the
active consumer society will increase the return rate of unwanted products from households
(Atasu et al., 2009).

In the suggested RL system, the consumer plays a significant role in the Unified Messaging
message collection process. The strategic consumer decides whether to return the UMs and his
decision affects the main decision of the entire RL system suggested for the collection of UMs.
The pharmacy retailer offers new drugs as an exchange offer to the consumer. The consumer
evaluates the situation and based on some factors chooses to return the UMs or not. Then, the
UMs collected are returned to the pharmaceutical manufacturer by the retailers and get financial
benefits based on the amount collected. These activities are assumed to improve their reputation
and green image for the manufacturer and retailer or other benefits, for example, obtaining
subsidies, attracting more consumers, and increasing consumer loyalty (He and L1, 2011; Perez
et al., 2013; Pirsch et al., 2007; Salmones et al., 2005).

A game theory-based approach is considered to analyze the proposed RL system for the
collection of UMs. The pharmaceutical manufacturer and retailer naturally want to maximize
their individual net profit and the consumer's utility is vital to be considered by the proposed
RL system. A two-tier supply chain designs a system consisting of a single strategic producer,

retailer, and consumer. In a three-person non-cooperative game, each player individually acts
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as a self-maximizer to achieve a better result. Several models of game theory are established
that include a manufacturer and a retailer, interacting with a strategic consumer. To address this
situation, Stackelberg's game model is recommended and applied here to find an equilibrium
point where the profit of the supply chain members is maximized considering the utility of
consumption we use. We develop an uncooperative Stackelberg game by selecting the
manufacturer as Stackelberg's leader, the retailer as Stackelberg's leader, and the consumer as
the leader.

To acquaint readers unfamiliar with these topics, we have organized this article as follows: we
dedicate the relevant short literature in Section 2 and the problem description and assumptions
in Section 3. In Section 4, we formulate our model for each player. Section 5 deals with the
Stackelberg game which is an essential part of this article, while section 6 provides numerical
results. The notations and definitions are introduced in Section 7. Finally, we conclude this

article with Section 8, where we give our conclusions.

4.2 Literature Review

In the last few years, Reverse Supply Chain Management (RSCM) has raised an increasing
amount of attention and it is becoming an essential part of the business. The recovery process
in the supply chain has been a favorable research topic when environmental regulations have
been imposed by the government (Blackburn ef al., 2004). For instance, there have been some
comprehensive reviews on RSC models in many studies such as Agrawal et al. (2015), Akcali
et al. (2009), Aras et al. (2010), Govindan et al. (2013), Govindan et al. (2015), Guo et al.
(2017), and Tang et al. (2012). Remanufacturing (recycle) plays a crucial role in the efforts of
eco-efficiency, extended producer's responsibility, and concern for the environment. Recycling
of surplus and unwanted products in households by using the RL process is described in Bing
et al. (2016), Fehr and Santos (2009), Jalil et al. (2016), and Van Herpen and de Hooge (2019).
Since the profitability of the recovery process in some industries, for example, cars, WEEE,
and electronics industry, a great deal of literature on RSC focused on these industries (Govindan
and Popiuc, 2014; Quariguasi Frota Neto et al. (2009).

However, the available literature in the pharmaceutical industry focuses on the FSC, while our
principal focus is on the RSC. This inadequacy is caused by knowing the complexity of the
medication recovery process. Moreover, collection and proper disposal UMs are assumed to
require an extra investment by some companies (Xie and Breen, 2014). The available literature

applied RSC as a theoretical framework for such supply chains or applied for recalling defective
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pharmaceutical products. Xie and Breen (2014) created a model for decreasing pharmaceutical
waste in a green pharmaceutical supply chain. They considered an approach as a business
strategy to reduce the impact of the companies in the pharmaceutical supply chain on the
environment. Kumar ef al. (2009) offered a structure to define each party's responsibility in the
pharmaceutical RSC.

In some studies, an incentive is offered to consumers for stimulating them to collect unwanted
products. Savaskan and Van Wassenhove (2006) presented an effective return incentive
mechanism in the supply chain with competing retailers. Weraikat et al. (2016a) examined the
use of coordination among all entities of RSC for medication recovery in the pharmaceutical
industry. They involved consumers in the recovery process of pharmaceutical products by
providing incentives. In addition to providing incentives, advertising can be used to educate
people to participate in a green activity like collecting used products (Rai, 2013). It has an
extreme impact on changing consumer's behavior. The advertising which has been used in the
green supply chain was more in the FSC (Aust and Buscher, 2014) and a few studies were in
RSC. In Hong et al. (2015), advertising was used for RSC by the local retailer. This article
showed that local advertising forcefully affects channel members' pricing strategies, used-
product collection decisions, and profits. Recently, experimental studies on strategic consumer
behavior have increased. For example, Kremer et al. (2015) gave special attention to decision
behavior of sellers which deal with strategic consumers. In Mak et al. (2014) were presented
with laboratory experiments to study how strategic consumers decide to buy something under
the accidental pricing policy. There is little literature on the interaction between the consumer
and the upstream members in the supply chain management. Consumer's welfare has been
investigated in Chesnokova (2007) based on the return policy. Su and Zhang (2008) presented
the effect of strategic consumer behavior on the supply chain performance. However, all
previous studies in the RSC have taken considerable interest in the interaction between supplier
and retailer and paid no attention to the consumer behavior deliberately. So, the complex
interactions that often occurred between consumer and upstream members were ignored. Hua
et al. (2019) proposed an RL system for collecting UMs. They offered an RL system for
collecting UMs. They joined the advertisement and incentive strategy. An exchange incentive
for stimulating consumers to return UMs as well as an advertisement was from retailer and
manufacturer. They used game theory to test the Nash and centralized game that they

established for collecting UMs.
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Ferrara et al. (2017) established a dynamic game to allocate Corporate Social Responsibility
(CSR) to the members of a supply chain. They proposed a model of a supply chain in a
decentralized state which includes a supplier and a manufacturer. The model was formulated
through a dynamic discrete Stackelberg game. In the RL system, game theory was used as an
effective method for supply chain management. Hua et al. used game theory to test and analyze

their proposed RL model for collecting UMs (Hua et al., 2019).

4.3 Problem Description and Assumptions

We provide the three-person supply chain model developed for analyzing consumer behavior
and preference to obtain a more efficient RL system. As the manufacturer and retailer want to
motivate the consumer, an RL system is designed consisting of advertising and exchange
incentives from manufacturer and retailer to motivate the consumer with the FSC for collecting
UMs. The two-echelon supply chain consists of a pharmaceutical producer (manufacturer) and
a pharmacy retailer who interact with a strategic consumer. The system possesses a forward
supply channel where the manufacturer sells products to potential consumers through the
retailers. Then, in a reverse supply channel, the retailers offer an exchange incentive, and the
consumer decides whether to give the product based on her valuation and the utility function.
Not only the exchange incentive can motivate householders to return UMs but also it can
enhance sales in the FSC. Thereupon, the UMs collected are delivered to the manufacturer in
order to dispose of appropriately. The disposal methods are associated with the properties of
the collected UMs and the local government's policy. Avoidance of penalty from environmental
regulations, profit acquisition from the government's subsidy, resale of reusable medications,
the reuse of disassembled recyclable parts and the growth of sales by the environmental image
are the most common cause of collected UMs by the manufacturer; see Amaro and Barbosa-

Povoa (2008), Huang et al. (2015), Weraikat et al. (2016a), and Weraikat et al. (2016b).

4.3.1 Assumptions

Assumption 1 - The suggested RL system is a three-person supply chain game composed of
pharmaceutical manufacture, retailer, and a consumer under symmetric information structure
and all members have perfect information regarding the supply chain. The products are sold to
the consumers by the manufacturer through the retailer in the FSC. In the RSC, the retailer
offers an incentive to motivate the consumer and collect more UMs, and the consumer evaluates

the situation and decides whether to return the UMs and exchange them with new medicines,
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then the retailer sells back the collected UMs to the manufacturer. The state adopts a policy for
a subsidy to the manufacturer for a unit of the medicines returned. The interactions between the
members of the supply chain for collecting UMs are complicated due to the uncertainty
distribution of the consumer decision and the channel power. In this situation, game theory is
an effective tool to analyze the relationships between the members of the supply chain.
Consequently, three Stackelberg games are studied based on the members who are the leader
or follower in the games.

Assumption 2 - It is supposed that a unique pharmaceutical product is sold for simplifying the
model. Another assumption is that P, the selling price of a medication, is constant in the FSC
of time w and c,, remain fixed at reality medications' prices will not change commonly, because
consumers purchasing the pharmaceutical product are often not price-sensitive consumers and
the pharmaceutical market is completely competitive. In these conditions, the related
parameters w and c,, also remain fixed. In Aust and Buscher (2012), Huang and Li (2001),
Huang et al. (2007), and Zhang et al. (2013), the price was supposed to be invariant.
Assumption 3 - Let X;, t = 1,2, ...,u be the quality perceived by the consumer and X, are
independent and they also distributed with cdf F(.) and pdf f(.) = F(.) > 0 over the interval
[0,1].

Assumption 4 - There are some factors, for instance, price, quality, advertisement and warranty
that have an influence on strategic consumers to decide about returning UMs. In this article, the
manufacturer's advertising effort and retailer's exchange incentive proportion are the most
important factors that influence the consumer's decision to exchange the UMs with the new
products or not. The quality level R is uncertain and determined by the consumer is another
factor. The amount of UM which have been collected, u, linearly depend on the manufacturer’s

advertising level, the retailer's exchange incentive proportion and quality level R.

u=k+al+pp+yR,

(1)
where k, a;, [;,and y, are positive constants, such that the amount of the collection is always
positive. @;, [, and y, are the manufacturer's advertising effort, retailer's exchange proportion
level and quality level elasticity, respectively.

Assumption 5 - In every part of this article, it is assumed that the measuring system of

collecting UMs is based on the kilogram (kg) as units of weight. However, we can replace it
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with another measurement unit according to special situations. Hence, all related parameters
o, Bo, Yo Wk, @1, B1,Y1,S, Cu» Py, and p,, should be tied to the quantity (box). The amount

of new medication that can be count for exchange is:

%
QP = Eu.

()
Assumption 6 - Let Q¢ be the quantity of new products and Qp be the quantity created to the
consumer as an exchange incentive, if the consumer decides to return the UMs. @ is the selling
quantity in the FSC which is positively affected by the manufacturer's advertising effort for
collecting UMs, the retailer's exchange activity and the quality level defined by a consumer,
because it is assumed that these activities not only can make more acceptable the enterprise
green images for both the manufacturer and retailer but also can enhance consumer's
understanding of the supply chain participants' corporate social responsibilities, to enhance
consumer loyalty (He and Li, 2011; Perez et al., 2013; Pirsch et al., 2007; Salmones et al.,
2005) and attracts more consumers from their competitors, which can contribute to an increased
amount of sales (Aksu, 2006). Thus, without a change in price, the demand is created as a
deterministic model that is only affected by I which is the level of advertising effort and ¢
exchange incentive proportion in the collection activity and quality level R. Accordingly, the

total quantity of new medications is obtained in this way

Qf +Qp =D+ apl + oy + ViR,

3)
where D demonstrates the amount of basic market demand in the FSC without advertising and
exchange incentive and quality level. a,, Sy, and y, are either positive or zero and represent
the sensitivity to the manufacturer's advertising effort and retailer's exchange proportion and
consumer's quality level, respectively.

Assumption 7 - Both the amount of collected UMs u and the exchange quantity @, increase as
@, I, and R increase. For this reason, the larger ¢, I, and R are, the more UMs householders show
desire to join in the collection activity which leads to an increase in the related cost. As a result,

the related costs of effort are quadratic forms and are shown in this way F@?, EI?, and LR? and
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concerning ¢, I and R. This form of effort response models is also set in some studies; see Hong
and Yeh (2012), Jorgensen and Zaccour (2014), Maiti and Giri (2017), Yang et al. (2013), and
Zhou et al. (2016).

Assumption 8 - A consumer's valuation of a product is often highly personal and intrinsic
(Zeithaml, 1988). The utility of the product evaluated by the consumer is related to her
perception of what is received and what should be given back in return. Therefore, we suppose

that the consumer's valuation function V (X) is dependent on the perceived quality X.

av(x) d?v(x) : —
i >0, e < 0and lim, oV (x) = Vi
2
LD 5 0,229 < 0 and lim, oV (x) = V
dx dx

Assumption 9 - If the consumer does not accept an exchange offer and keeps UMs, a disutility
cost will be incurred. Consequently, the consumer's satisfaction is affected adversely, denoted
by s, and, it is assumed to be proportional to V(X) according to s, = £V (X) where & € [0,1].
Note that the bounds imply that the disutility cost is positive and will not exceed the whole
valuation of the product. Based on this condition, the higher the consumer's valuation of the

product, the higher disutility will be incurred if the exchange offer is rejected.

4.4 Model Formulation for Each Player

In Figure 4.1, the closed loop supply chain (CLSC) is shown based on assumptions presented

in the previous section.

Figure 4.1: Closed-loop supply chain with an exchange action

us uc,
l T u P, u
S > s i v
u Qp
Manufacturer | . . > Retailer [~~~ T 7777 B Consumers
Qr+Qp Qr
R et T T p—— >
(Qf g7 QP )W QfP,-
e A =
(Qf Qp)em R —— P Cash flow l
i :
_— Flow of goods !
i

114



The mechanism is organized as follows: in the per production cycle, the collecting activity
includes returning UMs from the consumer to the manufacturer and offering new products. The
mechanism includes a manufacturer, a retailer and a strategic consumer, considering the
consumer as an active member to appropriately investigate the performances of the whole
chain. The procedure is the involvement of supply chain members in green activity, to transfer
a product from the upstream to downstream or downstream to upstream. The upstream members
and the consumer have interaction with each other, as the decision of the upstream may affect
the consumer's decision and vice-versa. Based on the relation between the members mentioned
in the above figure, the objective function of each member is presented. Moreover m,r, and ¢

are the symbol for the manufacturer, the retailer, and the consumer, respectively.

4.4.1 Retailer’s Model

The objective function of the retailer can be written as follows:

. = (B, = w)Q; —wQ, — ¢, F(R)u + P,v — Fp? — 1try,
4
where 11 represent profits without the collection activity and, mry = (P, — w)D. We substitute
Equations (1) and (3) in Equation (4) and set try = (B. —w)D and P, — w = p,., the decision

function of the retailer yields.

7, = pr(aol + Bo@ + ¥oR) + (B, — ¢ — c, F(R)) (k + aol + Bog + ¥oR) — Fo?,

(5)
where ¢, F(R) is the expected amount of product which the consumer will not return after
evaluation due to its failure to reach the desired quality level, and they are unacceptable
incentives from the consumer's valuation. When an incentive fails to reach the desired quality
level of the consumer these will be given back to the manufacturer and ¢, F (R)is lost cost due
to consumer’s evaluation. The retailer's net profit margin m in the RSC is introduced as a new
decision variable, m = P, — ¢ (Aust and Buscher, 2012). Therefore, replacing ¢ by B, — m,

we obtain

maxm, = pr(aol + Bo(B, —m) +yoR) + (m - ch(R))(k +ail + B9 +v1R) — F(P, —m)?

(6)
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This decision problems can be solved by setting the first-order conditions 2—7: =0 an

.. d2m
0 . The second-order conditions are . ZT

= —2(F + B,). Therefore, 7, is concave. These yield

the following equations

. _ —k — a1 — B¢, F(R) + B1P, — V1R + Bopy

¢ 2(F + 1)
(7)
and
., k+2FP, + a1+ Bic, F(R) + B1P, + V1R — Bopy
m= 2(F + 1)
(8)

Equations (7) and (8) imply that retailer's exchange incentive proportion from UMs to new

medication is increasing in consumer's quality level R, but decreasing in I.

4.4.2 Manufacturer’s Model

The profit of the manufacturer is the difference between the revenue and the costs. The revenue
implies the income generated from selling new products that consumers buy in the FSC and
new products for exchanging offers, the Government's subsidy for the returned products. The
costs involve the disposal and transportation of UMs collected from the retailer to the
manufacturer, the price that the manufacturer paid to the retailer for UMs returned and the
manufacturer's unit cost incurred by the production of products. The manufacturer's annual

profit function is:

T =W —c)(Qr + Qp)(s — ¢y — P, — &, F(R))u — EI? — Ty,

(€))
where m,,, represents the manufacturer's annual profit without considering the collection
activity and m,,, = (B- —w)D. We substitute Equations (1) and (3) in Equation (9) and set
Tmo = W — ¢p), W — cm = ppands — ¢, — ¢,.F(R) = p,,. We obtain the decision functions

of the manufacturer as follows:

T = pm (ol + Bo@ +¥oR) + (py, — P)(k + &yl + By + v, R) — EI?
(10)

116



c-F(R) is the lost cost due to consumer’s evaluation. The first order condition with respect to

P, and I yields

pr — —k — 0.’11 + ﬁ1m - ﬁlF(R)CT - Y1R + ﬁ()pm + ﬁlpu
u = )

2p,
(11)
and
. _ —a, b, — alF(R)Cr + P + a1py
I - )
2E
(12)
and since
d*m 2

— 2 — _2E<O0and dﬂ=—231<0-

arz dp?
Therefore, m,, is concave. From Equation (11), we observe that the price paid by the
manufacturer to the retailer for returned UMs is decreasing in [ and R but increasing in p,, and
pu- Besides, from the Equation (12), we observe that manufacturer's advertising effort level is

decreasing in P, but increasing in p,, and p,,.

4.4.3 Consumer’s Model

The consumer decides to return UMs after determining the quality level X. This decision is
taken by the consumer based on her judgement of the product's overall excellence or
superiority; see Zeithaml (1988). So the uncertain judgement of the quality determined by the
consumer is represented by a probability distribution. The consumer is uncertain whether to
return UMs or to keep them, her decision will be based on comparing X against a fixed quality
level R, if the real quality X > R, the product will be returned, otherwise, the product will not
be returned. The consumer decides whether to accept exchange offer Q,, ordered by the retailer

for exchange incentives from the manufacturer. T; is given by:

r_(LIf X 2R,
f_{Oith<R

based on the quality X;, t = 1, ...,u. The quantity returns by the consumer are

u
q=zlj.
i
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with expected value.

E(q) = u(1-F(R)),
and the expected quantity does not return by the consumer is.

u—E(q) = uF(R).

The consumer's utility is

. = (E(V()E(q) — E(s))(U — E(@))QsP — LI?,
(13)
where E (V(x)) is the consumer valuation and E(s,) is disutility due to not accepting the

exchange offer by the consumer. Hence, the first order condition with respect to R yields

_EVE+ECNUR)Kk+al+het+nFR)+rEVE) +9)—1kh

a (EWV(X) +E(so)y.f (R) + 2L

(14)

4.5 Stackelberg Games

4.5.1 Manufacturer—Stackelberg Game

In this game, the manufacturer could have more channel power to lead the game and take on
the role of leader, the retailer and consumer are the followers. This model situation is solved by
Stackelberg equilibrium (Xie and Neyret, 2009). The manufacturer as a leader is acquainted
with the retailer's and consumer's reactions to his decision and makes the final decision on price
pay to the retailer for returned UMs and advertising by selecting the optimal strategy among
the best responses by the consumer and the retailer. The manufacturer's decision problem in the

Stackelberg equilibrium is:

max my, = pp(aol + Bo@ +voR) + (py, — B, — ¢, F(R))(k + ay1 + B¢ +v,R) — EI?,
(15)
subject to

k+2FPB, + a,Il + B;c,F(R) + BB, + ViR — Bopr
m=
2(F + 1)

(16)
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and

_ —(EWV@) —EG)F Rk + all + B9 + 71 F(R) + vi(E(V(X) + @) — 74P

R EVE) +EGo)raf (R + 2L

(17)
The optimal results are obtained after substituting the constraints into the objective function to
eliminate the retailer's and consumer's decision variables and then setting the first-order
derivatives of the manufacturer's variables to zero. The manufacturer makes the first move and
selects I and P,. The retailer replies with m that satisfies Equation (16) and, the consumer

replies with R that satisfies Equation (17).

4.5.2 Retailer—Stackelberg Game

The situation where the retailer occupies more power to the other members is considered, which
can be modelled as the retailer Stackelberg leader. The game's sequence proceeds in a similar
manner outlined in Section 5.1. The retailer's decision problem in the Stackelberg equilibrium
is:

max , = (B, —w)Qy —wQ, — ¢, F(R)u + B,v — Fp? — m,,,

(18)
subject to
—k —a;l + pym — Bic, F(R)c, — V1R + Bopm + B1Pu
P, =
2B,
(19)
_ —a b, — alF(R)Cr t aopm + A1py
I'= 2E '
(20)
and
R —(EWV(x)) —E(so)(f(R)(k + ay] + B1(py, —m) + 1 (E(V(X) + (B, —m)) — v, 5
(EV(x) +E(So)yif(R) + 2L
(21)

In this game, the problem is determining the most profitable incentive by the retailer as a leader,
based on the manufacturer and consumer's best responses, so that his profit would be
maximized. Substituting Equation (21) into Equation (20), then substituting Equation (20) into
Equation (19) gives P, and I based on m. It leads to an objective function without the
constraints. By eliminating the manufacturer's and the consumer's variables, the retailer's

variable m is obtained by setting the first-order derivatives of m to zero. Subsequently, the
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manufacturer and the consumer's variables and their objective functions will be obtained with
]

having m.

4.5.3 Consumer—Stackelberg Game

The consumer has the role of leader, and the manufacturer and the retailer assume the role of
followers in this game. The consumer's decision will be based on evaluating the exchange
incentive to determine if the quality level is acceptable to him. Then the consumer decides
whether to exchange the UMs or not. The consumer's optimization problem based on the

manufacturer's and consumer's best responses is:

subject to:
max n, = (E(V(X)E(q)) — E(so)(U — E(q))QfB. — LI?
(22)
p = —k —ayl + pym — i, F(R)c, — V1R + Bopm + BiPu
“ 2B,
(23)
- b, — alF(R)CT + P + a1y
B 2E '
(24)
and
_k+2FP, +ail + Bic,F(R) + B1P, + V1R — Bop»
"o 2(F + B)
(25)

The optimal results are obtained after substituting the constraints into the objective function to
eliminate the manufacturer and retailer's decision variables and then setting the first order
derivatives of the consumer's variables to zero. Accordingly, we will have an optimization

problem with no constraints that can be solved numerically for the optimal decision variable R.

4.6 Numerical Results

The focus of this section is on numerical examples to indicate the preceding Stackelberg and
the implementation of the leadership role of each member. The classical utility function is

considered as a consumer's valuation function which is

V(x) = (1—e*)V,where 1 >0
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Therefore, the consumer's disutility function is s, = £V (x). The data shown in Table 5.1 are
assumed in the example. The specific optimal solutions in three games are obtained by
considering the manufacturer—Stackelberg game, retailer—Stackelberg game and consumer—
Stackelberg game where the manufacturer, the retailer and the consumer are the leaders,
respectively. The results of the games are listed in Table 4.2 The numerical results show that
the consumer's utility obtained the best result when the manufacturer is considered as the leader.
They show that among the three games, the manufacturer— Stackelberg game achieves the best
total unwanted medicines. Besides, the consumer's utility obtained the best result when the
manufacturer is considered as the leader. It is indicated that there is a positive relationship
between consumer's utility and collecting unwanted medicines. The greater consumer's utility
makes collecting more unwanted medicines. The manufacturer's and the retailer's profit and the
consumer utility in three games have the following results. There is more profit when both the
manufacturer and retailer are in the position of being the leader in the Stackelberg game.
However, the consumer is better off when the manufacturer is the leader. Moreover, the
manufacturer and retailer obtained the least payoff when the consumer is the leader. These
observations result, it is likely the manufacturer will try to form a coalition with the retailer
against the consumer. The decision variables in the three Stackelberg games have the following

ordinal relationship:

L>I,>1, @n>¢,>¢, R,>R.>R,  P,>P >P

In the following, we analyze the FSC when the members of the supply chain do not participate
in collection activity. The optimal results are shown in Table 4.3 The arrow T denotes the value
which increases in comparison to the basic example and | denotes the opposite. The results are
compared with the basic example. It shows that all variables decline except P,.

The two members would not rather make more investment to take part in this activity, resulting
in a barrier to collecting UMs. Hence, it is better for one that takes part in collection to look for
its partner with the agreement that the collection activity could promote sales by establishing
green enterprise images and increasing the customer awareness of the supply chain participants'
corporate social responsibilities.

In the following, we analysis on how changing the parameters p,, and p, affect supply chain

members’ profit. These two parameters are the manufacturer's profit margin and the retailer's

121



profit margin, respectively. In the three Stackelberg games, these changes influence I, R and ¢.
The results show that in all three games I increases while R and ¢ decrease. From the results
in Table 4.4, the retailer's and the consumer's profits regardless of who is the leader increase,
whereas the manufacturer's profit declines in all three Stackelberg games.

We also evaluate the changing of the decision variables concerning initial voluntary. The results
show that if the initial voluntary for giving back the UMs increases and the other parameters
remain fixed, for both manufacturer—Stackelberg and retailer—Stackelberg games, two decision
variables R and I decrease. It means using an exchange incentive is more favorable. In contrast,
by decreasing the initial voluntary in the manufacturer—Stackelberg and the retailer—
Stackelberg games, the decision variable ¢ decreases. In this situation, the supply chain prefers
implementing advertising for collecting more UMs. Besides, the consumer quality level R

increases.

Table 4.1: Parameters and their values

oy o Yo Cp aq B 71 k

2 500 250 0.5 5 900 400 1000

¢ Pr Pm P D P 400 FE
0.1 15 1 1 100 5 400 0.5
L F
0.5 400

The manufacturer, retailers and consumers’ profit are delineated in Figures 4.2 to 4.4. On the
one hand, the manufacturer's profit is descending on the other hand the profit for the retailer

and consumer are ascending with respect to p,,.
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Table 4.2. Optimal solutions in three games

Manufacture-led Retailer-led Consumer-led

I 4.69 5.75 3.38

o 1.23 1.09 0.8

R 5.045 163 3.22

U 3137.4519 2845.21875  2019.1878
P, 045 0.55 0.85

T, 7304.97625 7525.84875  6880.2395
T 3322.91895 2727.69875  1327.5418

. 3714.912237 3262.6853  2773.0653

Table 4.3. Optimal solutions in three games (ay = 0,8, = 0,and y, = 0)

Manufacturer-led Retailer-led Consumer-led

I ! ! !
® ! ! !
R ! ! !
U ! ! !
Py T T T
T ! ! !
T ! ! !
e ! ! !

Table 4.4. Optimal solution in three games (p,, = 2 and p, = 4) parameters

Manufacturer-led Retailer-led Consumer-led

I 1 T 1
@ ! ! !
R 1 1 1
U 1 1 7
P, 1 1 1
s 7 1 1
7r1 n l l l
Te 7 1 I
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Figure 4.2. The profits of the manufacturer with respect to p,,
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Figure 4.3. The profits of the retailer with respect to p,,
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Figure 4.4. The profits of the consumer with respect to p,,
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4.7 Notations and Definitions

By facilitating the model, certain parameters and decision variables are used. Notations and

definitions used in our model are shown in Table 4.5.

Table 4.5. Notations and definitions

Parameters

Qs Quantity of new medications which have been bought by the consumer in the FSC.

D The basic market demand in the FSC without any incentive.

ap Coefficient of consumers’ sensitivity toward the manufacturer’s advertising effort level.
% Coefficient of consumers’ sensitivity toward the retailer’s points-exchange incentive.

70 Coefficient of consumers’sensitively toward the consumer’s quality level.

Cm Manufacturer’s unit cost incurred by the production of medications.

w Wholesale price of the manufacturer in the medication market.

P Retailer’s selling price of new medications.

Pm Manufacturer’s profit margin in the FSC (i.e.. p = w — ¢m).

Pr Retailer’s profit margin in the FSC (ie.. p, = Pr — w).

p Total profit margin of the two members in the FSC (i.e., p = pm + pr).

Q, Quantity of new medications for exchanging offer.

u The quantity of UNs which have been collected and have been returned to the retailer.
d Potential voluntary take-back Scale of UMs without any incentive.

ay Coefficient of UMs holders’ sensitivity to manufacturer’s advertising effort level.

% Coeflicient of UMs holders’ sensitivity to retailer’s points-exchange incentive proportion.
" Coeflicient of UMs holders’sensitivity to consumer’s quality level.

s Government’s subsidy for unit collected UMs incurred by disposal activity.

3 Manufacturer’s cost per weight incurred by the disposal and transportation of collected
¥ UNMIs from the retailer to the manufacturer.

Pu Manufacturer’s unit net profit incurred by disposal activity (i.e.. py = s — ).

m Retailer’s margin incurred by collection activity (i.e., p, = P, — ).

E Manufacturer’s advertising effort level maintaining the coefficient of cost.

F Retailer’s exchange offer maintaining the coefficient of cost.

L Consumers quality level maintaining the coefficient of cost.

£ Coefficient of disutility, where £ € [0, 1].

e Retailers unit lost due to consumer evaluation.

Cr Manufacturers unit lost due to consumer evaluation.

I Pharmaceutical manufacturer’s advertising effort level.

@ Retailer’s points-exchange incentive proportion from UMs to new medication.

P, The price paid by a manufacturer to retailer for every unit of UNs which are returned.
X The quality as perceived by the consumer, a random variable.

V(X) The consumers valuation function.

Vv Upper bound of the valuation function.

S0 Consumers disutility function.

F(.) Cumulative Distribution Function (cdf) of X.

F Probability Density Function (pdf) of X.

R The quality level evaluated by the consumer.

4.8 Conclusions

In this article, we have created an RL system to collect UMs from households, that is, a model

of a supply chain designed in a decentralized state including manufacturer, and retailer with a
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strategic consumer. Besides, an incentive scheme and advertising through an RL system have
been suggested to stimulate consumers in RSC for collecting more UMs from households.
Unlike other RL systems, which only focus on the upstream members of the RSC, this proposed
RL system has involved the consumer as a strategic player in the supply chain model. In fact,
this research has designed an RL system for collecting UMs with engaging the consumer.
Despite the previous research, interaction with the consumer by considering the consumer's
utility in the proposed RL system helps build an effective RL system. Not only does this
interaction increase consumer's awareness of their corporate social responsibilities but also
produces a green image for both manufacturer and retailer which in turn creates loyal
customers. The interesting point of this article is that we have tried to investigate the result of
having an appropriate RSC method from the consumer's perspective. The behavior and
evaluation of the consumer on the proposed strategies affect both the manufacturer and retailer's
profits. Reversely, the decisions of the manufacturer and retailer have an influence on the
consumer's benefit. So, this interaction has been investigated and resulted in a successful green
activity. Moreover, the suggested RL system designed properly is beneficial for both FSC and
RSC and it showed how participating in green activities gives advantages to the members of
the supply chain. Indeed, we applied the Stackelberg game by selecting retailer as the

Stackelberg leader, manufacturer as the Stackelberg leader and consumer as a leader.
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5. CHAPTER FIVE — MODELING SUPPLY CHAIN IN THE
ERA OF PANDEMICS: A DYNAMIC APPROACH

This chapter has been supervised by Prof. Davide La Torre from SKEMA Business School and
Université Cote d’Azur (Sophia Antipolis Campus, France) and contains the two joint works
carried out during the research stay (October 2020 - July 2021) as a visiting Ph.D. student of
Iside Rita Lagana at SKEMA Business School of Sophia Antipolis Campus (France). Both
works are co-authored by Proff. Cinzia Colapinto (Department of Strategy and Management,
IPAG Business School, Nice Campus, France) and Davide La Torre (SKEMA Business School
and Université Cote d’Azur, Sophia Antipolis Campus, France), and Dr. Danilo Liuzzi
(Department of Economics, Management, and Quantitative Methods, University of Milan,
Italy). In this chapter, the compiler collects the main results of the two joint works entitled
respectively “Impact of epidemic dynamics on retail distribution networks” and “Modeling
shock propagation on supply chain networks: a stochastic logistic-type approach”. Both were
submitted and accepted after a double-blind review process as conference papers and
presented respectively at the “6™ Colloquium on European Research in Retailing (CERR)
2021, held from 15" to 17" of July 2021 on the SKEMA Business School of Sophia Antipolis
Campus (France), and at the International Conference “Advances in Production Management
Systems (APMS) 2021 organized by the International Federation for Information Processing
(IFIP) and held online in Nantes (France) from 5" to 9" of September 2021.

5.1 Introduction

Supply chains (SCs) have been more and more suffering by unforeseen and disruptive events,
such as terrorist attacks, economic crises, natural disasters, political conflicts, and epidemics,
that could negatively impact the normal flow of materials, information, and money. Indeed, in
recent years, studies on supply chain disruptions are receiving ever growing attention from
academic researchers and practitioners.

Throughout the history of public health, Cholera Pandemics (1817-1923), Spanish Flu (1918-
1919), HIV/AIDS (1981-present), SARS (2002-2003), Ebola (2014-2016), MERS (2015-
present), and now COVID-19 are some of the most famous and brutal diseases that outbroke
across international borders, often causing many deaths. The recent pandemic triggered by the

outbreak of the new COVID-19 is considered a new type of disruption quite unlike any seen
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before (Ivanov and Das, 2020). Since the first days of the outbreak, its effects have been
significantly and negatively impacting all business areas, affecting the efficiency of operations
and showing the vulnerability of supply chain networks (Colapinto et al., 2021b). The COVID-
19 pandemic is a highly contagious virus-induced communicable disease caused by a newly
discovered coronavirus, first identified in late 2019 in Wuhan, Hubei Province, China and
spread in a very short time to all countries of the world. The virus spreads rapidly from human
to human mainly due to the transmission that occurs when healthy individuals encounter
respiratory droplets from an infected person's cough or sneeze or via contaminated objects or
materials such as utensils, furniture, and cloths (La Torre et al., 2020). As a consequence,
scientists, policymakers, and managers around the world have tried to predict the evolution of
the epidemic while keeping it under control by implementing traditional prevention and
treatment measures (e.g., quarantine, voluntary isolation, use of masks, restrictions on mobility,
social distancing, etc.) to manage and reduce the spread of the disease (Colapinto et al., 2021b).
The COVID-19 outbreak has notably revived the interest in mathematical epidemiology to
describe the behavior of a disease (Ucakan et al., 2021; La Torre et al., 2021). In epidemiology,
mathematical models are a useful tool for understanding the future course of an outbreak and
helping to inform public health intervention in planning effective control strategies. Disease
transmission models, or epidemic models for short, are an integral part of the epidemiologists'
toolkit whose main goal can be summarized as the ability to accurately understand the
mechanisms of spread of a disease affecting a population, to predict its future growth, and
develop strategies to control it (Brauer, 2017; Nakamura and Martinez, 2019). Over the years,
various approaches have been developed to model disease outbreaks, such as compartmental
equations, stochastic equations, agent-based simulations, etc. Each approach suits a specific
aspect of the outbreak studied, built upon hypotheses compatible with empirical records or
based on a phenomenological context. Despite the significant advances obtained in the past few
decades in describing the mechanism by which epidemics would spread, some control strategies
(i.e., vaccination treatment, quarantine, social distancing, etc.) have been often neglected.

This chapter is structured as follows. Section 5.2 presents a general overview of mathematical
modeling of infectious diseases to improve readers’ understanding of the terminologies used in
this chapter. The compiler also provides a brief description of the classic version of the
Susceptible-Infectious-Susceptible (SIS) model. Discussion and main results section reports the

methodology and results presented in Colapinto et al. (2021a) and Colapinto et al. (2021b).
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5.2 Conceptual framework

5.2.1 Mathematical Modeling of Infectious Diseases
5.2.1.1 A brief history of Mathematical Epidemiology

The idea that the transmission and spread of infectious diseases follow laws that can be
formulated in mathematical language dates back to 1766 (Kretzschmar and Wallinga, 2009). In
his book “Essai d’une nouvelle analyze de la mortalité causée par la petite vérole”, Daniel
Bernoulli developed a mathematical model to analyze the effects of variolation of smallpox (a
precursor of vaccination) on life expectancy in England, using mathematical analysis of the
table of life (Siettos and Russo, 2013). Bernoulli used his model to show that inoculation against
the virus would increase the life expectancy at birth by about three years. However, the primary
study of communicable disease knowledge began with the work of John Graunt in his 1662
book "Natural and Political Observations created on Mortality Bills". Graunt analyzed the
assorted causes of death, introducing a new technique for estimating the comparative risks of
dying from numerous diseases and providing the primary approach to a theory of coincidental
risks. It was only in the 20" century that the nonlinear dynamics of infectious disease
transmission were really understood. At the turn of that century, there was much debate as to
why an outbreak ended before all susceptible individuals were infected with assumptions about
the pathogen's virulence changing during the outbreak. Hamer (1906) was one amongst the
primary to acknowledge that solely the decrease within the density of susceptible individuals
may stop the epidemic. Sir Ronald Ross, who received the honor in 1902 for instructing the life
cycle of the Plasmodium vivax, used mathematical models to review the effectiveness of varied
protozoal infection intervention ways. Sir Ronald Ross, who received the Nobel Prize in 1902
for clarifying the life cycle of the malaria parasite, used mathematical models to study the
effectiveness of various malaria intervention strategies. In 1927, Kermack and McKendrick
published a series of articles describing the dynamics of disease transmission in terms of a
system of differential equations (Kermack and McKendrick, 1991a; Kermack and McKendrick,
1991b; Kermack and McKendrick, 1991c¢). Kermack and McKendrick are considered as the
pioneers of the concept of a threshold quantity that separates different dynamic regimes. Only
if the so-called basic reproduction number is above a threshold value can an infectious disease
spread to a susceptible population. In the context of vaccination, this leads to the concept of
herd immunity, stating that it is not necessary to vaccinate the entire population to eliminate

infectious diseases. This theory proved its worth during the eradication of smallpox in the
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1970s. A vaccination coverage of around 80% worldwide in combination with the ring
vaccination was sufficient for the eradication of this virus. Only towards the end of the twentieth
century did mathematical models become more widespread in public health policies. Modeling
approaches were increasingly used during the first two decades of the AIDS pandemic to predict
the further course of the epidemic and to try to identify the most effective prevention strategies.
But the real impact of mathematical models on public health is the need to evaluate intervention
strategies for emerging and re-emerging pathogens. First, it was the fear of a bioterror attack
with the smallpox virus that triggered the use of mathematical models to combine his historical
data on smallpox epidemics with questions about vaccination in modern societies (Ferguson et
al., 2003). Subsequently, the SARS epidemic as an emerging pathogen initiated the use of
mathematical models to analyze infectious disease epidemic data in real time to evaluate the
effectiveness of intervention measures (Wallinga and Teunis, 2004). An epidemic outbreak has
led to the important insight that the breeding number of the underlying influenza has been low
in historical outbreaks, but the serial interval is short (Mills et al., 2004). This implies that an
influenza outbreak may be stopped with moderate levels of intervention, but measures must be
taken very quickly to be effective. Conversely, for an infection such as measles with a high
base reproduction number, very high levels of vaccination coverage are required for
elimination. Such insights gained from mathematical analysis are extremely useful for

designing appropriate intervention policies and evaluating interventions.

5.2.1.2 Basics of Mathematical Modeling of Infectious Disease

An infectious disease is commonly described as the result of a disharmonious ecological
interaction between a microbial infectious agent (i.e., bacteria, fungi, parasites, or viruses) and
a host. The dynamics of transmission of an infectious disease is constantly governed by various
factors, such as the infectious agent, the mode of transmission, the host’s susceptibility and
resistance to the disease, as well as social, cultural, demographic, economic, and geographical
factors which may enhance or mitigate the host’s exposure to disease sources and consequently
the transmission of the disease in the population. The identification of these factors is
fundamental for a better understanding of transmission patterns and to support decision-making
processes for the development of strategies for the prevention and control of infectious diseases

(Costa et al., 2021).
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Mathematical models have become important tools in analyzing the spread and control of
infectious diseases. Mathematical models are used in comparing, planning, implementing,
evaluating, and optimizing various detection, prevention, therapy, and control programs.
Epidemiology modeling can contribute to the design and analysis of epidemiological surveys,
suggest crucial data that should be collected, identify trends, make general forecasts, and
estimate the uncertainty in forecasts (Hethcote, 2000:600).

A mathematical model generally represents an abstraction of a phenomenon, commonly
formulated by adopting equations that take into account various parameters involved in the
genesis and evolution of the event studied. Specifically, an epidemiological model is defined
as the mathematical and/or logical representations of the epidemiology of disease transmission
and its associated processes. The methods used in epidemiology can be classified into two
types: deterministic models and stochastic models (Garnett, 2002). Deterministic models
represent the most practical way for conducting an approximate analysis of how an epidemic
will behave in a closed system. The population N is divided into compartments that describe
the disease states and the movements between these states are mathematically formulated by
adopting ODEs that determine variations over time (Costa et al., 2021). Stochastic models
represent a more realistic approach to model the spread of infectious disease, taking into
account the probability of influence of variables in the transmission dynamics, such as the
probability of a susceptible individual being infected and the probability of transmitting the
disease in the population (Britton, 2010; Costa et al., 2021; Ndii and Supriatna, 2017).

In order to describe the spread of infectious diseases, some hypotheses must be adopted to
simplify the mathematical simulation of its dynamics. These assumptions assume that the
population N is subdivided into compartments. Compartmental models can be used to predict
the properties of the spread of a disease, such as the prevalence (that is, the total number of
infected) or the duration of an epidemic. Furthermore, the model allows us to understand how
different situations may influence the outcome of the epidemic (e.g., what percentage of
vaccinations in a given population provide herd immunity or what variation in the actual
reproduction number produces an epidemic containment).

The most used mathematical models need to classify the population into compartments of which
the most commonly used are: Susceptible (S); Infectious or Infected (I); Exposed (E), used
when, for example, the disease takes some weeks to make the individual infectious; Recovered

(R), or healed, i.e. not infectable because they are immune after contracting the disease (some
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authors interpret them, as resistant or repressed, as not structured to the epidemic process,
immune, or deceased). Other classifications can be used to formulate more accurate models:
Passively immune infants (M); Exposed people in the latent period (E); Hospitalized (H); etc.
The choice of which compartments to include in a model depends on the characteristics of the
particular disease being modeled and the purpose of the model. Acronyms for epidemiology
models are often based on the flow patterns between the compartments such as MSEIR,
MSEIRS, SEIR, SEIRS, SIR, SIRS, SEI, SEIS, SI, and SIS (Hethcote, 2000:601).

Moreover, mathematical modeling contributes to quantifying possible disease control strategies
by focusing on the important aspects of a disease and determining threshold quantities for
evaluating disease survival. In epidemic models, the basic reproduction number, or basic
reproductive ratio, (R,) is one of the most important threshold quantities. The basic
reproduction number helps to understand the extinction and persistence of a disease and
expresses the average number of secondary infections produced when one infected individual
is introduced into a host population where everyone is susceptible (Dietz, 1975; Olabode et al.,
2021). The value of R, for a specific disease depends on different variables, such as the location
and the density of a population (Driessche, 2017). Specifically, values of R, > 1 indicate a high
predictive risk of an epidemic event to occur, while values of Ry < 1 indicate a low risk of the
occurrence of an epidemic event (Kretzschmar and Wallinga, 2009). The R, is generally
obtained by solving ordinary differential equations that consider the relation of the rate of
infection (f) and the rate of recovery (y), usually calculated by next-generation matrixes, or by
the exponential growth rate method and maximum likelihood method, or by Bayesian statistics.
Moreover, the R, is a parameter used to evaluate the efficacy of interventions such as
quarantine, mask wearing, vaccination, washing hands in hospital sets, etc.; where if the
intervention decreases the R, to values smaller than 1, it is considered effective, and ineffective
if it does not change the R,. It is also notable to point out that the value of Ryis a dynamic
parameter restricted to the time and space in which a given infection is occurring or occurred
due to social and cultural factors that modulate the social contact rate between individuals,
virulence factors from the pathogen, environmental conditions that enable the pathogen
survival, treatment availability, as well as susceptibility of the pathogen to the antimicrobial

drugs employed in the treatment along with other random factors present in the population.
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5.3 Methodology
5.3.1 The Susceptible-Infectious-Susceptible Model

The Susceptible-Infectious-Susceptible (SIS) model is one of the simplest and most discussed
frameworks in mathematical epidemiology, applicable to a wide range of diseases that do not
confer permanent immunity, such as the seasonal flu, some sexually transmitted diseases, or
some vector-borne diseases (La Torre ef al., 2021). According to its simplest formulation, the
population N is assumed to be constant and normalized to unity without loss of generality, N =
1. In an SIS model, a population, with N individuals, is categorized into two compartments
“susceptible S” and “infected 17, i.e., it is assumed to be composed of healthy individuals who
are susceptible to the disease and the infectives who have already contracted the disease and
can transmit it by getting in contact with susceptible. The disease is transmitted only when a
susceptible individual is in contact with an infected individual. The SIS model can therefore be
used for diseases that have the following properties:

e After recovering from the disease, each individual immediately returns to the healthy
group and can be re-infected, i.e. for a SIS model, infected individuals return to the
susceptible class on recovery because the disease confers no immunity against re-
infection.

e Infected individuals are immediately contagious.

e Healthy people get sick with a linear rate of infection, f3.

e Infected people recover with a linear cure rate, a.

e Each compartment interacts with the same probability. This justifies the assumption of
linear relations.

The spread of the disease is usually formulated in the form of ordinary differential equations
(ODE).
Let S be the number of susceptible individuals and let I be the number of infected individuals.
At the time ¢, the number of susceptible S(?) and the number of infected /(z) are assumed to be
constant, thus, N(¢)=S(t)+1(t). The simplest SIS model is given by:

as _

2 = —BSI +al,

dal

4 = BSI —al.

dat
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The term SSI refers to the average infected individual sufficient to infect others per unit time.
Also, the probability that a given individual that each infected individual comes in contact with
is susceptible is S/N. Thus, each infected individual cause (SN)(S/N) = SS infections per
unit time. Therefore, / infected individuals cause a total number of infections per unit time of

PBSI. The al term refers to the fraction of infected individuals who recover (and re-entre the

susceptible class) per unit time. We see that % (§+1)=0,s0S+1=N = constant. N is

the total population. Substituting I = N — § into % = [SI — al, we obtain
L= BI(N —1) —al = (BN — o) — BI*.

Solving % = 0, the SIS model has two possible equilibria when I = 0 and I = N — a/f. This

outcome can be also demonstrated in terms of the so-called “basic reproductive number”, R.
In the SIS framework, we assume the basic reproduction number given by the following

expression:

It can be shown that:

R, < 1 = the equilibrium with I = 0 is stable,
R, > 1 = the equilibrium withI = N — a/[ is stable.

When R, < 1(R, > 1), in the long run, the disease will be completely eradicated (will persist)
and thus the share of infectives will be zero (positive); this happens whenever the speed of
recovery is faster (slower) than the speed of transmission. In the case of an epidemic outbreak
in which R, > 1, mitigating policies which affect the speed of recovery or the speed of
transmission (or both) can be used to lower R, and bring it below unity to achieve the long run

eradication goal (for further information see La Torre ef al., 2020; La Torre et al., 2021).
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5.4 Results and Discussion

In this section, the data and the main methods presented in Colapinto et al. (2021a) and in

Colapinto et al. (2021b) are reported.

5.4.1 Impact of Epidemics Dynamics on Retail Distribution Networks (Colapinto
etal, 2021a)

The exposure to the COVID-19 pandemic has clearly shown the central function of the retail
distribution networks. The retail sector includes all activities aimed at distributing finished
goods or services to the end-customer. The impacts of COVID-19 on the retail sector have been
heterogeneous and can be considered essentially as a consequence of some factors, such as the
lack of social distancing measures in the conduct of retail activities, the difficulty of moving
from physical to "online" modalities given the nature of the activities carried out, and the lack
of a timely response first from the company and then from the government to deal with such
events.

The COVID-19 pandemics results as a test for supply chains robustness, flexibility, and
recovery, pointing out the crucial role of resilience in managing them (Ivanov and Dolgui,
2021). Indeed, retail supply chain operations can be a source of vulnerability or resilience,
depending on its effectiveness in monitoring risk, implementing mitigation strategies, and
establishing business continuity plans. In the exceptional circumstance of the COVID-19
pandemic, companies should have grasped the importance of focusing much of their attention

on managing the types of shocks, classified as "unexpected disruptions", redesigning their
supply chain, and implementing resilient activities that enable them to be able to mitigate risks,
respond promptly to risks, and ensure faster stabilization and recovery (Ivanov ef al., 2019b).

Colapinto et al. (2021a) proposes a Susceptible-Infectious-Susceptible (SIS) framework that
abandons the classical version of the SIS model which assumes a logistic-type formulation, and
focuses on the outbreak of the disease by adopting a simplified linearized version as suggested
in La Torre et al. (2021). It supposes that the level of infected workers at each node of the
distribution network is subject to shocks exogenous to the network driven by a classical Wiener
process. This paper focuses on how the stochastic spread of the epidemic across the distribution
network will generate a loss of productivity and, therefore, the capacity of the distribution

network to serve potential customers. A numerical simulation is also proposed to analyze the

dynamics of the infection over the network. In the case of a strict lockdown, Colapinto et al.
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(2021a) provides a policy recommendation to generate resilience and therefore reduce

productivity loss.

5.4.1.1 The outbreak of the disease

In the current literature, several contributions in mathematical epidemiology show that in the
early phase of an epidemic the number of infectives tends to grow at a constant rate, and thus
the evolution of the disease can be described through an exponential growth. With respect to
the classical SIS model which assumes a logistic-type formulation, in this context the number

of infected at the time t is described by the linear differential equation:
it) = ni(t) = 81(t),  1(0) = I°

where n is the growth rate of the epidemic, § is the recovery rate (La Torre et al., 2021) (which
also includes treatment and/or vaccination), and I° is the initial condition. The solution to this

linear model is well known and provided by the expression:
1(t) = 1(0)e™=9)t

If n > 6 then the number of infected will be increasing, otherwise decreasing. The number of

infected is subject to exogenous shocks driven by a Geometric Brownian Motion as follows:
dl;(t) = (n — &)I(t)dt + ol (t)dW (t), 1(0) =1°
The solution to this stochastic differential equation is known and provided by:

a?

It) = I(O)e(” )

t+oW(t)

The expected value and the variance of I(t) are also known and given by:

E(I(t)) = 1(0)e®=9¢
Var(I(t)) = I(O)Zez(n—5)t(eozt _1)
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5.4.1.2 Modeling and Control of Disruption Propagation
A distribution chain or network is modeled by a graph G, composed by N different nodes x;,i =

1,...,N. At each node i € G, the total number of infected is described by:

dl () =

(ni +) Vif@(”) - ‘Si‘ L(®)dt + ol (AW, (©),  L(ty) =17

Jj#i

The above system of N stochastic differential equations describes the spread of the epidemic in
the early stage.
The amount of infected people at the node i grows as consequence of two effects:

1. The local spread of the epidemics with the infection rate n;

2. The immigration of infected people moving from the other nodes j, j # i, to the node i.
The amount of infected is also subject to exogenous shocks, all of them driven by a Geometric

Wiener Process W; where g; is the volatility term and the covariance is given by:
E (dw,()dw; (1)) = i,

where p;; = 1. The spread of the epidemic causes a loss of productivity. If we define by 6;,i =

1... N the per-capita productivity at the node i, the total loss of productivity L(t) is given by:

L®) == ) 00,(®)

subject to

dl,(t) =

(ni + Z Vijlj(t)> - 51“ L(Odt + oI, (AW, (), () = I°

JE!

where L is a stochastic process that describes the loss of productivity over time.
When a strict lockdown policy is put in place each node of the network is isolated and, therefore,

we can assume that y;; = 0. We can also suppose that the Wiener processes W; are independent

as the nodes are totally disconnected. In this scenario the above system boils down to:
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dl(t) = (n; — 81 (t)dt + 6,1, (£)dW;(¢), L(ty) =1

In this particular case the expected loss of productivity over time is easy to be computed and it

is given by:

E(L®))=- ) 6E(,(®))=— ) 6,;(0)e™i~dt
2 2
The volatility of L(t) can also be easily calculated and it is provided by:

Var(L(t)) = Z 021,(0)2e2mi=50t (eaizt _ 1)

i=1

The continuing impact of COVID-19, as well as the potential for other global disruptions, on
retail supply chains and its implications for 2021 and beyond has increasingly gained the
attention among researchers and practitioners. The disruptions are largely due to the lockdown
measures adopted and implemented by countries as a health strategy to mitigate the impact of
the pandemic’s spread on the human population: these choices led to production halts,
movement restrictions of people and goods, border closures, logistical constraints, as well as
the slowdown of trade and business activities. Colapinto et al. (2021a) analyzes the effects of
the epidemic outbreak on the distribution network. The model proposed takes into account the
flow of infection from one node to another of the network as well as the presence of exogenous
shocks.

In this case, the resilience of the retail distribution network can be controlled by means of the
result presented in the following proposition.

Proposition. Suppose that enough treatment and vaccination efforts §; are put in place such that

26; > 0?; + 2n;. Then the following results are true:
E(L(®) =0

and

Var(L(t)) =0

145



The previous result states that, in the long run, both the loss of productivity and the risks are

negligible and converge to zero.

5.4.1.3 Contributions and Practical Implications

This study applies a linearized Susceptible-Infectious-Susceptible (SIS) model able to capture
the dynamics of the disease outbreak to retail networks, offering managers a strategy to cope
with disruption risks and increase the resilience of the retail network. In the case of strict
lockdown (yi = 0), it provides policy recommendations to generate resilience and therefore
control the loss of productivity. Indeed, the numerical simulation shows that both treatment
investments and lockdown measures are simultaneously necessary to invert the negative trend.
It also simulates the effects on a medium retail network under (and not) lockdown
measurements (Figures 5.1 and 5.2): it is evident that treatment investments alone are not able

to sustain the productivity of the retail network.
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Figure 5.1: Medium retail network
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Figure 5.2: Medium retail network not in lockdown
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5.4.2 Modeling Shock Propagation on Supply Chain Networks: A Stochastic
Logistic-Type Approach (Colapinto et al., 2021b)

Colapinto et al. (2021b) presents a stochastic Susceptible-Infected-Susceptible (SIS)
framework to model the spread of new epidemics across different distribution networks and
determine social distancing/treatment policies in the case of local and global networks. This
paper highlights the relevance of adaptability and flexibility of decisions in unstable and
unpredictable scenarios.

The Susceptible-Infected-Susceptible Model is one of the simplest and most widely used
frameworks in mathematical epidemiology. It allows us to describe the evolution of a number
of infectious diseases which do not confer permanent immunity after recovery as in the case of
COVID-19. If we denote by N the total population, by I(t) the number of infected people, and
by S(t) = N — I(t) the number of susceptible ones, the model reads as:

{ I(t) = al(®)S(t) — 8I(t)
S(t) = —al(t)S(t) + 51(¢t)

(1
where «a is the infection rate and § is the recovery parameter. By doing the substitution S(t) =

N — I(t) the model boils down to:

1) = al(®)(N = I1(t)) — 8I(¢)
()
which is a Bernoulli differential equation whose solution is known and provided by the

following expression:

(1-S)cso

10 =7 e
(3)

(2o

where C = m

(La Torre et al., 2021). The SIS model can be used to analyze the

spread of common diseases, such as the seasonal flu and the common cold, but also of emerging
diseases. This model also applies to the analysis of as COVID-19 since thus far there exists no
evidence that people who have recovered from COVID-19 and have antibodies are protected

from a second infection (WHO, 2021). In the following we suppose that the total population N
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is normalized to 1. Figure 5.3 shows the behavior of COVID infected with the following
parameters’ values: ¢ = 0.1328 and the recovery rate § = 0.0476 (see the formula above). In
this scenario, the amount of infected converges to a plateau representing the long run endemic
equilibrium. Figure 5.4, instead, shows the behavior of COVID-19 infected people with the
following parameters’ values: @ = 0.1328 and the recovery rate 6 = 0.476. This scenario
corresponds to the case in which the adoption of treatment or vaccination campaigns produces
an increment of the recovery parameter. As a result we can observe that the number of infected
people gets reduced in the long run; we also notice that disease eradication is not possible in

finite time.
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Figure 5.3 Deterministic evolution of the number of infected 1(t)
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5.4.2.1 SIS with Stochastic Shock

The previous section presented a fully deterministic SIS model. In the following paragraph we
make an effort to model the effects of exogenous shocks on the epidemic evolution in order to
present a more realistic scenario. Therefore we suppose that the number of infected people is

subject to exogenous shocks driven by a Wiener process W (t) as follows:

dI(t) = [a — 6 — al(O)]I(t)dt + ol (t)dW (t), 1(0)=1°
“4)
Let’s recall that a Wiener process is characterized by the following properties:

1. W(O0) is deterministic and given,

2. W(t) has independent increments,

3. W(s) — W(t) is normally distributed with zero mean and variance equal to t — s.
Other stochastic processes could be considered as well. For instance, Levy-type, or jump
processes, could be used to model other possible non-continuous shocks. From the perspective
of the extant literature, this model can be identified as the geometric stochastic Verhulst
diffusion (Verhulst, 1838).

Verhulst's work was based on a previous paper by Malthus (1798) who was among the first to
notice the existence of two different regimes in the growth of world population. Verhulst's
model has been at the heart of an interdisciplinary work by researchers coming from many
different fields.

In this context, the notion of deterministic equilibrium has to be replaced by the notion of steady
state or stationary density. If we denote by g[I(s), s; I(t), t] the probability density of I(s) at
time s, conditional upon its value I (t) at time t, then it is well known that g satisfies the Fokker-

Planck equation, which reads as:

dg(l,t) 3 6(g(1, til(a—6 — aI)) N 102 2%(g(1,0)1?)
at al 2 FIE

(%)
The steady state density g(I(o), o, s; I(t), t)can be found by solving the stationary equation

ag(lt)

Pyl 0. This yields to a second order ordinary differential equation for g whose solution is

provided by:
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Id—le—cl (C)d

glI(e), 0,5:1(t),t] = e))

(6)

which is the Gamma distribution. Mean and variance of this distribution are known and

— 2 2 4
provided by U—Cl = (9 —Z—a) and 22 - Z respectively. Under the condition that d =

2a 4a?’

2 (a_(s)

e 1 > 0, the previous quantities are strictly positive.

Figure 5.5 shows the stochastic behavior of COVID-19 infected people with the following
parameters’ values: a = 0.1328m, § = 0.0476, and 02 = 0.01. This corresponds to the
scenario in which the number of infected people fluctuates around an endemic equilibrium.
Figure 5.6 shows the behavior of I(t) with the following parameters’ values: a =
0.1328m, 8 = 0.0476, and 02 = 0.05. A greater value of the variance causes more amplified

oscillations around the endemic equilibrium and thus more challenges for SC managers

Figure 5.5: Stochastic evolution of the number of infected I(t)
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5.4.2.2 Shock Propagation on a Network
As we are interested in analyzing the epidemic propagation over a supply chain, we refer to a

network that is modeled by a graph G, composed by N different nodes x;,i = 1 ... N. Each pair
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of nodes (i, j) can or cannot be connected through an edge y;;. y;; will be zero if the nodes are
disconnected and a positive number when the nodes are connected, with the number itself

providing the linking intensity.

Figure 5.6 Stochastic evolution of the number of infected 1(t)
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At each node i € G, the total number of infected people is described by:

al(t) = (“i =6 —al;(t) + Z )/ijlj(t)> L(H)dt + a;1;(£)dW; (D),

(7)
with initial conditions I;(t,) = I?. The above system of N stochastic differential equations
describes the spread of the epidemic across the network. The amount of infected people at the
node i grows as consequence of two effects:

1. The local spread of the epidemics;

2. The immigration of infected people moving from the other nodes j, j # i, to the node i.
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The amount of infected is also subject to exogenous shocks, all of them driven by a Geometric

Wiener Process W; where g; is the volatility term and the covariance is given by:

E (dwi(tydw;(®)) = py;
(8)
where p; ; = 1. The spread of the epidemic causes a loss of productivity. If we define by 6;,i =

1, ..., N the per-capita productivity at the node i, the total loss of productivity L(t) is given by:

L®) == ) 00,(®)

©)

subject to
al(t) = (“i =6 —al;(t) + Z%‘jb(ﬂ) L;(t)dt + o;1;(£)aW;(¢), L(ty) =17

(10)
L is a stochastic process that describes the loss of productivity over time.
When a strict lockdown policy is put in place each node of the network is isolated and, therefore,
we can assume that y;; = 0. We can also suppose that the Wiener processes W; are independent
as the nodes are totally disconnected.

In this scenario the above system boils down to:

dly(t) = (a; — 6 — a;[;(D));()dt + o, ;(DdW; (B),  L(t) = I}

&y

5.4.2.3 Numerical Simulations

As the number of infected people can affect the productivity level of a supply chain, our model
enables decision makers to better understand the impact of lockdown measures. Through a
numerical simulation we provide a visual representation of different scenarios. Indeed, the
numerical simulations compare the behavior of the number of infected people over medium and
large size networks. We consider two scenarios, which correspond either to the presence or to
the absence of lockdown restrictions. We also report the average behavior and thus the impact

on the supply chain networks. In particular, Figures 5.7 and 5.8 show the behavior over a
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medium size network with 11 nodes. One can immediately observe that the absence of
lockdown restrictions allows internal flows among the different nodes thus it increases, on
average, the number of infected people even in presence of exogenous shocks (negative or
positive) and localized treatment policies. The same conclusion is supported by Figures 5.9 and
5.10 that show the behavior over a large network with 50 nodes.

This numerical simulation shows the effects of network connectivity on the spread of the
disease at the global level. As the spread of exogenous shocks across the network might become
relevant and not controllable in the case of connected networks. Thus it is crucial to intervene
by combining flow barriers between different nodes and local intervention policies. In other
words, connectivity might compromise the benefits of implementing local vaccination

campaigns.

5.4.2.4 Contribution and Practical Implication

As the virus spread and most governments have imposed lockdown orders, supply chain
disruptions increased. Indeed, COVID-19 illustrated that many companies are not fully aware
of the vulnerability of their supply chain relationships to global shocks. SC managers need to
balance and combine actions to serve their customers, as well as protect and support their
workers. In this paper, we aim at analyzing the stochastic effects of the epidemic spread on a
supply chain network. We present a stochastic SIS model which assumes the form of a
stochastic logistic differential equation. Exogenous shocks are modeled by means of a
stochastic Wiener process. We present a numerical simulation and we draw insights to support
local supply chain managers to decide about the social distancing policy: he/she can take into
account costs, governmental policies, and infection parameters. We also discuss the flow of
infected people from one node to another and we provide some results to control the spread of
the epidemics across the network. These results can help the global supply chain manager to
understand the evolution of the epidemic and, therefore, determine the best counteractions to
put in place: it is evident that lockdown policies and treatment measures have to coexist.
Employees around the global supply chain need to receive the vaccine on the same timescale
to ensure the best results for everyone. Further research involves the design of a stochastic
optimal control model able to identify the best compromise between economic costs of

lockdown restrictions and implementation costs of vaccination campaigns.
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Figure 5.7: Evolution of infected people over a connected network with 11 nodes
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Figure 5.8: Evolution of infected people over a disconnected network with 11 nodes
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Figure 5.9: Evolution of infected people over a connected network with 50 nodes
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Figure 5.10: Evolution of infected people over a connected network with 50 nodes
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