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Abstract: The world is facing economic, as well as social, crisis due to the COVID-19 pandemic.
Implementing sustainable practices is one of the possible ways to address these issues. Adopting
circular oriented techniques throughout the supply chain not only guarantees economic profitability,
but also provides an edge to the organization in the market of fierce global competition. The concept
of implementing circularity in the supply chain is novel and dynamic in nature, and it involves
certain risk. In this study, a Bayesian Network methodology is adopted to analyze how the risk
propagation takes place in a circular supply chain network of an automobile organization. The
circular supply chain network consists of a group of manufacturers, retailers and recyclers, located in
the Delhi–NCR region. Economic, environmental, social, technological, waste management, agile
vulnerability, and risk of cannibalization are the major risk categories that were identified through
an extensive literature review. Further, the impact of risk on the performance of the circular supply
chain is analyzed by considering performance parameters such as lost sales, impact on supply chain
revenue, and inventory holding cost. Risk exposure index is incorporated into the study to analyze
the vulnerability of each node. The findings of the study reveal that the reverse side of the circular
supply chain can be a source of risk propagation during the implementation of the circularity concept.
This work is carried out under a single industry domain. In the future, risk propagation analysis
can be examined in the supply chain of other sectors. The findings of the study can assist the supply
chain managers and the risk experts to focus on the areas that are more vulnerable to risk.

Keywords: circular supply chain; Bayesian network; risk management; risk modeling; COVID-19

1. Introduction

The world is moving towards digitization in this pandemic era [1]. Digitization is
good in many senses, but whether it is sufficient to meet the needs of the customer is
unknown [2]. Customers require resources. This pandemic has majorly hit the logistics
services all over the globe [3]. Logistic services are not only affected at a major global level,
but at the domestic level too. Due to this, there is an imbalance created between the supply
and demand of resources [4]. This imbalance has led to the evolvement of several risks
occurring throughout the complete supply chain cycle [5]. One of the major risk occurring
is the shortage of resources, thereby leading toahigh selling price [6]. In some situations,
production and consumption is normal, but the finished product inventory still has a rising
graph, due to missing logistics [7]. Disruptions in the supply of the right quantity of raw
material, at the right time, having the right quality may lead to a delay in production,
which may affect the entire supply chain cycle [8]. The global crisis of COVID-19 has
ravaged the world economy, and has created an atmosphere of fear and panic buying
among customers [3].

A pandemic is a period of uncertainty [9]. It is difficult to predict the occurrence and
severity of the disruption in the supply chain during the pandemic phase [10]. Looking
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at the uncertain environment, there is a need of prior planning for the measurement and
mitigation of risks occurring at every stage of the supply chain. Sustainability is one of
the solutions to deal with these disruptions. Sustainability should not only be adopted
during the product development phase, but it should also be an indispensable part of
consumption [7]. The shortage of resources, and high demand and high prices of products
during the pandemic phase has taught us how to use resources in hand wisely. So, there is
need to incorporate such a business model that can optimize the usage of input resources,
and simultaneously reduce the wastage [11,12]. A circular economy (CE) is one such
business approach that can minimize the wastage of input resources and increase the life of
products [13]. CE is based on the ideology of reduce, reuse, and recycle [14]. After its end-
of-life, the product needs to be disposed of, in order to extract the maximum value retained
after it has been discarded [15]. The process of disposition requires the involvement of
supply chain (SC) partners who are expert in their respective domain [16]. CE not only
requires an efficient production and logistics system, but also entails a well-organized
disposition system [17]. The concept of CE, when apprehended with a supply chain, gives
the building of a new term called circular supply chain (CSC).

The concept of CSC is novel, and is seen as a major research interest among the supply
chain practitioners, academicians, and industry experts [18–20]. CSC involves the forward,
as well as reverse, flow of product constituting a cycle comprising various supply chain
partners [21]. Enterprises planning to switch towards CSC need to involve more partners,
thus exposing the supply chain to several risks [22]. Risk is unpredictable by nature, and
firms need to be aware of its occurrence and severity. It may originate at one branch of the
supply chain and create a cascading effect on sub-branches, generating further risk with
severe impacts [23]. This cascading phenomenon of disruption propagation along the chain
of network is known as a ripple effect [24]. Failure, due to risk encountered at any node,
can cause the entire system of SC to collapse [25]. Therefore, enterprises should understand
the interdependency among the partners, plan for these disruptions, and redesign their
SC accordingly.

Risk management is inevitable for achieving a high degree of circularity in SC. Risk
management involves the identification, modeling and mitigation of risk at various levels
of SC. Measuring circular supply chain (CSC) disruptions, and the impact on the sustain-
able performance of the CSC, is still lacking in the existing literature [26]. Therefore, a
comprehensive review of the literature on supply chain risk management (SCRM), per-
taining to CE, leads to the identification of gaps and a basis of research in the novel area
of CSC.

Tang [27] reviewed various quantitative models for managing forward supply chain
risk. The authors also related various SCRM strategies that were examined in the literature
with actual practices. Jüttner et al. [28] reviewed the literature on supply chain vulnerability
and the management of forward supply chain risk, and compared the findings to develop
suitable SCRM strategies. Fan and Stevenson [29] provided a broad and contemporary
understanding of SCRM, and presented a comprehensive definition, covering the process,
pathway, and objectives of SCRM, leading to a conceptual framework. Past research reveals
that risk management approaches have only been applied in the forward direction of
the supply chain [30]. Risk identification and propagation in the reverse direction is still
missing in the current literature of SCRM. Therefore, an effort has been made to identify
and analyze the various kinds of risk, their probability of occurrence, and their impact on
the SC performance in the forward, as well as in the reverse, direction. In this regard, a
circular supply chain (CSC) risk framework has been developed, in order to generate risk
profiles of the various partners involved. Hence, the research aims to present the holistic
view of risk propagation in the circular supply chain network in the pandemic era. The
following research objectives are set to achieve the desired aim:

• To develop a circular supply chain risk framework, in order to generate risk profiles
of various CSC partners;
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• To study the disruption caused due to the occurrence of various risk on the perfor-
mance of CSC,

• To develop a risk exposure index (REI) for the identification of vulnerable nodes in
the CSC network.

In this study, the Bayesian network (BN) methodology is adopted, to develop a proba-
bilistic graphical model using the empirical data obtained from the interviews conducted
with the risk experts of ten CSC partners of an Indian auto parts manufacturing company.
The main reason to incorporate the BN methodology is to develop a framework of risk
assessment, by generating individual risk profiles of all the CSC partners involved with
the SC of the company. Most of the applications of BN have flourished in other areas
of risk aversion, but in the field of supply chain risk management, only a few models
are proposed [31]. Through the application of the BN methodology, the study is able to
demonstrate how risk propagation takes place across the CSC network, and the disruption
caused at individual SC nodes.

The remaining part of the paper is structured as follows. A review of the literature
on circular economy and circular supply chain, its associated risk, and previous models
of risk assessment have been provided in Section 2. Section 3 comprises the overview of
the BN methodology. Section 4 includes the case illustration and data collection. Section 5
“Modeling and discussion” consists of the formulation and analysis of the BN model,
and the analysis of the risk impact on the various performance parameters of the CSC.
The managerial implications of the study are discussed in Section 6. Finally, the paper
concludes with the key findings, limitations, and future scope of the research in Section 7.

2. Literature Review

This section discusses the literature related to the studies conducted in the area of
the circular economy, circular supply chain, risk associated with its implementation, and
proposed criteria of measurement.

2.1. Circular Economy and Circular Supply Chain

Boulding [32] first introduced the meaning of circularity in the supply chain. The au-
thor explained that for the maintenance of sustainability on the planet Earth, it is necessary
to build a circular system, in which material can flow in a closed loop to avoid wastage
of useful resources. Pearce and Turner [33] compared the shifting of a conventional open-
ended system into a circular system, with the results of the second law of thermodynamics.
Thierry et al. [34] proposed the concept of product recovery management, in which various
aspects of reverse logistics are integrated into the SC model.

Circular economy (CE) is a systematic approach that optimizes the utilization of
resources, thereby decoupling the economic growth and environmental damage [35]. Su
et al. [36] elucidated that the focus of the circular economy gradually extends beyond issues
related to material management, and covers other aspects, such as energy efficiency and
conservation, land management, soil protection, and water conservation. The report of
Ellen MacArthur [37] recalls circular economy as “an industrial system that is restorative
or regenerative by intention and design”. European Commission [38] also entails CE as
an economy “where the value of products, materials, and resources is maintained in the
economy for as long as possible, and the generation of waste is minimized”.

The CSC is also sometimes referred to as a closed-loop production and consumption
model that restrains the externalities of environmental-related activities. Ghisellini et al. [39]
argued that reformation of all the processes encompassing the life cycle of a product can
extract the maximum possible material and energy, thereby improving the economic, envi-
ronmental and social condition. Farooque et al. [40] performed a structured literature review
in order to categorize different supply chain sustainability concepts that conceptualize a
unique definition of circular supply chain management (CSCM). Bressanelli et al. [41] identi-
fied some of the challenges in redesigning the supply chain for CE, and it took multiple case
studies to examine how these challenges appear in practice and how companies tackle them.
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Lahane et al. (2020) highlighted research trends, gaps, and potential research directions
for future studies in the field of CSCM. Chhimwal et al. [42] identified and analyzed the
sustainability-based challenges that are faced during the implementation of the circularity
concept, in context to developing economies.

The quest for circularity is acknowledged as a useful strategy in order to deal with the
sustainability-related challenges that are faced by the global supply chain [43]. It enhances
the competitiveness among the global companies, and also bestows them an economic
advantage [44]. CSCs are more vulnerable to risk than conventional linear supply chains,
as these have more points of possible disruption, due to an extended chain of partners.
Therefore, identification, analysis, and mitigation of risk is necessary, in order to improve
CSC performance.

Through the analysis of several research and review articles in the field of CSCM, an
attempt has been made to distinguish between typical SC risk and CSC risk.

2.2. Typical Supply Chain Risk vs. Circular Supply Chain Risk

Supply chain-related risk and risk management approaches have been extensively ex-
plored in the past [45]. Typical supply chain risk involves disruption from the supplier side,
which includes supply delay, quality-related problems, limited capacity of raw material,
dependency on selected suppliers, frequent changes in the design of products, and liquidity
of material from the supplier side [46]. Apart from supplier risk, there is procurement risk,
which involves volatility in currency exchange rates, piling up of inventories due to the
bullwhip effect [47], and stock-out due to logistics failure [48]. Also, there are demand-
related risks that arises due to an inaccuracy in forecasting, and frequent variations in the
demand and distortion of information during communication [49]. Most of the literature
related to supply chain risk management (SCRM) is focused on the forward aspect, rather
than considering the reverse side of the supply chain [50]. In order to understand how the
implementation of circularity in the supply chain can expose it to a variety of risks, the
existing literature on SCRM does not address this question.

However in the recent time, the identification of risk during the implementation of
circular economy in SC is gaining attention among the researchers, because of its huge
economic advantage and less environmental damage [51]. Keeping in view the current
pandemic situation, this study aims to explore the literature related to risk management
for the maintenance of sustainability throughout the SC. There are several other CSC risks,
such as waste management risk that involves health-associated risk to society [52], and
heavy penalties imposed on the organization, due to the improper disposal of waste [53].

In the circular supply chain, the 6R (reuse, repair, refurbish, remanufacture, recycle,
redesign) operations can be performed in house or outsourced to a specialized outsourcing
partner. Outsourcing of these operations involves a variety of risks, which include dis-
ruptions of other internal activities, loss of the competitive base, opportunistic behaviors,
rising transaction and coordination costs, and higher procurement costs. Since in a CSC
there are numerous SC partners that are involved in achieving circularity of the flow of ma-
terial [54], a high level of coordination has to be maintained in order to achieve improved
circularity [55]. The CSCs are exposed to a variety of coordination risks that may include
distortion during the sharing of valuable information, issues of trust among the partners,
commitment failure, and a lack of risk sharing among the partners. He and Zhang [56]
stated that a particular degree of relationship should exist among the SC members, as a
means to share risk that results in a higher business performance than would be achieved
by the firms individually.

With the introduction of a circular business model, the demand of new and long-
lasting products increases, and it may lead to reduced sales of the previous products, which
is commonly referred to as the risk of cannibalization [57]. Being unable to respond to agile
changes is another potential issue while introducing a circular business model. This is also
sometimes termed as agile vulnerability [58].
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The major categories of supply chain risk that have been identified in the past are
summarized and enlisted in Table 1. Only those categories of risk that are critical, from the
aspect of achieving circularity in the supply chain, are further utilized in developing a CSC
risk framework. Risk identification is the first step where all the possible CSC risks are
identified with taxonomies, checklists, and mapping of conventional risk. These identified
risks are then assessed, in terms of their likelihood of occurrence and their impact on CSC
performance. The next subsection provides a review of the various types of statistical
models that have been used for the assessment of typical SC risk in the past.

2.3. Risk Assessment Model

In the past, many authors have worked in the area of risk measurement, and various
methodologies have been proposed to measure uncertainty and risk in the supply chain.
Most of the risk assessment techniques have been applied for the selection of suitable
suppliers, and, in several cases, the analytical hierarchy process (AHP) has been employed,
for the effective decision making to evaluate various kinds of risk [59]. The AHP is utilized
specifically in those decision-making processes in which each decision is assigned a risk
score, which is calculated by multiplying the likelihood of its occurrence with the risk
impact [60]. Chen and Wu [61], in their study, suggested the modified failure mode and
effect analysis (MFMEA) method for the evaluation of new suppliers, and utilized the
AHP method to determine the weights of each criterion and sub-criterion during supplier
selection. Giannakis and Papadopoulos [62] identified thirty risks across three main pillars
of sustainability (environmental, social, and economic), and thereafter applied failure
mode and effect analysis (FMEA) to assess the relative importance of selected risks, and
also to find the potential correlation between them. Tuncel [63] investigated disruption
factors of the SC network, using failure mode effect and critical analysis, and integrated
the procedures of risk management using the Petri net-based simulation.

The concept of fuzzy logic has also been applied in various risk models, to ease the
decision-making process in an uncertain environment [64]. Paksoy et al. [65] proposed
a new fuzzy linguistic risk assessment approach, to assess supplier risk during the out-
sourcing of lean and green activities. Hu et al. [66], in their study, utilized FMEA and
fuzzy AHP to evaluate the risk of green components in compliance with the European
Union restriction of hazardous substances. Hosseini et al. [67] utilized the discrete-time
Markov chain (DTMC) and dynamic BN methodology for the modeling and simulation of
propagation behavior of supplier disruption in SC.Faisal et al. [68] utilized an interpretive
structural modeling (ISM)-based model, in order to determine the relationship among
various enablers of supply chain risk mitigation. Table 1 enlists the various categories
of risk identified, the areas in which these risk occur, and the methodology adopted to
identify and assess these risks.

Table 1. Risk Topology.

Author Area of Risk Methodology Type of Risk

Kull and Talluri [58] Supplier selection problem AHP and goal programming Supply risk

Chan and Kumar [60] Global supplier selection Fuzzy extended AHP Supply risk

Chen and Wu [61] Supplier selection problem Modified FMEA
• Customer demand
• Amount of supply and cost

fluctuation.

Giannakis and Papadopoulos [62] Supply chain sustainability FMEA
• Environment
• Social
• Economic

Tuncel [63] Supply chain network FMECA and Petri nets
framework

• Supplier risk
• Inbound/outbound logistics risk
• Manufacturer risk
• Customer risk

Paksoy et al. [65] Green supply chain Fuzzy linguistic approach Supplier risk
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Table 1. Cont.

Author Area of Risk Methodology Type of Risk

Faisal et al. [68] Supply Chain network Interpretive structural
modeling Supply chain-related risk

Radivojevi and Gajovi [69] Complete Supply Chain AHP and fuzzy AHP

• Operational risk
• Technological risk
• Economy/Competition
• Natural Hazard
• Social Risk
• Legal/Political

Tummala and Schoenherr [70] Complete Supply Chain SCRMP

• Demand Risk
• Delay risk
• Disruption risk
• Inventory risk
• Manufacturing
• Breakdown risk
• Physical Plant Risk
• System Risk
• Sovereign risk

Teng et al. [71] Collaborative supply chain of
Automobile industry Integrated FMEA

• Product quality
• On-time delivery
• Competitive cost

Hu et al. [66] OEM/ODM of electronic
manufacturer in Taiwan FMEA and FAHP Green component risk

Chaudhuri et al. [72] Aircraft manufacturing
industry

Group decision making and
FMEA Supplier-related risk

Sinha et al. [73] Aerospace supply chain IDEFO method Supplier risk

Although risk models developed in the past are an attempt to solve the problem of
measuring risk in the supply chain, there are still some gaps left in the existing literature,
which need to be addressed [69]. The existing models of risk assessment are used on a
narrow scale, which are localized to a specific industry or specific sector. Most of the supply
chain risk models did not consider the outcome of risk propagation to other sectors. This
leads to the local optimization of problems within the supply chain. Another important
gap in the existing literature is that the risk models are not implanted in a wider framework
of risk assessment, for the purpose of generalizing and adding different risk measures,
which are to be deployed for a specific situation. The CSC demands a much wider look of
risk assessment, in which various partners are involved, from different sectors that play a
crucial role in achieving circularity in the whole system oftheSC network.

Through the exhaustive survey in the area of SCRM, this study is able to enlist various
categories of risk, and broadly classify them into typical SC and CSC risk. Literature
pertaining to the past application of various risk assessment models in the area of SCRM
has also been studied and discussed. It is observed that the BN methodology has a few
applications in the area of SCRM [31,74,75]. The BN methodology can be applied for the
assessment ofthecascading effect of disruptive events [76,77]. The unique ability of this
approach to model the network of risk in an interconnected structure of complex SC system,
encourages its adaptation as a preferred research methodology forthemodeling of CSC risk.

3. Bayesian Network Methodology

The Bayesian network (BN) model was first proposed by Pai et al. [78], who employed
this model in solving the issues of uncertainty and risk in the supply chain. This modeling
technique has been in existence for the last two decades, and many researchers have used
this technique to model risk in different fields of the SC. For example, there are numer-
ous studies that make use of this technique in decision support systems [79]. Chen [80]
demonstrated how the BN can be used to manage supply chain uncertainty. The BN has
also been used in the field of operation management, to model risk that is related to the
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threat of IT infrastructure [81], business lines, construction project schedules [82], and
due-date assignments [83].The BN is also used with some of the forecasting techniques, to
mitigate risk in the SC [84]. Risk mitigation analysis in the marketing sector has also seen
the application of the BN technique [85]. Service sectors that are exposed to risk, owing
to weak profit dissemination throughout their chain of workers, utilize the BN model
for improving their coordination mechanisms [86]. While the application of the BN has
flourished in diverse areas of risk management, in the field of CSC only a few models are
proposed. Most of the SCRM studies utilizing BN models were not able to map specific
risk at specific locations throughout the network of SC, and did not clearly demonstrate
the dependencies, proliferation and consequences of these risks.

The BN can be understood as a directed graphical model or a probabilistic dependency
model, illustrating a causal relationship among variables and key factors, which finally
leads to one or more outcomes in a system [75]. The BN model consists of finite nodes that
are connected through directed arcs, which show the conditional probability dependence
of individual factors on the dependent variable. An arc connects an independent variable X
to a dependent variable Y, and is represented as (X,Y), which implies the direction of the arc
from X to Y. In this causal relationship, the independent variable X is also sometimes called
the parent node, and the dependent variable Y is termed as the child node. Nodes are
considered to be an independent random variable, as their value depends on the situation
(system state) in which they arise. An independent variable may consist of any number
of possible states. It is advisable to use as few as possible to make the computation of the
problem simpler. The node can be a latent variable or it may be hypothetically derived.

BN analysis may be qualitative, quantitative, or both, depending on the scope of
analysis. The BN typically consists of the following two primary components: a subjective
causal relationship and objective conditions that are fulfilled using probability distribution.
Continuous probability distribution can also be used in a Bayesian network, but it will
make the problem more complex.

An important advantage of using Bayesian methodology is the flexibility to update the
subjective probability with the increase in the number of evidences. Subjective probability
is a measure of an individual belief in the occurrence of an event. This probability is
divided into two phases, and is given the name prior probability and posterior probability.
Let us assume that the subjective probability of the occurrence of an event E is represented
as Pr(E). This is called the prior probability of occurrence, or degree of belief of an event E
before the analyzer gets access to additional data D1. On gaining access to the data D1 that
contains information pertaining to event E, the analyzer can quote the updated probability
by using Baye’s formula.

Pr(E|D1 ) = Pr(E).Pr(D1|E)/Pr(D1) (1)

This updated subjective probability of occurrence, which is represented as Pr(E|D1),
is called posterior probability. The main reason to incorporate the Bayesian methodology
into the study of risk analysis is to model the network of influencing factors, which can lead
to a single outcome that will help in generating an individual risk index for the various
partners involved in a circular supply chain.

4. Case Illustration

This section comprises the application of the proposed technique in solving sustain-
ability issues for an automobile manufacturing company located in Delhi–NCR in India.
In this section, a detailed description of the case study, problem formulation, and data
collection is provided.

4.1. Company Profile and Problem Description

This study constitutes a case example of an automobile manufacturing companythat
is involved in the manufacturing and assembling of farm tractors, with all its plants located
in the Delhi–NCR region. The company is a leading manufacturer of farm tractors, with a
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manufacturing capacity of 98,940 tractors/annum, which is the highest in Asia at one loca-
tion. The manufacturing operations are divided into the following three plants: component
plant, tractor assembly plant, and crankshaft and hydraulic plant. This study considers
gear manufacturing as a major sustainability concern for the company, as it involves some
intricate machining processes, and the company is facing some serious challenges related to
wastage minimization and optimizing resource input. The complex industrial environment
demands a manufacturing system to rapidly adjust itself to uncertainties and changes.
Therefore, this study aims to provide sustainability-based CE solutions to minimize the
uncertainties that are faced by the company, due to rapid product innovations and scarcity
of resources during the pandemic phase.

The process of the manufacturing of gears involves some intricate manufacturing
processes. For the purpose of economic and environmental benefits, the reusability of
production waste is highly desirous to overcome sustainability-related challenges during
manufacturing operations. The interconnected flow of material in the day-to-day manu-
facturing and SC operations is one of the CE initiatives to help overcome sustainability
issues. The adoption of CE in manufacturing and SC operations can encourage the reuse
and recycling of material, and simultaneously reduce the wastage of resources. The entire
manufacturing and supply chain operation is interconnected by developing a circular loop
of material flow (Figure 1) using 6Ds (design, develop, deliver, detect, dismantle, discard)
and 6Rs (reuse, repair, refurbish, redesign, remanufacture and recycle). By adopting circu-
larity into the production and supply chain operations, using 6Ds and 6Rs, the wastage
of resources can be minimized, and the company can easily deal with the uncertainties
arising due to economic, environmental and social issues.

Figure 1. Circular flow of product.

4.2. Data Collection

The data were gathered by a group of representatives of ten CSC partners, which
included four manufacturers, three retailers/sellers, and three recyclers, in the Indian
automobile parts manufacturing industry. These CSC partners were located in the National
Capital Region (NCR) of India. These partners have a close connection, and are collectively
working to improve the sustainability of production and consumption in the automobile
parts manufacturing industry. The period of data collection was from November 2020
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to March 2021. The data collection was conducted in three stages. In the first stage, the
partners were informed about the benefits of implementing circular strategies in their SC
operations. Secondly, a self-assessment online data collection platform was created and
distributed among the partners through e-mail. The third stage of data collection consisted
of conducting interviews with the supply chain managers of the manufacturing company
working in the area of risk management. These interviews were conducted online, in order
to cross-verify with the data that were collected through the supply chain experts. Finally,
a five-point Likert scale was used to rate the different risk measures that were taken into
consideration in the study, and, thereafter, a risk profile was generated for each of the
partners involved in the CSC operations.

5. Modeling and Discussion

This section is divided into three sub sections. The first sub section consists of the
formulation and analysis of the BN model that was used to generate the risk profiles of
various CSC partners. The next sub section consists of the effect analysis of these risks
on the various performance parameters of the CSC. The last sub section comprises the
risk exposure index (REI) that indicates the extent to which an individual CSC partner is
exposed to various categories of risk.

5.1. Risk Measurement Model

The risk assessment model consists of a cluster of measures and scales, used to
compute the probability of the occurrence of each risk construct. The measures of each risk
category were incorporated, taking the key events that could have a direct impact on the
risk into consideration. Further, these risk measures and scales are utilized to generate the
risk profile of individual CSC partners. The risk profile represents the disruption caused
by a particular CSC partner when a cluster of risk events occurs under a certain condition.
The disruption not only affects the individual partner, but has an impact on the complete
supply chain. In the case of the circular supply chain, all the partners are connected through
a cycle. Therefore, if any disruptive event occurs, it will affect each of the partners that
are involved in the cycle. In the study, certain parameters that may be used to check the
performance of the CSC are considered, with regards to the risk assessment model under
consideration. These are the partners risk impact on SC revenue, lost sales, and inventory
holding cost. The probability of risk impact of an individual partner is used to analyze the
effect on these performance parameters. Each individual partner has a distinctive effect on
these parameters that illustrate the performance of the CSC.

For the purpose of risk analysis, the BN methodology is used to generate a risk profile
of each of the CSC partners. This network model is used to compute the probability of risk
impact that an individual partner could have on the complete supply chain. Economic,
environmental, social, technological, waste management, agile vulnerability, and risk of
cannibalization are some of the risk categories that were identified through the extensive
literature review that is provided in Table 2. The level of risk for each risk category was
computed using the prior probabilities of individual risk events. Finally, the estimated
subjective probability of each category of risk was used to generate the risk profile of the
CSC partners. A schematic diagram of the BN model is shown in Figure 2.

The first and foremost task in the development of the Bayesian model is to identify
the end nodes in a clear and explicit way. These end nodes contain the various categories
of risk that have been identified through a comprehensive literature survey. Each category
of risk is a function of certain risk events. These risk events are further dependent on
the risk measure. These risk measures are the backbone of the BN model, and are some-
times referred to as the parent node. Table 2 depicts the hierarchal structure of the BN
model, comprising various categories of risk, their individual risk events, and the risk
measuring factors.
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Table 2. CSC risk hierarchy for Bayesian analysis.

Risk Category Risk Event Risk Measure References

Economic risk
(RC1)

Supply risk (RE1),
Flawed incentive
structures (RE2),

High investment (RE3)

Failure in delivering the right quality and quantity of
product;

Misalignment of interest between supplier and
company;

Accreditation of suppliers;
Revenue generation of company;

Return on investment;
Financial instability due to fluctuating market demand;

Portfolio of customer;
Market trend;

Profit percentage;
Product sale.

[30,47,87]

Environmental Risk
(RC2)

Limited store of
resources (RE1),

Uneven geographical
distribution of resources

(RE2),
Limited assimilative

capacities of ecosystems
(RE3)

Supplier licensing;
Disaster mitigation;

Check on resource extraction;
Transportation challenges;

Routing and allocation;
Planning and optimization;

Regularity check;
Accreditation and adoption;

Policies supporting CE adoption.

[52,88–90]

Social Risk
(RC3)

Excessive working time
of the employees (RE1),

Unfair wages (RE2),
Work–life imbalance

(RE3)

Accurate forecasting;
Social responsibility;
Mass immigration;

Revenue generation;
Profit sharing;

Management involvement;
Conducive working environment;

Health standards;
Work load distribution.

[87,91,92]

Technological Risk
(RC4)

Threat of implementing
newer/complex

technology (RE1),
Compatibility issues
with existing systems

(RE2)

Fulfillment of desired objectives;
Revenue generation;
Environmental effect;
Product performance;

Likelihood of process change;
Generation of defects;

Value embedded.

[92–94]

Waste management Risk
(RC5)

Health-associated risk to
the society (RE1)

Penalties involving
improper disposal of

waste (RE2)

Effect on local geographical ecosystem;
Framing of health standard protocols;

Loss of credibility;
Financial losses;

Intricacy in receiving accreditation.

[53,95,96]

Agile Vulnerability
(RC6)

Swift response to agile
changes (RE1),

Flexibility in production
process (RE2)

Market demand;
Piling up of inventory;

Lost sales;
Profit generation;

Frequent technological upgradation;
Loss of production;

Customer satisfaction.

[57,87,97]

Risk of Cannibalization
(RC7)

Deregulated markets
(RE1),

Problematic ownership
structures (RE2)

Compliance with market norms;
Monopolization;

Market share;
Customer satisfaction;
Service life of product;

Product return;
Market credibility.

[57,96,98,99]
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Figure 2. CSC risk network framework.

When the state of every individual node is defined, the arc needs to be drawn, con-
necting the nodes, and the probability should be assigned to the individual node. The
process of assigning probability should start from the root node. After the root nodes are
completely assigned, the process of assignment should move to the next level. The condi-
tional probability table (CPT) of these nodes is computed, with the help of the probabilities
assigned to the parent node. This process continues until all the nodes of each level are
assigned with a conditional probability. With the establishment of all the CPTs of each node,
this process gets completed. The value of the CPT that is assigned to the root node may
come from an expert judgment, from an external data source, or a combination of both.

5.2. Results and Discussion

The priori probability for each of the risk events depends on the value of the individual
risk measure. These risk measures are assigned values, through various experts and supply
chain managers.The probabilities for 17 supply chain risk events that affect economic,
environmental, social, technological, waste management, agile vulnerability, and risk of
cannibalization, are presented in Table 3, for each CSC partner. The values of the probability
of individual risk events are used to generate the risk profile, using the Bayesian network.
Table 4 provides the occurrence probability of each of the categories of risk for the individual
CSC partners.
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Table 3. A priori probabilities for 17 circular supply chain risk events.

Risk Economic
Risk Environmental Risk Social Risk Techno-Logical Risk Waste Management Risk Agile Vulnerability Risk of Cannibalization

Risk Event Supply Risk
Flawed

Incentive
Structures

High
Investment

Limited
Resources

Uneven
Geographical
Distribution

Assimilative
Capacity of
Ecosystem

Excessive
Working
Time of

Employees

Unfair Wages Work-Life
Imbalance

Threat of
Implementing

New
Technology

Compatibility
with Existing

Systems

Health-
Associated

Risk

Improper
Disposal of

Waste

Swift
Response to

Agile
Changes

Lack of
Flexibility

Deregulated
Markets

Problematic
Ownership
Structures

M1 0.65 0.40 0.75 0.60 0.15 0.80 0.76 0.32 0.65 0.68 0.55 0.42 0.75 0.15 0.10 0.78 0.52
M2 0.45 0.55 0.65 0.50 0.25 0.62 0.25 0.67 0.35 0.64 0.69 0.49 0.78 0.16 0.31 0.54 0.78
M3 0.62 0.25 0.67 0.35 0.64 0.69 0.49 0.78 0.15 0.80 0.76 0.32 0.65 0.68 0.55 0.42 0.75
M4 0.64 0.69 0.49 0.78 0.15 0.80 0.76 0.32 0.65 0.55 0.65 0.50 0.25 0.62 0.25 0.67 0.35
Rt1 0.65 0.68 0.55 0.42 0.75 0.15 0.10 0.78 0.52 0.35 0.26 0.29 0.49 0.78 0.15 0.20 0.26
Rt2 0.35 0.64 0.69 0.49 0.78 0.15 0.80 0.76 0.62 0.25 0.67 0.35 0.24 0.29 0.49 0.38 0.29
Rt3 0.78 0.15 0.80 0.76 0.32 0.65 0.55 0.65 0.50 0.65 0.50 0.25 0.62 0.25 0.67 0.35 0.44
Re1 0.64 0.69 0.49 0.78 0.15 0.80 0.76 0.32 0.65 0.75 0.15 0.670 0.78 0.52 0.35 0.64 0.69
Re2 0.65 0.55 0.65 0.50 0.65 0.50 0.25 0.62 0.25 0.69 0.49 0.78 0.15 0.80 0.76 0.62 0.25
Re3 0.78 0.52 0.35 0.64 0.69 0.49 0.78 0.15 0.80 0.65 0.68 0.55 0.42 0.75 0.15 0.60 0.54

Notes: Manufacturer 1 (M1); manufacturer 2 (M2); manufacturer 3 (M3); manufacturer 4 (M4); retailer 1 (Rt1); retailer 2 (Rt2); retailer 3 (Rt3); recycler 1 (Re1); recycler 2 (Re2); recycler 3 (Re3).
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Table 4. CSC partner risk profiles.

CSC
Partner

Economic Environmental Social Technological Waste
Management

Agile
Vulnerability

Risk of
Cannibalization

Overall
Probability of
Risk ImpactRisk Probability

M1 0.6 0.51 0.57 0.61 0.59 0.12 0.65 0.52
M2 0.55 0.45 0.42 0.66 0.64 0.23 0.66 0.51
M3 0.51 0.56 0.47 0.78 0.49 0.62 0.59 0.57
M4 0.6 0.58 0.58 0.6 0.38 0.44 0.51 0.53
Rt1 0.63 0.44 0.47 0.30 0.39 0.47 0.23 0.42
Rt2 0.56 0.47 0.73 0.41 0.29 0.39 0.34 0.45
Rt3 0.58 0.58 0.57 0.58 0.44 0.46 0.38 0.51
Re1 0.6 0.58 0.58 0.45 0.44 0.74 0.67 0.58
Re2 0.62 0.55 0.37 0.59 0.47 0.78 0.44 0.54
Re3 0.55 0.60 0.58 0.67 0.49 0.45 0.56 0.55

The occurrence probability of each risk is based upon the scenario in which the events
of risk occur. The combination of parent risk events associated with a child node is called a
scenario. The total number of scenarios associated with a node is 2n, where n represents the
total number of risk events that are linked to the node. For example, in order to compute
the occurrence probability of the economic risk associated with manufacturer 1 (M1), the
total number of possible scenarios is 23, i.e., eight, since there are three risk events that
define economic risk. Therefore, a combination of eight scenarios (000, 001, 010, 011, 100,
101, 110, 111) is possible, which is used to compute the probability of the occurrence of
economic risk. These eight scenarios can be represented as a combination set, comprising
of zero and one. Zero denotes that the event of risk has not occurred, while one denotes
that the risk event has occurred. This study incorporates the scenario in which all the
risk events have occurred simultaneously, pertaining to a particular category of risk. This
combination is chosen in order to compute the maximum possible disruption a particular
type of risk could cause to a supply chain. The probability of the occurrence of economic
risk for manufacturer 1 can be computed using the following formula:

P(EconomicRisk) = ∑(Probabilityofeconomicriskevent)×∑(Probabilityofeventoccurrence)
∑(Probabilityofeventoccurrence)

(2)

P(Economic Risk) =
[(0.65× 1) + (0.40× 1) + (0.75× 1)]

1 + 1 + 1
= 0.6 (3)

This formula can also be used to compute the probability of the occurrence of other
categories of risk that are associated with different CSC partners. Table 4 reveals that
manufacturer 3 (M3) and recycler 1 (Re1) have the highest overall probability of risk impact
on the performance of the CSC; while retailer 1 (Rt1) has the lowest probability of risk
impact. From Table 4, it can be concluded that recyclers have a greater risk impact on
the overall performance of the CSC, and therefore, they need special attention from the
perspective of risk mitigation.

5.3. Effect Analysis and Discussion

This subsection includes the effect analysis of the risk encountered during the imple-
mentation of the concept of circularity, on various performance parameters of the supply
chain of the Indian automobile organization that was considered as the case illustration. For
the purpose of analysis, a multi-echelon system is chosen, consisting of a group of manufac-
turers, retailers, and recyclers that are part of circular supply chain of a leading automotive
organization in India. The following parameters are analyzed for the comprehensive
understanding of the disruption caused due to various risk on CSC performance.
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5.3.1. Inventory Holding Cost

In a conventional multi-echelon system, having linear flow of material, the inventory
holding cost increases as we move downstream in the supply chain [47]. The holding cost
of raw material or work in process inventory is lesser than the cost incurred in holding
finished goods inventories; while in the circular supply chain, the holding cost of recycled
raw material on the reverse side is comparatively more, as it includes the cost of the
collection and sorting of material from used products, and the cost of recycling operations.
Any disruption caused on the reverse side of the supply chain will affect the production of
recycled raw material, ultimately leading to a shortage of raw material for the manufacturer.
Therefore, the bottleneck (at recycler end) has a higher backup of inventory (used products),
as disruption propagates from the recycler to the manufacturer and the retailer. In the case
of the CSC, the inventory holding cost for each of the retailers is found to be minimum
(Figure 3a), because they have the least disruption impact on the overall performance, and,
therefore, the requirement of an inventory is also low at the retailer end. Let us take an
example of retailer 2. It can be seen from Table 4, the ‘overall probability of risk impact’ for
retailer 2 is 0.45. Now, taking the values of the ‘annual demand rate’ and ‘inventory holding
cost per unit’ for ‘Retailer 2’, from the risk register of the organization, is considered as the
case illustration. The total inventory holding cost (TIHC) per year for ‘Retailer 2’ can be
computed as follows:

TIHC = overall disruption probability of retailer 2 × annual demand rate × inventory
holding cost per unit;

TIHC = 0.45 × 10,000 × 2.7;
TIHC = 12,150.
Similarly, the value of TIHC for other CSC partners can be obtained by applying the

same formula. The value of TIHC for each of the CSC partners is shown in Figure 3a.
A similar method can be applied to compute the values of the other two performance
parameters thatare discussed in the subsequent section.

5.3.2. Impact of Partners on SC Revenue

The impact of partners on supply chain revenue can be defined as the expected
increase in the cost of the SC when an uncertain event or a group of events occurs [47]. The
disruptions in the networks, which are more localized, often have less impact on the SC
revenue. Since in a CSC, the disruption propagates from the reverse to the forward side, so
any disruption caused to the recycler may have a huge impact on the total SC revenue. Since
the impact of the partners on the SC revenue is dependent on the probability of disruption,
it does not vary much with the change in the inventory level. It can be seen from Table 4
that the disruption probability of the recyclers for each of the categories of risk is greater as
compared to the manufacturers and retailers; therefore, any disruption occurring on the
recycler side can have a huge impact on the revenue of the CSC (Figure 3b).

5.3.3. Lost Sales

A loss in sales may take place due to the disruption occurring at the individual nodes.
A loss in the sale of the product is mainly because of the imbalance between supply and
demand. Firstly, if the demand of the product in the market is high, and the company’s
SC is not able to meet the required demand, then it leads to a loss in the expected sales.
A loss in sales may also happen if the demand of the product in the market is low, while
comparing it to the production capacity of the company. In both the cases, there is a loss
in the net SC revenue. These results can be well attributed to the smooth functioning
of the CSC. In the case of the CSC, the demand of a product is not only related to the
generation of recycled raw material, but it also has a major contribution to the circular
flow of economy. In the case of the circular flow of a product, the dependency in fresh raw
material is minimized, so the chance of a shortage of raw material for the production is also
less. This, in turn, creates a balance between supply and demand. The risk propagation of
the loss in sales is, again, from the recycler to the manufacturer and retailer. Any disruption
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occurring at the recycler will affect the production of recycled raw material, which will
further affect the manufacturer’s performance, due to a shortage of input material. This
will lead to a shortage of finished products at the retailer, thereby leading to a loss in sales.
So, a high inventory of used products should be kept by the recycler, in order to reduce the
disruption over the entire cycle. The level of inventory may decrease from the reverse to
the forward side (Figure 3c).

Figure 3. (a) Holding cost for CSC partner. (b) Impact of partners on CSC revenue. (c) Lost sales in CSC.
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5.4. Risk Exposure Index

The risk exposure index (REI) is used to identify the particular nodes that need special
attention from the SC managers and the risk experts. In the above considered BN model,
REI is evaluated based upon the risk impact of individual partners on the CSC revenue.
The impact on the revenue is expressed in terms of the average of the disruption probability
of each individual risk associated with the CSC partner. The value of REI lies between
zero and one, since it is the mean of the probabilities. The CSC partner, having the highest
value of REI, has the maximum impact on the revenue of the CSC. REI, here, implies the
partner’s exposure to the extent of the risk encountered during the implementation of the
concept of circularity in the supply chain. Figure 4 shows the risk exposure index of each
individual partner that is associated with the company’s SC.

Figure 4. Risk exposure index of CSC partners.

It is observed, from graphical results (Figure 4), that the risk exposure index of the
three recyclers Re1, Re2 and Re3 are comparatively more than the rest of the partners
involved in the CSC. This implies that the recyclers are more vulnerable to the disruptions
caused by these CSC risks, or in other words it can be stated that the reverse side of the
supply chain is more susceptible to these risks as compared to the forward side.

Figure 5 shows a bar graph representing the probability of disruption of each of the
categories of risk faced by the partners of the CSC.

It is observed, from graphical results (Figure 5), that the average height of the bars
of risk associated with recyclers involved in the CSC oftheIndian automobile company
is greater as compared to the average height of the manufacturers and retailers. This is
attributed to the fact that recyclers are more vulnerable to the risk encountered during
the implementation of the concept of circularity in the SC. The disruption probability of
economic risk is almost equal for all the CSC partners, which meansthatany economic
downturn will be equally shared by all the partners. The disruptions caused to the activities
of the CSC are high in magnitude for the recyclers, because they are bound to operate under
strict environmental norms. The pillars of the disruption of social risk are high for the
retailers because they have to manage and bridge the gap that exists between the customers
and the rest of the partners of the CSC. Manufacturers are the ones who are mainly exposed
to the effect of the occurrence of technological risk. Any technological breakdown during
the manufacturing operation can seriously affect the production, which, in turn, disrupts
the smooth flow of products through the chain. Also, with the incorporation of a novel
concept, there is always a threat, whether the implementation of new technology will be
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compatible with the existing system. The risk that is associated with the management of the
proper disposal of waste also plays a major role in the implementation of the CSC concept.
Not only should manufacturers efficiently utilize the input resources, but the recyclers
should also carry out the operations carefully, because any leakage of hazardous substance
into the environment can cause serious health hazards. Any agile change in the design
of a product directly affects the manufacturers and recyclers. These risks arise because of
the frequent changes in customer demand from the calling population that requires the
incorporation of a new complex technology. With the introduction of a novel business
technique, the new long-lasting products that are more technology driven, may decrease
the sale oftheproducts produced conventionally. Manufacturers are mostly susceptible to
the risk of cannibalization, because technology needs to be continuously updated along
with the change in market demand.

Figure 5. Disruption probability of CSC risk for each partner.

6. Managerial Implication

There are three contributions made to the theory of risk analysis and management,
based upon the findings of the study. Firstly, by adopting an organized approach, certain
categories of risk and their associated risk events have been explored in the context of
implementation of the concept of circularity in SCM. Secondly, the BN methodology has
been utilized to model the risk events and construct the risk profile for each of the partners
involved in the circular supply chain. The third contribution is the analysis of the effect of
these risks on the performance of the circular supply chain. To analyze the effect, certain
performance parameters have been chosen, such as the risk impact of individual partners
on the CSC revenue, loss inthesale of products, and rise in the total inventory cost, due
to the occurrence of CSC risk. These three performance parameters provide a holistic
understanding of the impact of various categories of risk on the performance of the CSC.

The findings of the study can assist the supply chain managers and the risk experts to
focus on the areas of uncertainty that are more vulnerable to risks occurring during the
COVID-19 pandemic phase. For the purpose of assistance, the risk exposure index (REI) is
utilized, in order to quantify the exposure to disruption.This is a quantitative index, having
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a fractional value that demonstrates the probability of disruption. The risk exposure is
expressed in terms of the impact on the performance of the CSC. The existing literature on
supply chain risk management does not capture the holistic picture of risk propagation
through each node and the construct used in the development oftherisk analysis model.
Therefore, an effort has been made in this study to capture the maximum categories of risk,
in context to COVID-19, and their propagation associated with the implementation of this
novel concept of circularity in the supply chain, during the pandemic period.

7. Conclusions, Limitations and Future Scope

The research conducted to analyze the risk related to the implementation of the
concept of circularity in the supply chain, helps the experts to gain deeper insights into the
gaps existing in the area of risk management. The study is able to demonstrate how the
risk is propagated across the CSC network, and the disruption caused at individual nodes
of the network, due to COVID-19 pandemic. The BN methodology is used to model the
network of risk encountered by the various partners of the CSC during the pandemic phase.
Risk assessment in the supply chain is a dynamic process, so the objective of the research is
to establish an index system that is dynamic in nature, reflecting every possible cause of
disruption. The purpose of apprehending the word ‘dynamic’ with the index system is to
show its flexible nature of adapting to the changing needs of business reality. The choice of
risk measures should not only reveal the current status of the impact of CSC risk, but also
predict the future changes in the trend of performance parameters. By incorporating the
BN methodology for the model formulation, we are able to address this gap. An important
advantage of using the BN methodology is that it gives an intuitive interpretation of
the risk propagation across the network of the supply chain. Also, this methodology is
based on the rigorous mathematical computational theory of determining probabilities of
risk occurrence. The work of mathematical computation increases exponentially with the
increase in the number of nodes.

The finding of this empirical research that was conducted in the field of circular
supply chain risk management, provides interesting insights from its implementation
viewpoint duringtheCOVID-19 pandemic. The results of the study reveal that the reverse
supply chain is more vulnerable to risk that is encountered during the implementation
of the concept of circularity [100]. The findings also reveal a lack of preparedness, in
terms of the risk identification, analysis and mitigation strategies that are required for the
implementation of a novel concept of circularity during the phase of the pandemic. The
findings of this study also bridge the gaps identified in the past literature, which directs
the application of SCRM to an extended level [20].The finding also supports the future
research directions of the literature, mentioning the need of multi-tier SCRM study from
the developing country context [70,101]. From the industry viewpoint, the results of the
study will help the managers and the practitioners better understand the impact of risk
propagation across the network of the supply chain, in the era of the COVID-19 pandemic.

Similarly to any other study, this study also has some limitations. The supply chain
oftheautomobile industry is considered for analyzing risk propagation. The results gen-
erated are industry-specific and cannot be compared with the other industries, as the SC
network of every industry is unique and differs in the reaction to risk exposure. Therefore,
it is difficult to generalize the results for other industries. One of the major limitations
of using the BN to model CSC risk is that the model can accommodate only a limited
number of risks identified through the literature review. The incapability of the model to
incorporate all relevant risks could restrict its effectiveness in representing a partner’s true
risk profile. Data pertaining to the occurrence of risk events are gathered from a group
of experts. Therefore, the CPT that is developed may vary depending upon the expert’s
perception towards risk, and is more likely to depend on the different scenarios in which
risk may occur.

The concept of implementing circularity in the supply chain process is novel and
dynamic in nature, from the perspective of risk propagation in the pandemic phase. The
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pandemic has highlighted the need of implementing circularity in the supply chain, to
minimize the disruptions occurring at various levels. In the future, studies that examine
the risk profile may choose indicators that not only reflect the current status of CSC risk,
but also throw a light on the future changes in the business trends. In this study, only
a few performance parameters are chosen to study the risk impact on the performance
of the CSC. In the future, more parameters could be added to obtain a holistic view of
CSC performance. In this study, the scenario for maximum disruption is considered.
Future studies could incorporate different scenarios to study the risk behavior in various
conditions and compare the results for the purpose of bringing on a single platform. Some
other modeling techniques, such as the fault tree analysis, Petri nets framework, and
the Markovian model, could be included in future studies, to obtain better and fruitful
results. Also, future research could be directed to manage and mitigate risk related to the
outsourcing of these circular operations.
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