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Abstract

The present research proposes a roadmap to the excellence of operations for sustainable
reverse supply chain/logistics by the joint implementation of principles of Industry 4.0 (14.0)
and ReSOLVE model of circular economy (CE) approaches. The connection between 14.0
and CE is unveiled by addressing the case-based model affecting the economic and
environmental performances imparting two important dimensions: (i) the information sharing
with the reverse logistics system is in real-time mode, and (ii) diffusion of green product in
the market. The effectiveness of the virtual world in 14.0 environment is explored using
simulation of reverse logistics model involving operations such as inventory and production
planning policy, family-based dispatching rules of remanufacturing, and additive
manufacturing. The remanufacturing model examines the trade-off between set-up delays
and the availability of green transportation. For managerial insights, Taguchi experimental
design framework has been used for the analysis. Based on the trade-off analysis between
environmental and economic performances, the findings of the paper suggest appropriate
combinations of information-sharing and family-based dispatching rules. Further, the
findings suggest that, given the 14.0 and circular capabilities, it is necessary to focus on the
cost of the socially influenced operations involving factors such as collection investment and
size of the end-user market that governs the product returns. Therefore, in the present paper,
the integration of 14.0 and CE represents a real-time decision model for the sustainable
reverse logistics system.

Keywords: operations excellence; sustainable reverse supply chain; Industry 4.0; circular
economy; ReSOLVE model; family-based scheduling

1. Introduction

In recent years, the emerging digital technologies, such as the internet of things (IoT),
internet of services (IoS) and cyber-physical systems (CPS), represents novel paradigms that
are rapidly gaining grounds in industrial transformation (Sun et al., 2012). Against this
backdrop, Germany presented the ideas of ‘Industry 4.0’ in 2011 (Kagermann et al., 2011).
The industries are looking for a high level of operational excellence through the
developments of 14.0 technologies (Mangla et al. 2019). However, to apprehend the benefits
concerning 14.0, there needs to establish a procedure for its practical application, especially
while studying its impact on operations management (Holmstrom and Romme, 2012).
Moreover, implementing these technologies demands considerable capital expenditure,
restraining it to put into practice (Tortorella and Fettermann, 2018).

Considering the above backdrop, operational excellence should be looked at which
are economically doable and simultaneously offset the high cost that prevents the adoption of
14.0 principles aiming for sustainable developments. Beside 14.0, other technological-based
industrial activities under the premise of operational excellence include reverse logistics,
lean operations, six-sigma, inter-organizational information technologies, cellular
manufacturing systems, and many other smart manufacturing systems (Mangla et al., 2019).
Further, Mangla et al. (2019) identified a few key performance dimensions that need to be
addressed in the context of operational excellence to improve sustainable supply chain
including flexibility, collaboration, transparency, innovation, and relational capabilities of



the supply chain (SC). From these performance dimensions, the question related to research
arises is: How does the operational excellence influence these performance dimensions?

In view of above discussion, for the purpose of this research work, we look at the
operational excellence by considering the integration of characteristics of technology
management proposed by Mangla et al. (2019) which include (1) Industry 4.0, (i1) reverse
logistics, and (iii) lean approach through cellular manufacturing systems.

1.1. Technology characteristics of operational excellence

1.1.1. 14.0 technologies

14.0 technologies can benefit operations management in several ways, such as lowering the
processing time of a product, manufacturing cost reduction, up-gradation of value chain
coordination, increased process flexibility, better customer service, higher product
customization, among others (Fettermann et al., 2018). In the present paper, we position the
operations excellence at four maturity levels suggested by Fettermann et al. (2018) involving
(1) technologies, (ii) control, (ii1) optimization, and (iv) autonomy. The technologies involve
real-time information concerning monitoring and reporting at the internal level (e.g.
operational units such as inventory-related parameters, set-up time, etc.) and external level
(e.g. demand, lead time, order size, transport handling, etc.). The system of operations is
controlled through application software at the internal level and the external level of services
(e.g. cloud enterprise resource planning (ERP) system equipped with an inventory
management module). The level, optimization includes the use of algorithms that can
optimize the operations of the system. Finally, a system can adapt to the environment to
improve performance at the autonomous level.

1.1.2. Reverse logistics

The circular economy is presently an important issue in the manufacturing industry and its
interest has widened in recent years among companies and academicians alike. The
economically developed and emerging economic countries are promoting to implement CE in
their firms (Sehnem et al., 2019). Kirchherr et al. (2017) proposed to transform the linear
forward value chain (i.e. take-make-dispose) process to the circular SC by introducing reuse,
remanufacturing, and recycling processes. However, to manage the CE oriented value chain,
the company needs to ascertain managing the recovery and remarketing operations supported
by the “Reverse Logistics” (RL) program. CE and RL have a similar focus, for instance, both
of them concern about economic and environmental aspects (Reike et al., 2018). However,
the CE concept is wider than RL as it is not only covering the reverse sides but also the
forward side of the supply chain involving operations of newer materials. Therefore, it is
imperative considering sustainable operations management which is vital for the excellence
of operations from the CE principles perspective. In view of this, we propose the ReSOLVE
framework that characterizes six CE-based business model development strategies (Jabbour
et al., 2017): (i) Regenerate, (ii) Share, (iii) Optimize, (iv) Loop, (v) Virtualize, and (vi)
Exchange. Specifically, in implementing the ReSOLVE framework, the present research
exploits the potentials of RL integrated with 14.0 technologies related to each of the above
strategies.

1.1.3. The lean approach through cellular manufacturing systems

We look at the lean approach through cellular manufacturing as the operational excellence
under technology management suggested by Mangla et al. (2019) mentioned previously. The
philosophy of lean is developed concerning the minimization of waste. It is governed by
considering various operational practices that facilitate the mitigation of non-value added
operations to achieve enhanced resource efficiency. Various researchers have looked at the



environmental issues of a firm from the perspective of sustainable performance considering
lean practices. Further, from the operations point of view, set-up time reduction is an
important factor related to inventory optimization that leads to improvement in performance
concerning the environment (Jakhar et al., 2018). However, from the CE perspective with
remanufacturing as a recovery operation, the system becomes possibly more complex. The
researchers found the decisions related to remanufacturing scheduling such as selection of
mechanism related to order release, lot sizes, rules concerning priority scheduling, parts
commonalities, integration of operations related to forward and reverse supply chain, among
others, as challenging issues (Flapper et al., 2002; Kim et al., 2007, Souza, 2013). The
present research aims to address the above-mentioned issues through scheduling the
remanufacturing process by associating the returns to family-based dispatching (FBD) rules.
The concept of FBD rules originated from the idea that products with similar manufacturing
set-up requirements can be clustered into families. Typically, it is associated with Group
Technology, especially to Virtual Cellular Manufacturing (VCM). VCM suggests that
family-oriented scheduling/dispatching rules cause effectiveness in manufacturing (Nomden
et al., 2008). The lean operations coupled with information technology-based 14.0 initiatives
lead to sustainable developments in the manufacturing/remanufacturing environment from an
economic viewpoint (Luthra and Mangla, 2018a). Thus, in the present paper, regarding the
set-up requirements due to change in family parts, we explore the remanufacturing operation
using additive manufacturing (AM) technology. The companies have started realizing the
repercussions of AM technologies by adopting circularity in supply chains for extending the
life cycles (Ford and Despeisse, 2016).

From the environmental sustainability and economic performance perspective, the
challenges faced by the RL include, how to reach real-time information for various tasks and
vehicles with the performances of reducing (i) RL cost, (ii) fuel consumption, (iii) CO2
emission, and (iv) waiting time (Ganzha et al., 2016). Environmental performance concerns
the issues of greenhouse gas emission (GHG). The emissions of COz as the primary GHG
amounts to 28% from transportation in the US in 2016 (US Environmental Protection
Agency), and it amounts to 24% in the UK in 2015 (Department for Transport, 2017). The
CE practices could reduce CO2 emissions by 48%; create a net economic benefit of EUR 1.8
trillion until 2030 in the Europe Union (EU) (Kirchherr et al., 2018). When different modes
of transportation are modeled in a network, the efficiency of the operations feeding the
terminal has often been neglected although it is the most vital component of the
transportation chain. Therefore, it is necessary to explore the feeding system operations that
explicitly allow the speed with which the products are fed to the shipping terminal (Bektas
and Crainic, 2007). Keeping this in mind, we model the product remanufacturing under the
concept of scheduling by associating them with the FBD rules. The rationale behind using
alternative FBD rules is to analyze the effect that allows quicker remanufacturing
(representing green products) under inventory and production planning (I&PP) set-up to
transport them through the available mode of transportation with minimum CO: emission
(preferably vid ship). This also positions our work consistent with the suggestion by Jakhar et
al. (2018) in which they emphasized to analyze the environmental performance from 1&PP
perspective. Now we discuss the key performance dimensions (Mangla et al., 2019)
addressing operational excellence to improve sustainable supply chain as mentioned
previously.

1.2. Performance dimensions of operational excellence

As mentioned earlier, Mangla et al. (2019) identified SC flexibility, collaboration, dynamism,
relational capabilities, transparency, and innovation as the performance dimensions
responsible for operational excellence to enhance sustainability in a supply chain. We looked
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at these dimensions from the technological characteristics discussed in Section 1.1. From the
CE perspective, Urbinati et al. (2017) classified the degree of adoption of CE principles in
two key dimensions:

i.  The degree to which a firm improve the circularity of its products and processes by

leveraging its resources;
ii. The degree to which a firm introduces promotions around the CE through marketing.

To accomplish the above-mentioned CE dimensions, two types of complexities need to be
managed for recapturing the value through remanufacturing; internal complexities and
external complexities. In internal complexities, due to less visibility in reverse logistics,
normally firms do not pro-actively carry out their planning and decision-making by taking
into account the reverse logistics imperatives, but reactively responses based on the actions of
echelons at the downstream (Tibben-Lembke and Rogers, 2002). Since the timing and the
number of returns are uncertain, the activities related to I&PP get complicated (Akcali and
Cetinkaya, 2011). This requires collaboration in the form of coordination between functional
areas of reverse logistics (Guide Jr., 2000). The realization of components of 14.0 is the
technological foundation that identifies with the performance dimensions including
collaboration, flexibility, transparency, and dynamism across the circular SC. For example, in
14.0 environment, the collaboration and transparency can be realized through globalized
information technology that has enabled to store large data storage in the form of a global
cloud system that can be recalled from any place across the different supply chain players.
Further, linking the virtual world using simulation tools with the physical environment
through CPS which embed sensors and actuators into the application platform provides
flexibility by adapting and self-optimizing the dynamic systems.

The external complexities include how remanufactured or green products are
promoted. The complexity exists due to the percentage of remanufactured products in the
market in comparison to the new products. Therefore, this complexity needs to be addressed
through the performance dimension of operational excellence — innovation. We consider the
definition of innovation proposed by Roger (2003) that innovation is “... an idea, practice or
object that is perceived as new by an individual or other units of adoption”. Thus, there is a
need to understand the innovation from the diffusion (a pattern in which the innovation is
extended among the adopters) perspective as a social system is involved for the decisions of
adoption of green products (Schramm et al., 2010; Guarnieri et al., 2016). Mass media and
word of mouth are the two means of information that influence the innovated adopters (Bass,
1969). Therefore, to understand the behavior of the consumer, we consider an extended Bass
(1969) model that governs the return rate of green products in the RL. The dynamic behavior
of two complexities is jointly dealt with by building a simulation model for investigating
sustainable performances.

Considering the above discussion, the present research is among the first endeavors in
literature, the novelty of which relies on addressing the three main research questions under
the premise of operational excellence; technological characteristic of lean approach and
performance dimension of innovation of a sustainable reverse logistics system.

(1) How the synergies of 14.0 and CE have an impact on environmental and economic
performances?

(ii)) How the integration of innovations in terms of diffusion of green products and
1&PP policy affect a reverse logistics system in terms of its performance?

(iii) How different FBD rules affect the speed with which the products are fed to the
shipping terminal and thereby affect the performances?

This paper is organized as follows. In Section 2 we carried out a literature survey and
outlined the research contribution. Section 3 illustrates the system description involving the
framework of the case-based transportation system, reverse logistics, 14.0, and CE defined
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from the Bass model and scheduling rules point of view. The findings of the study are
discussed in Section 4.0, while the conclusions derived from the paper and final
observations, implications, limitations, and directions for future research are discussed in
Section 5.

2. Literature review

2.1. 14.0, operations management, and sustainability

The ideas of 14.0 emerged in the manufacturing area for the first time in 2011 (Kagermann et
al., 2011). Some initial directions related to 14.0 implementation were provided by a few
researchers including (Hermann et al., 2016; Chukwuekwe et al., 2016). However, the
existing research in literature still requires consistent knowledge about how 14.0 is going to
affect the companies’ operations management of future industries. Therefore, we find scarce
studies concerning contributions of 4.0 in which some framework or practical repercussions
related to operations management are reported (Fettermann et al., 2018). The processes that
become automated due to 14.0 technologies effects potentially in enhancing the performance
of all the activities concerning operations management. For instance, real-time information
on operational units such as material flow, customers’ demand, and inventory position of SC
echelons are some of the applications. CPS enables the integration of cyberspace, physical
processes and objects in order to develop a link between various resources and information
equipment in the manufacturing network. This helps in prioritization in scheduling operation
in the environment of real-data availability (Ahmadov and Helo, 2016). For gathering and
distributing real-time data, sensors and actuators play an important role (Yu et al., 2015). For
instance, in a cloud-based manufacturing environment, the bin inventory management is
carried out vid RFID in the third generation CPS system (Singh et al., 2015).

The internet enables the sharing of operational resources by creating a virtual space
using cloud manufacturing technology. Developing the service base for all the players of a
supply chain interaction for design, manufacturing, and assembly is the reason behind cloud
manufacturing. Additive manufacturing is another technology that is enabled through cloud
services of 14.0. From the operations management perspective, AM machines do not require
machine set-ups involving processes such as changing of tools, jigs, and fixtures (Huang et
al., 2013). Unique identification code allows sharing real-time data among all echelons of a
supply chain under IoT capabilities. It also provides a link between machines, modes of
transportation, and the internet (Zhong et al., 2017).

In the contemporary system of operations, 14.0 and sustainability play a significant
role. The synergy of both has the potential to move the sustainable society further (Dubey et
al., 2017). The environmental and economic issues of organizations’ operations management
are dealt with potentially vid simultaneous development of 14.0 and sustainability (Elkington,
1994; Gunasekaran and Irani, 2014). In the decision-making of sustainable operations that are
environmentally influenced, involve the green design of products and process and
environmentally driven supply chain operations (Gunasekaran et al., 2014; Abdul-Rashid et
al., 2017). The decision-making process for the classification of environmentally-sustainable
operations suggested by Gonzélez-Benito and Gonzdlez-Benito (2006) include: (a) design of
environment, corresponds to reuse, remanufacture, and recycle in order to reduce waste, (b)
cleaner production, corresponds to reduction of resource consumption and generation of
waste vid production planning and control processes, and (c) green supply chain
management, corresponds to reduction of environmental effect due to transportation and
encouraging green purchasing and responsible recovery system. Alayon et al. (2017)
suggested implementing 3Rs (reduce, reuse, recycle) for environmentally-sustainable
operations. It is, therefore, evident that the associations between environmentally-sustainable



operations and 14.0 are valuable, due to the significance of technology in carrying out
environmentally-sustainable oriented operations excellence decisions.

2.2. CE and sustainable operations management

CE is a promising approach concerning sustainable operations management intended for
sustainable use of resources (McDowall et al., 2017; Sehnem et al., 2019). Ghisellini et al.
(2016) suggested retaining the value of resources at the end of their life cycle to capitalize on
the circularity process. Zhao and Zhu (2015) proposed the processes, viz, reuse,
remanufacturing, and recycling as the sustainable strategies of CE. MacArthur et al. (2015)
proposed the CE principles oriented ReSOLVE framework that includes:

) Regenerate — based on the conversion of waste into a source of energy for
different operations along the value chain.

(i1) Share — based on the sharing of resources to extend the life cycle vid recovery
operations from the economic point of view.

(1) Optimize — based on technology-centered strategy, which requires the
organization to use digital manufacturing technology such as principles of 14.0 to
reduce waste in the operations system across the supply chains.

(iv)  Loop — based on the restoration of the value of products vid recovery operations.

(v) Virtualize — based on the service-focus strategy that allows virtual and
dematerialized products.

(vi)  Exchange — based on introducing advanced and renewable goods instead of old
and non-renewable goods.

Along the lines of the above-mentioned elements of the ReSOLVE framework,
Urbinati et al. (2017) pointed out that the CE business models should be based on
diminishing the reliance on new materials, and should move to the renewable energy-based
system to enhance embracing the sustainable operations practices.

From the operations management perspective, Matsumoto et al. (2016) suggested the
integration of forward SC with RL for operations such as raw material purchasing, planning,
production, marketing and distribution for realizing the sustainable potential of CE. Urbinati
et al. (2017) pointed out that the business models have not considered the degree of adoption
of circularity; they are studied under a Boolean ‘on’ or ‘off” approach. Urbinati et al. (2017)
identified three degrees of adoption of circularity; downstream circular adoption, upstream
circular adoption, and full circular adoption. Downstream circular adoption involves a
marketing campaign for the reused or remanufactured products, whereas the upstream
circular adoption concern only with the activities that establish an effective relationship with
the supplier. However, the full adoption involves the adoption of circularity at both the
external and internal levels of the firm. That is, the circularity is managed at the internal
operations system level as well as the involvement of the supplier in its circular operation
system is considered. Further, the firms with full circular adoption communicate clearly to
the customers regarding their circular practices through promotional marketing campaigns.

Some studies in the literature have shown the connection between 14.0 and
organizational sustainability (Stock and Seliger, 2016). Therefore, it is evident to explore this
connection, which is developed in the next section.

2.3. 14.0, CE, and operations management

The information-sharing in contemporary supply chains is a significant example of the
contribution of 4.0 capabilities. This has enhanced sustainable operations management
decisions (Stock and Seliger, 2016). Thus, the implementation of an integrated approach of
14.0 and the principles of CE can provide leverage to sustainable operations management.



Sustainable operations management requires an understanding of production
operations that affect the environment and need to focus on the efficiency and effectiveness
of operations management as well (Kleindorfer et al., 2005). Thus, considering sustainable
operations management, we discuss the principles of CE aligned with 14.0 technologies.
According to Jabbour et al. (2018), the components of CE:

) Regenerate — aligns with 14.0 by making sustainable production decisions based
on adapting data received vid 1oT.

(i1) Share — aligns with 14.0 through the use of both cloud-based resources and IoT.
The potential of this component of CE could be realized through sharing
information related to inventory management, supply, and demand across the SC
and the consumers as well. These technologies can collect information concerning
society’s dynamic behavior so that the organization can improve both operational
parameters and resource utilization for environmental and economic performances
(Rymaszewska et al., 2017).

(11)  Optimize — aligns with 14.0 supported by CPS and IoT. These technologies can
collect information in the form of data from processes and various resources to
enable identifying work-in-process inventory, which helps in computing optimal
order size. Suppliers help in managing their own as well as the production
planning of system-wide supply chain (Hofmann and Riisch, 2017), and
conformance to environmental issues vid RFID tags and IoT.

(1v)  Loop — aligns with 14.0 supported by IoT, CPS, and cloud services. It represents a
broad aim of the circularity of materials and energy. The operations in reverse
logistics such as tracking and tracing of products and transportation modes could
be improved using sensors, RFID tags, etc. Accordingly, the recovery processes
such as reuse, remanufacture, and recycle of components could be carried out
(Vanderroost et al., 2017). Cloud services could support the organization by using
AM technology when the workload is distributed over the supply chain (Ford and
Despeisse, 2016).

(v) Virtualize — aligns with 14.0 supported by cloud manufacturing, IoT, and AM
technologies. These technologies enable the relationship between organizations,
suppliers, and customers such that the physical world is replaced by the virtual
world using simulation models by linking to sensor data (Stock et al., 2018). AM
technology enables customized products based on interactions among
manufacturers, suppliers, and customers.

(vi)  Exchange — aligns with 14.0 by adopting additive manufacturing and IoT. AM
enables sustainable production through reduced use of material and recovery
operations (Despeisse et al., 2017).

2.4. Green product diffusion and remanufacturing

As pointed out in Section 1, given the new market for the sale of the same product, the
product returns causes problem concerning the cannibalizing of remanufactured products
(Atasu et al., 2008). The situations of imperfect substitution are less investigated in the
existing literature (Wei et al., 2015; Guarnieri et al., 2016). As discussed in Section 1, green
product adoption involves social influence that entails an individual’s characteristics of
innovation. In the marketing literature, we find many researches concerning the diffusion of
new products or policies concerning promotion. The classical Bass diffusion model (Bass,
1969) is the best-known example. Some other researches include (Karmeshu et al., 2011,
Amini and Li, 2015). A few researches have proposed diffusion models concerning
remanufactured or green products (Atasu et al., 2008; Olson, 2013).



As mentioned in Section 1.2, operations of RL have always been an important
concern to extend the life cycle of a product to maximize value creation. From the operations
management perspective, some researches investigated reverse logistics from I&PP system
perspective (Kumar and Rahman, 2014; Dev et al., 2017; Dev et al., 2019). Dev et al. (2017)
investigated a closed-loop hybrid system of remanufacturing for five different inventory
review policies using discrete event simulation. Wang et al. (2017) analyzed the component
obscelence in the life cycle of a product and the delay in reprocessing operations in reverse
logistics. They studied economic benefits involving volume due to reuse using the Bass
model. However, the researches mentioned above considered the reused components as the
exact replacements for the new-manufactured parts and did not consider any green incentives
as a promotional policy for the green products’ adoption. A recent work that deals with issues
similar to those addressed in the present research is by Dev et al. (2019). Dev et al. (2019)
analyzed the RL system for environmental and economic performance. The generation of
product returns is realized through the Bass (1969) model. However, in addition to the issues
addressed by Dev et al. (2019), the present research has exploited the FBD rules for the speed
with which the products are fed to the terminals of transportation. The transportation cost and
CO:2 emission are included in the measures for environmental and economic performance.

Furthermore, the current paper is framed to explore the need for integrating the
principles of 14.0 technologies and the ReSOLVE framework of CE for analyzing an RL
system. The performances related to the economy and environment of an RL system are used
as the measures of operational activities that represent offsetting the realization of high cost
in the implementation of 14.0 technology. Accordingly, consistent with Mangla et al. (2019),
the following research objectives are outlined which are aligned with the research questions
mentioned in Section 1.2 concerning operational excellence for a sustainable reverse logistics
system and simultaneously attempt to address the full adoption of circularity consistent with
Urbinati et al. (2017).

() To study the downstream circular adoption by focusing on how customer behavior
under the operational excellence dimension of innovation influence the return rate
under the premise of 14.0 technologies.

2) To study the upstream circular adoption by focusing on how the recycled-material
supplier internal to the supply chain controls the effect of uncertainties associated
with the returns in light of coordination between various echelons and manage the
operations in terms of I&PP and sustainable transportation activities using 14.0
technologies.

To our knowledge, the present research is among the very first endeavor that aims to
position the above objectives towards the body of knowledge in the joint application of
principles of 14.0 and CE by linking to a virtual reverse logistics model. The potentials of the
simulation model under the notions of virtual world environment are analyzed in resolving
the above issues for the sustainable performances of reverse logistics at large.

3. System description and mathematical modeling

3.1. Case based transportation network system

In this study, we consider a circular chain of a refrigerator manufacturer. We present a
hypothetical but realistic case of alternative transportation for a refrigerator company situated
at Pondicherry in India. The refrigerator company is quite liberal in the end-of-life recovery
process. Their product design ensures that 85 to 90 percent of the materials (steel, plastics,
etc.) used in the refrigerator can be recycled. The company carries out collection,
dismantling, and recycling processes of e-waste collected from all over India. For these
operations, the company has partnered with an authorized e-waste recycler to collect the



products from the consumers’ homes after their end-of-life and perform the recovery
processes.

Although, the refrigerator company covers a large number of distributors throughout
India, in the present study we consider single origin-destination transportation, i.e. from
Pondicherry to Bhavnagar (Gujrat). The company has not so far started shipping their
products through sea routes within India. However, in the present study, to explore the
sustainability practices, we assume truck, rail, and ship as the transportation modes (M)
running across the network. To focus on the sustainability aspect, we promote the
transportation of remanufactured products via ship with the notions that the ship has the least
carbon emission. Subsequently, given the availability of mode of transportation, we prioritize
the sequence of transportation as the ship, train and then the truck.

As mentioned in Section 1.1.3, the FBD rules are analyzed with the implication that
speed with which the products are fed to the shipping terminal is important from the
efficiency of the transportation chain viewpoint. The rationale behind using alternative FBD
rules is to analyze the effect that allows quicker remanufacturing (representing green
products) under the AM environment to transport them through the prioritized mode of
transportation (i.e. vié ship in the present case).

The total transportation costs involving the load of the moving vehicle include
variable and fixed costs. The variable involving transportation cost is per unit weight of the
product, which includes mover’s overhead costs, administration costs, costs of crew, and fuel
costs. We consider that the variable concerning the cost of transportation is constant over
time and that they depend only on the carrying weight and transportation mode. The fixed
cost largely consists of operators’ wages and the cost of handling incurred for moving the
products on and off the vehicles. We assume constant values of fixed costs for the truck, rail,
and ship at $50, $100, and $150 respectively.

3.2 Estimation of emissions

We consider the route distance and time for ship, rail, and road to transport the refrigerators
from Pondicherry to Bhavnagar (Gujrat) provided by Google Maps. We consider the values
of capacity, the unit variable cost, waiting time charges at the terminal per unit time, and CO2
emissions factors for each mode consistent with Qu et al., (2016) as shown in Table 1. This
does not abdicate our key focus of the study to analyze the effect of FBD rules on the
transportation system.

Tablel: Parameters of transportation

. Capacity” Variable cost Waiting time CO, Distance to
Transportation charges at Dealer
(Tonne) ($ per ton- . (g/tonne
mode terminals ($ per (Km)
km) -km)
hr.)
Truck 10 0.051 33 per 28 feet 62 1900
trailer
Rail 40 0.060 7.5 per 20 feet 2 2240
container
Ship 100 0.035 6.5 per GRT 16 2600

* Weightof one refrigerator is assumed as 1 tonne

Consistent with Park et al. (2012), in the present model, we have used the activity-based
approach for estimating the CO2 emissions in intermodal transportation. The CO2 emission is
estimated by equation (1) as:

Ixdxe (1)
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where [/ (in tonnes) is the load carried by the vehicle over a distance of d (in kilometers) and
‘e’ is the average CO:2 emission factor (in g/tonne-km). The CO2 emission is converted into
monetary units; in particular, we use $100 per tonne (Qu et al., 2016). The above CO2
function allows easy implementation in simulation. The variables including distance and the
total weight can be captured in simulation, at the same time neglecting the parameters that are
difficult to compute, for instance, different types of fuels used in different transportation
modes.

3.3 Reverse logistics framework

We designed the framework of the reverse logistics processing system under the conjecture
that the returned product has some common parts from the manufacturing process
perspective. The commonality is considered to be a characteristic of modularity (i.e., a
grouping of components sharing common characteristics). Also, the modules with similar
manufacturing processes are considered as families of modules. The refrigerator comprised
of various modules, for instance, (i) door, that include outer and inner housing, water supply
parts, rubber strip and handle, (ii) cooling system, that include base pan, compressor, dryer,
condenser and fan, (ii1) evaporator and inner partition, that include evaporator, water tank,
shelves, crisper, auger motor, relay capacitor, evaporator cover and back inner.

We consider a closed-loop system consists of a distributor, a manufacturer, a
recycled-material (RCY) supplier, and a new-raw-material (NRM) supplier. The distributor is
situated at Bhavnagar (Gujrat) in India, while the manufacturer, the RCY supplier, and the
NRM supplier are situated at Pondicherry (Tamil Nadu) in India. We assume that the RCY
supplier and the NRM supplier are situated in close vicinity of the manufacturer and the
delivery lead time to the manufacturer is considered stochastic as Norm(1,0.2). The demand
for the products is realized by the manufacturer and is satisfied by the distributor. The
average lead time of the distributor is obtained from the simulation run as each mode of
transportation has different distances and speeds. The manufacturer has two available options
for the procurement of the raw material/sub-assemblies; either procuring it from the NRM
supplier (n) or from the RCY supplier (r) to manufacture the products. The procurement is
designed based on the ordering policy mentioned in Appendix A. The raw material/module
assembly is supplied to the manufacturer from the inventory of the respective suppliers. The
product returns from the consumers are collected at the RCY supplier. The quantity of
product returns is based on the innovation theory (Bass) model under the influence of varying
information-sharing policies explained in the section ahead. To collect the product-returns
from the consumers, the RCY supplier takes collection lead times and is considered to be
stochastic as Norm(8,0.5). The raw material is assumed to arrive from the environment to the
NRM supplier that takes time for production which is considered to be stochastic as
Norm(12,1).

Consistent with Guide (2000), we consider a typical recycling facility consists of
three distinct processes by the recycled-material supplier: disassembly and recycling,
remanufacturing, and reassembly. We focused on the remanufacturing process from the FBD
point of view. In the RL, for the sake of tractability of the results, we consider two part-
families based on the sequence of operations after the disassembly and recycling of a module.
Further, we consider one AM machine deployed for the remanufacturing process such that
the AM machine is capable of processing either of the product family by changing the CAD
program over time. We assume that there is no interruption in receiving part families from
disassembly and dispatching them to the queue for processing at AM machine. This does not
forfeit our main idea of analyzing the alternative FBD rules in the remanufacturing process.
We considered the remanufacturing set-up for FBD rule consistent with Dev et al. (2014);
first-come family (FCFAM) and minimum average set-up time (MAS). However, Dev et al.
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(2014) carried out the analysis of two dispatching rules for the forward supply chain system
and the load of the manufacturing shop was controlled by the backorders of the warehouse.
On the contrary, in the present study system of remanufacturing, we compared the above-
mentioned FBD rules from the RL perspective to analyze that how the alternative FBD rules
allow quicker remanufacturing (representing green products) so as to transport them through
the prioritized mode of transportation (i.e. vid ship in the present case). We reiterate that, in
the present research, the load of the remanufacturing shop is controlled by the returns
obtained through the Bass model discussed in this section ahead.

2. Remanufacturing/Manufacturing
New material supplier t order — Integrated cloud ERP system
for whole supply chain

3. Remanufacturing

1. Production
planning —
basedon
information of
operational
units

CP3 loT fé\\

production order — based on Goods and transportation
real-time information of green |/ information |
product consumption NRtFIDk
etwor
Manufacturer
Recycled-material supplie Input / Output Devices (Tags, Inw
il — .
I, Y [ ADDITIVE 4. Delivery — real-time information enables
= REMANUFACTURING timely availability of transportation to the
1 distributor
SIMULATION

VIRTUALIZATION & DECENTRALIZATION

Output Data on Performance
of RL system

Figure 1: Reverse logistics system according to principles of Industry 4.0.

3.4. Integration of 14.0 and CE

Table 2 illustrates how the characteristics of 14.0 and CE have the implications for the
proposed RL model. Since the RL model particularly relies on I&PP, information
transparency, AM oriented remanufacturing, and well-coordinated transportation system, we
compare the characteristics of 14.0 and ReSOLVE characteristics of CE from these operations
perspective. The illustration of typical processes and activities of the RL system highlighting
the characteristics of 14.0 is shown in Figure 1.

RFID technology provides leverage to I&PP (operation 1 in Table 2) of the RL
system. Moreover, cloud technology provides a common platform from where the
information can be shared among all the entities involved in a supply chain. The order to the
NRM supplier or the RCY supplier automatically triggers on the information of the
consumption of products. Thus, the demand at the point-of-sale is realized by the production
in a real-time manner (operations 2 and 3 in Table 2). Specifically, for the timely delivery of
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green products, the availability of the preferred mode of transport (ship) is ensured through
real-time information (operation 4 in Table 2).

3.5. Returns system based on Innovation theory (Bass) model

As mentioned in Section 2, environmental decisions are greatly influenced by customer
behavior. In the present research, the notions of customer behavior have been explored
concerning the social system in which the decision of adoption of remanufactured products or
green products is made by the individual consumer. The uncertainty in the volume of returns
significantly affects the operations of RL. The possible reasons include (i) the end-of-life of
the product, and (ii) the green product diffusion in the market. Given the behavioral changes
in the consumers towards green products, in an attempt to adopt the recovery process, the
company has to identify its operations for the enhancement of their efficient and effective
performances. Consistent with Dev et al. (2019), the realization of consumer behavior and
thereby the number of returns are exploited using an extended form of Bass (1969) model.
Thus, the relation for the number of returns (R) from the end-user market can be stated
involving end-user market capacity N and the cumulative adoption x(¢) until time ¢ (Equation

2).
R=(a+lx®+ [P v -x) )
N )
where
N = market capacity with a Poisson distribution Pois(un),
x(1) = the number of customers accepted the green products by time z,
o = coefficient of innovation corresponding to green product adopters of their own
accord,

b = coefficient of imitation corresponding to the imitator customers,

gi/96 = green investment g; per period representing the effect of promotion, whereas J

1s the scaling parameter.

Thus, the extended variable /g;/d in the Bass model represents the promotional
policy concerning a green investment that decides the effect on the number of returns.
Savaskan and Wassenhove (2006) have used a similar form of function concerning
promotional incentives representing the advertising response model. The other notations used
in the model are shown in Appendix-A.

3.5.1 Model assumptions
In addition to the assumptions considered by Dev et al. (2017) for the CLSC system, we
consider the following assumptions concerning transportation and FBD rule systems.

e For calculating the waiting time of the ship, train, and truck at their respective loading
terminals, we consider berth charges, train terminal service charges, and truck trailer
parking charges respectively in the total transportation cost. We consider 40 GRT
(Gross Registered Tonnage) ship for the transportation of refrigerators via” ship. The
berth charges of $6.5/hr./GRT are considered (APM Terminals, 2019). In rail
transportation, we consider a 20 feet container. The terminal service charges for the
container is $7.5/hr./20 feet container as the waiting charges (CONCOR, 2017). In the
transportation via“ truck trailer, we consider the parking charges of the trailer as
$33/hr./28 feet trailer related to the waiting charges (AMEYA Logistics, 2019).
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Table 2: Principles of 14.0 and ReSOLVE for the proposed RL model

Proposed RL model
operations

14.0 scenario in proposed model

14.0 principles

ReSOLVE principles

1. Production planning
based on the information
of operational units

ERP receives the information of operational units
(inventory review period, lead times, demand,
etc.) of RL.

In the real-time mode, CPS helps in
managing the ERP system connected over IoT
through RFID that provide data related to
operational parameters.

Interoperability/interconnections and real-time
capabilities — CPS system provides information
concerning operationa units to the ERP system
via RFID.

Share, and Optimize — End-of-life of the
product is considered from remanufacturing
perspective involving coordination between
RL partners facilitated by IoT.

2. Remanufacturing order

Three information mechanisms are modeled
concerning generation of returns using Bass
model: (i) the green investment is triggered after
each fixed period information, i.e., in a
decentralized way (ii) the order is triggered on
receiving an information of re-order point of
recycled-material ~ supplier inventory levels
(RCYINF), and (iii) the order is triggered on
receiving an information of re-order point of
manufacturer inventory levels (MNFINF).

Service orientation — CPS system allows web-
based ERP system is used for managing the
real-time data across the system-wide supply
chain.

Share, Optimize, and Loop mechanism —
Collaboration and coordination in RL is
realized through intelligent devices to convert
waste into useful resources and information of
post-consumption products is made available
for accurate ordering procedures.

3. Remanufacturing using
AM machine by recycled-
material  supplier, and
order of material by the
new-raw-material supplier.

Given the real-time information vid IoS system,
the green promotional activities are triggered by
the recycled-material supplier.

Service orientation — CPS system allows web
service at the system-wide supply chain.

Share, Optimize, and Loop mechanism —
Information of (i) consumption of green
products and (ii) generation of green product
requirement according to the Bass model
incorporated in the ERP system.

4. Delivery — Information
sharing allows effective
delivery of remanufactured
parts by the supplier.

The virtual RL model receives information vid
RFID and CPS system.

The output of simulation of virtual model
helps in evaluation of RL performances for
different input opreational data.

Simulation model also helps in calculating
adequate transportation in terms of timing.

CPS helps in sending back the output of
simulation to the business process in a real-time
for reconfiguration of operational units in order to
maintain the performances of the RL system.

Virtualization and decentralization — The CPS
is linked to the virtual plant simulation models.

From the ‘smart factory’ perspective, the
RFID helps in developing communication
between man and machine, and within the
machines in a decentralized manner. This
eliminates the process of central planning and
controlling system.

Virtualize and exchange — The model replaces
the physical world with the virtual world.

The virgin new products are replaced by
the remanufactured (green) products. The
conventional push system of production is
replaced by the pull system allowing mass
customization. This is achieved by smart
connected products, linking with the IoT and
CPS system that enables data gathering for the
RL.
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e The manufacturer is assumed to be equipped with the information capabilities that
provide information on the availability of respective modes of transportation at
their respective terminal. We reiterate that we prioritize the sequence of
transportation as the ship, train, and then the truck trailer.

e We assume the time delay due to change in uploading of computer-aided design
(CAD) program for different part families on AM machine while prioritizing the
FBD rules. Therefore, in this paper, the change in set-ups from one type of part
family to the other is considered from the notions of change in the CAD program.

Table 3: Factors and their levels for experiments

Fixed factors
Category Variables Value
Price for Procurement price per unit from RCY supplier ($) 100
E;ci)::urement P procurement price per unit from NRM supplier ($) 200
Cost of collection  Cost of Collection per unit for RCY supplier ($) 100
per unit
Cost of ) ) )
Production per Cost of Production per unit for NRM supplier ($) 200
unit
. Cost of holding per unit for manufacturer ($) 0.15
Cost O.f holding Cost of holding per unit for RCY supplier ($) 0.10
per unit
Cost of holding per unit for NRM supplier ($) 0.20
Unit shortace Cost of unsatisfied demand per unit of manufacturer ($) 10
coslt & Cost of unsatisfied demand per unit of RCY supplier ($) 5
Cost of unsatisfied demand per unit of NRM supplier ($) 7.50
Environmental Coefficients of innovation (&) Unif{tmin, 0tmax) (0.0001, 0.01)
Coefficient of imitation (8) Unif{Bmin, Pmax) (0.1,0.4)
Taguchi Experimental design Levels
Factors Detail of factors 1 2
Demand Aggregated rate of demand (units/day) (D) Expo(20) Expo(80)
No. of ships Number of ships per day for the delivery to the distributor (Ny) 1 2
No. of trains Number of trains per day for the delivery to the distributor (N,) 1 3
No. of truck Number of truck trailers per day for the delivery to the 1 4
trailers distributor (N;)
Manufacturer set-up cost ($) (K, 10 15
Recycled-material supplier set-up cost ($) (K,) 2 3
Set-up cost New product raw material supplier set-up cost ($) (K,,) 5 8
set-up cost of changing CAD program for alternate family in 2 4
recycling process ($) (Sey;)

) End-user market average capacity Pois(uy) (CEUM) 100 500
Environmental Per period collection investment ($) (g;) 5 10
Period for Collection investment period (g;) (days) (IP)
information of . .
green product (i) Decentralized model 10 15
investment (i) Information-sharing models 0.5 2.0

We considered a run of 500 time periods with 10 replications in simulation for
the study which were adequate since for the given values of the variables of Bass
model, the density function and cumulative function curves show the saturation values
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after a certain time. In the present paper, we assume that no products are available at
each echelon of the reverse logistics model at the beginning of the simulation.

The values and the levels of the parameters considered for the simulation model
mentioned in Table 3 are consistent with Dev et al. (2019). The effect of parameters
such as demand rate, set-up cost, green investment, coefficients of innovation and
imitation, the end-user market capacity, and the number of transportation modes
available are investigated.

The Taguchi experimental design is used as a vehicle for evaluating the effect of
various factors on the performances. The reader may refer to Dev et al. (2014) for a
detailed explanation of the Taguchi experimental design paradigm. We have used an Li2
orthogonal array for analyzing the performances. In the experimental setup, two FBD
rules under three information strategies are compared, that is, in all 72 (=12x2x3)
simulation experiments were performed.

3.5.2 Environmental and economic performance measures

In addition to the environmental features complimentary to environmental performances
considered by Dev et al. (2019), we consider the following characteristics related to the
transportation system.

The transportation consists of two types of costs: (i) operational cost comprises
of variable cost, fixed cost, and waiting charges, (ii) emission cost. We are more
interested in the emission cost of the ship as the transportation via ship corresponds to
green activity. Thus, for different information and FBD rules, the emission cost of the
ship is compared. That is, a large number of parts are shipped through the ship if the
values of emission cost related to ship are high. The emission cost of transporting the
commodities from Pondicherry port to Papavov port for each mode of transportation is
calculated as:

Ce = dj;° * 100e/;° * x;;° (3)

i € {po},j € {pa},m, € {M}

The economic measure includes various costs; Cn, Cr, Cun, and C:;. Manufacturer
and RCY supplier costs include set-up cost (change of CAD program in case of
recycled-material supplier), cost of holding, and cost of backorders. The NRM supplier
costs include the cost of production, cost of set-up, cost of holding, and cost of
backorders.

The cost of procurement per unit, cost of collection per unit, and cost of
production per unit for the manufacturer, RCY supplier, and NRM supplier respectively
are calculated as below.

In the case of the manufacturer, the procurement cost is expressed as:

0/ = Qi v, (4)
i €{m}j€{r,n}y €{p-pa}
The ordering quantity Qij is calculated as per the review policy described in Appendix
A. A set-up cost is incurred every time the manufacturer orders.
k! = ki+5(0)) )
i € {m},j€{rn}
6(Qij) =1 zle] > 0,0 otherwise
Consistent with Dev et al. (2019), the re-order point is calculated as:
si =D x (L + 0D + z/(L; + OI) x (0p)2 + D2 X (0,;)2 ....... i€ (r,nm) (6

where
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v = standard normal distribution parameter for stockout risk (assumed as 5% in
the simulation)

Ol = order interval
01 = standard deviation of lead time, and
op = demand standard deviation

The procurement cost of suppliers is expressed as:
0;=0Q;i*v, (7)

i € {r,n},y €{C.,P}

There are two types of set-up costs incurred in case of the recycled-material
supplier; (i) a set-up cost is incurred on ordering for return products, and (ii) another
set-up cost which is analogous to change in CAD program is incurred when a set-up is
required to be changed from one type of part family to another on AM machine while
remanufacturing. The set-up cost on ordering for returned products is similar to the
manufacturer, that is,

K; =k; * 6(Q;) (8)
i € {r,n}
6(Q;) =1ifQi> 0,0 otherwise

Each part family requires a specific machine set-up in the form of a CAD
program. This is called a major set-up. If the current set-up on the machine is for the
family ji, obviously, the set-up cost incurred only if the next part family for the
remanufacturing process is j2. In the experimental design, we consider two levels ($2
and $4) of set-up cost. The notion of the high value of set-up cost corresponds to the
fact that the current development of AM is not fully investigated for the prompt
processing of any batch size of part families. It could also present the situation when
AM is compared with a traditional machine because, in any circumstances, the set-up
cost of AM is comparatively lower (Pour et al., 2017). The set-up cost for the recycled-
material supplier is calculated based on the number of times the set-up is changed for
the two assumed part families, that is,

Sefj = Sefj * 6(qu) 9)
5(qu) =1ifqr; > 0,0 otherwise

The total operational cost of transportation involves total variable cost, total fixed cost,
and total waiting charges of transportation modes. The variable cost of the commodity
is calculated as:

Cy = cjj° % x;;° (10)

i € {po},j € {pa},m, € {M}

The fixed cost is calculated as:

Cr=fij " *¥ij° (1)

i € {po},j € {pa},m, € {M}

The waiting charges of the respective modes of transportation are calculated as:

Cw = Tkt tw (t = k) * e} (12)
k=123,.....t

i € {po},j € {pa}, m, € {M}

where, 7 is the time at which mode of transport is ready for transportation.

The cost of holding for each echelon is computed as:

Hy =1 xhy (13)
where
I; = On-hand inventory, and
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h; =holding cost per period
i € (r,nm)

4. Results and discussions

4.1 Environmental and Economic performances

For the two FBD rules (FCFAM and MAS), the maximum and minimum cost values
corresponding to environmental and economic performances, respectively are reported
from the 72 simulation experiments. The two FBD rules are analyzed for three
information scenarios, namely (i) decentralized, (ii) recycled-material supplier
information (RCYINF) and, (iii) manufacturer information (MNFINF).

We report the results concerning the three information cases with two FBD rules
in Table B.1. The results reported in Table B.1 of Appendix B, are values attained
through simulation experiments at optimal levels (i.e. levels of additivity test
verification) for each factor using the Taguchi procedure.

In Table B.1 of Appendix B, column IV shows the maximum of the maximum
value of each informational scenario for the respective FBD rules. For instance,
RCYINF has the maximum value (=2641300) for (O;,) under FCFAM rule.
Accordingly, Table B.1 (column V) represents the minimum of maximum values.
Subsequently, Table B.1 (last column) demonstrates the enhancement in environmental
performance related to each measure. Similarly, under each information scenario for
two cases of FBD rules, economic performance related to different measures with

minimum values are reported in Table B.1.
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Figure 2: Comparison of Cumulative adoption of RCYINF-FCFAM and Decentralized-
MAS policies

The value of total environmental cost in the case of RCYINF related to FCFAM
is found the largest. This shows that the RCYINF information strategy outperforms in
delivering a maximum number of recycled parts to the manufacturer and in turn to the
distributor. Moreover, it is found that the recycled-material supplier made maximum
total promotional investments vid RCYINF information strategy. Since the maximum
values of RCYINF correspond to the FCFAM priority rule of dispatching, henceforth,
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we denote this combination of information-sharing and FBD rule as ‘RCYINF-
FCFAM’. The results illustrate that information-sharing between the Bass model and
the inventory system of the RCY supplier shows a considerable increase in each of the
parameters (0;, = 10.2, O,= 10.1, and G, = 32.5) corresponding to the environmental
performance by adopting appropriate information and FBD rule (Table B.1). Further, it
is seen that the value of emission cost related to ship transportation is maximum in the
RCYINF-FCFAM case. The result shows that the larger number of transactions is made
through the ship, indicating a considerable tendency towards the green practice. The
above findings provide solution to the research question (i) and (ii) mentioned in
Section 1.2, in which we positioned this research to focus on the synergy of 14.0 and
CE, while simultaneously analyzing the effect of integration of innovation in terms of
diffusion of green products and 1&PP policy on environmental performance in terms of
CO2 emission.

Figure 2 shows a comparison of the cumulative adoption of green products for
RCYINF-FCFAM and Decentralized-MAS policies. The reason for the larger number
of transactions through the ship is straight forward and can be explained by the fact that
the adoption rate increases rapidly much earlier in the case of RCYINF-FCFAM which
results in a larger number of transactions through the ship. We reiterate that we have
assumed the sequence of transportation modes in order as ship, train, and truck.
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Figure 3: Comparison of Cumulative adoption of RCYINF-MAS and Decentralized-
FCFAM policies for the total transportation operational cost performance

We discuss now, the results related to economic performance. As the focus of
this study is to study the impact of alternate FBD rules on the case based transportation
network system, we discuss the two related economic performances: total transportation
operational cost and total set-up cost affected by the change in FBD rule at recycled-
material supplier end. From Table B.1, the joint strategy of information and FBD rule
that should minimize the economic performance for the total transportation operational
cost is the combination Decentralized-FCFAM. The result can be explained in Figure 3,
which shows that there is a gradual increase in the adoption of green products in the
case of Decentralized-FCFAM policy due to which the value of operational cost is less.
From Table B.1, it can be seen that there is a 69% improvement in economic
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performance when adopting the Decentralized-FCFAM combination. It is seen in Table
B.2 of Appendix B that the optimal level of set-up cost corresponding to AM (Serl)
shows its potential vis-a-vis traditional remanufacturing. As shown in Table B.1, the
waiting time cost of the ship for the case RCYINF-MAS has a minimum value. The
result can be explained from Figure 3 which shows the adoption of green products with
a larger end-user market capacity (CEUM=500) in the early period allows quicker
remanufacturing. Further, the MAS dispatching rule outperforms FCFAM. Thus, the
above findings provide the solution to the research question (iii) mentioned in Section
1.2, in which we positioned this research to focus on the speed with which the products
are fed to the shipping terminal by adopting the appropriate information-sharing and
FBD rule.

Similarly, in the case of the total set-up cost incurred due to change from one
type of FBD rule to the other, we find that the combination MNFINF-MAS minimizes
the economic performance. This can be explained in Figure 4, which shows the early
adoption of green products stabilizes the number of set-ups of the machine in the initial
time periods. The result is also consistent with the literature that MAS priority rule
results in a lesser number of setups (Nomden et al., 2008). Therefore, the adoption of
MNFINF-MAS can be a useful policy when set-up cost during the recycling process is
significantly high (e.g. in the recycling process of the present case of the refrigerator
with large variants). From Table B.1, it can be seen that there is an 88.7% improvement
in economic performance with the combination of MNFINF-MAS. Our findings show
that adopting appropriate FBD rule and information-sharing strategy provides the
potential to enhance the environmental and economic performances in 14.0 and RL
oriented ReSOLVE environment.
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Figure 4: Comparison of Cumulative adoption of MNFINF-MAS and Decentralized-
MAS strategies for the total set-up cost incurred due to change in FBD rule

Figures 2, Figure 3, and Figure 4 show the quick adoption curves corresponding to the
information-sharing mechanisms (RCYINF and MNFINF) of the model. The reason can
be described as the results due to real-time information on inventory levels allows
higher frequency of orders which subsequently result in quickly achieving the
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maximum adoption. This is consistent with the property of the Bass model (Equation
(2)) which shows that faster rate of promotional investment would result achieving
maximum value of adoption very soon and would become constant when the value of
x(t) is equal to the capacity of the end-user market (). For the optimal environmental
and economic results under the appropriate FBD rule and information-sharing
strategies, we provide practical implications in the next section.

4.2. Practical implications of mathematical model

The optimal levels for RCYINF-FCFAM strategy for the environmental performance,
Decentralized-FCFAM strategy for the total transportation operational cost
performance, and MNFINF-MAS strategy for the total set-up cost incurred due to
change in FBD rule are shown in Table B.2 of Appendix B. ANOVA is conducted to
estimate the error variance for the factor effects and the variance of the prediction error,
which also provide necessary input for justifying the additivity assumption. Table B.2
also shows the ANOVA results corresponding to the above strategy. In Table B.2, the
ANOVA test shows the significant factors that affect the RCYINF-FCFAM,
Decentralized-FCFAM, and MNFINF-MAS strategies corresponding to environmental
and economic performances. Further, whereas the optimum levels in case of RCYINF-
FCFAM are D1, Ni2, N/1, Nil, Knl, K/1, Kn2, Sel, CEUM1, IP1, and CI2 (i.e., the
levelsare 2112221222 1), the optimum levels in case of Decentralized-FCFAM
are D1, Ns1, N2, N2, K2, K1, Kul, Se:l, CEUM1, IP2, and CI2 (i.e., the levels are 1 1
222111122), and the optimum levels in case of MNFINF-MAS are D1, N2, Nr1,
Nid, Kn2, K2, Knl, Setl, CEUM1, IP2, and CI1.

The additivity test was carried out in all the above cases. The additivity test
values for RCYINF-FCFAM, Decentralized-FCFAM, and MNFINF-MAS are
summarized in Table B.3 of Appendix B. Since, the prediction error (column 6 of Table
B.3) is found to be within the 2-standard deviation confidence limits (column 8 of Table
B.3) in all the three cases, it confirms the additivity assumption.

5. Conclusions

The present paper proposes operational excellence in terms of integration between 14.0
informational technologies and RL oriented CE represented by the ReSOLVE model.
The present study proposes to visualize an arrangement of an RFID-enabled and cloud-
based ERP system that enables computing product returns with the inbuilt Bass model
algorithm module. The present study explores the extensive simulation of reverse
logistics that corroborates to the virtual factory component of 14.0. Taguchi’s
experimental design framework provides a constructive feature in 14.0 real-time system
environment for fast execution.

5.1. Implications of research
The present study provides a theoretical as well as a practical framework for the
operational excellence issues under the umbrella of Integrated 14.0 and the CE.
Theoretically, the relationship between principles of 14.0 and CE is established in the
context of operations management of a reverse logistics system that supports the
research agenda suggested by Jabbour et al. (2018) in the context of resource-based
theory. Jabbour et al. (2018) suggested underpinning CE strategies by exploiting the
resource capabilities of 14.0 in the form of sharing of information.

From the findings, we can infer that the implementation of technology
characteristics of operational excellence in terms of 14.0, reverse logistics, and lean
approach suggested by Mangla et al. (2019) provides valuable guidance to practice for
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the sustainable performances of a circular SC. The present study also supports the
performance dimensions of operational excellence identified by Mangla et al. (2019)
and full circularity adoption suggested by Urbinati et al. (2017). The full circularity
adoption is captured by implementing the diffusion of innovation at the distribution end,
and involvement of recycled-material supplier at the upstream end in terms of
collaboration in information-sharing, transparency in product returns and flexibility in
process scheduling vid different FBD rules in a reverse supply chain. To the best of our
knowledge, this is one of the first research studies to provide valuable insights for full
circularity adoption for sustainable operations management vid I&PP, AM set-up, FBD
rules, and transportation system of the reverse logistics.

We propose that the managers need to consider a load of
remanufacturing/recycling shop by considering the integration of the market aspect of
diffusion of innovation of green products to the operations management of the reverse
logistics system. Further, the present research supports the suggestion of Jakhar et al.
(2018) that the managers should look at the performance of the entire SC while
implementing lean practices including emissions of the alternate mode of transportation.

The environmental regulations in some industries pose an additional cost to the
organization. This is mainly relevant to those industries where the share of
environmental costs in total manufacturing cost is significantly higher (Wagner et al.,
2001). Economic benefits monotonously fall with the enhancement in environmental
performance (Wagner and Schaltegger, 2003). Along these lines, Luthra and Mangla
(2018b) have also pointed out that the economic aspect of the implementation of 14.0
should carefully be studied. The present study provides such leverage to a manager that
can extend the period of economic benefit by adopting a suitable information-sharing
strategy and scheduling policy. For instance, as seen in the RCYINF-MAS strategy, the
backorders are reduced due to the high value of end-user market capacity and thereby
reduces the value of the cost of total inventory (=887.4196). However, this performance
is achieved at the expense of a suitable promotional investment value.

In certain cases when the companies are not in the situation to establish
technological capabilities of 14.0 or might be uncertain about entering into reverse
logistics systems, especially in the early periods of their business, we propose that even
the information related to decentralized strategy also plays an important role. For
instance, from Figure 3, we find that given the low value of the end-user market
capacity at the initial stage; a low economic performance in the Decentralized-FCFAM
strategy is observed.

5.2. Limitations and future research directions

The results obtained in the present research are context-specific and deserve a more
detailed analysis in terms of parameterization and SC network structures for
generalization. From the social aspect, the present study contributes to exploring
consumers’ behavior by integrating 14.0 technology through a cloud-based ERP system
equipped with the Bass model algorithm.

The present study can be extended towards dealing with multiple suppliers
instead of one supplier (as considered in our case). However, dealing with multiple
suppliers would involve frequent orders from manufacturer resulting in high operational
costs. This is similar to the situation when the system is operating for information-based
MNFINF-MAS strategy in which we find that although the adoption of green products
are quick (Figure 4), the value of manufacturer’s ordering cost with recycled-material
supplier (=$630) is comparatively high for economic performance (Table B.1 of
Appendix B). Thus, the situation warrants the company to move all the suppliers to a
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cloud ERP as a common platform. This is consistent with Kenandy’s (Kenandy, 2019)
cloud-based open cyber-physical-social network (CPSS) platform that suggests a social
network vid interaction of cross-terminal applications of planning, scheduling, social
computing, etc., with the cyber-physical networks built under 14.0 environment (Jiang et
al., 2016).

The above-mentioned system of moving the several suppliers to a CPSS
platform will diminish the operational cost in the trade-off with the investments made
for promotions of green products (collection investment in our case). However, for the
increasing values of promotional cost, the operational cost might exceed due to a large
number of suppliers moving to the cloud-based system. This is the situation similar to
the high cost of the total inventory of the manufacturer in case of information-based
MNFINF-MAS strategy (=$29715.62) for economic performance (Table B.1 of
Appendix B). Therefore, in spite of the availability of CPSS-based 14.0 capabilities, the
manager should look at the “optimum” promotional investment that allows moving the
multiple suppliers to the cloud-based CPSS system as a common platform. This could
be an important future research work. Another issue for future work may involve the
environmental and economic performances considering the effect of disposal of returns.
The study concerning ripple effect (i.e. disturbance that spreads from upstream towards
downstream affecting SC output) for sustainable performances in reverse logistics could
be another interesting issue for future research.
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Appendix A

Notations
Consistent with Dev et al. (2019), the following notations for the indexes, variables and
parameters are used in our model.

Indexes

r recycled-material supplier

n new-raw-material supplier

m manufacturer

po Pondicherry port

pa Papavov, Gujrat port

EUM end-user market

M set of modes of transportation

Cost variables

h;, i € (r,n,m) cost of i for holding per unit

ki€ (r,n,m) cost of i per order for the set-up

pi, i € (r,n) price of procurement per unit from i for the manufacturer

C. cost of collection per unit

C;,i € (r,n,m) total cost of i

H;,i € (r,n,m) total cost of i for holding

K/,ie (m),j € (n) total cost of set-up of i ordered from j

K;, i € (n) total cost of set-up of i

ser,; cost for changing the set-up of family fj, where f; € (1&2)

S ef; Total set-up cost per period for changing from one family to the
other family of f;

0/,i € (m),j € (r,n) total cost of ordering of i ordered from j

0;,i € (r,n) total cost of ordering of i

P cost of production per unit

CZL © variable cost per unit to ship the commodities from terminal i to
jvia” mode m, € (M)

fi;.n" fixed cost per batch for shipping the commodities from terminal
itojvia’ mode m, € (M)

eir]r.l ° emission cost for transfering the commodities from terminal i to
J vid mode m, € (M)

Parameters

s, L € (r,n,m) re-order point of i

D = Expo(up) demand following an exponential process

L;,i € (r,n,m) lead times of i

L.] ,i € (m),j € (r,n) order quantity of i ordered to j

Q; i € (r,n) order quantity of i

S;, 1 € (r,n,m) order-up-to level of i

I;,i € (r,n,m) inventory on-hand of i

Xxti€e (r,nm position of inventory of 7 at time ¢

G;,i € (1) total investment made by i for green products
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me

X;; Number of products transported from terminal i to j vid mode
m, € (M)

yl.r;l" Number of batches unloaded for shipping the commodities
from terminal i to j vid mode m, € (M)

dg.l" distance covered from the terminal i to j by the mode m, € (M)

nglj" Number of commodities loaded on mode per shipment from
terminal i to j vid mode m, € (M)

t‘,rfl‘]’ waiting time of mode m, € (M) at the terminal for transporting

the commodities from i to j

Manufacturer’s Periodic review policy

Consistent with Dev et al. (2019), the policy is described by S’ and S'r. Here the value
of R based on Bass model represents order-up-to level of RCY supplier (i.e. S = R in
this case). The superscript ¢ represents the beginning of the period. Upon review in
period ¢,

if
Tt Xtr<Stm;
An order of size (S'm — (X'»+ X'y)) to NRM supplier and X', to the RCY supplier is
released by the manufacturer.
else
If
S'm<X'nt+ X< R;
An order of size X'-is released to RCY supplier by the manufacturer.

29



Appendix B

Table B.1: Environmental and Economic performances for two FBD rules under each information-sharing strategy

MAX(MAX (Dec., | MIN(MAX(Dec.,
DECENTRALIZED MNFINF RCYINF MNFINF, MNFINF, CHANGE
COL. () COL. (I COL. (III) RCYINF)) RCYINF))
COL. (IV) COL. (V)
Environmental performance MAS FCFAM MAS FCFAM MAS FCFAM
Procurement cost of manufacturer with recycled-material 232800 234800 68000 434100 617800 2641300 2641300 234800 10.2491
supplier(0};,)
Procurement cost of recycled-material supplier(QO,) 116550 118900 34000 217050 308900 1328800 1328800 118900 10.1757
Collection investment made by recycled-material supplier(G,) 336 336 425 425 62.5 1425 1425 42.5 32.5294
Emission cost (Ship) 582400000 416000000 832000000 2121600000 3328000000 3496000000 3496000000 582400000 5.0027
Total
environmental 582749686 416354036 832102042.5 2122251193 3328926763 3499971525 3499971525 582749686 5.0059
Cost
Economic performance
MIN(MIN (Dec., MAX(MIN
Manufacturer MNFINF, (Dec., MNFINF, CHANGE
RCYINF)) RCYINF))
Ordering cost with recycled supplier 420 630 630 400 420 415 400 420 -0.0476
Ordering cost with new-raw-material supplier 10 15 15 40 10 10 10 15 -0.3333
Holding cost 0 0 0 51.2861 422.7265 1516.5029 0 422.7265 -1.0000
Shortage cost 40357.0060 40243.4306 29070.6287 2528.1557 34.6932 48.8713 34.6932 40243.4306 -0.9991
Total inventory cost 40787.0061 40888.4306 29715.6287 3019.4418 887.4196 1990.3743 887.4196 40787.0061 -0.9782
Waiting cost of ship 5526.9117 2937.6319 3748.0831 1464.4815 1287.7783 1299.4244 1287.7783 2937.6319 -0.5616
Total Operational cost of Transportation 36814.0449 36162.1432 45618.6703 107047.6483 116693.5873 125931.2010 36162.1433 116693.5873 -0.6901
Recycled-material supplier
Ordering cost with CEUM 72 48 11 11 3 23 3 48 -0.9375
Set-up cost of machine (for MAS and FCFAM) 98 2477 11 8694 26 53130 11 98 -0.8877
Holding cost 0.4143 1.9501 0.0997 3.1692 0.7966 8.9537 0.0997 0.7966 -0.8747
Shortage cost 117.3135 43.4531 4464.9596 59.4826 139037.8053 54421175 43.4531 544.2117 -0.9201
New-raw-material supplier
Ordering cost 340 212.5 212.5 212.5 212.5 340 212.5 212.5 0
Holding cost 1.4995 1.16433464 6.599420586 0.127486669 0.002448189 0.00387305 0.00244819 1.499509604 -0.9983
Shortage cost 5711.5516 5869.8608 303.4382 7638.2132 236435.4037 78670.1904 303.4382 78670.1904 -0.9961
Total Economic 130425.2811 129651.4761 113881195 | 1312001729 | 4954820219 | 263953.0110
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Table B.2: ANOM and ANOVA of RCYINF-FCFAM, Decentralized-FCFAM, and
MNFINF-MAS strategies

ANOVA
Performance Information FBD ANOM Significant Error
Policy Strategy (Optimal Levels) Variance F-ratio
factor(s) 2 A
o2 (dB)
D 422756.30
Ns 1766.37
Nr 42.14
D1, Ns2, Nrl, Ntl, Nt 7366.88
Environment  RCYINF FCFAM Km1, Krl, Kn2, S.1, Km 0.00022 (dB)? 77.44
CEUM]1, IP1, CI2 Kr 34.88
Kn 167.51
Ser 133.42
Cl 22.59
D1, Nsl, Nr2, Nz2, CEUM 3325.29
Decentralized FCFAM Km2, Krl, Knl, S.1, » 0.9141(dB)* 21.54

CEUM], IP2, and CI2

Economic D1, Ns2, Nrl, Ntl,

MNFINF MAS Km2, Kr2, Knl, S..1, D 0.3579 (dB)? 150.55
CEUM]1, IP2, and CI

Table B.3: Results of additivity test for RCYINF-FCFAM, Decentralized-FCFAM, and
MNFINF-MAS strategies

0 Variance 2-Standard
(observed . . S
: ; H(predicted optimal) Predicted of deviation
Performance Information Policy FBD rule optimal) error Predicted confidence
error limit
Environment RCYINF FCFAM -192.8020 -192.8087 -0.0071 0.0002 +0.0304
Economic
Decentralized FCFAM -180.6100 -181.0666 0.4562 0.4113 +1.2827
MNFINF MAS -187.589 -188.2700 0.6813 0.1312 +0.7245
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