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ABSTRACT

Digitization and automation of manufacturing process is the need of today’s industry. The
manufacturing industries have changed the landscape from mass production to customized
production. The rapid advancements in information technology have paved the way towards
data-driven, intelligent, and networked manufacturing systems. Thus, there is a need for a
paradigm shift in manufacturing industries to revamp traditional production to smart
production. In this context, Industry 4.0 is assumed to be the future industrial production
supported with flexible and agile manufacturing operations. This thesis aims to study Industry
4.0 and its implementation in the manufacturing sector. However, establishing an Industry 4.0
facility with 10T embedded systems in manufacturing industries is still unexplored. Therefore,
the thesis provides the qualitative and quantitative models of Industry 4.0 to reap the tangible

benefits and adapt to the volatile market demand and customer requirements in real-time.

The qualitative study is carried out to identify and analyze the inter-relationship among various
factors critical to the successful implementation of Industry 4.0. For this purpose, twenty 10T
factors for Industry 4.0 have been identified from the literature and subsequent discussion with
industry experts. Two different multi-criteria decision-making techniques (MCDM), namely,
ISM and DEMATEL in three variants (Average, Pessimistic, and Optimistic), have been
employed to identify driving l0oT enablers and establish the contextual relationship among the

10T enablers.

The thesis also identifies and examines the cause-effect relationship among different important
factors for integrating circular economy (CE) and Industry 4.0. Towards this objective, twenty-
six enabling factors and fifteen inhibitors have been selected from literature and subsequent
discussion with experts from the industry. DEMATEL technique is applied in three variants,
i.e., Average, Pessimistic, and Optimistic, to study the cause-effect relationship among the

enablers and barriers. Further, ISM has also been utilized to distinguish the hierarchical



relationship among the inhibitors to achieving sustainable CE while implementing Industry
4.0. Further, common enablers/inhibitors from three variants of DEMATEL and ISM, their

hierarchies, and inter-relationships have been established.

After qualitative modeling, the thesis also proposes few quantitative models for Industry 4.0.
The proposed models consider the three machine variants, i.e., high precision, medium
precision, and low precision machines for multi-product in a multi-time period, which is the
novelty of the study. Besides this, the model presents the trade-off between the machine
processing costs and energy consumption of the machines through product machine allocation
in Industry 4.0 ecosystem. The model also includes the machine costs, sensors cost comprising
unit cost, installation cost, calibration, and maintenance cost of sensors, and second is the
transportation cost of the multi-products. The sensors were deployed in Industry 4.0
manufacturing environment to provide real-time production data, which is further used for
predictive or cognitive analytics. The proposed model optimizes the energy consumption
ethically through product-machine allocation in Industry 4.0 environment to achieve CE and
cleaner production at different plant locations. It optimizes the overall cost considering the cost
of high precision, medium precision, and low precision machines, the cost of sensors deployed
over the entire planning horizon, and the transportation cost of multi-products from the
warehouses to different markets. The thesis provides a novel attempt considering multi-
machines, plants, warehouses, multi-products, markets, and multi-time periods to reduce the

energy consumption of machines in terms of data transmission over a period of time.

The thesis further attempts to extend the proposed model for Industry 4.0 to include reverse
logistics (RL). The proposed model has considered the remanufacturing and disposal facilities
to achieve the integrated CE-RL in Industry 4.0. The model is also analyzed to investigate the
effect of the product's return rates and disposal rates on the total cost. This significant
contribution makes the study unique, which is relevant from the viewpoint of manufacturing
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industry practitioners optimizing the cost in producing the high-end products and also monitors

the end-of-life (EoL) of the product in real-time.

This thesis further proposes the cyber-physical fusion architecture integrated with disruptive
technologies to be implemented in the manufacturing industry. The cyber-physical fusion
architecture better manages the physical and virtual world operation collaboratively,
effectively, and efficiently. It has paved the way for optimizing the manufacturing process,
logistics, supply chain, and customized products. Achieving cyber-physical fusion requires
higher semantic interoperability, interfacing, and networking capabilities for improved
productivity and real-time optimization. This fusion provides an innovative, dynamic supply
chain that can control the real-time device manipulations, real-time status, and information
view of the complex system. The thesis has also proposed six-leveled architecture which meets
all currently identified CPS requirements and characteristics and includes customization
features in Industry 4.0 5C architecture. The conceptual framework for Container Supply Chain
(CSC) aligned with the cyber-physical fusion architecture of Industry 4.0 has been proposed.

It has also developed recent CSC advances, including smart analytics, 10T, and big data.

Lastly, the thesis is concluded by summarizing all chapters and providing significant

contributions and recommendations for future research.

Keywords Industry 4.0, sustainable production and consumption, circular economy, reverse

logistics, energy consumption, cyber-physical fusion, 10T, MILP, DEMATEL, PCA, ISM.
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