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ABSTRACT

As the world economy becomes more and more service oriented, services have taken great
interest in improving customer satisfaction, service modeling and design and important
components of service delivery. The service sector is expanding quickly worldwide, even
in developing nations like the BRICS (Brazil, Russia, India, China, and South Africa). As a
result, many estimates state that services would eventually dominate the global economy.

Across the globe, utilities are attempting to transform conventional power grids into
smart distributed power systems with great efforts to resolve the challenges that arise on the
way. In developing countries like India, Smart grid (SG) is emerging as a new facet of power
industry. It incorporates numerous advanced technologies to deal issues prevailing with
conventional electric networks. Though capable to resolve many of these issues, SG is still
facing challenges in deployment. The existing grid network is inadequate to accommodate
the upcoming needs of clean energy and distributed generation which may throw several
challenges in design, erection, operation, and maintenance. The services of the smart grid
are intended to improve grid observability, asset controllability, performance, and security

as well as financial elements of operations, maintenance, and planning.

The purpose of this study is to identify the factors related with service supply chain of
smart grid, identify the most significant service variable, and then analyze that variable in
depth in terms of integration with grid. This research provides the overview on the most
important operational component of Smart Grid i.e., Energy Storage System. Further, the
research will lay out the introduction on the factors that are pulling and pushing the utilities
to change the way they operate to improve the current services of SG. For this, various
qualitative as well as quantitative methods were employed to model and implement
framework for deployment of service-oriented supply chain of smart grid in Indian Context.
Therefore, this research aims to address these concerns related with services in Smart Grid

and bring out useful suggestions. To do so six studies are undertaken in this thesis,

Study 1 was to develop a conceptual framework for managing the implementation issues in
supply chain of power sector using Soft System Methodology (SSM). To highlight the
practical applicability of the proposed framework, a case illustration of an Indian transmission
grid system has been considered. This research establishes a mechanism to manage grid
integration problems by comparing established problems with their potential solutions. This
analysis helps to develop a conceptual model that suggests attaining the final delivery system



as an integration of ESS in the grid system. The battery energy storage system (BESS) would
enable the implementation of an effective and stable power supply. BESS helps to improve

the efficiency, flexibility, reliability, resiliency, and security of the power delivery system.

Study 2 develops a hierarchical model using TISM for smart grid supply chain variables to
understand their driving and dependence power in the electricity sector and MICMAC
method is used for categorizing the identified factors into four groups. The results specify
that energy storage plays as a central role which will enhance the operation of the smart grid
and has ability to provide application-specific energy services across different components
throughout the smart grid. This model will support policymakers in building rational
decisions in the smart grid system to improve performance of power grid through services
offered in its supply chain. Further, empirical analysis is used to analyze relationship among
different variable of service supply chain of smart grid to identify the most significant factor
among all service components classifies the factors of service supply chain of smart grid.
For this, Regression analysis is used to analyze relationship among different element of
service supply chain component of smart grid which is essential for integration in smart grid.
The results also reveal that, Distributed Energy Storage System/ BMS have most important
role in integration of smart grid services. Hence, findings of both TISM and Regression
analysis reveal that Energy storage is pinpointed as a key technological component that can
transform the current structure and operation of the power grid more efficiently.
Study 3 aims to acknowledge different barriers of battery integration and evaluate them to
develop approaches for restricting their influence Firstly, it identifies barriers of battery
integration with SG in Indian transmission power sector and develop a hierarchical framework
to establish inter-relationship among the significant barriers and chronologically assemble the
various issues from the greatest severe to the slightest severe. Here, A multi-model approach
(TISM +MICMAC +AHP) is used to illustrate how these challenges are interrelated by
systematically handling expert views and helps to chronologically assemble various issues
from the greatest severe to the slightest severe ones. Further, these barriers are grouped using
the cross-impact matrix multiplication applied to the classification analysis (MICMAC) study
grounded on their driving and dependence power. Also, hypothesis testing was done to validate
the obtained model. It provides a complete thoughtful on directional interrelationships between
the barriers and delivers the best possible solution for the active operation of the smart grid and

its performance.



Study 4 analyse the performance management of ESS, which can address the Technology-
centric Triple Bottom Line (TcTBL) framework concerning sustainability goals. Here,
portfolio of methodologies such as FAHP (Fuzzy Analytical Hierarchy Process), ERA
(Evidential Reasoning Algorithm), and EUT (Expected Utility Theory) is used. An ERA
synthesizes performance indicators (PIs) based on chosen parameters. EUT helps to obtain
accurate values of Pls for the total performance approximation. This study highlights ESSs'
competitive priorities and assists managers in identifying significant Pls that lead to higher
competitive performance in smart grid. Pls can also help decision-makers classify an ideal
solution between different alternative technologies, which offers maximum sustainability
performance. The model's sensitivity analysis gives accurate conclusions and knowledge of the
model's results' robustness. This objective brings out a systematic decision support system for
decision-makers to conduct the evaluation process and select the best performance indicator

for determining ESS.

Study 5 enhances the understanding of ESS adoption and its success rate in grid utility. This
study addresses the concerns regarding which factors are essential for ESS adoption in smart
grid and how they impact the adoption rate. This study describes empirical testing of a
structural model based on the TOE (Technology-Organization-Environment) theory. Here,
confirmatory factor analysis (CFA) and structural equation modeling (SEM) techniques were
used to test the research model's validity, reliability, and model fitness based on relevant
responses obtained from a questionnaire survey. This model illustrates how these factors can
influence the power industry positively or negatively through statistical analysis. The results
indicate that for adopting ESS in a grid, knowledge about available energy storage technologies
is crucial, followed by cost competition, perceived benefits of innovation, environmental
awareness, the public attitude towards ESS technology, perceived social trust, and perceived
risk. Moreover, the findings of this study have important implications for energy policymakers,

utility companies and have consequences for managerial practice and policymaking

Study 6 aims to investigate and evaluate the current state of energy storage system
implementation within the grid in the Indian context. Analyzing the current state of the power
industry is critical for facilitating a seamless transition to ESS. This research addresses the
following research objectives: (1) To develop an analysis framework for Energy Storage

implementation in the Power Grid in the Indian context based on the SAP-LAP approach.



(2) To prioritize the actors' rank and actions with various dominance measures. To
accomplish this objective, the SAP-LAP model was presented, built on six fundamental
elements to understand each variable that affects ESS implementation in the grid. These
elements include SAP i.e. (Situation, Actor and Process) and LAP i.e. (Learning, Action,
Performance). The sub-elements of SAP-LAP were based on the input of many stakeholders
and from an intensive literature review. Furthermore, the e-IRP analysis is used to find the
interrelationships among ‘the actors concerning processes and the actions concerning

performance.

Synthesis of these six studies brings out some important contribution that include:

» Energy storage is pinpointed as a key technological component that can transform the
current structure and operation of the power grid.

« This research gives possible ways to run the future smart grid supply chain in an
efficient secure and reliable manner.

» This research explains how a unified battery management system is an important part
in building a smart grid environment and discussed the role of ESS in service
management layer of proposed approach.

« We conclude that ESS/ BMS will handle the complexity and size of smart grid.

« This study gives an insight into the current energy scenarios of India, potential,
initiatives, and policy regulation, including the potentialities of renewable energy

sources to achieve sustainability in energy to meet the sustainable development goals.

Vi
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KAT Knowledge or Awareness about ESS technology
LCSA Life Cycle Sustainability Assessment
MCDM Multi Criteria Decision Making

MICMAC  Cross-impact matrix multiplication applied to the classification analysis

MNRE Ministry of New and Renewable Energy

MoP Ministry of Power

NFI Non-Normed Fit Index

NIST National Institute of Standards and Technology
NREL National Renewable Energy Laboratory
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OR Operation Research

PAT Public Attitude towards technology
PBI Perceived Benefits of innovation

Pls Performance Indicators

PR Perceived risk/ Competitive Pressure
PST Perceived Social Trust

PV Photovoltaic

RD&D Research, Development, and Demonstration
RE Renewable Energy

REG Renewable Energy Generation
RERs Renewable Energy Resources

RES Renewable Energy Source

RI Random index

RMSEA Root Mean Square Error of Approximation
ROI Return on Investment
RTO Regional Transmission Organization

SAP-LAP  (Situation, Actor, Process and Learning, Action, Performance)

SC Substation Controller

SCM Supply Chain Management

SECI Solar Energy Corporation of India
SEM Structural Equation Modelling
SG Smart Grid

SLR Systematic literature review

SM Smart Meters

SSC Service Supply Chain

SSCM Service Supply Chain Management
SSM Soft System Methodology

TAM Technology Acceptance Model

TBL Triple Bottom Line

XXV



TcTBL
TD
TEN
TGS
TISM
TLI
TOE
TSOs
usS
VIF
VRE

Technology-centric Triple Bottom Line (TcTBL) framework
Transitive dominance

Triangular Fuzzy Number

Transmission Grid system

Total Interpretive Structural Modeling

Tuker -Lewis Index

Technological Organizational Environmental

Transmission system operators

United States

Variance inflation factor

Variable Renewable Energy

XXVi



