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ABSTRACT

The emergence of smart grids in India is propelled by an intricate interaction of market dynamics, regulatory
structures, and stakeholder obligations. This study analyzes the primary factors that are driving the widespread
use of smart grid technologies and outlines the specific roles and obligations of different stakeholders, such as gov-
ernment entities, utility companies, technology suppliers, and consumers. Government activities and regulations
are crucial in facilitating the implementation of smart grid technology by offering financial incentives, regulatory
assistance, and strategic guidance. Utility firms have the responsibility of implementing and integrating smart grid
infrastructure, with an emphasis on improving the dependability of the grid, minimizing losses in transmission
and distribution, and integrating renewable energy sources. Technology companies offer the essential hardware
and software solutions, which stimulate creativity and enhance efficiency. Consumers actively engage in the energy
ecosystem by participating in demand response, implementing energy saving measures, and adopting distributed
energy resources like solar panels and electric vehicles. This study examines the difficulties and possibilities in
India’s smart grid industry, highlighting the importance of cooperation among stakeholders to build a strong,
effective, and environmentally friendly energy future.
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Nomenclature

SG Smart grid
DG Distributed generation
ICT Information and Comm. Technology
EV Electric vehicle
DISCOMs Distributed Company
PGCIL Power Grid Corp. of India Ltd.
MNRE Ministry of new and renewable energy
SGT Smart grid technology
GSFG Global smart grid federation
MOP Ministry of power
SGCC Smart grid consumer collaborative
DSM Demand side management
EV Electric vehicle
NPV Net present value
PMU Phasor measurement value
PSC Public sector comparator
RTP Real time pricing
TSO Transmission system operator
IEM Internal energy market
PHEV Plug in electric vehicle
PPP Public private partnership
WAMS Wide area monitoring system
NGO Non-government organization
BEE Bureau of energy efficiency
NEF National electricity fund
APERC Andhra Pradesh Electricity Regulatory Commission
MG Micro grid
DR Demand response
GOI Government of India
GPS Global positioning syst
OA Open access
RTS Rooftop solar
PLCC Power line carrier communication
AMI Advanced metering technology
CPP Critical peak pricing
GOI Govt of India
CEA Central electricity authority
ToU Time of use
PPA Power purchase agreement
SERC State Electricity Regulatory Commission
SIPS System integrated protection scheme
STU State transmission utility
OMS Outage Management System
AMI Advanced Metering Infrastructure
PLMS Peak Load Management System
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RE Renewable Energy
DRUM Distribution Reform, Upgrades, and Management
HEMS Home Energy Management System
DISCOM Distribution Company
R-APD&RP Restructured Accelerated Power development and Reforms Program

1 Introduction

The stakeholders in the smart energy and smart grid (SG) [1] business are identified and their
respective aims and tasks are defined. The discourse revolves around the regulatory framework,
including both current and potential future regulatory alterations. The text outlines the framework for
examining company and service models, and introduces the concepts of value chain, value network,
and value creation principles. These studies encompass the depiction of potential businesses and
services, principles for capturing value, principles for investment and pricing, and an examination
of potential advantages and hazards linked to new businesses and services.

The vision for a ‘SG Vision for India’ aims to transform the power landscape in the country into
a secure, adaptable, sustainable, and digitally empowered environment. This vision strives to provide
reliable and high-quality power to all, aligning with the dynamic needs of stakeholders. Recognizing
the increasing significance of SG technologies in the Indian energy sector [2], the India Government,
based on recommendations from the India SG Task Force, has identified fourteen SG pilot projects
for implementation in the power distribution sector.

In accordance with the ‘SG Roadmap for India,’ these pilot initiatives are anticipated to serve as
technology test beds, establishing business cases, formulating policies, and offering regulatory recom-
mendations for larger-scale projects in subsequent phases. Simultaneously, these pilots aim to showcase
the applicability of SG across various aspects, including Advanced Metering Infrastructure (AMI),
Peak Load Management System (PLMS), Outage Management System (OMS), RE Integration, and
more [3].

The anticipated cost for these pilot projects is approximately around US$ 10 million. Fifty percent
of this funding is expected to be provided by the Indian Government through the Restructured
Accelerated Power development and Reforms Program (R-APD&RP). The remaining funds will be
managed either by the utility undertaking the project or shared between the utility and its technology
providers. This initiative underscores the commitment to leveraging SG technologies to enhance the
efficiency, reliability, and sustainability of India’s power distribution infrastructure. Evaluating a coun-
try’s power system security requires assessing its capacity to endure contingency events without causing
disruptions to normal operational conditions. Contingency occurrences are commonly defined by the
magnitude of power flow on each transmission line and the voltage level at each electrical bus. An
effective method for assessing the influence of a contingency event on a power system is to replicate
the scenario using a power flow analysis. Due to the extensive amount of contingency events that
need to be analyzed, it is not feasible to model each case in depth utilizing a complete AC power flow
analysis. The commonly embraced method entails tackling the problem through two distinct stages:
contingency selection and contingency analysis. Contingency selection involves the use of a quick
screening technique to determine the most crucial contingency occurrences or to prioritize all instances
according to their severity. The distribution factors technique is a frequently employed method for
doing contingency screening. Real-time contingency ranking often relies on distribution variables for
their quick assessment and storage, enabling speedy analysis. Contingency analysis is then conducted
on the possibly important cases.
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The advancement of intelligent power distribution networks in India is propelled by an intricate
interaction of market dynamics, regulatory structures, and stakeholder obligations. This article
analyzes the primary factors that are driving the widespread use of smart grid technologies and outlines
the specific roles and duties of different stakeholders, such as government entities, utility corporations,
technology suppliers, and consumers. Energy Storage Systems (ESS) are essential in the smart grid
environment as they play a crucial role in maintaining a balance between the supply and demand of
energy, improving the stability of the grid, and enabling the seamless integration of renewable energy
sources [1,4]. Energy Storage Systems (ESS) mitigate variations in energy supply by storing surplus
energy produced during periods of low demand and subsequently releasing it during peak periods.
This process reduces dependence on fossil fuel-powered peaking power plants and enhances the
overall efficiency of the grid. This study examines the difficulties and possibilities in India’s smart grid
industry, highlighting the importance of cooperation among stakeholders to build a strong, efficient,
and environmentally friendly energy future [5].

Contemporary literature on the energy market in India emphasizes various significant changes
and advancements that are influencing the industry [6,7]. The prevailing focus is on the incorporation
of renewable energy sources, particularly solar and wind power, into the energy composition. Research
highlights the growing proportion of these sources in the energy mix, as well as the difficulties related
to integrating them into the power system and ensuring its stability. Scientists have investigated
how regulatory reforms might help facilitate market transitions, specifically examining the effects of
legislation like the Electricity (Amendment) Bill 2020 [8]. This bill is designed to improve competition
and give consumers more options. Another area of focus is the implementation of sophisticated
metering infrastructure and smart grid technologies, which have been studied for their potential to
enhance energy efficiency, minimize losses, and enable users to regulate their energy usage in real-
time. Furthermore, there is an increasing amount of research on the economic feasibility and long-
term viability of distribution businesses (DISCOMs), examining elements such as pricing models,
government financial assistance, and the execution of UDAY (Ujwal DISCOM Assurance Yojana)
reforms. Research also emphasizes the significance of energy storage systems and demand response
programs in maximizing energy utilization and incorporating intermittent renewable sources [9,10]. In
general, contemporary research emphasizes the complex and diverse characteristics of India’s power
industry [11], which are influenced by improvements in technology, changes in regulations, and the
pressing want for sustainable and dependable energy solutions.

This research presents a comprehensive approach that examines the interaction among various
energy stakeholders [12]. Further it discusses advancements in energy consumption, RE sources,
crowd energy, and SGTs, along with the benefits and challenges connected with their implementation.
The paper analyzes the complex system, including both the positive and negative impact of the
stakeholders. The framework [13] is mostly presented in the context of India, although it is also
applicable to other locations. A communication plan include public awareness campaigns, social
advertising, and customer education to actively advocate for the use of SGTs.

2 Smart Grid Market Drivers

As per the Ministry of Power (MOP), India experiences one of the highest rates of transmission
and distribution losses globally, with an average of 26 percent of total power generation and reaching
as high as 62 percent in specific locations. These calamities specifically exclude non-technical losses
like theft. If these losses are taken into account, the average losses can reach up to 50 percent.
India experiences financial losses for each unit of power sold because to its very vulnerable electrical
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infrastructure, which is considered one of the most delicate in the world. Certain deficiencies in the
Indian electricity grid include a poorly designed distribution network, excessive load on the system
components, inadequate reactive power support and regulation services, low efficiency in metering,
and poor bill collection.

Several crucial factors are propelling the growth of the SG industry (Fig. 1), which is reshaping the
future of the electrical sector. One of the main factors behind this is the growing necessity to update and
enhance the efficiency and dependability of outdated grid infrastructure. SGTs provide the real-time
monitoring, control, and optimization of electricity flow, resulting in enhanced energy distribution
efficiency and decreased wastage. Another factor contributing to this trend is the increasing incorpo-
ration of RE sources, such as solar and wind, into the power system. SGs aid in the management of the
variability and unpredictability of these energy sources, guaranteeing a steady and dependable power
provision. Moreover, the increasing requirement for electricity, particularly in emerging nations, is
propelling the necessity for more effective and environmentally friendly energy alternatives, thereby
intensifying the expansion of the SG industry. Regulatory assistance and government efforts play
a crucial role in promoting the adoption of SGs. They offer incentives and cash to utilities and
grid operators, encouraging them to invest in SGTs. In general, these factors are promoting the use
of SGT on a global scale, revolutionizing the power industry and preparing the path for a more
environmentally friendly and effective energy future.

Figure 1: Factors for successful SG industry
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By integrating SGTs with RE will result in economic benefits, such as improved reliability and
reduced emissions, leading to better public health [14]. Additionally, there will be long-term gains in
both the economy and the environment due to the use of low-carbon electricity [15]. The adoption of
RE sources reduces a nation’s reliance on imported fossil fuels, resulting in a substantial decrease in
import quantities. This, in turn, enhances a country’s energy security and self-sufficiency. Additionally,
the placement of the SGTs offers the potential for more efficient energy utilization within a country
[16]. This is particularly crucial considering recent developments where oil prices have been utilized
as a political tool, leading to instability. The integration of RE with SGT presents a compelling
case for establishing a dependable network in the event of potential grid outages. Customers can
lower their energy expenses by implementing sophisticated energy management techniques [17], such
as consuming energy during non-peak hours, utilizing energy-efficient equipment, selling surplus
generated energy, and opting for low-carbon energy sources.

2.1 Challenges in the Deployment of SGTs
The collaboration and coordination among various stakeholders (such as end-users, suppliers,

and providers) is intricate due to the ongoing advancements in technology (Fig. 2). Comprehending
and conveying the worth of deploying SGTs to each participant in the electrical supply chain can
be challenging due to the substantial upfront expenses involved, coupled with the unpredictable
outcomes it offers [18]. This is further exacerbated by the lack of an appropriate incentive system that
aligns economic and regulatory policies with environmental objectives and encourages the efficient
use of energy. The recognition of the positive effects of deploying SGTs, such as the generation of
new employment opportunities and the promotion of highly skilled workers, is currently lacking
[19]. Simultaneously, the absence of expertise, along with uncertainty over cost and performance, as
well as non-technical concerns like data protection, provide further obstacles in effectively utilizing
technologies [20].

2.2 Indian Government Initiatives Towards a Smart Grid
In 2010, the GOI established the India SG Task Force as a cross-departmental team that is

going to function as the central coordinating body for the government. The collaboration consists
of professionals from multiple government agencies and is largely focused on comprehending and
advocating for regulations related to SGTs [21,22].

The primary functions of the India SG Task Force are guaranteeing cognizance, synchronization,
as well as amalgamation of varied operations pertaining to SGTs. Additionally, it supports the
implementation of methods and services for the advancement of intelligent power grids, facilitates
and integrates other pertinent activities amongst governments, cooperates on a framework for
compatibility and connectivity, and evaluates and endorses suggestions from the India Smart Grid
Forum [23].

2.2.1 India Smart Grid Forum (ISGF)

ISGF, established in 2010, is described by the GOI as a voluntary alliance of public and
commercial participants operating on a not-for-profit framework within the primary objective of
expediting the development of SGTs in the Indian energy sector [24]. ISGF has essential roles and
responsibilities inside the organization.
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Increase in Electricity demand & supply shortfall

Increasing electricity demand especially during peak
hours is the main reason for the growth management

and ensuring supply is a major driver.

Loss Reduction

Losses are around 32% of installed generating capacity.Implementation of
Smartgrid is the biggest drive for reducing losses.

Increase in unit cost of electricity
With the increase in unit cost of electricity,there is an urgency to renovate

the aging transmission and distribution infrastructure

Managing human element
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Reliability
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performance avoiding any failure

Efficiency
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Renewable energy integration
Integration of Renewable energy
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Grid improvement
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on transmission system.Smartgrid is going to

improve grid resilience and robustness

Technological advances
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affect the overall scenario of power system.

Figure 2: Different challenges of SG

The primary goal of the ISGF is to facilitate the implementation of Intelligent Grid technologies
in India’s power sector in an effective, economical, inventive, and adaptive method [25]. This is
achieved by bringing together all key stakeholders and promoting the adoption of cutting-edge
technologies [26].

The ISGF will facilitate and assist prominent international and Indian organizations in adopting
global best practices whenever feasible or beneficial and will highlight any deficiencies in these
practices from an Indian perspective (Fig. 3).

2.2.2 Distribution Reform, Upgrades, and Management (DRUM)

Contingencies that lead to power system failures are significant difficulties in power system
operation [27]. While these occurrences are rare, they have the potential to escalate into widespread
blackouts. Shoppers often have a limited level of understanding regarding the transmission of power
to their houses. Prior to implementing SG concepts, it is important to educate consumers about the
definition of a SG, its contribution to a low carbon economy [28], and the advantages that customers
can derive from the SGs. Customers should be informed about the energy consumption patterns in
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their homes and workplaces. Policy makers and regulators should have a clear understanding of the
future potential of SGs [29]. Utilities should give greater importance to the complete functionality and
capacities of SGs, rather than solely focusing on the installation of smart meters.

Ministry of Power/Govt of India

India SmartGrid Task Force

India SmartGrid Forum

International Agencies Industry/Academia/Research Bodies

Other Govt Entities Bureau of Indian Standards

Figure 3: Information flow and hierarchy diagram of the India SG task force and the ISGF

The main objective of the DRUM Project is to observe economically feasible power delivery
networks which deliver dependable power of adequate quality to users. In addition, the project’s
objective is to create a business network and a replicable procedure supported by India’s financial
institutions to offer non-recourse finance for DRUM activities and projects.

2.3 Re-Structured Accelerated Power Development and Reforms Program
The MOP, under the GOI, has initiated the R-APD&RP as part of its efforts to reform the

power sector. This program has been launched within the framework of the five-year plan [30,31]. The
initiative principally aims to decrease AT&C losses, implement dependable and automated sustainable
methods for gathering standardized data, incorporate information technology in power accounting
and consumer service, and enhances the delivery network of state power utilities. The plan will be
executed in two phases. Part-A will include the efforts to build standardized data and IT solutions for
energy bookkeeping/assessment, as well as IT-based customer support centres. Part-B will consist of
traditional workouts designed to enhance blood flow.

The power-system security of a country is evaluated by its capacity to withstand potential incidents
without causing harm to normal operations [32]. The parameters to be evaluated are typically the
magnitude of the current flow through each branch as well as the voltage level on each transmission
line. An effective method to evaluate the influence of a hypothetical circumstance on a power system
is to model the scenario using a power flow analysis [33]. Due to the vast number of potential
scenarios that need to be analysed, it is not practical to replicate each situation in its entirety
using a comprehensive AC configuration. The widely recognized approach involves addressing the
problem through two distinct stages: possibility selection and possibility analysis. During the process
of possibility determination, a rapid screening technique is utilized to select the most extreme potential
scenarios or to prioritize all the scenarios based on their levels of severity. During the process of



EE, 2025, vol.122, no.1 109

possibility examination, specific power flow analyses are only conducted on the potential fundamental
scenarios. Possibility screening is conducted using a distribution factors-based approach.

Transportation variables are commonly used consistently for placement due to the rapidity with
which this assessment may be conducted after these factors have been evaluated as well as stored.
Following this is a subsequent analysis, conducted on its potentially crucial instances. Static security
is a fundamental component of power system security. Static security refers to the network’s ability
to return to a specified secure state after a scenario. To address the security assessment issue, it is
customary to first do a static security analysis, followed by a comprehensive security review. The static
security evaluation evaluates the steady state condition of the system, disregarding transient behaviour
and other time-dependent variations caused by changes in load generation conditions. On the other
hand, the dynamic security assessment evaluates the temporal transition from the precontingent state
to the post unanticipated state. Most Energy Management Systems mostly conduct static security
analysis.

2.4 Smart Grid and Integration of Renewable Energy Sources
Sustainable power source assets vary significantly in terms of kind and flexibility. They employ

biomass, waste, geothermal, hydro, sun, and wind as energy sources. Utilizing sustainable power
source assets for autonomous or isolated power generation is beneficial, but their advantages are
further amplified when they are incorporated into larger electric power grids [34]. By increasing the
use of SGTs, it is possible to accommodate higher levels and rates of penetration [35]. Each item
varies in its perspective from the grid, and some are more easily integrated than others [8,36]. The
utilization of variable age, sourced from diverse RE sources, might present a difficulty to the operations
of the electric grid. However, when integrated with intelligent grid strategies, responsive distributed
generation can also provide benefits for grid operations by alleviating strain on the system [37,38].

As per the MOP, India experiences significant transmission and distribution losses, which are
among the greatest globally. On average, these losses account for 26 percent of the total power
production, and in certain places, they can reach as high as 62 percent. These calamities specifically
exclude non-technical losses like theft. If these losses are taken into account, the average losses can
reach up to 50 percent. India experiences financial losses for each unit of electricity sold due to its very
vulnerable power infrastructure, which is considered one of the most frail in the world.

Few of the specific flaws in the Indian power grid include a poorly designed distribution network,
excessive load on the system components, a lack of reactive power support and regulation services, low
metering efficiency, and poor bill collection [39,40].

India is rapidly embracing RE sources [41] such as wind and solar electricity. India’s abundant
solar potential is evident from its annual average of 300 sunny days, making it a highly promising source
of energy. The legislature is offering subsidies for several solar applications as a means of encouraging
solar power generation. In addition, they have established a goal for solar energy to account for 7
percent of India’s overall electricity generation by 2022. Given India’s lofty aspirations, solar energy
will have a pivotal role in moulding the future of the country’s electricity sector.

An inherent limitation of sustainable assets is their intermittent availability. For instance, solar
energy can only be used during daylight hours, whereas wind energy requires precise windy conditions.
Furthermore, these variables are beyond human control. Due to the use of non-traditional energy
sources for the grid, it is essential to develop a grid that can easily adjust to changes in market demand.
India has significant potential for the development of SGs, as a dependable electricity supply is an
essential infrastructural need for comprehensive progress [42].
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Electric vehicles (EVs) and heat pumps greatly improve the efficient energy management of smart
grids by offering essential demand-side flexibility and facilitating the incorporation of renewable
energy sources [43]. Electric vehicles (EVs), with Vehicle-to-Grid (V2G) technology, have the capability
to release stored energy back into the power grid when demand is highest [44]. This allows them to
function as portable energy storage devices and contribute to the stability of the grid [45]. In addition,
they engage in demand response initiatives by modifying their charging schedules in response to grid
signals, thereby diminishing peak load and achieving equilibrium between supply and demand. Heat
pumps also help by adjusting their operation to times when electricity demand is low or renewable
energy output is high, thereby decreasing the strain on the power grid during peak load periods. When
combined with thermal storage, heat pumps have the ability to store surplus heat or cold. This stored
energy can then be utilized during times of high demand to reduce the strain on the power system.
Electric vehicles (EVs) and heat pumps have the capability to offer ancillary services, such as frequency
regulation and voltage support, which contribute to grid stability and enhance power quality [46].
Collectively, these technologies enable a more robust, effective, and environmentally-friendly energy
system [47].

2.5 General View of the Smart Grid Market Drivers
To improve the efficiency of the power system and increase productivity and reliability, it is

necessary for the SG to integrate digital technologies further (Table 1). This is supported by several
market drivers and upcoming opportunities [48]. In the restructured state, the electric utility industry
has been deregulated, allowing for the creation of a market that operates within regulatory boundaries
and responds to the regular and daily changes in demand [49]. Profound financial markets:

1. Augment the transmission of electricity between the regions, that exacerbate the current aging
power network and necessitate updated, real-time regulations.

2. Address the issue of grid congestion, enhance client collaboration, as well as reduce investment
risk. This necessitates enhancing the grid’s capacity to handle requests reliably.

3. Efficiently incorporate RE systems and distributed generation. The substantial rise in the
incorporation of cost-competitive distributed generating technologies has a direct effect on the power
system. Stakeholders, along with framework administrators and policy-makers, are actively partici-
pating in the advancement of the SG [50]. Their specific commitments and theoretical understanding
of the views to be adopted have been discussed below.

Table 1: Drivers for SG

Drivers for SG for different stakeholders

Utilities Customer Government and regulators

Reduction in T&D losses Expand access to electricity and
emergence of “prosumer”

Satisfied customer

Peak load management and
increasing visibility

Improvement of reliability
supply and increased choices

Financially sound utilities

Reduction in power purchase cost Beneficial tariff and improved
quality of supply

Tariff neutral system
upgrade and modernization

RE integration User friendly and transparent
interface with utilities

Reduction in emission
intensity
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3 Stakeholders and Regulatory Environment
3.1 Stakeholders

Stakeholders in the power supply chain encompass several entities, including government agencies,
regulatory bodies, utilities, energy providers, technology vendors, customers, and environmental
organizations [51,52]. Every stakeholder has a distinct function in influencing the energy industry,
where government agencies and regulatory bodies establish rules, laws, and standards to guarantee
the dependability, affordability, and sustainability of electricity provision [53]. Utilities and energy
suppliers have the responsibility of producing, transmitting, and distributing electricity, while technol-
ogy vendors supply the essential tools and solutions for updating the grid and enhancing efficiency.
Consumers, including both residential and industrial users, have a significant impact on the demand
patterns and behaviour of energy use [54,55]. Environmental organizations promote the adoption
of sustainable practices and the integration of RE. Efficient cooperation and involvement among
these parties are crucial for guaranteeing a dependable, durable, and environmentally-friendly power
distribution network.

3.1.1 Traditional Electricity Stakeholders

The traditional players in the electrical industry consist of generation corporations, transmission
system operators, distribution utilities, and regulatory organizations [56]. Generation businesses have
the responsibility of creating power using a variety of sources, including coal, natural gas, hydro, and
RE sources. Transmission system operators oversee the high-voltage transmission network to guaran-
tee the dependable and effective transportation of electricity across large distances [57]. Distribution
utilities have the responsibility of supplying power to end consumers, maintaining the low-voltage
distribution network, and managing billing and customer support. Regulatory agencies supervise
the electrical sector, establishing prices, laws, and standards to guarantee equitable competition,
dependable service, and consumer safeguarding. These stakeholders have been crucial in the power
industry for many years. However, with the introduction of SGT and the changing energy landscape,
their responsibilities are adapting to address the future problems and opportunities.

The power supply chain can be categorized into multiple essential stages (Sanderson). The process
commences with primary fuel sources, encompassing coal, natural gas, nuclear, hydropower, and RE
sources like wind and solar. These principal fuel sources are utilized to produce electricity in power
plants [58].

The subsequent phase entails the production of electricity in power plants. Subsequently, this
electrical power is exchanged with suppliers, who subsequently transfer it to transmission networks.
The transmission network is tasked with conveying electricity across extended distances, typically
at elevated voltages, to regional distribution networks. Subsequently, the distribution network trans-
ports power to final customers, encompassing residential dwellings, commercial establishments, and
industrial facilities. In this stage, transformers are employed to decrease voltage levels to ensure
safe utilization within buildings. Ultimately, the supply stage encompasses the process of invoicing
customers for their electricity consumption and delivering customer support [59].

3.1.2 Business Stakeholders

Business stakeholders in the electrical supply chain encompass a wide array of companies engaged
in the production, transmission, distribution, and provision of electricity (Fig. 4). Generation firms
have the responsibility of creating electricity using a variety of sources, including coal, natural gas,
nuclear power, hydroelectric power, and renewable sources such as wind and solar energy. Transmission
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system operators oversee the high-voltage transmission network, assuring the dependable and effective
transportation of power across large distances. Distribution utilities have the responsibility of supply-
ing energy directly to end users. They are also in charge of maintaining the low-voltage distribution
network and performing tasks related to invoicing and customer care. Energy providers and retailers
acquire power from generators or wholesale markets and distribute it to end users, providing a range of
price options and services. Technology providers offer utilities and other stakeholder’s equipment [60],
software, and services to update their infrastructure, enhance efficiency, and incorporate RE sources.
Financial institutions offer financing and investment prospects for the development of infrastructure
and energy projects. Consumers, including both residential and industrial users, play a crucial role
in the electrical supply chain [61]. They have the power to shape demand patterns and affect energy
consumption behaviour through their choices and actions. These commercial stakeholders collaborate
to guarantee the dependable, cost-effective, and enduring provision of energy to fulfil the requirements
of society.

SUPPLY DISTRIBUTION TRANSMISSION GENERATION PRIMARY
FUEL

Industrial electricity supply chain(Sanderson,1999)

Figure 4: Electricity supply chain

3.1.3 Non Business Stakeholders

Non-business stakeholders in the energy supply chain have significant influence over the develop-
ment of laws, regulations, and practices that govern the sector. Regulators and politicians determine
the parameters for the power business, defining regulations pertaining to pricing, competition, and
environmental standards. Their role is to oversee the operations of utilities and energy suppliers,
ensuring that they act in the best interest of the public. They also work towards fostering fair
competition, protecting consumers, and ensuring environmental sustainability. Research institutes
play a crucial role in advancing knowledge and technology in the electrical sector. They undertake
studies and develop innovations that enhance the efficiency and sustainability of electricity generation,
transmission, and distribution. Lobbyists and non-governmental organizations (NGOs) promote
certain causes, such as the integration of RE, energy efficiency, or consumer rights, by influencing
decision-makers and increasing awareness about important matters in the electricity sector [62]. These
non-business stakeholders have a significant impact on the development of the power supply chain,
making sure it meets societal demands and tackles environmental and economic obstacles [63].

Collaboration among the stakeholders involved leads to synergy and generates significant advan-
tages for the system and each party involved [64]. These benefits include enhanced independence
from fossil fuels, streamlined energy efficiency through various programs, attainment of RE targets,
decreased carbon emissions, environmental protection, improved public health, and numerous eco-
nomic benefits [65].

An in-depth understanding of the linkages and effects of stakeholders is important for a successful
deployment of RE and sustainable green technologies. The electricity system is influenced by various
stakeholders who can either have positive or negative effects on the implementation of renewable
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energy sources and small-scale generation technologies [66]. The framework encompasses not only the
primary participants, but also the advantages and challenges, which aid in determining the direction
of the impact.

3.1.4 Global Influence

Three distinct groups can be identified within the influential global organizations that have an
impact on SGTs and RE implementation. These groups include technology development organizations
like the Global SG Federation, organizations involved in shaping the direction of the energy industry
such as the International Renewable Energy Agency, and environmental organizations like Greenpeace
and WWF.

The primary goal of technology development organizations is to centralize all projects associated
with SGTs on a global level and facilitate the dissemination of information worldwide. These organi-
zations act as worldwide centres of knowledge on SGTs and policy issues, promoting cooperation
between public and private sectors globally, and producing studies and summaries on important
subjects. Organizations involved in developing strategies for the energy sector aim to assist countries
worldwide in reaching their RE and efficiency goals by providing crucial data and statistics, advising
on policy advancements, and offering expertise on financial matters and technology. Environmental
organizations play an active role in advocating for sustainable energy and innovative technology,
as well as providing guidance on energy policy [67]. These organizations offer concepts, solutions,
computations, techniques, and tactics that assist in effectively addressing the primary challenges and
resolving critical issues related to the implementation of RE and sustainable green technologies. Global
organizations are demonstrating significant interest in the adoption of SGTs and exerting a favourable
influence on their development [68].

3.1.5 Local Non-Profit and Non-Governmental Organizations

In the energy sector, numerous non-profit organizations (NPOs) and non-governmental organi-
zations (NGOs) establish associations to consolidate their efforts and resources, thereby augmenting
their authority and sway on policy-making entities. Non-profit organizations (NPOs) and non-
governmental organizations (NGOs) can positively influence the implementation of sustainable green
technologies and RE by providing relevant initiatives to the policymakers.

Technology platforms and task forces are separate classifications of stakeholders [69]. Technology
stages serve as dedicated spaces where participants gather, process, and disseminate information
and capabilities. Technology platforms serve as a strategic guide for the development of SGTs for
various stakeholders. These platforms facilitate the collaboration of policymakers, Transmission
System Operators (TSOs), Distribution System Operators (DSOs), manufacturers, large- and small-
scale power generators, prosumer organizations, research centres, academics, and other relevant
stakeholders [70].

3.1.6 Associations of Local and Regional Authorities

Local as well as regional authorities have the option to collaborate and actively contribute towards
the accomplishment of government energy-related objectives. As the most immediate connection to the
inhabitants, they possess direct access to them and have a deeper understanding of their needs (Fig. 5).
This enables them to coordinate various initiatives that involve private houses and small businesses [71].
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Figure 5: Regulation and collaboration between different authorities

3.1.7 Interplay of Consumers, Suppliers and Appliance Makers

The interactions among consumers, suppliers, and appliance manufacturers constitute a triangu-
lar structure that depicts the unique system in which the explicit and implicit regulations, guidelines,
and legislation take shape and become tangible. This system serves as an indication to determine if the
regulations and policies of other stakeholders are in harmony and free from contradictions [72]. Even
when all stakeholders have good influence and genuine interest, the outcome may still be unfavourable.
The fundamental issue resides in congruence. Multiple stakeholders can exert a beneficial influence.
However, the absence of synergy and alignment across various activities, visions (particularly in task
prioritizing), and actions might result in the opposite outcome and exacerbate preexisting issues.

4 Stakeholder Roles and Functions

It is imperative to give due attention to the fundamental aspects, such as the historical context,
pertaining to the identification of key stakeholders and their contributions towards the progress of
the power grid. Partners transition from being creators of utility and vitality to becoming purchasers,
intermediaries, technology providers, and consultants. One crucial aspect of recognizing the SG is
the comprehensive acquisition, encompassing all relevant elements. The system entails government
producers and controllers who have the responsibility of assuring the efficacy of policies for industrial
modernization projects and satisfying the comprehensive requirements [73]. The main advantage of
SG enhancement for these stakeholders is the lowering of energy expenses, decreased reliance on
foreign oil, improved efficiency, and higher reliability of electricity provision [74]. The creation of
the intelligent grid involves multiple players, such as government agencies, manufacturers, research
institutes, and other relevant parties. The Department of Energy presents a comprehensive review of
the different facets associated with the advancement of SGT in their article called “The Smart Grid:
An Introduction” [75]. SG is an innovative solution that uses principles, concepts, and technologies
from the internet to transform the electric business. This conversion enables the updating of the
electrical grid [76]. The primary characteristics of a SG are computerized communication, plug
and play capabilities, sophisticated metering infrastructure for customer integration, facilities for
growing customer coverage, interoperability based on standards, and cost-effective communication
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and equipment [77]. This project focuses on integrating and advancing grid representation technology
in order to improve overall grid awareness. This entails the immediate integration of sensor data,
weather information, and grid modelling with geographical data [78].

4.1 Drivers for Smart Grid for Different Stakeholders in India
The forces currently propelling the advancement of the SG are diverse and compelling (Fig. 6). The

growing global awareness of environmental issues is fuelling the advancement of RE on a larger scale
than ever before. The widespread deployment of wind, solar, and other RE sources poses operational
challenges due to the intermittent nature of these sources. A framework capable of effectively managing
a combination of different age groups, along with a significant level of sustainability, will become
essential for these technologies to achieve their full potential. The drivers [79] encompass a range of
factors.
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Figure 6: Drivers for SG involving different stakeholders

4.1.1 Utilities

It is essential for utilities to decrease transmission and distribution (T&D) losses to less than 15
percent in order to improve efficiency and reduce energy waste. Efficient peak load management
guarantees the system’s ability to handle periods of high demand without sacrificing stability. In
addition, reducing the cost of purchasing power is crucial for achieving economic sustainability, as
it enables more efficient allocation of resources and facilitates investment in infrastructure enhance-
ments. Deploying sophisticated grid technology promotes the development of a more robust and
self-repairing grid, capable of autonomously detecting and rectifying defects. The incorporation of
renewable energy (RE) sources into the power grid not only promotes sustainability objectives but also
diminishes dependence on fossil fuels, hence enhancing the resilience and effectiveness of the energy
system.

4.1.2 Customers

Customers benefit from a substantial improvement in the dependability of their power supply,
which eliminates the necessity for power outages, diesel generator sets (DG sets), and inverters. The
enhanced supply quality eliminates the need for voltage stabilizers, guaranteeing a more reliable and
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uniform electrical flow. An interface that is easy to use and direct enables consumers to effectively
control their energy consumption and seamlessly include renewable energy sources into their energy
blend. The enhanced control and decision-making capacity leads to a better-informed and actively
involved consumer base, facilitating a transition towards sustainable energy practices.

4.1.3 Government and Regulators

Governments and regulators prioritize client pleasure to enhance the financial stability of utilities.
For fair and equal pricing, it is crucial to adopt a tariff-neutral framework overhaul and focus on
continual development. Minimizing carbon emissions and other harmful substances is an essential
objective that helps create a more pristine environment and improves the well-being of the population.
Smart Grids (SGs) are crucial for achieving the overall goals of the energy and power framework in
India. They improve efficiency and performance in the country’s power system. The motivation for
change arises from both external considerations, such as the anticipation of a low-carbon future and
the reduction of greenhouse gas emissions, as well as internal factors, such as the necessity to replace
deteriorating infrastructure.

4.1.4 Wide-Area Situational Awareness

It guarantees that administrators of India’s extensive energy infrastructure have the necessary
equipment to obtain a complete understanding of their systems, allowing them to efficiently monitor
and operate them.

4.1.5 Coordination of the Bulk Power Systems with New and Emerging Technologies

This Identifies principles of progress that facilitate the adaptation and expansion of renewable
resources, demand response, and energy storage to handle various difficulties in the mass power
system. Similarly, differentiate standards that facilitate the adoption of emerging technology, such
as electric mobility.

4.2 Stakeholder’s Prospective
4.2.1 Financial Aspect

The introduction of open access (OA) was intended to introduce competition in the electricity
sector by allowing eligible users to purchase power from other providers at reasonable prices, instead
of relying solely on DISCOMs. This was done with the consideration of economic feasibility [80].

DISCOMs have stated that the deployment of OA has resulted in significant financial con-
sequences. The participants emphasized that tariff design is a significant obstacle, as the retail
tariff system disproportionately favors consumers who pay lower tariffs due to cross-subsidization.
Furthermore, the current tariff designing may not accurately represent the actual costs incurred
through the DISCOMs for both fixed and variable charges borne by consumers. This results in a
situation where customers are not paying enough to cover the costs, which is caused by their migration
to OA [81]. Consumers, particularly industrial and commercial ones, as well as DISCOMs, have raised
this issue with several commissioners during public hearings on energy rate. The Andhra Pradesh
Electricity Regulatory Commission (APERC) and Uttar Pradesh Electricity Regulatory Commission
(UPERC), among other regulatory commissions, have recognized these difficulties and have requested
a detailed explanation or discussion paper to facilitate an informed decision-making process.

DISCOMs expressed worries about the insufficient compensation provided by the OA charges to
cover their losses. On the other hand, consumers highlighted concerns that these charges are making it
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economically unfeasible for them to buy power through the OA route. The imposition of these fees has
dissuaded customers from embracing the choice of OA. Presently, the expense of electricity acquired
via OA exceeds the officially set rate for the Distribution Companies (DISCOMs).

Therefore, customers find it financially feasible to meet their energy needs by purchasing power
from the DISCOMs [82]. The analysis compares the cost of electricity purchased from the exchange,
assuming a price of INR 4 per unit and a quantity of 100 MW for 24 h, with the tariff offered by
DISCOMs to 11-kV industrial consumers. The comparison is conducted using data from April 2017
and relies on the IEX landed cost tool. Upon comparison, it is evident that the expense of supplying
power to the 11-kV industrial consumer through OA is more than the rate that needs to be paid to the
Distribution Companies (DISCOMs).

Certain states offer extra financial assistance to industrial users [83], making the OA approach
even more economically impractical.

4.2.2 Operational Aspect

Every OA consumer is required to utilize the distribution licensee network in order to access
electricity through the OA route until it reaches the point of consumption. The withdrawal behavior
of OA clients, if it deviates, might have a detrimental impact on the scheduling and load management
of the distribution licensee.

The expansion in the number of OA consumers would lead to a significant problem regarding
grid management [84]. Due to operational challenges, stakeholders have recommended examining and
resolving these issues from a risk management standpoint. This means ensuring that the responsibility
for managing the risks is appropriately distributed among the relevant stakeholders.

Consumers have noticed a significant delay in the response time for online applications. Most
applications are primarily refused owing to technical restrictions caused by network congestion
[85]. One significant limitation is the lack of accessible information regarding the availability of
transmission and distribution networks, as well as the clearances granted to OA applications. This
hinders the ability to present a strong argument against the rejection of these applications. The absence
of technical data complicates the presentation of their argument. There is a need for a universal
framework to facilitate the management of OA. This unified interface has the potential to streamline
the process of approving applications.

The matter of consumer knowledge and capacity building is a substantial concern voiced by all
stakeholders, encompassing both DISCOMs and consumers [86]. Further, DISCOMs have reported
that the majority of OA applications are denied due to procedural difficulties, specifically related to
documentation. They indicated that consumers had a limited understanding of the application process,
resulting in frequent rejections owing to incomplete submissions. Consumers and DISCOM officials
alike were perceived to have a lack of information regarding the application process for OA. The main
disadvantages are a lack of expertise in technical matters and a lack of thorough explanation about
the grounds for rejecting OA applications [87].

Smart grid operation involves many modes, aims, and services aimed at maximizing energy
efficiency, improving system dependability, and integrating renewable energy sources. Smart grids
function in several modes, such as regular operation, emergency response, and islanding mode. Smart
grids function by optimizing the distribution of power, maintaining a real-time balance between supply
and demand, and minimizing losses in transmission and distribution. Smart grids have the ability to
promptly identify and separate impacted regions, redirect electricity, and reinstate utilities in times of
emergencies, hence guaranteeing resilience. During islanding mode, specific sections of the electrical



118 EE, 2025, vol.122, no.1

grid have the capability to function autonomously by utilizing local renewable energy sources and
storage devices. This allows for a continuous power supply, even in the event of widespread power
outages.

The main goals of smart grid operation are to enhance grid dependability and stability, decrease
operational expenses, and improve energy security. Smart grids accomplish these goals by utilizing
sophisticated monitoring and control systems, implementing proactive maintenance strategies, and
integrating distributed energy resources (DERs). These systems utilize up-to-the-minute data and
advanced analysis to predict and tackle possible problems before they worsen, thereby minimizing
periods of inactivity and lowering expenses related to maintenance. Smart grids provide a range of
services, including demand response, which encourages consumers to decrease or adjust their energy
consumption during periods of high demand, and ancillary services, which help maintain the stability
and efficiency of the grid. Frequency regulation and voltage management are vital for ensuring
the integrity of the grid. Smart grids offer these services by utilizing automated technologies and
sophisticated algorithms.

Recent instances of smart grid implementation demonstrate their efficacy and adaptability. The
Smart Grid Investment Grant (SGIG) program in the United States has provided funding for several
projects that have shown substantial enhancements in grid performance. An exemplary initiative is the
implementation of advanced metering infrastructure (AMI) in Texas, which has led to a decrease in
peak demand and a reduction in energy usage. The INTERFLEX project in France and Germany has
investigated novel methods to include renewable energy sources, enhance demand response capabilities,
and enhance grid automation throughout Europe. The Smart Grid Pilot initiatives effort in India
has successfully implemented multiple initiatives in different states, with a specific focus on areas
such as Advanced Metering Infrastructure (AMI), outage management systems, and distributed
generation. An example of this is the Puducherry Smart Grid project, which has effectively showcased
the advantages of smart meters and automated demand response. This has resulted in enhanced
energy efficiency and increased customer satisfaction. These examples demonstrate the varied and
ever-changing character of smart grid operations, highlighting their capacity to adapt to the changing
requirements of modern power systems while promoting sustainability and resilience objectives.

4.2.3 Regulatory Aspect

A primary goal of the Act is to enhance competition by facilitating OA. As a result, the relevant
commissions have informed on the regulations for OA that apply across states and inside a single state.
Despite the presence of these restrictions, numerous concerns have arisen during the execution of OA.
In order to foster competitiveness through OA, these issues must be resolved [88].

One significant regulatory obstacle highlighted by the DISCOMs is the absence of a clear defini-
tion of the ‘competent authority’ responsible for certifying the indicated criteria. Currently, several
DISCOMs have varying procedures regarding the competent authority responsible for certifying
captive status under the Rule 3(1) of the Electricity Rules, 2005.

The power distribution companies (DISCOMs) also highlighted the difficulty of verifying the
constantly changing ownership structure (26% of total ownership) of group captive users. Presently, the
authorities perform an annual verification of the distribution of shares to ascertain the qualification
for the benefits granted to captive consumers. Nevertheless, DISCOMs have observed that the majority
of group captive clients alter their ownership structure within one year of being designated as captive,
thereby taking advantage of the incentives for the entire year [89].

OA consumers also emphasized the lack of consistency in the state legislation. The regula-
tions identified various significant challenges, such as the necessity for advanced technology and
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infrastructure, the requirement for a no objection certificate (NOC), the procedure for bill and DSM
settlement [90], specific time slots for power trading, and restrictions on bidding quantities, among
other issues. Stakeholders stressed the need to reassess regulations in response to the impact of OA
on financial and operational aspects, as well as the existing regulatory difficulties [91]. They held the
belief that establishing uniform laws with a well-defined structure is crucial to guarantee the seamless
implementation and general prosperity of OA in the Indian power industry [92].

The electrical market in India encompasses a wide range of important participants, each fulfilling
a crucial function in the growth and functioning of the sector. The national and state governments
are key stakeholders, responsible for establishing policies and regulatory frameworks through entities
such as the Ministry of Power and the National Electricity Regulatory Commission (CERC) (Fig. 8,
Tables 2–4). Utility firms, encompassing both publicly-owned and privately-owned organizations,
have the duty of producing, transmitting, and distributing electricity, with the goal of maintaining
a dependable power supply and overseeing grid infrastructure. Technology providers and equipment
manufacturers play a crucial role in offering cutting-edge technologies and solutions that are necessary
for the upgrading of the power grid and the incorporation of renewable energy sources. Financial
institutions and investors play a vital role in infrastructure projects by providing the required funds
and ensuring the financial stability of the sector. Consumers, including individuals, businesses, and
industries, are becoming more involved in energy conservation efforts and participating in programs
that allow them to adjust their energy usage based on demand. NGOs and research institutes
play a crucial role in promoting sustainable energy policies and performing essential research to
support policy and technological progress. Collectively, these participants constitute an intricate and
interdependent network that propels the expansion, durability, and adaptability of India’s electrical
industry.
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Figure 7: Smartgrid driver for different stakeholders
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Figure 8: Map showing list of key stakeholders

Table 2: Key stakeholder’s involvement and their roles (Fig. 7)

Sr. No. Issues Recommendation Stakeholder Role

1 Tariff design Regulatory
intervention on tariff
design and
rationalization

Regulatory
Commission

Redesign of tariff find
out cost effective
tariff

2 Frequent
Switching OA
consumers

Regulatory
intervention on
frequent switching of
OA consumers

Regulatory
Commission

Specifying necessary
provisions for OA
consumers’
continuous power
usage from DISCOMs

(Continued)
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Table 2 (continued)

Sr. No. Issues Recommendation Stakeholder Role

3 Insufficient clarity
on captive
consumer
qualifying

Regulatory
interventions related
to captive/group
captive consumers

Regulatory
Commission

Clarify competent
authority for CGP
clarification.
Redefining
captive/group captive
consumer verification
approach

4 Financial and
operational effect
from OA

Evaluate impact and
create risk mitigation
tools

DISCOMS Assessing impact from
a risk management
standpoint

Regulatory
commission

5 Financial impact
from cross subsidy
surcharge

Implementation of
direct benefit
transfer, cross
subsidy reduction
roadmap

DISCOM Studies for cross
subsidy reduction
route map

Regulatory
Commission

Cross-subsidy
reduction roadmap
Set reasonable DBT
category-wise tariffs

State Government Program DBT
implementation

6 Determination of
OA charges

TOD based OA
charges

Regulatory
Commission

Formula for
TOD-based OA
charges

7 Consumer
awareness

Awareness and
capacity building

DISCOMs Building official
capacity

Consumers OA consumer
awareness and
application process

Table 3: Examples of selected DISCOMs

Sr. No. DISCOM State (licensee region) Grid region

1 BSES (Rajdhani Power Limited, BRPL) Delhi (South and West) North
2 Punjab State Power Corporation Ltd. Punjab North
3 Madhya Pradesh Madhya Kshetra Vidyut

Vitaran Company Limited (MPMKVVCL)
Madhya Pradesh (Central) West

4 Dakshin Gujarat Vij Company Limited
(DGVCL)

Gujrat (South) West

5 Maharashtra State Electricity Distribution
Company Limited (MSEDCL)

Maharastra West

6 Grid Corporation of Odisha (GRIDCO) Odisha East

(Continued)
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Table 3 (continued)

Sr. No. DISCOM State (licensee region) Grid region

7 Central Electricity Supply Utility of Odisha
(CESU)

Odisha (Central) East

8 Western Electricity Supply Company of Odisha
(WESCO)

Odisha (West) East

9 Andhra Pradesh East Power Distribution
Company Limited (APEPDCL)

Andhra Pradesh (East) South

Table 4: Example of consumer group

Sr. No. Stakeholders Responsibility State Grid region

1 Open Access User
Association (OAUA)

Consumer (Association) Delhi All India

2 HEG Limited Consumer (Industry) Madhya Pradesh West
3 Pratibha Febrics Consumer (Industry) Gujarat West
4 Surat Municipal

Corporation (SMC)
Consumer (Municipal
Corporation)

Gujarat West

5 Chamber of Maratwada
Industries and
Agriculture (CMIA)

Consumer Association Maharastra (West)

5 Conclusion

The progress of smart grids in India is propelled by a confluence of market dynamics, techno-
logical innovations, and governmental initiatives, with the objective of updating the nation’s energy
infrastructure. Primary market drivers encompass the increasing demand for dependable and efficient
energy distribution, the incorporation of renewable energy sources, and the necessity to minimize
transmission losses. Accelerated urbanization, enhanced electrification of rural regions, and the shift
towards greener energy sources are driving the demand for more intelligent grid solutions. The
increase in energy consumption resulting from industrial and economic expansion has rendered the
implementation of smart grids crucial for optimizing energy distribution and maintaining grid stability.

Participants in India’s smart grid ecosystem, comprising governmental entities, energy utilities,
private enterprises, and consumers, each assume a crucial role. The government is chiefly accountable
for establishing legislative frameworks, providing regulatory assistance, and offering financial incen-
tives that promote the implementation of smart grid technologies. Energy utilities are responsible
for deploying these technologies while maintaining grid dependability, cost-effectiveness, and the
incorporation of renewable energy. Private technology companies boost operational efficiency by
creating novel solutions, like smart meters, enhanced communication systems, and grid management
software. Ultimately, both industrial and residential consumers are anticipated to engage in demand-
side management strategies and actively participate in the energy market via distributed generation
and storage systems. A cooperative strategy among these stakeholders is essential for the success of
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India’s smart grid ambition. The coordination of duties, investments, and incentives across sectors
would facilitate the rapid implementation of smart grids, so assuring a more robust, sustainable, and
economical energy system that aligns with India’s long-term energy objectives.
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