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This theme will explore the ongoing shift towards renewable energy sources and 
distributed generation models (e.g., rooftop solar) to achieve net-zero emissions. 
Sessions could discuss:

•  Transition to Renewable energy sources & its integration
•  Advancements in Energy Storage Technologies
•  Policy & economic implications of decarbonization
•  Innovation in Renewable Energy: advancements in solar, wind, geothermal, 

Hydrogen and other renewable energy technologies

Energizing a Greener Grid:
Decarbonization Meets Distributed Solutions

This theme will delve into the impact of digital technologies on the utility industry. 
Sessions could address:

•  Connecting to the cloud & the data landscape: Discuss how utilities can leverage 
cloud computing and big data for better decision-making

•  Leveraging big data and analytics for optimizing grid operations and maintenance
•  The changing customer experience in a digital utility environment
•  Smart storage: Explore solutions for integrating energy storage into the grid to 

optimize renewable energy usage
•  A smarter energy system: examining the risks, unlocking resilience: Explore how 

digitalization can build a more resilient grid
•  Blockchain for Utilities amid the Energy Transition
•  Big Data, Blockchain, IOT & Analytics for Grid
•  Accelerated use of AI & Cloud
•  Growing adoption of Modernization and Automation with Cybersecurity

Bytes & Breakers:
Navigating the Digital Revolution in Utilities

This theme will focus on strategies for building climate resilience into utility 
infrastructure to withstand extreme weather events like storms and floods. Sessions 
could explore:

•  Strengthening and modernization grid infrastructure for improved resilience & to 
with stand extreme weather events

•  Early warning systems and emergency response plans for utilities
•  The role of distributed generation in enhancing grid resilience
•  Adapting utility business models to account for climate risks
•  Emergency preparedness and response: Developing robust plans for responding to 

and recovering from extreme weather events
•  Expeditated the development & deployment of new technologies for managing 

extreme weather events
•  Make Climate resilience a central part of policy framework and system planning

Investing in Future:
Building Climate Resiliency in the Energy Ecosystem



This theme will examine the evolving regulatory environment for the utility sector, 
considering the need for innovation and investment. Sessions could discuss:

•  Policy frameworks for encouraging renewable energy development and distributed 
generation

•  Regulatory reforms to promote grid modernization and digitalization
•  The role of regulators in ensuring fair competition and consumer protection in the 

changing utility landscape
•  Policy approaches for achieving national and international climate goals
•  Regulation for the future: Explore how regulations can incentivize innovation in 

renewable energy and grid modernization
•  Changing regulatory landscape: Discuss the ongoing regulatory changes impacting 

the utility sector

Harmonizing Grid Horizons:
Evolving Regulatory & Policy Landscape

This theme will explore the potential of emerging technologies (e.g., blockchain, 
Internet of Things) to revolutionize the utility sector. Sessions could address:

•  Financing the Future: Unlocking the Financing for Renewable & Efficiency Projects
•  Workforce Transformation: Skill & Training for Renewable Energy Economy?
•  Key disruptive energy technologies: Explore technologies like small modular 

reactors, advanced battery storage, and hydrogen fuel cells

MegaWatts to MegaBytes:
Confluence of Utilities and Emerging Technologies

•  Enhancing Grid Efficiency and Reliability by Integration of Battery Storage with 
Renewable Energy Forecasting and Scheduling

•  Role of Battery Storage in Enabling Round-the-Clock Renewable Energy Systems: 
Challenges, Opportunities, and Policy Implications

•  Roadmap for Utilities & Industries to achieve Flexibility, Resilience, and 
Decarbonization

Session with eTECHnxt:
Energy Storage – Enabling RTC Renewable Energy



Alok Mishra
Business Lead-Power Grid, Asia Pacific 
DNV

The global energy landscape is undergoing a profound transformation, driven by the 
twin imperatives of sustainability and security. As we navigate this shift, the interplay of 
trade, digitalization, and geopolitical stability has become more critical than ever. The 
need for resilient supply chains, accelerated renewable energy adoption, and smarter 
grid infrastructure is shaping policies and investments worldwide.

This report delves into the emerging trends, challenges, and innovations that will 
define the future of energy. It offers insights into the evolving global trade dynamics, 
the strategic role of energy security, and the rapid digitalization of power systems. From 
reshoring supply chains to leveraging artificial intelligence in grid operations, the energy 
transition is not just about technology—it is about strategic foresight and collaboration.

On behalf of DNV, we are happy to be a knowledge partner with the World Utility 
Summit 2020, particularly on the subject of Energizing a Green Grid: Decarbonization 
meets Distributed Solutions. We wish all success to WUS 2020 and look forward to an 
enriching discussion with the esteemed panel.

As we stand at this inflection point, the choices we make today will determine the 
trajectory of global energy systems for decades to come. I hope this report serves as 
a valuable resource for industry leaders, policymakers, and stakeholders committed to 
building a more sustainable and resilient energy future.

MESSAGE FROM KNOWLEDGE PARTNER
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Since World War II, global trade has expanded nearly fourfold as a share of GDP, driven by 
technological advancements and the relative stability of the post-war era. The past three decades 
of trade liberalization—especially after the Cold War—and China’s integration into the global 
economy have propelled trade growth, facilitated by cost-efficient global shipping. Industries 
developed extensive international value chains to maximize efficiency through specialization 
and comparative cost advantages, resulting in lower prices for consumers and improved living 
standards in middle-income economies such as China, Southeast Asia, and Latin America.

However, this era of seamless globalization has begun to fragment. Since the 2008 financial 
crisis, cross-border trade expansion has slowed, and geopolitical rivalries—particularly between 
the US and China—have intensified. The COVID-19 pandemic exposed vulnerabilities in global 
supply chains, highlighting risks associated with over-reliance on a few manufacturing hubs. The 
2022 Russian invasion of Ukraine further disrupted global markets, particularly in energy and 
food supplies, forcing countries to reassess their dependencies. Europe, which sourced 45% 
of its natural gas from Russia in 2021, faced an energy security crisis that led to skyrocketing 
energy prices, market imbalances, and a rapid shift towards diversification and renewable 
energy investments.

Nations and corporations are now restructuring supply chains, moving from an efficiency-driven 
model to one prioritizing resilience and security. Governments are implementing policies, 
incentives, and trade restrictions to relocate critical industries, particularly in sectors like 
microchips, energy infrastructure, and raw materials for green technologies.

1.1 Key Trends in Energy Security and the Transition

• Energy as a National Security Priority – Reliable and affordable energy access has become 
a strategic priority for governments worldwide. Countries are increasingly prioritizing local 
energy production to reduce dependency on volatile international markets. The recognition that 
energy disruptions can have severe economic and strategic consequences has led to renewed 
focus on energy independence.

• Volatile Energy Prices and Market Instability – The surge in global energy prices following 
the Ukraine war has heightened concerns about future supply stability. While some countries, 
especially in Asia and Africa, have benefited from discounted Russian oil and gas, others 
have struggled with price volatility. Many low- and middle-income nations, outbid by wealthier 
economies for liquefied natural gas (LNG), have been forced to revert to coal and other local 
fossil fuels to ensure energy security.

• Strategic Investments in Energy Infrastructure – Governments are investing heavily in 
renewable energy, energy storage, and smart grids to enhance long-term security. At the same 
time, some nations are expanding fossil fuel infrastructure—such as regasification terminals and 
pipelines—under the justification of national security, raising concerns about long-term carbon 
lock-in. The challenge lies in balancing short-term energy needs with long-term decarbonization 
goals.

• Reshaping Global Supply Chains – The restructuring of global supply chains is particularly 
evident in key energy-related commodities. Disruptions in steel, rare earth metals, and 
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semiconductor production have driven companies to rethink procurement strategies, leading to 
increased costs and longer project timelines. Strategies like reshoring (bringing production back 
home) and friendshoring (shifting production to allied nations) are reshaping trade patterns, 
adding further strain to manufacturing supply chains. The renewable energy sector, which 
operates on tighter margins than fossil fuels, has been particularly affected, with rising project 
costs and delays in implementation.

• Securing Green Energy Supply Chains – The focus on energy security now extends to 
securing critical raw materials and components for the energy transition. Many governments are 
reviewing their dependence on foreign supplies for essential materials such as lithium, cobalt, 
and rare earth elements, which are crucial for batteries, wind turbines, and electrolyzers. Policies 
supporting local production and refining of these materials are being introduced, though this 
could lead to short-term cost increases and trade imbalances.

• The Nuclear Energy Resurgence – Nuclear power is experiencing renewed interest as a stable 
and reliable energy source. Several countries are extending the operational lifespans of existing 
nuclear plants, and a limited number of nations, such as Poland, are initiating new nuclear 
projects. However, nuclear expansion remains constrained by cost overruns, safety concerns, 
waste disposal challenges, and public opposition. Additionally, geopolitical considerations play 
a role, with countries hesitant to engage with suppliers from rival or non-aligned nations—for 
example, Finland cancelling a Russian-backed nuclear project in response to the Ukraine war.

• Social and Economic Pushback – The cost-of-living crisis and inflationary pressures 
have fueled public dissatisfaction, potentially slowing the energy transition in some regions. 
Governments facing political instability may prioritize short-term affordability over long-term 
sustainability, leading to a temporary increase in fossil fuel use. Conversely, in some regions, 
public sentiment has shifted towards supporting energy independence through renewables and 
nuclear energy, even at the cost of higher energy prices in the short term.

1.2	 The Future of Energy Security

The global energy landscape is undergoing a fundamental transformation. Energy security 
concerns are driving both investment in clean energy and temporary reversions to fossil fuels. 
The shift towards domestic energy production, secure supply chains, and diversification of 
energy sources is reshaping international relations and market dynamics.

As nations navigate this evolving landscape, policy decisions in the coming years will determine 
whether energy security accelerates the clean energy transition or locks economies into a high-
carbon future. One certainty remains: the geopolitical importance of energy security has never 
been greater, and its impact will continue to shape economies, industries, and global alliances 
for decades to come.

1.3	 Key Geopolitical Risks Affecting Energy Security

1.3.1	 1. Supply Chain Vulnerabilities: Lessons from the COVID-19 Pandemic

The COVID-19 pandemic exposed critical weaknesses in global supply chains, particularly in 
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the energy sector. The disruption highlighted:

• Overdependence on a few key suppliers: Many countries and companies realized they 
had concentrated too much of their supply chains in a few regions, such as China for solar 
panels and batteries or Southeast Asia for electronic components.

• Logistics and transportation bottlenecks: Lockdowns, port closures, and shipping 
container shortages created unprecedented delays in moving raw materials and finished 
goods. Energy infrastructure projects faced severe delays as essential components—like 
wind turbine blades and battery cells—were stuck in transit.

• Raw material shortages: The pandemic affected the mining and processing of critical 
materials, including lithium, cobalt, and rare earth elements needed for batteries and 
renewable technologies. Disruptions in these supply chains led to soaring costs and 
extended project timelines.

• Increased costs and inflation: The combined effect of supply chain bottlenecks, material 
shortages, and rising freight costs led to price hikes across the energy sector, affecting 
everything from solar panels to power grid equipment.

As a result, many governments and companies have reassessed their supply chain strategies, 
prioritizing regional diversification, localized manufacturing, and stockpiling of critical materials 
to avoid future disruptions.

1.3.2	 Energy Weaponization: Russia’s Gas as a Political Tool in Europe

The Russia-Ukraine war demonstrated how energy exports can be used as a geopolitical 
weapon, fundamentally reshaping Europe’s approach to energy security. Key developments 
include:

• Russian gas dependency in Europe: Before the war, Russia supplied 45% of Europe’s 
natural gas through pipelines like Nord Stream 1. Many European countries, particularly 
Germany and Italy, relied heavily on Russian gas for electricity generation, industrial 
processes, and heating.

• Supply cuts and price surges: Following Western sanctions on Russia, Moscow responded 
by reducing or halting gas supplies to several European nations, citing technical and 
political reasons. This led to record-high energy prices, forcing European governments to 
intervene with subsidies and emergency measures.

• Accelerated energy diversification: The crisis pushed Europe to rapidly secure alternative 
energy sources, leading to:

o	Increased imports of liquefied natural gas (LNG) from the US, Qatar, and Australia.

o	Fast-tracking of renewable energy projects, particularly offshore wind and solar.

o	Investments in energy storage, hydrogen, and nuclear power to reduce dependence on 
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fossil fuel imports.

•	 Impact on global energy markets: Europe’s scramble for alternative gas sources drove up 
LNG prices globally, affecting developing economies in Asia and Africa, which struggled to 
compete for supply.

This event underscored the risks of energy dependency on politically unstable suppliers, 
reinforcing the need for diversification, energy independence, and local resource utilization.

1.3.3	 Rising Geopolitical Tensions: US-China Rivalry and Its Impact on Global Trade

The escalating rivalry between the US and China is reshaping global trade patterns, with 
significant consequences for the energy transition.

o Technology trade restrictions:

o	The US has imposed export bans on advanced semiconductor technology to China, 
restricting its ability to manufacture high-efficiency energy components, including electric 
vehicle batteries and smart grid equipment.

o	Restrictions on solar panel imports from China, due to concerns over forced labour in 
Xinjiang, have disrupted the supply chain and increased costs for US renewable energy 
developers

o	Shift in supply chains:

o	To reduce dependence on Chinese manufacturing, companies are increasingly moving 
production to other Asian countries, such as Vietnam, India, and Malaysia.

o	Governments in the US, EU, and Japan are offering subsidies and tax incentives to 
localize the production of critical components, including wind turbines, solar panels, 
and battery cells.

o	Tariffs and trade disputes:

o	Trade barriers on steel, aluminum, and rare earth elements have increased costs for 
energy infrastructure projects worldwide.

o	China’s control over 80% of global rare earth processing gives it significant leverage 
in energy-related trade negotiations.

o	Military and political tensions affecting trade routes:

o	The South China Sea, a key shipping lane for global energy trade, remains a hotspot for 
geopolitical tensions, with potential implications for oil and LNG transportation.

o	The US and its allies are strengthening regional partnerships, such as the Indo-
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Pacific Economic Framework (IPEF), to counter China’s economic influence.
As a result, energy markets are becoming more fragmented, with a shift toward regional trade 
agreements, localized production, and diversified sourcing strategies to ensure long-term energy 
security.

1.4	 Reshoring of Energy Technology Manufacturing: Strengthening Energy Security

1.4.1	 The Shift Towards Domestic Production

In response to geopolitical tensions, supply chain vulnerabilities, and energy security concerns, 
many nations are accelerating efforts to reshore manufacturing of critical energy technologies. 
The goal is to reduce dependency on foreign suppliers, particularly China, which dominates the 
supply of solar panels, battery materials, and wind turbine components.

This shift is most visible in three key areas:

o Solar Panel Production

o China currently accounts for over 80% of global solar photovoltaic (PV) manufacturing, 
making Europe and North America highly dependent on Chinese imports.

o Governments are investing in local solar manufacturing to counter this reliance:

• United States: The Solar Energy Manufacturing for America Act (SEMA) offers 
tax credits for domestic production of solar components.

• Europe: The European Solar PV Industry Alliance aims to increase EU solar 
manufacturing capacity to 30 GW by 2025.

• India: The Production Linked Incentive (PLI) scheme supports large-scale solar 
manufacturing to position India as a global 

o Battery and Wind Turbine Manufacturing

o The push for domestic gigafactories is intensifying as countries seek to reduce reliance 
on China, South Korea, and Japan, which collectively control over 90% of global 
battery production

o Key developments include:

• United States: The Inflation Reduction Act (IRA) provides tax incentives for EV 
battery production and mandates local content requirements for tax credits.

• Europe: The European Battery Alliance is investing in battery plants across France, 
Germany, and Sweden to compete with Asian suppliers.

• India: The government has launched subsidy programs to attract global battery 
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manufacturers.

o	Microchip Production (Semiconductors for Energy Infrastructure)

o	Semiconductors are essential for smart grids, electric vehicles, wind turbines, and solar 
inverters, but the global chip supply is concentrated in Taiwan and South Korea.

o	Several initiatives are addressing this bottleneck:

• United States: The CHIPS and Science Act ($52 billion investment) is funding 
local semiconductor fabs.

• European Union: The EU Chips Act (43 billion investment) is supporting  
semiconductor research and production.

• India: The Semiconductor Mission aims to create a domestic chip fabrication 
ecosystem.

1.4.2	 Challenges and Cost Implications of Reshoring

Reshoring energy technology manufacturing strengthens energy security but comes with 
significant short- and medium-term costs due to:

o	Higher Labor and Production Costs

o	Manufacturing in Western economies is more expensive due to higher wages and 
stricter labor regulations.

o	The cost of factory operations and skilled labor training is significantly higher than 
in Asia.

o Capital-Intensive Investments in Domestic Supply Chains

o	Setting up new factories requires billions in infrastructure investments, making 
production expensive in the initial years.

o	Many countries are providing massive subsidies and tax breaks to make domestic 
production viable.

o Supply Chain Realignment and Raw Material Constraints

o	While manufacturing is being reshored, many critical raw materials (e.g., lithium, 
cobalt, rare earth metals) are still sourced from China, Africa, and South America.

o	New trade alliances are emerging:

o US-EU Critical Minerals Agreement
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o India-Australia Lithium Partnership

o Canada’s Rare Earth Strategy

o Some governments are implementing export controls on key materials, creating further price 
volatility.

1.4.3	 Cost Adjustments in Energy Infrastructure Due to Reshoring

Reshoring energy technology manufacturing is a strategic move to enhance energy security, 
but it comes with short- to medium-term cost implications. The transition from globalized, 
low-cost production hubs to localized supply chains requires significant investments in new 
manufacturing facilities, workforce training, supply chain realignment, and raw material sourcing.

Our model accounts for these shifts by incorporating a 10% increase in capacity costs for key 
renewable energy technologies, including:

•  Onshore and offshore wind turbines – Increased costs due to the development of local 
blade, nacelle, and tower manufacturing facilities, as well as higher labor and material 
expenses.

• Solar photovoltaic (PV) panels – Higher expenses in establishing domestic wafer, cell, 
and module production outside of China, leading to short-term price surges.

• Lithium-ion batteries – Rising costs for localized battery cell and pack assembly, along 
with efforts to secure a stable supply of critical minerals

1.4.4 Detailed Cost Impact Timeline

1.4.4.1 2024–2030: Gradual Cost Increases (Peak +10%)

•	Capital Expenditures (CAPEX) Surge:

o	Large-scale investments in factories, production lines, and supply chain networks 
drive up costs.

o	Government subsidies and incentives offset some costs, but overall prices rise due to 
higher setup costs in Western economies compared to Asia.

•	Supply Chain Bottlenecks:

o	As production shifts to new regions, delays in securing raw materials and logistics 
inefficiencies result in higher procurement costs.

o	Sourcing key materials like polysilicon for solar, rare earth metals for wind, and 
lithium for batteries outside China leads to higher extraction and processing costs
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•	Labor and Regulatory Expenses:

o	Higher wages, stricter environmental regulations, and local compliance requirements 
make domestic manufacturing more expensive than existing low-cost hubs (e.g., 
China, Vietnam, and Malaysia).

•	Technology Learning Curve:

o	Newly established factories operate at lower efficiency in the initial years, leading to 
higher per-unit costs for energy components.

•	Expected Impact:

 o Capacity costs increase progressively, peaking at 10% by 2030.

 o Slower project deployment in some regions due to higher initial costs.

1.4.4.2 2030–2045: Cost Normalization as Domestic Industries Scale Up

•	Economies of Scale Improve:

o	By 2030, domestic production reaches higher efficiency levels, reducing per-unit 
manufacturing costs.

o	Automation and process optimization lower labor intensity, helping offset initial cost 
increases.

•	Supply Chain Maturity:

o	Better coordination between raw material suppliers, manufacturers, and logistics 
networks reduces inefficiencies.

o	Countries sign new trade agreements (e.g., US-EU Critical Minerals Agreement, 
India-Australia Lithium Partnership) to ensure stable access to essential resources.

•	Declining Material Costs:

o	As domestic mining and processing industries expand, the cost of key materials (e.g., 
lithium, nickel, cobalt, rare earth metals) stabilizes.

o	Recycling and circular economy initiatives reduce dependence on newly extracted 
resources.

•	Advancements in Technology:

o	Improved manufacturing techniques enhance efficiency, reducing energy consumption 
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in production and cutting costs for wind, solar, and batteries.

Expected Impact:

• Costs gradually decrease from the 2030 peak.
• Renewable energy projects see improved financial viability as local supply chains 

mature.

1.4.4.3 Post-2045: Stabilization & Global Competitiveness

• Full Cost Competitiveness Achieved:

o Domestic supply chains achieve cost parity with pre-reshoring levels as production 
becomes fully optimized.

o Advanced manufacturing techniques (e.g., 3D printing for wind turbine blades, AI-
driven production for batteries) further reduce costs.

•	Stronger Market Integration:

o	Countries establish regional production hubs, enhancing competition and lowering 
costs.

o	Reshored production benefits from global demand, creating export opportunities for 
countries investing in localized manufacturing.

•	Technology Breakthroughs Lower Prices:

o	Next-generation solar PV (e.g., perovskite-silicon tandem cells) and solid-state 
battery advancements further cut manufacturing expenses.

o	Offshore wind sees cost reductions through floating turbine innovations and modular 
design improvements.

•	Expected Impact:

	; Reshored production is fully competitive with global markets.

	; Renewable energy deployment accelerates as cost barriers are removed.

	; Reshoring strengthens long-term energy security without compromising 
affordability

1.4.5	 Final Outlook: Balancing Costs & Energy Security

The reshoring of energy technology manufacturing is a complex but necessary shift aimed 
at reducing geopolitical risks, strengthening national energy security, and ensuring supply 
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chain resilience. While the transition presents short-term cost challenges, it ultimately lays 
the foundation for sustainable energy independence, economic growth, and long-term 
affordability

1.4.6	 Short-Term Challenge (2024–2030): Higher CAPEX and Supply Chain Inefficiencies 
Raise Costs and Slow Deployment

• Capital Expenditure (CAPEX) Surge

o	High initial costs for setting up domestic factories, supply chains, and infrastructure.

o	Heavy investments in land acquisition, equipment, workforce training, and regulatory 
compliance.

o	Need for government subsidies and tax credits to make reshoring viable.

•	Supply Chain Realignment and Disruptions

o	Delays in securing alternative raw material sources as nations reduce reliance 
on traditional suppliers (e.g., China for solar panels, rare earth metals, and lithium-ion 
batteries).

o	Bottlenecks in logistics and transportation as new supply chains take time to become 
efficient.

o	Higher transportation costs due to shifting trade routes and localized production 
constraints.

•	 Increased Manufacturing and Labor Costs

o	Higher wages and labor protections in Western economies raise production costs 
compared to low-cost hubs like China and Vietnam.

o	Short-term production inefficiencies as newly built manufacturing plants ramp up 
operations and scale output.

•	Higher Energy Infrastructure Costs

o	Onshore and offshore wind, solar PV, and battery storage projects become 10% 
more expensive due to supply chain restructuring and increased material costs.

o	Some projects may face delays or require additional funding due to higher upfront 
costs.

1.4.6.1 Medium-Term Transition (2030–2045): Gradual Stabilization as Domestic Industries 
Scale and Supply Chains Mature
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• Supply Chain Maturity and Cost Optimization

o Regional supply networks stabilize, reducing price volatility and improving efficiency.

o Long-term contracts for raw materials lower procurement costs (e.g., lithium 
partnerships between the US and Australia, EU trade agreements for rare earth metals).

o Recycling and circular economy initiatives reduce dependency on newly mined 
materials, lowering raw material costs.

• Increased Economies of Scale

o New factories achieve full production capacity, reducing per-unit manufacturing costs.

o Automation and AI-driven manufacturing improve efficiency and reduce labor costs.

o Vertical integration—where companies manage raw material extraction, processing, 
and final assembly—further lowers production expenses.

• Policy-Driven Support for Local Manufacturing

o Governments extend tax incentives, grants, and subsidies to maintain reshoring 
momentum.

o Stronger domestic demand for clean energy solutions encourages continued 
investment in local production.

o Standardized regulations and streamlined permitting reduce bureaucratic hurdles 
and accelerate project execution.

• Cost Reductions in Energy Infrastructure

o The 10% increase in infrastructure costs starts to decline as supply chains become 
more efficient.

o Manufacturers innovate to reduce material waste, improving affordability of wind, 
solar, and batteries.

1.4.6.2 Long-Term Benefit (Post-2045): Competitive Pricing, Improved Energy Security, 
and Stronger Resilience Against Geopolitical Risks

• Full Cost Competitiveness Achieved

o Local production reaches cost parity with pre-reshoring levels.

o R&D advancements drive further cost reductions in energy components.



19

o Export potential grows, turning domestic manufacturing hubs into global suppliers of 
clean energy technology.

• Energy Security and Independence

o Reduced reliance on foreign suppliers eliminates risks of energy weaponization (e.g., 
avoiding situations like Europe’s dependence on Russian gas).

o Greater national control over energy supply chains, ensuring uninterrupted access 
to critical components.

o Lower energy price volatility due to stable, diversified sourcing.

• Stronger Economic and Job Growth

o Creation of high-value manufacturing jobs, strengthening local economies.

o Regional industrial clusters emerge as innovation centers for next-generation 
renewables, battery storage, and smart grid technologies.

o Stronger investment in domestic R&D, leading to technological breakthroughs in 
energy efficiency, storage, and grid resilience.

•	Sustainability and Climate Goals Progress Faster

o	Wider adoption of green technologies accelerates decarbonization efforts.

o	Reshoring reduces carbon emissions from transportation, lowering the carbon 
footprint of energy infrastructure.

o	Circular economy strategies ensure long-term material sustainability, reducing 
waste and improving resource efficiency.

1.4.6.3	 The Big Picture: A Strategic Investment in the Future

While reshoring temporarily increases costs, it is a strategic investment that ensures:

	9 Long-term energy security, reducing geopolitical risks.

	9 Stronger national and regional economies, with job creation and industrial growth.

	9 Supply chain stability, eliminating reliance on volatile global markets.

	9 Sustained progress on clean energy deployment, ensuring a smooth energy transition.

By 2045 and beyond, the global energy landscape will have shifted towards decentralized, resilient, and 
geopolitically secure energy systems, positioning the world for a cleaner, more stable energy future.



2 SOLVING THE ENERGY 
TRILEMMA: BALANCING 
SECURITY, AFFORDABILITY, 
AND SUSTAINABILITY
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The energy trilemma represents the challenge of balancing three critical yet sometimes 
conflicting priorities in energy policy: security, affordability, and sustainability. Energy security 
ensures a stable and reliable supply to meet demand, preventing disruptions that could impact 
economic stability. Energy affordability keeps costs manageable for households and businesses, 
supporting economic growth and social equity. Energy sustainability focuses on reducing carbon 
emissions and transitioning to cleaner energy sources to mitigate climate change. Achieving 
this balance is essential, as failure in one aspect can lead to energy shortages, economic strain, 
or environmental setbacks.

 Affordable 

Sustainable Reliable 

Balancing these priorities presents several challenges. Trade-offs are inevitable—ensuring 
security may require backup fossil fuel capacity, which conflicts with sustainability goals. Keeping 
energy affordable through subsidies can discourage investment in cleaner alternatives. Rapid 
renewable energy adoption, if not managed well, can compromise grid reliability. Additionally, 
geopolitical risks, market fluctuations, and infrastructure limitations further complicate the energy 
landscape. Dependence on global fuel supplies can make nations vulnerable to price volatility, 
while the transition to a sustainable system requires heavy investment in new technologies, 
smart grids, and energy storage solutions.

Addressing the energy trilemma requires a strategic, multi-pronged approach. To enhance 
energy security, diversifying energy sources, investing in smart grids, and expanding storage 
solutions such as batteries and hydrogen are crucial. Decentralized energy production through 
microgrids and rooftop solar can further strengthen resilience. Ensuring affordability demands 
transparent market mechanisms, targeted subsidies, and policies promoting energy efficiency 
in industries and households. Encouraging private sector investment through green financing 
and incentives can support long-term cost-effective energy solutions. Advancing sustainability 
requires accelerating renewable energy deployment, implementing carbon capture technologies, 
and promoting circular economy initiatives, such as battery recycling and sustainable mining. 
Strong regulatory frameworks, carbon pricing mechanisms, and financial incentives are also 
essential to drive a green transition.

Ultimately, solving the energy trilemma requires a careful balance of these three priorities, 
ensuring that security, affordability, and sustainability are achieved without compromising 
economic growth. Governments, industries, and consumers must work together to build a 
resilient and future-proof energy system. With the right policies, investments, and innovations, a 
just and sustainable energy transition is possible.
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2.1 Grid Charges and the Future Cost of Electricity: A Complex Landscape

The transition to renewable energy sources like solar and wind power is crucial for combating 
climate change. However, as these sources become more prevalent, the role and cost of 
electricity grids are coming under increasing scrutiny. While renewable energy generation costs 
are declining, there are concerns that rising grid costs could offset these savings. This analysis 
delves into the complexities of grid charges and their potential impact on the future cost of 
electricity.

2.1.1	 Rising Grid Investments: A Necessary Development

Global investments in power grids are projected to surge in the coming decades, driven by 
the need to expand infrastructure to accommodate growing electricity demand and integrate 
renewable energy sources. By 2050, grid expenditures are estimated to account for over a 
quarter of total energy spending, a significant increase from the current 15%.

This rise in grid investments is essential for several reasons:

	9 Expanding electricity access: In many regions, particularly in developing countries, 
grid infrastructure needs to be expanded to provide electricity access to underserved 
populations.

	9 Integrating renewable energy: Wind and solar power are often located far from population 
centers, requiring significant grid upgrades to transport electricity efficiently.

	9 Modernizing aging infrastructure: In many developed countries, existing grid 
infrastructure is outdated and needs to be replaced to improve reliability and efficiency.

2.1.2	 Grid Charges and the Future Cost of Electricity: A Complex Landscape 

The transition to renewable energy sources like solar and wind power is crucial for combating 
climate change. As these sources become more prevalent, the role and cost of electricity 
grids are under increasing scrutiny. While renewable energy generation costs are declining, 
concerns remain that rising grid costs could offset these savings. This analysis delves into the 
complexities of grid charges and their potential impact on the future cost of electricity, with a 
specific look at India’s situation.   

2.1.3	 Rising Grid Investments: A Necessary Development

Global investments in power grids are projected to surge in the coming decades, driven by 
the need to expand infrastructure to accommodate growing electricity demand and integrate 
renewable energy sources. By 2050, grid expenditures are estimated to account for over a 
quarter of total energy spending, a significant increase from the current 15%.   
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This rise in grid investments is essential for several reasons:

• Expanding electricity access: In many regions, particularly in developing countries 
including parts of India, grid infrastructure needs to be expanded to provide electricity 
access to underserved populations. India has made significant strides in electrification, but 
last-mile connectivity and reliable power supply remain challenges in some areas.  

 
• Integrating renewable energy: Wind and solar power are often located far from population 

centers, requiring significant grid upgrades to transport electricity efficiently. India’s ambitious 
renewable energy targets necessitate substantial grid expansion and modernization.

• Modernizing aging infrastructure: In many developed countries, existing grid infrastructure 
is outdated and needs replacement to improve reliability and efficiency. While India’s grid 
has seen improvements, certain sections still require modernization to handle the influx of 
renewable energy and increased demand.   

2.1.4	 The Impact on Grid Charges: A Regional and India-Specific Perspective

While grid investments are increasing, the impact on grid charges for consumers will vary 
significantly across different regions and within countries like India.

•	Rising charges: Regions like Sub-Saharan Africa and Latin America, where electricity 
access is still expanding, will likely see a sharp rise in grid charges due to the construction 
of new infrastructure. Similarly, North East Eurasia, with its aging infrastructure and delayed 
renewable integration, will also experience higher grid costs. Within India, regions with 
rapidly expanding electricity access and significant new renewable energy integration may 
also see upward pressure on grid charges.  

 
•	Stable or declining charges: In contrast, many parts of Asia and Europe are expected 

to see stable or even declining grid charges over time. This is due to economies of scale, 
technological advancements, and the fact that the grid will be transporting twice the electrical 
power by 2050, effectively lowering unit costs per kilowatt-hour (kWh). While India may 
benefit from economies of scale and technological advancements, the sheer scale of grid 
expansion and modernization required could moderate this effect. The impact will likely vary 
across different states and regions within India.

2.1.5	 Future Electricity Prices: Beyond Grid Charges

While grid expansion is a significant factor, it’s not the only determinant of future electricity 
prices. Other key influences include:

•	Taxation: In some regions, like Europe, electricity taxation accounts for a substantial 
portion of the consumer price. Future tax policies will play a crucial role in determining 
overall electricity costs. In India, electricity tariffs are regulated by state electricity regulatory 
commissions (SERCs) and include various components beyond grid charges. State-level 
policies and subsidies play a significant role in determining the final consumer price.
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•	System flexibility costs: Integrating intermittent renewable energy sources requires 
investments in system flexibility, such as energy storage, grid balancing, and demand-
response technologies. The cost of these technologies will significantly impact future 
electricity prices. India is actively working on developing its energy storage capacity and 
implementing smart grid technologies to manage the variability of renewable energy. The 
cost and effectiveness of these measures will be a crucial factor in India’s electricity pricing.   

Additional Factors Influencing Electricity Prices in India:

•	Fuel costs: While India is increasing its renewable energy capacity, coal still plays a 
significant role in electricity generation. Fluctuations in coal prices can impact electricity 
prices.   

•	Cross-subsidies: India’s electricity tariff structure often involves cross-subsidies between 
different consumer categories (e.g., agricultural, industrial, residential). Changes to these 
cross-subsidies can impact electricity prices for specific consumer groups.   

•	State-level regulations: SERCs in each Indian state play a vital role in determining 
electricity tariffs and grid charges. Variations in state-level regulations can lead to differences 
in electricity prices across the country.  

Navigating a Complex Energy Landscape, the Indian Context

The future cost of electricity is a complex equation with multiple variables at play. While 
grid investments are increasing, their impact on consumer charges will vary regionally and 
significantly within India. Factors like taxation, system flexibility costs, fuel costs, technology 
advancements, government policies, and state-level regulations all play a significant role in 
shaping future electricity prices, particularly in India.
Policymakers and energy stakeholders in India must carefully consider these factors to ensure 
a smooth and cost-effective transition to a sustainable energy future. This includes:

	9 Investing in grid modernization and expansion: A robust and modern grid is essential 
for integrating renewable energy and ensuring reliable electricity access for all.  

 
	9 Promoting regional cooperation: Inter-state coordination on grid management and 
renewable energy integration can help optimize resource allocation.

	9 Developing innovative financing mechanisms: Attracting investment in grid infrastructure 
and renewable energy projects is crucial.

	9 Implementing smart grid technologies: Smart grids can help manage the variability of 
renewable energy and improve grid efficiency.   

	9 Promoting energy efficiency: Reducing electricity demand through energy efficiency 
measures can help lower costs for consumers.   

	9 Addressing cross-subsidy issues: Reforming the tariff structure to ensure a more 
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equitable and sustainable pricing model is important.s

By taking a holistic approach and addressing the various challenges and opportunities, India 
can ensure that the transition to renewable energy benefits both the environment and its citizens’ 
wallets.

2.2 Grid Charges and the Future Cost of Electricity: Regional Variations and India’s 
Outlook

The transition to renewable energy sources like solar and wind power is crucial for combating 
climate change. As these sources become more prevalent, the role and cost of electricity 
grids are under increasing scrutiny. While renewable energy generation costs are declining, 
concerns remain that rising grid costs could offset these savings. This analysis delves into the 
complexities of grid charges and their potential impact on the future cost of electricity, with a 
specific look at India’s situation.

2.2.1	 Rising Grid Investments: A Necessary Development

Global investments in power grids are projected to surge in the coming decades, driven by 
the need to expand infrastructure to accommodate growing electricity demand and integrate 
renewable energy sources. By 2050, grid expenditures are estimated to account for over a 
quarter of total energy spending, a significant increase from the current 15%.

This rise in grid investments is essential for several reasons:

• Expanding electricity access: In many regions, particularly in developing countries 
including parts of India, grid infrastructure needs to be expanded to provide electricity 
access to underserved populations. India has made significant strides in electrification, but 
last-mile connectivity and reliable power supply remain challenges in some areas.

• Integrating renewable energy: Wind and solar power are often located far from population 
centers, requiring significant grid upgrades to transport electricity efficiently. India’s ambitious 
renewable energy targets necessitate substantial grid expansion and modernization.

• Modernizing aging infrastructure: In many developed countries, existing grid infrastructure 
is outdated and needs replacement to improve reliability and efficiency. While India’s grid 
has seen improvements, certain sections still require modernization to handle the influx of 
renewable energy and increased demand.

2.2.2	 The Impact on Grid Charges: A Regional and India-Specific Perspective

While grid investments are increasing, the impact on grid charges for consumers will vary 
significantly across different regions and within countries like India.

• Rising charges: Regions like Sub-Saharan Africa and Latin America, where electricity 
access is still expanding, will likely see a sharp rise in grid charges due to the construction 
of new infrastructure. Similarly, North East Eurasia, with its aging infrastructure and delayed 
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renewable integration, will also experience higher grid costs. Within India, regions with 
rapidly expanding electricity access and significant new renewable energy integration may 
also see upward pressure on grid charges.

•	Stable or declining charges: In contrast, many parts of Asia and Europe are expected 
to see stable or even declining grid charges over time. This is due to economies of scale, 
technological advancements, and the fact that the grid will be transporting twice the electrical 
power by 2050, effectively lowering unit costs per kilowatt-hour (kWh). While India may 
benefit from economies of scale and technological advancements, the sheer scale of grid 
expansion and modernization required could moderate this effect. The impact will likely vary 
across different states and regions within India.

2.2.3	 Future Electricity Prices: Beyond Grid Charges

While grid expansion is a significant factor, it’s not the only determinant of future electricity 
prices. Other key influences include:

•	Taxation: In some regions, like Europe, electricity taxation accounts for a substantial 
portion of the consumer price. Future tax policies will play a crucial role in determining 
overall electricity costs. In India, electricity tariffs are regulated by state electricity regulatory 
commissions (SERCs) and include various components beyond grid charges. State-level 
policies and subsidies play a significant role in determining the final consumer price. Taxes 
and duties levied by both central and state governments also contribute to the final price.

•	System flexibility costs: Integrating intermittent renewable energy sources requires 
investments in system flexibility, such as energy storage, grid balancing, and demand-
response technologies. The cost of these technologies will significantly impact future 
electricity prices. India is actively working on developing its energy storage capacity and 
implementing smart grid technologies to manage the variability of renewable energy. The 
cost and effectiveness of these measures will be a crucial factor in India’s electricity pricing. 
The development of robust forecasting mechanisms for renewable energy generation is also 
crucial for managing system flexibility costs.

2.2.4	 Additional Factors Influencing Electricity Prices:

•	Fuel costs: While India is increasing its renewable energy capacity, coal still plays a 
significant role in electricity generation. Fluctuations in coal prices can impact electricity 
prices. The relative cost of coal versus renewable energy sources will continue to be a key 
factor in India’s energy mix and electricity pricing.

•	Technology advancements: Technological advancements in renewable energy generation, 
energy storage, and grid management can help reduce costs and improve efficiency. 
Continued innovation and cost reductions in these areas are essential for making renewable 
energy competitive and affordable.

•	Government policies: Government policies, such as subsidies for renewable energy, 
carbon taxes, and regulations on grid operations, can significantly influence electricity 
prices. India’s policies regarding renewable purchase obligations (RPOs), feed-in tariffs, and 



27

other incentives will shape the growth of the renewable energy sector and impact electricity 
prices.

•	Market mechanisms: The development of electricity markets and trading platforms can 
influence electricity prices. India is gradually moving towards a more market-based electricity 
system, which could lead to greater price transparency and efficiency.

•	Financing costs: The cost of financing renewable energy projects and grid infrastructure 
can impact electricity prices. Access to affordable financing is crucial for the development of 
the renewable energy sector in India.

Additional Factors Influencing Electricity Prices Specifically in India:

•	Cross-subsidies: India’s electricity tariff structure often involves cross-subsidies between 
different consumer categories (e.g., agricultural, industrial, residential). Changes to these 
cross-subsidies can impact electricity prices for specific consumer groups. Reforming the 
cross-subsidy structure is a politically sensitive issue but is essential for ensuring a more 
sustainable and equitable electricity pricing system.

•	State-level regulations: SERCs in each Indian state play a vital role in determining 
electricity tariffs and grid charges. Variations in state-level regulations can lead to differences 
in electricity prices across the country. Harmonizing state-level regulations and promoting 
greater regulatory certainty can help attract investment in the power sector.

•	Transmission and distribution losses: India’s transmission and distribution (T&D) losses 
are relatively high, which can contribute to higher electricity prices. Reducing T&D losses 
through grid modernization and improved efficiency is crucial for lowering electricity costs.

•	Theft and pilferage: Electricity theft and pilferage are also a significant problem in India, 
which can lead to higher prices for legitimate consumers. Strengthening law enforcement 
and improving metering systems can help reduce theft and pilferage.

Navigating a Complex Energy Landscape, the Indian Context

The future cost of electricity is a complex equation with multiple variables at play. While 
grid investments are increasing, their impact on consumer charges will vary regionally and 
significantly within India. Factors like taxation, system flexibility costs, fuel costs, technology 
advancements, government policies, state-level regulations, market mechanisms, financing 
costs, cross-subsidies, T&D losses, and theft all play a significant role in shaping future electricity 
prices, particularly in India.

Policymakers and energy stakeholders in India must carefully consider these factors to ensure 
a smooth and cost-effective transition to a sustainable energy future. This includes:

• Investing in grid modernization and expansion: A robust and modern grid is essential for 
integrating renewable energy and ensuring reliable electricity access for all.
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• Promoting regional cooperation: Inter-state coordination on grid management and 
renewable energy integration can help optimize resource allocation.

• Developing innovative financing mechanisms: Attracting investment in grid infrastructure 
and renewable energy projects is crucial.

• Implementing smart grid technologies: Smart grids can help manage the variability of 
renewable energy and improve grid efficiency.

•	Promoting energy efficiency: Reducing electricity demand through energy efficiency 
measures can help lower costs for consumers.

•	Addressing cross-subsidy issues: Reforming the tariff structure to ensure a more 
equitable and sustainable pricing model is important.

•	Reducing T&D losses and combating theft: Improving grid efficiency and strengthening 
law enforcement are crucial for lowering costs.

•	Creating a stable and predictable regulatory environment: Clear and consistent policies 
are essential for attracting investment in the power sector.

By taking a holistic approach and addressing the various challenges and opportunities, India 
can ensure that the transition to renewable energy benefits both the environment and its citizens’ 
wallets.

2.3 Offshore Wind in India: A Deep Dive into Plans and Challenges

India, with its 7,600 km coastline, holds immense potential for offshore wind energy. The 
government has recognized this and is actively promoting its development. However, translating 
this potential into reality involves navigating a  complex landscape of technical, logistical, 
financial, and environmental challenges.

Plans and Policies: Setting the Stage

India’s offshore wind journey is guided by a framework of policies and initiatives:

•	National Offshore Wind Energy Policy (2015): This policy serves as the cornerstone, 
providing the overarching vision and roadmap for the sector’s development. It designates 
the Ministry of New and Renewable Energy (MNRE) as the nodal agency responsible for 
driving offshore wind initiatives.

•	Strategy for Establishment of Offshore Wind Energy Projects: This strategy outlines 
various implementation models, allowing for flexibility and encouraging diverse approaches 
to project development. It addresses aspects like project size, ownership structures, and 
procurement processes.

•	Offshore Wind Energy Lease Rules, 2023: These rules, notified by the Ministry of 
External Affairs, are crucial for regulating the allocation of offshore areas for wind projects. 
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They define the leasing process, including criteria for eligibility, lease duration, and revenue 
sharing mechanisms. This clarity is vital for attracting private investment.

•	Viability Gap Funding (VGF) Scheme: Recognizing the high upfront costs, the government 
has introduced a VGF scheme to bridge the financial gap and make initial projects 
commercially viable. This financial support is critical for de-risking early-stage projects and 
attracting developers.

•	National Green Hydrogen Mission: While not exclusively for offshore wind, this mission, 
with its focus on green hydrogen production, can create synergies with offshore wind 
development. Offshore wind can provide a dedicated source of renewable energy for green 
hydrogen production, creating a valuable secondary market.

•	Focus on Manufacturing: The government is pushing for the development of domestic 
manufacturing capacity for wind turbines and related equipment. This is essential for 
reducing reliance on imports, creating jobs, and lowering project costs in the long run.

2.3.1	 Key Objectives: A Multifaceted Approach

Let’s delve deeper into the key objectives driving India’s pursuit of offshore wind energy:

2.3.1.1 Energy Security: Building a Resilient Energy Future

• Reduced Import Dependence: India relies heavily on imported fossil fuels to meet its energy 
demands. This dependence makes the country vulnerable to fluctuations in global fuel 
prices and geopolitical instability. Offshore wind energy offers a clean, indigenous alternative, 
reducing this reliance and strengthening energy independence. This diversification of energy 
sources is crucial for long-term energy security.

• Enhanced Energy Access: While India has made significant strides in electrification, 
ensuring reliable and affordable electricity access for all remains a priority. Offshore wind 
can contribute to meeting this growing demand sustainably, particularly in coastal regions.

• Resilience to Geopolitical Shocks: By reducing dependence on volatile global fuel 
markets, offshore wind can enhance India’s resilience to geopolitical shocks and price 
volatility, safeguarding its economy from external pressures. This is particularly important 
given the increasing geopolitical complexities surrounding energy resources.

• Strategic Resource Management: Developing offshore wind allows India to leverage its 
natural resources strategically. Harnessing this abundant renewable resource can contribute 
to a more balanced and sustainable energy mix.

2.3.1.2 Renewable Energy Targets: Meeting Climate Commitments and Leading the Way

• Ambitious Renewable Energy Goals: India has set ambitious targets for renewable energy 
deployment, aiming to significantly increase the share of renewables in its energy mix. 
Offshore wind energy is crucial for achieving these targets, particularly given the limited 
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availability of suitable land for onshore wind projects.  
 
• Nationally Determined Contributions (NDCs): As a signatory to the Paris Agreement, 

India has committed to reducing its greenhouse gas emissions. Offshore wind plays a vital 
role in fulfilling these NDCs and contributing to global efforts to combat climate change.

• International Climate Leadership: By demonstrating its commitment to renewable energy 
and developing indigenous offshore wind capabilities, India can position itself as a leader 
in the global clean energy transition. This leadership can have significant geopolitical and 
economic benefits.

•	Diversification of Renewable Energy Portfolio: While solar and onshore wind have seen 
significant growth, diversifying the renewable energy portfolio with offshore wind enhances 
the stability and reliability of the overall energy system. This diversification is essential for 
managing intermittency challenges and ensuring a consistent energy supply.

2.3.1.3 Economic Development: Creating Jobs and Stimulating Growth

•	Job Creation Across the Value Chain: The offshore wind sector has the potential to create 
a significant number of jobs across various stages, from manufacturing and construction 
to operation, maintenance, and research. This includes high-skilled jobs in engineering, 
project management, and specialized technical fields.

•	Growth of Ancillary Industries: The development of offshore wind can stimulate growth 
in related industries, such as port infrastructure, shipbuilding, logistics, and specialized 
manufacturing. This creates a ripple effect, boosting economic activity in coastal regions 
and beyond.

•	Attracting Investment: India’s commitment to offshore wind can attract significant foreign 
and domestic investment in the renewable energy sector, boosting economic growth and 
creating new business opportunities.

•	Boost to Local Economies: The development of offshore wind projects can bring 
economic benefits to local communities in coastal areas, including job creation, infrastructure 
development, and increased revenue.

2.3.1.4 Technological Advancement: Driving Innovation and Building Expertise

•	 Indigenous Technology Development: Developing and deploying offshore wind technology 
can drive innovation in various fields, including turbine design, marine engineering, and grid 
integration. This can lead to the development of indigenous capabilities and reduce reliance 
on imported technology.

•	Research and Development: Investing in research and development is crucial for adapting 
offshore wind technology to Indian conditions and developing cost-effective solutions. This 
includes research on turbine design, foundation technologies, and environmental impact 
assessment.
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•	Skill Development and Capacity Building: Building a skilled workforce in the offshore 
wind sector is essential for ensuring the successful development and operation of these 
projects. This requires targeted training programs and educational initiatives.

•	Global Competitiveness: By developing expertise in offshore wind technology, India can 
become a competitive player in the global market, exporting technology and services to 
other countries.

2.3.1.5 Sustainable Development: A Clean Energy Future

•	Mitigating Climate Change: Offshore wind energy offers a clean alternative to fossil fuels, 
contributing to reducing greenhouse gas emissions and mitigating the impacts of climate 
change. This is crucial for achieving India’s climate goals and contributing to global efforts 
to combat climate change.

•	Reducing Air Pollution: By replacing fossil fuel-based power generation, offshore wind can 
help reduce air pollution, improving public health and reducing the burden on the healthcare 
system. This is particularly important in densely populated urban areas.

•	Protecting Marine Ecosystems: While offshore wind projects can potentially have 
environmental impacts, careful planning, environmental impact assessments, and mitigation 
measures can minimize these impacts and ensure the sustainable development of the 
sector.

•	Conserving Natural Resources: Offshore wind energy utilizes a renewable resource – 
wind – reducing the need to extract and burn fossil fuels, conserving these finite resources 
for future generations.

By pursuing these multifaceted objectives, India can leverage the vast potential of offshore wind 
energy to build a more secure, sustainable, and prosperous future. The path forward requires 
careful planning, strategic investments, and a commitment to innovation and collaboration.

2.3.2	 Overcoming the Challenges: Navigating the Obstacles

2.3.2.1 High Capital Costs: The Financial Hurdle

•	Upfront Investment: Offshore wind projects demand significantly higher upfront capital 
investment compared to onshore wind or solar due to several factors: 

o	Complex Engineering: Designing and constructing foundations, turbines, and transmission 
infrastructure in challenging marine environments requires advanced engineering and 
specialized expertise, adding to the cost.

o	Specialized Equipment: Offshore wind farms require specialized vessels for installation 
and maintenance, heavy-lift cranes, and subsea cabling, all of which are expensive to 
procure or lease.
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o	Harsh Marine Environment: Working in offshore environments exposes equipment to 
corrosion, strong winds, and rough seas, necessitating robust and durable materials and 
construction techniques, further increasing costs.

o	Financing Challenges: Securing financing for these large-scale projects can be a major 
hurdle, especially in the early stages of market development when risks are perceived to 
be higher. Factors like interest rates, loan tenures, and availability of project finance can 
significantly impact project viability.

o	Cost Competitiveness: The high capital costs of offshore wind need to be brought down 
to make it competitive with other sources of energy, including onshore wind and solar. 
This requires innovation, economies of scale, and government support.

2.3.2.2 Technological Complexities: Mastering the Deep Sea

•	Deep Water Installation: Installing and maintaining turbines in deep waters requires advanced 
technology and specialized expertise in areas like foundation design, mooring systems, and 
subsea cabling. India needs to develop indigenous capabilities in these areas.

•	Harsh Weather Conditions: Offshore environments are often subject to extreme weather 
conditions, including strong winds, storms, and cyclones, which can pose significant 
challenges for turbine operation and maintenance. Turbine design and maintenance 
strategies must be adapted to these conditions.

•	Corrosion and Fouling: Saltwater corrosion and marine fouling can damage turbine 
components and reduce their lifespan. Developing effective corrosion protection and anti-
fouling measures is crucial.

•	Grid Integration Technology: Integrating fluctuating offshore wind power into the grid 
requires advanced grid management systems, forecasting technologies, and energy storage 
solutions.

2.3.2.3 Logistical Nightmares: Moving Mountains at Sea

•	Specialized Vessels: Transporting massive turbine components (blades, nacelles, towers) to 
offshore locations requires specialized vessels, such as heavy-lift vessels and installation 
barges. India needs to invest in acquiring or leasing these vessels.

•	Port Infrastructure: Existing ports often lack the necessary infrastructure to handle the 
logistics of offshore wind projects. Developing deep-water ports with heavy-lift cranes, 
storage areas, and dedicated quays is crucial.

•	 Installation Challenges: Installing turbines in offshore environments is a complex operation 
that requires specialized equipment, skilled personnel, and careful planning. Weather 
windows for installation can be limited, adding to the logistical challenges.

•	Supply Chain and Transportation: Efficiently managing the supply chain and transporting 
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components from manufacturing facilities to ports and then to offshore sites requires 
meticulous planning and coordination.

2.3.2.4 Grid Integration Challenges: Balancing Intermittency

•	 Intermittency Management: Wind power is intermittent, meaning it fluctuates depending on 
weather conditions. Integrating large amounts of offshore wind power into the grid requires 
careful planning and the development of solutions to manage this intermittency.

•	Grid Modernization: Existing grid infrastructure may need to be upgraded and modernized 
to accommodate large amounts of offshore wind power. This includes investments in 
transmission lines, substations, and smart grid technologies.

•	Energy Storage: Energy storage technologies, such as batteries and pumped hydro storage, 
can play a crucial role in balancing the intermittency of wind power and ensuring a reliable 
electricity supply.

•	Demand-Side Management: Implementing demand-side management strategies can help 
optimize electricity consumption and reduce the need for balancing supply and demand.

2.3.2.5 Environmental Sensitivities: Protecting Marine Life

•	 Impacts on Marine Ecosystems: Offshore wind farms can potentially impact marine 
ecosystems, including marine mammals (whales, dolphins), birds, fish, and benthic 
organisms. Thorough environmental impact assessments are crucial to identify and mitigate 
these impacts.

•	Noise Pollution: The noise generated by wind turbines and construction activities can disturb 
marine life. Developing quieter technologies and implementing noise mitigation measures 
are important.

•	Habitat Disruption: The construction and operation of offshore wind farms can disrupt 
marine habitats. Careful site selection and the use of environmentally friendly construction 
techniques can minimize habitat disruption.

•	Bird Strikes: Birds can collide with wind turbine blades, posing a risk to their populations. 
Implementing bird deterrent systems and carefully siting wind farms can help reduce bird 
strikes.

2.3.2.6 Lack of Domestic Experience: Building Expertise

•	Project Development and Execution: India is relatively new to offshore wind, and there is a 
lack of experienced developers, contractors, and operators. Building capacity and expertise 
in project planning, financing, construction, operation, and maintenance is essential.\

•	Technology and Manufacturing: Developing indigenous capabilities in offshore wind 
technology and manufacturing is crucial for reducing costs and ensuring long-term 
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sustainability. This requires investments in research and development and technology 
transfer.

•	Skilled Workforce: A skilled workforce is needed across the offshore wind value chain, from 
engineers and technicians to project managers and environmental specialists. Developing 
training programs and educational initiatives is essential.

2.3.2.7 Regulatory and Permitting Complexities: Navigating the Bureaucracy

•	Multiple Approvals: Obtaining the necessary environmental clearances, maritime permits, 
and other regulatory approvals for offshore wind projects can be a complex and time-
consuming process, involving multiple agencies and stakeholders.

•	Lack of Clarity: The regulatory framework for offshore wind may lack clarity in certain areas, 
leading to uncertainty and delays in project development.

•	Streamlining the Process: Simplifying the permitting process, establishing a single-window 
clearance system, and ensuring regulatory clarity are crucial for attracting investment and 
accelerating project timelines.

2.3.2.8 Supply Chain Bottlenecks: Building a Domestic Ecosystem

•	Component Manufacturing: India currently relies heavily on imports for critical offshore wind 
components, such as turbines, blades, gearboxes, and foundations. Developing a robust 
domestic manufacturing base is crucial for reducing costs and ensuring timely project 
execution.

•	Logistics and Transportation: Efficiently managing the supply chain and transporting 
components from manufacturing facilities to ports and then to offshore sites requires 
meticulous planning and coordination.

•	Local Content Requirements: Implementing local content requirements can help stimulate 
the development of domestic manufacturing capacity, but these requirements must be 
balanced with cost competitiveness and project timelines.

2.3.2.9 Lack of Dedicated Ports: Gateway to the Sea

•	Port Infrastructure Deficiencies: Existing ports often lack the necessary infrastructure to 
support the manufacturing, assembly, and deployment of offshore wind turbines. This 
includes deep-water berths, heavy-lift cranes, storage areas, and access roads.

•	 Investment Needs: Significant investments are needed to develop dedicated ports with the 
required infrastructure to support the growth of the offshore wind sector.

•	 Strategic Planning: Strategic planning is needed to identify suitable port locations and develop 
a network of ports that can serve the needs of offshore wind projects across the country.
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•	Addressing these challenges requires a concerted effort from government, industry, and 
research institutions. By implementing appropriate policies, investing in infrastructure and 
technology, and fostering collaboration, India can overcome these hurdles and unlock the 
vast potential of offshore wind energy.

2.3.2.10 Way Forward: Charting the Course

To unlock the true potential of offshore wind, India needs a multi-pronged approach:

•	Strategic Partnerships: Collaborating with international players with experience in offshore 
wind development can accelerate knowledge transfer and technology adoption.

•	Focused R&D: Investing in research and development to adapt offshore wind technology to 
Indian conditions and develop cost-effective solutions is crucial.

•	Skill Development and Capacity Building: Creating dedicated training programs and 
educational initiatives to build a skilled workforce across the offshore wind value chain is 
essential.

•	Streamlined Regulatory Framework: Simplifying the permitting process, ensuring regulatory 
clarity, and establishing a single-window clearance system can significantly reduce project 
development timelines.

•	 Infrastructure Development: Prioritizing investments in port infrastructure, grid modernization, 
and dedicated transmission lines for offshore wind farms is crucial.

•	Financial Incentives and Risk Mitigation: Providing attractive financial incentives, such as tax 
breaks, subsidies, and risk mitigation instruments, can encourage private sector participation.

•	Environmental Stewardship: Conducting thorough environmental impact assessments, 
implementing robust monitoring programs, and developing mitigation strategies are essential 
for ensuring the sustainable development of offshore wind.

•	Community Engagement: Engaging with local communities and addressing their concerns 
is crucial for ensuring social acceptance and project success.

By addressing these challenges strategically and implementing a comprehensive roadmap, 
India can harness the vast potential of offshore wind energy, contributing to its energy security, 
economic growth, and sustainable development goals. The journey will require sustained effort, 
collaboration, and a long-term vision.
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3 REVOLUTIONIZING THE 
POWER SECTOR: THE ROLE 
OF DIGITALIZATION AND AI



37

The power sector has been utilizing digital technologies for many years, but as its systems 
become more complex and move towards greater autonomy, the need for targeted investments 
in digitalization and IT infrastructure is becoming as crucial as the physical expansion of 
generation assets and the grid itself. Software solutions, including Artificial Intelligence (AI), 
offer tremendous potential in optimizing the use of existing infrastructure while improving the 
design of new assets.

According to DNV annual survey of industry professionals (DNV 2024a), approximately two-
thirds of respondents expect their organizations to increase investment in digitalization over the 
next year, surpassing investments in any other sector. AI is poised to play a transformative role 
in shaping the future of power systems in the coming years. However, as with any emerging 
technology, AI’s impact is subject to Amara’s law, which suggests that we tend to overestimate 
its short-term effects and underestimate its long-term potential.

At present, DNV has not yet incorporated AI in our detailed projections of the global energy 
system, apart from general considerations around digitalization. This is still a nascent stage for 
the widespread integration of AI into the operational framework of power systems. Key challenges 
include resistance to change, technical limitations, and cybersecurity risks. Additionally, 
distinguishing between the broader impact of digitalization and the specific influence of AI 
presents a complex analytical hurdle.

Despite these obstacles, we are closely monitoring developments in AI and firmly believe it has 
the potential to significantly accelerate the energy transition. However, policy will remain the 
primary driver of this transition, shaping its pace and direction.

3.1 The Expanding Role of AI in the Power Industry: From Expert Systems to Industrial 
Intelligence

Artificial intelligence (AI) is rapidly transforming the power industry, moving beyond its early 
applications in expert systems and basic neural networks to become a crucial tool for navigating 
the complexities of the energy transition.  Advancements in computing power, sensor technology, 
the Internet of Things (IoT), and machine learning algorithms are driving this evolution, enabling 
AI to address challenges across the power value chain.

•	The Rise of Industrial AI: While recent attention has focused on generative AI and large 
language models, significant progress is being made in “industrial AI” within the power 
sector.  DNV research emphasizes the diverse applications of AI in this domain. The dramatic 
improvement in GPU performance, a key enabler of AI’s data-intensive tasks (coupled with 
breakthroughs in related technologies, has fuelled this growth.  AI’s capabilities now extend 
to computer vision, reinforcement learning, and automated machine learning, allowing for 
sophisticated analysis and decision-making.

•	Economic and Transformative Potential: The World Economic Forum highlights the 
transformative potential of AI in the energy transition, estimating potential savings of USD 
1.3 trillion in clean energy power generation by 2050 through improved demand-side 
management.  Furthermore, AI-driven optimization of transformer management could save 
USD 188 billion in grid equipment costs.  AI’s contributions to flexibility solutions could 
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further reduce overall power system costs by 6-13%. 

•	Research Focus and Trends: A comprehensive study by Heymann et al. analyzing over a 
quarter of a million research papers on AI applications in the power sector reveals a surge in 
research activity, with approximately 25,000 new papers published annually.  The research 
is heavily concentrated in the downstream segments of the power system, particularly power 
retail (55%), followed by transmission (14%) and generation (13%).  This focus on retail is 
likely driven by the rapid changes in energy demand patterns and the increasing availability 
of data from DERs, smart meters, and demand response programs. AI is proving invaluable 
in predicting energy usage, optimizing price forecasting and bidding in electricity markets, 
aggregating flexible demand, and facilitating peer-to-peer trading.

•	Challenges in Transmission and Generation: While AI is making significant strides in 
retail, its application in transmission and generation faces more challenges. These sectors 
involve complex physical environments and strict constraints, making it difficult for AI to 
directly control physical processes. As Bill Gates (2023) notes, AI is not yet capable of fully 
manipulating the physical world.  However, the integration of robotics and AI, termed “physical 
intelligence” (Rus, 2024), is beginning to emerge and holds promise for the future.  Despite 
these challenges, AI will be crucial for managing the increasing complexity of distributed 
generation systems and expanding grid environments.

•	AI’s Role in Grid Management: Grid operators are increasingly relying on AI-powered tools 
to analyze grid conditions, detect potential threats, perform predictive maintenance, optimize 
grid topologies, and create flexible contracts with partners and customers.  While AI is proving 
to be a valuable assistant, full automation of grid management remains a distant goal (Kim, 
2023).  The integration of AI into power systems is an ongoing process, and its full potential 
is yet to be realized.

3.2 The Distinction Between Generative AI and Discriminative AI in the Power Industry

As artificial intelligence (AI) continues to evolve, its impact varies significantly across different 
industries. This is particularly evident when comparing service industries, which focus on 
information, content, and customer interactions, with asset-heavy industries like the power 
sector. Understanding the difference between Generative AI and Discriminative AI—two 
fundamentally distinct AI technologies—reveals their unique roles and transformative potential 
within these industries.

3.2.1 The Divergent Impacts of AI in Service vs. Asset-Heavy Industries

Generative AI and discriminative AI have very different effects depending on the industry. Service 
industries, which often focus on content creation, customer engagement, and data processing, 
benefit more from generative AI, which excels in content generation and automating routine 
tasks. In contrast, the power industry, which relies heavily on complex physical assets, real-time 
control, and infrastructure management, finds discriminative AI more relevant. Discriminative 
AI’s ability to predict, optimize, and infer from data directly supports asset management, grid 
optimization, and operational reliability.
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3.2.1.1 Generative AI: Creating New Data and Content

Core Functionality

Generative AI models learn from existing data to generate new, synthetic data that shares 
similar characteristics. These models can create various outputs, such as text, code, images, and 
simulations. A prime example is large language models (LLMs) like ChatGPT, which generate 
coherent and contextually relevant content based on learned data patterns.

Current Applications in Power Systems

In the power sector, generative AI is still in its early stages, with applications in relatively low-risk 
areas:

•	Productivity Enhancement: Tools like GitHub Copilot assist power sector employees 
by generating code, drafting documentation, or writing reports, significantly improving 
productivity.

•	Customer Service: AI-powered chatbots handle routine customer inquiries, allowing human 
agents to focus on more complex issues.

•	Early Experimental Work: Researchers are exploring the potential of generative AI for 
synthetic data generation, which can be used to train other AI models or create realistic 
simulations of power system behaviour.

Limitations and Challenges

Generative AI faces several challenges, particularly in its “black box” nature, which makes it 
difficult to understand how it generates specific outputs. Additionally, generative models can 
sometimes produce hallucinations—incorrect or nonsensical information—posing a significant 
challenge for applications where accuracy and transparency are critical, such as power system 
management.

Future Potential

Generative AI holds promise for the future of the power sector, with potential applications in:

Design of New Materials and Equipment: Generative AI could design innovative materials 
and components for power infrastructure.

Optimization of Power System Designs: AI could help optimize grid and microgrid designs, 
balancing factors like cost, reliability, and environmental impact.

Advanced Control Strategies: It may assist in developing more adaptive and efficient control 
systems for power networks, enhancing their ability to respond to dynamic real-time demands.
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3.2.2	 Discriminative AI: Prediction, Inference, and Optimization

Core Functionality

Discriminative AI focuses on analyzing existing data to make predictions, draw inferences, 
and optimize decisions. Rather than generating new data, it processes and interprets current 
data to extract valuable insights. In the power industry, discriminative AI is crucial for predictive 
maintenance, real-time operations, and optimization tasks.

Dominant Role in Power Systems

Discriminative AI, often referred to as industrial AI in the power sector, plays a pivotal role in the 
operational efficiency of the industry. It is already deployed across various applications in power 
systems and continues to expand in its scope and capabilities.

Key Applications in the Power Industry

Discriminative AI is widely used in the following areas:

•	Computer Vision: AI analyzes images and video data to inspect power lines, detect defects, 
and monitor vegetation growth, helping ensure safe and reliable power transmission.

•	Forecasting: AI models predict electricity demand, renewable energy generation, and 
potential equipment failures, aiding in proactive decision-making.

•	Predictive Maintenance: AI detects early signs of equipment failure, allowing for timely 
intervention and reducing downtime.

•	Anomaly Detection: AI monitors data for unusual patterns, such as faults, cybersecurity 
threats, or other issues, enabling early detection and response.

•	Design Optimization: AI optimizes the design of grids, control systems, and other critical 
infrastructure, ensuring maximum efficiency and reliability.

Maturity and Reliability

Discriminative AI models are more mature, reliable, and explainable than generative AI. These 
qualities make them well-suited for high-stakes applications in the power sector, where clarity 
in decision-making and accuracy in predictions are essential for safe and efficient operations.

3.2.2.1 Key Differences and Implications

Understanding the key differences between generative and discriminative AI clarifies their 
roles and potential impact in the power industry. These differences span across functionality, 
maturity, explainability, reliability, and specific applications within power systems.
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Feature Generative AI Discriminative AI

Functionality Generates new data/content 
based on existing patterns

Predicts, infers, and optimizes 
based on existing data

Applications
Content creation (e.g., text, 
images), chatbots, early 
experiments

Forecasting, predictive mainte-
nance, anomaly detection, optimi-
zation

Maturity Less mature, rapidly evolving More mature, widely deployed

Explainability
Often a "black box", making 
it difficult to understand the 
reasoning behind decisions

More explainable, offering clearer 
insight into how decisions are 
made

Reliability

Can "hallucinate" (generate 
incorrect or nonsensical outputs), 
making it less reliable for critical 
applications

More reliable, making it ideal for 
high-stakes applications in asset 
management

Impact on Power
Indirect, with a focus on 
productivity, customer service, 
and experimental applications

Direct, focused on asset manage-
ment, operations, and enhancing 
system reliability

3.2.3	 Implications for the Power Industry

Generative AI: Currently, generative AI’s role in the power sector is emerging. It is being explored 
for tasks like productivity enhancement and customer service. However, its limitations—such 
as unpredictability and lack of explainability—make it unsuitable for high-risk applications. As 
the technology matures, its role in design optimization, material development, and advanced 
control strategies will likely grow.

Discriminative AI: Discriminative AI is already deeply integrated into the power sector, 
particularly in forecasting, predictive maintenance, and grid optimization. Its reliability, maturity, 
and explainability make it a cornerstone of power system operations, particularly for ensuring 
reliability, safety, and operational efficiency.
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3.2.4	 Conclusion: AI’s Role in the Future of the Power Industry

The distinction between generative and discriminative AI is essential for understanding their 
applications in the power industry. While generative AI holds promise for low-risk applications like 
content generation and experimentation, discriminative AI is already revolutionizing the sector 
by enhancing predictions, optimization, and decision-making processes. As both technologies 
evolve, they will complement each other, with discriminative AI leading the way in optimizing 
real-time operations and generative AI potentially unlocking new opportunities in power system 
design and material development. Ultimately, AI’s true potential lies in its ability to enhance 
the reliability, flexibility, and efficiency of the power industry, driving the transition to a more 
sustainable and resilient energy future.



4 BEST PRACTICES FOR DIGITAL 
INTERVENTIONS IN TRANSMISSION 
AND DISTRIBUTION SYSTEM 
OPERATIONS (TSOs AND DSOs)
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Digital technologies like Digital Twins, Augmented Reality (AR), Virtual Reality (VR), and 
Drones are revolutionizing how Transmission System Operators (TSOs) and Distribution 
System Operators (DSOs) manage their networks. These interventions offer enhanced visibility, 
leading to more efficient operations and maintenance, improved security, and increased 
reliability. However, realizing the full potential of these technologies requires careful planning 
and adherence to best practices.

4.1 Digital Twins: Creating Virtual Replicas for Enhanced Insights

A digital twin is a dynamic virtual representation of a physical asset, process, or system. It 
leverages data, analytics, and AI to provide insights, enable simulations, and optimize 
performance. In the context of TSOs and DSOs, digital twins can revolutionize how they manage 
their complex networks.

Best Practices: Building and Utilizing Effective Digital Twins

1. Data Integration: The Foundation of a Robust Digital Twin

• Comprehensive Data Sources: A successful digital twin relies on a wide range of data 
sources, including: 

•	SCADA (Supervisory Control and Data Acquisition) Systems: Real-time data on grid 
operations, power flow, voltage levels, and equipment status.

•	GIS (Geographic Information Systems): Location data and attributes of assets (e.g., 
transformers, lines, substations).

•	Sensor Data: Data from IoT devices, smart meters, and other sensors on asset condition, 
environmental factors, and grid performance.

•	Asset Management Systems: Historical data on maintenance records, equipment 
specifications, and performance history.

•	Weather Data: Real-time and forecasted weather information that can impact grid 
operations.

•	Robust Integration Processes: Establish reliable data pipelines and APIs to seamlessly 
integrate data from these diverse sources. Data should be collected, processed, and stored 
in a consistent and standardized format.

•	Data Quality Assurance: Implement rigorous data quality checks to ensure accuracy, 
completeness, and consistency. Cleanse and validate data regularly to avoid errors and 
ensure the reliability of the digital twin.

•	Data Governance Framework: Establish a clear data governance framework that defines 
roles, responsibilities, and procedures for data management, access, and security.

2. Model Fidelity: Mirroring Reality

•	Accurate Representation: The digital twin model should accurately reflect the physical 
assets and their behavior. This includes the physical characteristics of the assets, their 
operating parameters, and their interconnections.
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•	Dynamic Updates: Regularly update and calibrate the model to reflect real-world changes 
in the physical system, such as equipment upgrades, maintenance activities, and changes 
in grid configuration.

•	Multi-Physics Modeling: Consider using multi-physics modeling techniques to simulate 
the complex interactions between different physical domains (e.g., electrical, thermal, 
mechanical) within the power system.

•	Model Validation: Validate the digital twin model against real-world data and observations 
to ensure its accuracy and reliability.

3. Scenario Planning: Proactive Risk Mitigation

•	Simulation Capabilities: Use the digital twin to simulate various scenarios, including: 

o	Equipment Failures: Simulate the impact of equipment outages on grid stability and reliability.

o	Grid Disturbances: Analyze the effects of faults, short circuits, and other disturbances on 
the power system.

o	Natural Disasters: Assess the vulnerability of the grid to extreme weather events, such 
as storms and floods.

o	Cyberattacks: Evaluate the potential impact of cyberattacks on grid operations and security.

•	 Impact Analysis: Analyze the results of simulations to understand the potential 
consequences of different scenarios and identify areas of vulnerability.

•	Proactive Planning: Use the insights gained from scenario planning to develop contingency 
plans, optimize maintenance schedules, and improve grid resilience.

4. Optimization and Control: Real-Time Decision-Making

•	Real-Time Optimization: Leverage the digital twin for real-time optimization of grid 
operations, including: 

o	Power Flow Management: Optimize power flow to minimize transmission losses and 
improve grid efficiency.

o	Voltage Control: Maintain voltage levels within acceptable ranges to ensure grid stability 
and prevent equipment damage.

o	Fault Detection and Isolation: Quickly detect and isolate faults to minimize service 
interruptions and prevent cascading failures.

5. Collaboration and Accessibility: Empowering Stakeholders

•	Role-Based Access: Provide access to the digital twin to relevant stakeholders based on 
their roles and responsibilities.

•	User-Friendly Interfaces: Develop intuitive and user-friendly interfaces for accessing and 
interacting with the digital twin.

•	Collaboration Tools: Integrate collaboration tools into the digital twin platform to facilitate 
communication and knowledge sharing among stakeholders.
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•	Training and Support: Provide adequate training and support to users to ensure they can 
effectively utilize the digital twin.

6. Security Considerations: Protecting the Virtual Replica

•	Cybersecurity Measures: Implement robust cybersecurity measures to protect the digital 
twin from unauthorized access, cyberattacks, and data breaches.

•	Data Encryption: Encrypt sensitive data both in transit and at rest.

•	Access Control: Implement strict access control policies to restrict access to the digital 
twin based on user roles and permissions.   

•	Security Audits: Conduct regular security audits to identify vulnerabilities and ensure the 
ongoing security of the digital twin.

Benefits: A Transformative Impact

By effectively implementing digital twins, TSOs and DSOs can achieve significant benefits:

• Improved Asset Management: Better understanding of asset condition, performance, and 
remaining useful life.

• Optimized Grid Operations: Increased efficiency, reduced losses, and improved grid 
stability.

• Proactive Maintenance: Reduced downtime, lower maintenance costs, and improved 
equipment reliability.

• Enhanced Situational Awareness: Real-time visibility into grid conditions and improved 
ability to respond to emergencies.

• Reduced Downtime: Faster fault detection and isolation, leading to shorter service 
interruptions.

• Improved Decision-Making: Data-driven insights to support informed decision-making by 
operators, engineers, and managers

Digital twins are a powerful tool for modernizing the power grid and enabling a more efficient, 
reliable, and sustainable energy future. By adhering to best practices and addressing the 
challenges, TSOs and DSOs can unlock the full potential of this technology.

4.2 Augmented Reality (AR): Bridging the Physical and Digital Worlds

Augmented Reality (AR) overlays digital information onto the real world as viewed through a 
device like a smartphone, tablet, or specialized AR glasses. This allows field technicians and 
other personnel to access critical information and guidance in a hands-on, contextual manner, 
revolutionizing how tasks are performed in the power industry.

Best Practices for Implementing AR in Power Systems:

1. Contextual Information: Right Information at the Right Time
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• Dynamic Data Overlay: AR applications should be designed to overlay relevant digital 
information onto the physical assets viewed through the AR device. This could include: 

o Real-time Sensor Data: Displaying current readings from sensors on equipment (e.g., 
temperature, voltage, current).

o Equipment Schematics and Diagrams: Providing access to detailed schematics and 
wiring diagrams for the specific asset being viewed.

o Maintenance History: Displaying past maintenance records, repair history, and 
inspection reports for the equipment.

o Operating Procedures: Overlaying step-by-step instructions for performing specific 
tasks or procedures.

o Safety Warnings and Alerts: Highlighting potential hazards and displaying safety 
warnings relevant to the current situation.

•	Context-Aware Information: The AR application should be context-aware, meaning it 
should automatically display the most relevant information based on the asset being viewed 
and the task being performed. For example, if a technician is inspecting a transformer, the 
AR display should show the transformer’s specifications, maintenance history, and real-time 
operating parameters.

•	 Integration with Databases: AR applications should be integrated with existing databases 
and systems (e.g., asset management systems, SCADA systems) to ensure that the 
information displayed is up-to-date and accurate.

2. Remote Assistance: Expert Guidance at Your Fingertips

•	Real-Time Video Conferencing: AR can enable real-time video conferencing between 
field technicians and remote experts. The expert can see what the technician sees through 
the AR device’s camera and provide guidance remotely.

•	 Interactive Annotations: Remote experts can use annotations and drawings overlaid onto 
the technician’s view to highlight specific areas of interest or provide instructions.

•	Document Sharing: AR applications can facilitate the sharing of documents, such as 
manuals, schematics, and procedures, between the remote expert and the field technician.

•	Reduced Travel Costs and Downtime: Remote assistance through AR can significantly 
reduce the need for experts to travel to remote locations, saving time and money. It can also 
help resolve issues more quickly, minimizing downtime.

3. Training and Simulation: Hands-On Experience in a Safe Environment

•	 Interactive Training Modules: AR can be used to create interactive training modules for 
field technicians, guiding them through various tasks and procedures in a step-by-step 
manner.

•	 Realistic Simulations: AR can overlay virtual elements onto real-world equipment, creating realistic 
simulations of various scenarios, such as equipment malfunctions or emergency situations. This 
allows technicians to practice handling these situations in a safe and controlled environment.
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•	 Improved Knowledge Retention: AR-based training can be more engaging and effective 
than traditional methods, leading to improved knowledge retention and better performance 
in the field.

4. Integration with Existing Systems: Streamlining Workflows

•	Work Order Management: AR applications should be integrated with work order management 
systems to provide technicians with access to relevant work orders and task instructions.

•	Asset Management Systems: Integration with asset management systems allows technicians 
to access asset information, maintenance history, and other relevant data directly through 
the AR interface.

•	SCADA/DMS Integration: Integrating AR with SCADA (Supervisory Control and Data 
Acquisition) or DMS (Distribution Management System) allows technicians to view real-time 
grid data and control equipment remotely through the AR interface.

5. User-Friendly Interface: Maximizing Adoption

•	 Intuitive Design: AR interfaces should be designed to be intuitive and easy to use, minimizing 
the learning curve for field technicians.

•	Hands-Free Operation: Consider using voice commands or other hands-free input methods 
to allow technicians to interact with the AR application while keeping their hands free to 
perform tasks.

•	Clear Visualizations: Information should be presented clearly and concisely, avoiding clutter 
and ensuring that the most important information is easily visible.

6. Safety Protocols: Ensuring Safe Operations

•	Hazard Awareness: AR applications can be used to highlight potential hazards in the field, 
such as energized equipment or confined spaces.

•	Safety Procedures: AR can provide technicians with access to safety procedures and 
checklists relevant to the task being performed.

•	Distraction Management: Implement measures to minimize distractions caused by the AR 
device, ensuring that technicians remain focused on their surroundings and the task at 
hand.

4.2.1	 Benefits of AR in Power Systems:

•	 Improved Field Technician Efficiency: Technicians can access information and guidance 
quickly and easily, reducing the time required to complete tasks.

•	Reduced Errors: AR can help prevent errors by providing clear instructions and visual cues.

•	Faster Maintenance Times: Remote assistance and access to real-time information can 
help technicians diagnose and resolve issues more quickly.

•	Enhanced Safety: AR can improve safety by highlighting potential hazards and providing 
access to safety procedures.

•	 Improved Training Outcomes: AR-based training can be more engaging and effective than 
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traditional methods, leading to better knowledge retention.

•	Reduced Travel Costs and Downtime: Remote assistance can reduce the need for experts 
to travel to remote locations, saving time and money.

By carefully considering these best practices, power companies can effectively leverage AR 
to improve the efficiency, safety, and reliability of their operations. AR is a powerful tool for 
empowering field technicians and bridging the gap between the digital and physical worlds in 
the power industry.

4.3 Virtual Reality (VR): Immersive Training and Design

Virtual Reality (VR) creates immersive, computer-generated environments that users can 
interact with using headsets and other devices. This technology offers significant potential for 
training and design in the power industry, allowing personnel to experience realistic scenarios 
and visualize complex infrastructure in a safe and engaging way.

4.3.1	 Best Practices for Implementing VR in Power Systems:

1. Realistic Simulations: Mimicking Real-World Scenarios

• High-Fidelity Environments: VR environments should be designed to accurately replicate 
real-world scenarios, including the physical layout of substations, the appearance and 
functionality of equipment, and the sounds and other sensory inputs that would be present in 
the actual environment. The level of detail should be sufficient to create a sense of presence 
and immersion for the user.

•	Scenario-Based Training: VR training programs should be structured around realistic 
scenarios that trainees are likely to encounter in their jobs. These scenarios could include 
routine tasks, such as equipment inspections and maintenance procedures, as well as 
emergency situations, such as equipment failures or grid disturbances.

•	 Interactive Elements: VR environments should include interactive elements that allow 
trainees to manipulate virtual objects, operate virtual equipment, and make decisions that 
have consequences within the simulation. This interactivity is crucial for creating an engaging 
and effective learning experience.

•	Sensory Immersion: Beyond visual fidelity, consider incorporating other sensory elements, 
such as realistic sound effects, tactile feedback (through haptic devices), and even simulated 
smells (in advanced applications) to enhance the sense of immersion and realism.

2. Interactive Training: Engaging and Effective Learning

•	Gamification: Incorporate game-like elements into VR training programs, such as points, 
badges, and leaderboards, to motivate trainees and make the learning process more 
enjoyable.

•	Adaptive Learning: Design VR training programs that adapt to the individual trainee’s 
progress and learning style. The difficulty and complexity of scenarios can be adjusted 
based on the trainee’s performance.

•	Feedback and Assessment: Provide trainees with immediate feedback on their performance 
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within the VR environment. Track their progress and identify areas where they need additional 
training.

•	Multi-User Training: Develop VR training programs that allow multiple trainees to interact 
with each other in the same virtual environment, facilitating teamwork and collaboration.

3. Design and Planning: Visualizing Complex Infrastructure

•	3D Model Visualization: VR can be used to visualize 3D models of new substations, 
transmission lines, and other infrastructure, allowing engineers and planners to explore the 
design in a highly immersive and intuitive way.

•	Early Issue Identification: By visualizing the design in VR, potential issues, such as clashes 
between equipment, accessibility problems, or safety hazards, can be identified early in the 
design process, before construction begins.

•	Stakeholder Collaboration: VR can facilitate communication and collaboration among 
different stakeholders involved in the design process, including engineers, architects, 
construction teams, and community representatives.

•	Virtual Walkthroughs: VR allows stakeholders to take virtual walkthroughs of proposed 
facilities, providing them with a clear understanding of the design and layout.

4. Accessibility and Scalability: Reaching a Wider Audience

•	Hardware Compatibility: Ensure that VR training programs are compatible with a range of 
VR headsets and devices, making them accessible to a wider audience.

•	Software Platform: Choose a VR software platform that is scalable and can accommodate 
future needs, such as adding new training modules or expanding the number of users.

•	Remote Access: Consider developing cloud-based VR training programs that can be 
accessed remotely, allowing trainees to participate from anywhere with an internet connection.

5. Cost-Effectiveness: Justifying the Investment

•	Cost Analysis: Conduct a thorough cost analysis to evaluate the cost-effectiveness of VR 
training compared to traditional methods. Consider factors such as the cost of VR hardware 
and software, the development cost of training modules, and the potential savings from 
reduced training time, travel costs, and safety incidents.

•	Return on Investment (ROI): Calculate the ROI of VR training by comparing the costs to the 
benefits, such as improved training outcomes, reduced errors, and increased productivity.

•	Long-Term Benefits: Consider the long-term benefits of VR training, such as improved safety, 
increased employee engagement, and enhanced knowledge retention.

4.3.2	 Benefits of VR in Power Systems:

•	 Improved Training Outcomes: VR training can be more engaging and effective than traditional 
methods, leading to better knowledge retention and improved performance in the field.

•	Enhanced Safety: VR allows trainees to practice handling hazardous situations in a safe 
and controlled environment, reducing the risk of accidents and injuries.
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•	Reduced Training Costs: VR training can reduce training costs by eliminating the need for 
travel, physical training materials, and expensive on-the-job training.

•	 Improved Design and Planning: VR can help identify design flaws early in the process, 
reducing the cost and time required for rework.

•	Better Visualization of Complex Infrastructure: VR provides a highly immersive and intuitive 
way to visualize complex infrastructure, improving understanding and facilitating collaboration.

By carefully considering these best practices, power companies can effectively leverage VR to 
enhance training, improve design and planning, and ultimately create a safer and more efficient 
working environment. VR is a powerful tool for transforming how the power industry trains its 
workforce and develops its infrastructure.

4.4 Drones: Aerial Inspections and Monitoring

Drones are rapidly transforming how power companies inspect and maintain their infrastructure. 
Their ability to access remote and hazardous locations quickly and efficiently makes them 
invaluable for inspecting power lines, substations, and other assets.

4.4.1	 Best Practices for Drone Operations in Power Systems:

1. Automated Flight Plans: Precision and Efficiency

• Pre-Programmed Routes: Develop automated flight plans for routine inspections using 
specialized software. These plans should define the drone’s flight path, altitude, camera 
angles, and data collection points.

• GPS Accuracy: Ensure the drone’s GPS system is highly accurate to ensure precise flight 
paths and data collection. Consider using Real-Time Kinematic (RTK) GPS for centimeter-
level accuracy.

• Terrain Following: For inspections in areas with varied terrain, use terrain-following 
capabilities to maintain a consistent distance between the drone and the assets being 
inspected.

• Repeatability: Automated flight plans ensure that inspections are conducted consistently 
over time, allowing for reliable comparisons and trend analysis.

• Flight Plan Optimization: Optimize flight plans to minimize flight time and maximize data 
coverage, improving efficiency and reducing battery consumption.

2. High-Resolution Imaging: Seeing the Details

•	High-Quality Cameras: Equip drones with high-resolution cameras to capture detailed 
images and videos of assets. Consider using cameras with zoom capabilities to get close-
up views of specific components.

•	Thermal Imaging: Use thermal cameras to detect hotspots on equipment, which can 
indicate potential problems such as overheating or loose connections.

•	LiDAR (Light Detection and Ranging): For vegetation management and corridor mapping, 
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consider using LiDAR sensors to create highly accurate 3D models of the terrain and 
vegetation.

•	Multi-Spectral Imaging: Multi-spectral cameras can be used to assess the health of 
vegetation near power lines and identify areas that may require trimming.

•	 Image Stabilization: Ensure that cameras have image stabilization capabilities to capture 
clear and stable images, even in windy conditions.

3. Data Analytics: Turning Data into Insights

•	Automated Anomaly Detection: Utilize data analytics tools to automatically process the 
images and videos captured by drones, identifying anomalies such as damaged insulators, 
corrosion, or vegetation encroachment.

•	AI-Powered Analysis: Employ AI and machine learning algorithms to analyze the data, 
improving the accuracy and efficiency of anomaly detection.

•	Data Visualization: Use data visualization tools to present the inspection data in a clear 
and intuitive way, making it easier for inspectors to review and analyze the findings.

•	Reporting and Documentation: Generate automated reports summarizing the inspection 
findings, including the location and severity of any detected anomalies.

4. Integration with Asset Management Systems: Streamlining Maintenance

•	Data Integration: Integrate drone data with existing asset management systems to track 
the condition of assets over time.

•	Maintenance Planning: Use the data to plan maintenance activities, prioritizing repairs 
based on the severity of the detected anomalies.

•	Work Order Generation: Automatically generate work orders for maintenance tasks based 
on the drone inspection findings.

•	Asset Lifecycle Management: Use drone data to inform asset lifecycle management 
decisions, such as when to replace aging equipment.

5. Regulatory Compliance: Following the Rules

•	FAA Regulations (or equivalent): Adhere to all relevant regulations and guidelines 
regarding drone operations, including airspace restrictions, licensing requirements, 
registration requirements, and operating rules. (In the US, this is primarily governed by the 
Federal Aviation Administration (FAA)).

•	Local Regulations: Be aware of and comply with any local regulations or ordinances related 
to drone use.

•	Privacy Considerations: Respect privacy regulations when collecting data using drones, 
ensuring that images and videos are not used to identify individuals or violate their privacy.
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6. Pilot Training and Certification: Skilled and Safe Operations

•	Certified Pilots: Ensure that drone pilots are properly trained and certified, possessing the 
necessary skills to operate drones safely and effectively.

•	Training Programs: Develop comprehensive training programs for drone pilots, covering 
topics such as flight operations, maintenance procedures, data analysis, and regulatory 
compliance.

•	Safety Procedures: Establish clear safety protocols for drone operations, including pre-
flight checks, emergency procedures, and weather guidelines.

4.4.2	 Benefits of Drone Inspections in Power Systems:

•	Reduced Inspection Times: Drones can inspect assets much faster than traditional 
methods, such as climbing towers or using helicopters.

•	 Improved Safety: Drones eliminate the need for personnel to access hazardous locations, 
reducing the risk of accidents and injuries.

•	Enhanced Data Collection: Drones can capture high-resolution images and videos from 
various angles, providing more detailed information about asset condition.

•	Early Detection of Defects: Drones can detect anomalies and potential problems early on, 
allowing for proactive maintenance and preventing costly failures.

•	Optimized Maintenance Planning: Drone data can be used to prioritize maintenance 
tasks and optimize maintenance schedules, improving efficiency and reducing costs.

•	Cost Savings: Reduced inspection times, improved safety, and optimized maintenance 
planning can lead to significant cost savings for power companies.

By adhering to these best practices, power companies can effectively leverage drones to 
improve the safety, efficiency, and reliability of their operations. Drones are a valuable tool for 
modernizing the power grid and ensuring a sustainable energy future.

4.5 General Best Practices for Digital Interventions:

4.5.1	 Cybersecurity: Protecting the Digital Infrastructure

•	Comprehensive Security Strategy: Develop a comprehensive cybersecurity strategy that 
addresses all aspects of digital security, from network infrastructure to data protection. 
This strategy should be aligned with industry best practices and standards (e.g., NIST 
Cybersecurity Framework, ISO 27001).

•	Risk Assessment: Conduct regular risk assessments to identify vulnerabilities and potential 
threats to digital systems and data. Prioritize security measures based on the level of risk.

•	Multi-Layered Security: Implement a multi-layered security approach, including firewalls, 
intrusion detection systems, antivirus software, access controls, and data encryption.

•	Data Encryption: Encrypt sensitive data both in transit and at rest to protect it from 
unauthorized access.

•	Access Control: Implement strong access control policies to restrict access to digital systems 
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and data based on user roles and responsibilities. Use multi-factor authentication whenever 
possible.

•	Security Monitoring: Continuously monitor digital systems for suspicious activity and 
security breaches. Establish incident response plans to address security incidents quickly 
and effectively.

•	Security Awareness Training: Provide regular security awareness training to employees to 
educate them about cybersecurity threats and best practices.

•	Vulnerability Management: Regularly scan systems for vulnerabilities and apply patches 
promptly to address security weaknesses.

4.5.2	 Data Management: Ensuring Data Quality, Security, and Privacy

•	Data Governance Policies: Establish clear data governance policies and procedures that 
define how data is collected, stored, processed, accessed, and shared. These policies 
should address data quality, security, and privacy.

•	Data Quality Management: Implement data quality checks and validation procedures to 
ensure data accuracy, completeness, and consistency. Cleanse and normalize data regularly.

•	Data Security: Implement robust security measures to protect data from unauthorized 
access, modification, or disclosure. Use encryption, access controls, and data masking 
techniques.

•	Data Privacy: Comply with all relevant data privacy regulations (e.g., GDPR, CCPA) and ensure 
that personal data is handled responsibly and ethically. Implement data anonymization or 
pseudonymization techniques where appropriate.

•	Data Lifecycle Management: Establish procedures for managing data throughout its lifecycle, 
from creation to archiving or deletion.

•	Data Backup and Recovery: Implement regular data backups and disaster recovery plans 
to ensure business continuity in the event of data loss or system failure.

4.5.3	 Change Management: Smooth Transitions and User Adoption

•	Communication and Engagement: Communicate effectively with employees about the 
changes associated with implementing new digital technologies. Engage them in the process 
and address their concerns.

•	Training and Support: Provide adequate training and support to employees to ensure they 
can effectively use the new digital tools and systems. Develop training materials and conduct 
hands-on training sessions.

•	User Feedback: Gather feedback from users about the new technologies and make 
adjustments as needed to improve usability and effectiveness.

•	Phased Rollout: Consider a phased rollout of new digital technologies to allow employees 
time to adapt and minimize disruption to operations.
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4.5.4	 Interoperability: Seamless Integration and Data Sharing

•	Standardized Interfaces: Use standardized interfaces and protocols to ensure that different 
digital systems and platforms can communicate with each other seamlessly.

•	API Integration: Leverage APIs (Application Programming Interfaces) to enable data sharing 
and collaboration between different systems.

•	Data Exchange Formats: Use standardized data exchange formats to ensure that data can 
be easily shared and interpreted by different systems.

•	System Integration Testing: Conduct thorough testing to ensure that different systems can 
integrate and communicate effectively.

4.5.5	 Scalability: Planning for Future Growth

•	Flexible Architecture: Design digital solutions with a flexible architecture that can scale to 
accommodate future growth and changing needs.

•	Cloud-Based Solutions: Consider using cloud-based solutions to provide scalability and 
flexibility. Cloud platforms can easily scale resources up or down as needed.

•	Modular Design: Use a modular design approach to allow for easy expansion and integration 
of new features and functionalities.

4.5.6	 Continuous Improvement: Optimization and Adaptation

•	Performance Monitoring: Regularly monitor the performance of digital interventions to 
identify areas for improvement.

•	Data Analysis: Analyze data to assess the effectiveness of digital interventions and identify 
trends.

•	Feedback Loops: Establish feedback loops to gather input from users and stakeholders on 
how to improve the digital solutions.

•	Regular Reviews: Conduct regular reviews of digital strategies and make adjustments as 
needed to stay aligned with business goals and technological advancements.

By adhering to these general best practices, TSOs and DSOs can effectively leverage digital 
technologies to enhance the visibility, efficiency, security, and reliability of their operations. These 
interventions are crucial for modernizing the power grid and ensuring a sustainable energy 
future. These best practices are not static; they should be regularly reviewed and updated to 
reflect evolving technologies, best practices, and security threats.

4.6 AI Best Practices from Leading Global Utilities: Powering Grid Optimization, Predictive 
Maintenance, and Market Operations

Several global utilities have successfully deployed AI technologies across their operations, 
demonstrating the transformative potential of AI in the power sector. TSOs and DSOs can learn 
valuable lessons from these pioneers by adopting the following best practices:
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4.6.1	 Data-Driven Culture and Infrastructure:

•	Establish a Centralized Data Platform: Utilities like Enel (Italy) and EDF (France) have 
invested in centralized data platforms to collect, store, and manage vast amounts of data 
from various sources (SCADA, smart meters, sensors, etc.). This centralized approach is 
crucial for AI algorithms to access and learn from comprehensive datasets.

•	Data Quality is Paramount: Southern California Edison (SCE) emphasizes data quality 
as a cornerstone of its AI initiatives. They invest heavily in data cleansing, validation, and 
standardization to ensure the accuracy and reliability of AI models. Garbage in, garbage out 
is a critical consideration.

•	 Invest in Data Infrastructure: Leading utilities recognize the need for robust data 
infrastructure, including cloud computing, data lakes, and high-performance computing 
clusters, to support the storage and processing of massive datasets required for AI 
applications.

4.6.2	 Targeted AI Applications and Use Cases:

•	Focus on Specific Problems: Instead of trying to apply AI to everything at once, utilities 
like National Grid (UK) and AEP (US) have focused on specific, well-defined problems 
where AI can deliver clear value. Examples include predictive maintenance of transformers, 
optimization of grid operations, and forecasting of renewable energy generation.

•	Prioritize High-Impact Use Cases: Identify use cases with the highest potential return on 
investment (ROI) and prioritize those for AI implementation. This could include reducing 
downtime, improving efficiency, or enhancing safety.

•	Start Small, Scale Up: Begin with pilot projects and scale up successful implementations 
gradually. This allows utilities to learn and refine their AI strategies before making large-
scale investments.

4.6.3	 3Model Development and Deployment Best Practices:

•	Collaboration with Experts: Utilities like Iberdrola (Spain) and Origin Energy (Australia) 
often collaborate with AI specialists, data scientists, and technology providers to develop 
and deploy AI models. This ensures access to the necessary expertise and accelerates the 
development process.

•	Explainable AI (XAI): Increasingly, utilities are prioritizing XAI to understand how AI models 
arrive at their decisions. This is crucial for building trust in AI and ensuring that the models 
are used responsibly. Explainability is especially important in critical grid operations.

•	Model Validation and Testing: Thoroughly validate and test AI models before deploying 
them in live environments. Use real-world data and simulations to assess model accuracy 
and reliability. Regularly retrain and update models as new data becomes available.

•	Continuous Monitoring: Monitor the performance of deployed AI models continuously 
to ensure they are operating as expected. Track key metrics and identify any performance 
degradation.
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4.6.4	 Integration and Automation:

•	Seamless Integration: Integrate AI models with existing systems, such as SCADA, DMS, 
and OMS, to enable automated actions and improve operational efficiency. This requires 
well-defined APIs and data exchange protocols.

•	Automation of Routine Tasks: Use AI to automate routine tasks, such as data analysis, 
report generation, and basic control functions, freeing up human operators to focus on more 
complex tasks.

•	Human-in-the-Loop: While automation is important, maintain a human-in-the-loop 
approach for critical decisions. AI should be used to augment human intelligence, not 
replace it entirely.

4.6.5	 Change Management and Workforce Development:

•	Employee Training: Provide comprehensive training to employees on how to work with 
AI systems and interpret the results. Address any concerns about job displacement and 
emphasize the role of AI as a tool to enhance human capabilities.

•	Skill Development: Invest in training and development programs to build internal AI 
expertise. This could include hiring data scientists, training existing employees in data 
analytics, or partnering with universities to develop specialized programs.

•	Cross-Functional Collaboration: Foster cross-functional collaboration between IT, 
engineering, operations, and other departments to ensure that AI initiatives are aligned with 
business goals.

4.6.6	 Ethical Considerations and Responsible AI:

•	Bias Mitigation: Address potential biases in data and AI models to ensure fairness and 
equity. Carefully consider the impact of AI decisions on different customer groups.

•	Transparency and Accountability: Strive for transparency in AI decision-making and 
establish clear lines of accountability for AI-driven actions.

•	Data Privacy: Protect customer data privacy and comply with all relevant regulations. 
Implement robust data security measures and anonymization techniques

4.6.7	 Examples of Successful AI Deployments:

•	Predictive Maintenance: Several utilities use AI to predict equipment failures and schedule 
maintenance proactively, reducing downtime and extending asset lifespan.

•	Grid Optimization: AI is used to optimize power flow, voltage control, and fault detection, 
improving grid efficiency and reliability.

•	Renewable Energy Forecasting: AI algorithms are used to forecast renewable energy 
generation, enabling better grid management and integration of renewable resources.

•	Demand Response: AI is used to predict electricity demand and optimize demand response 
programs, reducing peak demand and improving grid stability.

•	Customer Service: AI-powered chatbots are used to handle customer inquiries, freeing up 
human agents to deal with more complex issues.
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STRATEGIC PARTNERS

IEEMA is the first ISO certified industry 
association in India, with 950 + member 
organizations encompassing the complete 
value chain in power generation, transmission 
and distribution equipment. Its membership 
base ranges from public sector enterprises, 
multinational companies to small, medium and 
large companies. IEEMA members have 
contributed to more than 95% of the power 
equipment installed in India.
Visit: www.ieema.org

IEEE is the world’s largest technical professional 
organization dedicated to advancing technology 
for the benefit of humanity. IEEE and its 
members inspire a global community through its 
highly cited publications, conferences, 
technology standards, and professional and 
educational activities. IEEE is the trusted voice 
for engineering, computing, and technology 
information around the globe.
Visit: www.ieee.org

The Power & Energy Society (PES) provides 
the world’s largest forum for sharing the latest 
in technological developments in the electric 
power industry, for developing standards that 
guide the development and construction of 
equipment and systems, and for educating 
members of the industry and the general 
public. Members of the Power & Energy 
Society are leaders in this field, and they and 
their employers derive substantial benefits 
from involvement with this unique and 
outstanding association.
Visit: www.ieee-pes.org

ELECRAMA is the flagship showcase of the 
Indian Electrical Industry ecosystem and the 
largest congregation of power sector ecosystem 
in the geography. ELECRAMA brings together 
the complete spectrum of solutions that powers 
the planet from source to socket and everything 
in between. The growing significance & role of 
electricity in the energy sector and its drive for 
sustainability through new energies, energy 
efficiency, AI/ML integration, IOT adoption and 
Investment Opportunities in E-mobility, Charging 
Infrastructure and Storage will be in special 
focus.
Visit: www.elecrama.com
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