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Foreword

Energy systems around the globe stand at an
inflection point. Many leaders in the energy
sector are navigating a transformation of

scale and complexity, as they balance surging
demand, environmental considerations, and the
imperative to strengthen the resilience of their
operations in an uncertain environment. These
converging challenges present an opportunity:
to reimagine the future of energy enabled by
the responsible and strategic application of
artificial intelligence (Al).

Al is rapidly becoming a catalyst for measurable
progress in energy systems. Leaders across
the sector are deploying Al-driven solutions

to optimize their operations, strengthen
reliability, and unlock substantial economic and
environmental gains. From automated methane
leak detection that saves billions while reducing
emissions, to Al-powered demand forecasting
that delivers both cost savings and grid
flexibility, the evidence shows that Al is already
helping energy stakeholders to achieve more,
and to do so sustainably.

The potential impact of Al on energy systems

is vast—Dby 2030, strategically leveraging Al
could enable energy savings that far exceed

the technology's energy consumption, deliver
hundreds of billions in annual cost reductions,
and help avoid emissions. These benefits,
however, are not automatic. Realizing them may
require action across the energy ecosystem.
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Energy producers and manufacturers, technology
companies, financial services, and policymakers
each have an important role to play.

Additionally, as Al becomes increasingly
embedded in critical infrastructure, it's
important that leaders work to uphold
principles of sovereignty, transparency,

and accountability. Fostering local capacity,
governance, and ethical Al practices can help
lay the foundation for Al to serve as a trusted
enabler of security and resilience.

This report provides a timely and actionable
roadmap for leaders to harness Al to help drive
efficiency, sustainability, and long-term resilience
in energy systems. Explore these insights, learn
how other leading organizations have applied
these Al-enabled solutions, and consider how
you and your organization can help shape a
sustainable, and Al-empowered energy future.

ol
Jennifer Steinmann

Deloitte Global Sustainability
Business leader

Costi Perricos
Deloitte Global GenAl
Business leader
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Executive summary

Energy systems face mounting challenges, notably demand, environmental concerns
and the need for enhanced resilience." Artificial Intelligence (Al), with its vast
transformative potential, can offer a unique opportunity to help optimize operations,
strengthen reliability and unlock substantial economic and environmental benefits.??
It already provides energy systems with significant gains in efficiency, reliability and
sustainability, and its full potential has yet to be unlocked.*

Al applications in energy systems can be grouped into three categories, each containing three sub-categories with

numerous applications:5

System optimization
and control

operations support

* Optimizing and forecasting

supply and demand maintenance

* Strengthening market and trade
operations

Itis important to recognize that system optimization, asset
lifecycle management and end-use efficiency and management
often overlap and reinforce each other in practice, as many
successful Al applications integrate functionalities across
different domains, creating powerful feedback loops. For
example, demand forecasting supports grid optimization and
also informs building management and investment decision-
making, demonstrating the interconnected value of Al.%7

Several real-world case studies illustrate the tangible economic
and environmental benefits of Al-driven solutions. Automated
methane leakage detection, for example, leverages advanced

Asset lifecycle
management

* Improving operations and

* Accelerating design, discovery,
and innovation

End-use efficiency and
management

buildings
* Enhancing transport
management

* Optimizing industrial processes

machine learning and remote sensing to continuously monitor
networks, resulting in annual global savings of nearly US$6
billion by reducing emissions and operational costs and enabling
faster repairs (see Box 1). Additionally, Emerald Al's Conductor
platform can enable Al data centers to dynamically reduce
power consumption in response to grid stress. In a field trial,
these systems reduced power use by 25% over three hours
during a peak-demand event (see Box 2). Meanwhile, Al-assisted
permitting systems, digital platforms and automated review
tools have achieved up to 50% reductions in review times and
costs (see Box 3).
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The deployment of Al solutions across energy systems can help

deliver scalable value from the outset, reaching significant levels
of energy savings, cost reductions and avoided emissions in the

long run. Deloitte Global analysis reveals that:

By 2030, Al-enabled energy savings may reach more than
3,700 terawatt hours (TWh), largely exceeding the technology’s
projected energy consumption.®® By 2050, anticipated savings
range from 9,500 TWh to 12,000 TWh, representing more than
10% of final energy consumption in a net-zero scenario.>'°

Al can deliver more than US$200 billion of annual cost savings
by 2030 and almost US$500 billion by 2050. Depending on the
scenario, this represents US$11 trillion in cumulative savings
through 2050.°

Al-driven emission reductions can reach up to 660 megatons
of carbon dioxide equivalent (MtCO5¢q) in 2030°—a significant
contribution to global greenhouse gas (GHG) mitigation
efforts.” However, by sustainably reducing the emissions
associated with both end-uses and energy production across
the system, these reductions follow a compounding pattern,
falling to approximately 100 MtCOa¢q by 2050.°

As Al becomes more embedded in critical infrastructure,
questions of sovereignty—control over data, algorithms,

and decision-making—are increasingly salient.’”? Sovereign

Al principles emphasize transparency, accountability, local
capacity-building, and safeguarding sensitive data to ensure
that Al systems remain trustworthy and aligned with public
interests. Conversely, Al itself can also be a powerful enabler
of sovereignty. By reducing reliance on energy imports—it can
strengthen the reliability and security of energy infrastructure'
and empower countries to operate their energy systems more
independently.

Integrating Al into energy systems has the potential to help
businesses drive efficiency, support sustainability and build
long-term resilience, resulting in tangible economic gains.

Energy and industrial manufacturing companies are the
main drivers of Al deployment as the end-users and owners of
operational data. By investing in scalable applications such as
Al-driven asset optimization, predictive maintenance and real-
time system balancing, they can help generate rapid returns
and resilience. By prioritizing high-quality standardized data,
robust cybersecurity and effective data governance, they can
impel reliable implementation, with an eye toward leveraging
cloud and edge computing to help further unlock Al's
potential. Lastly, through collaboration and data sharing with
public sector organizations and technology companies, they
can promote development of sector-specific Al solutions and
regulatory alignment.

Al for energy systems | Executive summary

* Technology companies are among the engines of innovation
in the field of Al, and they are key to tailoring Al to the needs of
the energy sector. By investing in complementary technologies
like the Internet of Things (IoT) and digital twins, technology
companies can provide advanced solutions for important
challenges in the energy sector such as grid stability, demand
forecasting and predictive maintenance. They can help ensure
their solutions are fit-for-purpose through close collaboration
and direct engagement with energy and industrial
manufacturing companies. To further their contribution to
sustainability and resilience, technology providers can focus
on several key areas: prioritizing procurement of cost-effective
and low-carbon electricity and implementing demand-side
management strategies for data centers, and embedding
principles of sovereign Al—such as explainability, ethics, and
open-source integration—into their solutions.

Financial services providers are important for scaling
sustainable and resilient Al-driven innovation. By deploying
innovative financing instruments, such as green and
sustainability-linked bonds, concessional loans, and
mezzanine financing mechanisms, they can support
deployment of sustainable sovereign Al in the energy
sector, such as projects that adopt leading energy efficiency
standards and flexible grid integration. As end-users
themselves, they can leverage Al to help enhance key aspects
of their operations including risk assessments, financial
workflows and asset evaluation.

Governments and policymakers can play an important

role in creating the conditions for responsible and sovereign

Al adoption in energy systems. By establishing standards,
harmonizing secure data-sharing frameworks and investing

in high-quality, interoperable datasets, governments and
policymakers can accelerate collaborative Al innovation and
optimize regional energy systems. Different policy approaches
have been observed globally. For many jurisdictions, economic
incentives—such as subsidies, tax credits and grants—are
important for reducing the risks of Al adoption and supporting
innovation, and some jurisdictions have adopted more
streamlined regulatory approaches to achieve these priorities.
Governments and policymakers can also help to address

the growing Al talent gap in the energy sector by building

local capacity through education, training and public-private
partnerships (PPPs). Lastly, flexible regulatory frameworks,
informed by evolving technologies and industry input, can
help ensure that Al governance remains effective and adaptive
as Al technologies mature.

Al can help to revolutionize energy systems, delivering greater
resilience, efficiency and sustainability. To fulfill this potential,
public and private stakeholders may work together to overcome
barriers related to data access, skills, infrastructure and
governance. This way, the benefits of Al can be realized, helping
to ensure a secure, inclusive and sustainable energy future.
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1. Introduction

Energy systems face complex and competing priorities due to geopolitical, financial
and environmental pressures.! These challenges often require robust and efficient
approaches for planning and operations, underpinned by high-quality data and

advanced analytics.

As the demand for energy rises—particularly with greater
electrification and efforts to expand access to secure and
affordable sources—energy systems are undergoing rapid
transformation. Global energy demand has increased by about
15% in the last decade. Energy systems are becoming more
electrified and increasingly incorporate distributed energy
resources such as solar, wind, and battery storage.” The uptake
of grid-connected devices—such as electric vehicles, rooftop
solar and smart appliances—often requires energy systems to
manage bi-directional power flows and real-time information
exchange, automation, and coordination. Renewables are
projected to represent 71% of global primary energy supply
and almost 90% of electricity generation by 2050.* It is also
anticipated that electrification will reach significant levels,
representing 53% of final energy consumption and accounting
for a majority of energy consumption in most sectors. In road
transport, for example, electricity is expected to represent three
quarters of final energy demand in 2050."°

At the same time, Al is emerging as a transformative force across
the global economy, enabling automation, advanced analytics
and rapid decision-making in sectors ranging from healthcare
and finance to manufacturing and transport.? Al is transforming
many aspects of daily life, from automating simple tasks to
enabling complex problem-solving, mimicking aspects of human
reasoning but at greater speed and scale.3 Al systems can excel
at processing large and complex datasets, recognizing patterns
and making predictions. In the energy sector, Al is rapidly
transforming planning and operations, with significant progress
in efficiency, reliability and sustainability.*

The growing adoption of Al can also introduce new challenges.
The electricity demand from data centers—which are central to
digital infrastructure supporting cloud computing and advanced
analytics—could rise substantially, with estimates suggesting
levels as high as 3,500 TWh by 2050.8 This growth may create
additional costs and, if not matched by clean energy sourcing,
further environmental burdens. Nonetheless, responsible
deployment of Al, particularly through efficiency improvements
and system optimization can help offset these impacts.3#

Other challenges relate to data privacy since Al systems often
require large amounts of data for training. Security is also a
concern due to the potential for increased reliance on energy
and technology imports.2 The concept of sovereign Al seeks
to help address these matters by strengthening domestic Al
capabilities, and securing access to important technologies
and resources.! Such an approach can help safeguard national
interests, manage supply chain risks and reinforce energy
sovereignty.'?

This report explores the transformative potential of Al in
supporting a reliable and sustainable energy future. Using a
data-driven, model-based approach and presenting real-world
examples and case studies, the analysis demonstrates how Al
integration can enhance the planning and operation of energy
systems, delivering measurable economic gains, environmental
benefits and energy savings. The findings provide a balanced,
evidence-based perspective on the potential application and
impact of Al across the energy sector.
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2. Al in energy
systems

The growing complexity of modern energy systems—driven by
integration of renewable energy with existing energy sources,
widespread electrification and greater interconnectedness across
sectors—can require more sophisticated approaches to system
management and control.* Al's ability to rapidly process large volumes
of data, detect patterns, and generate reliable, accurate forecasts offers
significant opportunities to help address these needs.?*
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2.1. Key applications of Al in energy systems

Use of Al'in the energy sector covers three main categories Each of these categories contain numerous applications that are
(Figure 1): system optimization and control, asset lifecycle already providing considerable economic and environmental
management, and end-use efficiency and management. benefits by driving performance across the value chain.*

Figure 1. Al applications in energy systems

Applications Examples demonstrating benefits

System
optimization
and control

oo

Asset lifecycle
management

End-use
efficiency and
management

Source: Deloitte Global analysis based on the sources mentioned in the table
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2.1.1. System optimization and control

Al can support system optimization and control in the energy
sector by enabling smarter, more responsive management across
the grid. Through advanced forecasting, Al can improve the
accuracy of supply and demand predictions, allowing operators
to balance resources in real time and integrate variable renewable
generation. Real-time network monitoring and control, powered
by Al, can enhance grid stability and resilience, making it possible
to quickly detect and address disruptions. In addition, Al-driven
tools can optimize market operations by supporting more efficient
trading, pricing and resource allocation, ultimately leading to a
more flexible, reliable, and cost-effective energy system.

Real-time network operations and flexibility

Al can support real-time network operations and flexibility by
continuously processing vast streams of live data from millions of
Sensors across energy networks.

Box 1.

Methane is a highly potent greenhouse gas (GHG) that has
a global warming potential about 80 times greater than CO,
over the next 20 years.343 Each year, about 140 megatons
(Mt) of methane, accounting for 3.6 gigatons of carbon
dioxide equivalent (Gt COzeq), is emitted globally as a result
of producing and using oil, gas, and coal.*

Traditional leak detection relies on periodic manual
inspections, which can be labor-intensive, costly, and often
slow to identify seepage.?® In contrast, Al-powered optical
gas imaging (OGI) systems use fixed cameras, drones, or
satellites to provide autonomous, continuous monitoring.
Advanced models, such as convolutional neural networks
trained on extensive datasets, can enable real-time leak
detection, with systems such as GasNet achieving over
95% accuracy across a range of conditions and up to 97%
accuracy for large, nearby leaks.”®

Adopting continuous, Al-enabled leak detection and repair
(LDAR) can offer substantial benefits:

* Reduce annual methane emissions by 2 Mt, lowering total
leakage from around 145 Mt under traditional LDAR to
143 Mt.437

¢ Generate additional annual revenues of approximately
US$1.05 billion based on the 2024 average global natural
gas price of US$11.3/ Million British Thermal Units
(MMBtu).”
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This allows for rapid detection of anomalies, precise forecasting
and mitigation of system imbalances, and proactive congestion
management to help maintain grid stability. Al-driven automation
can also support sector coupling—coordinating electricity, heating,
transport, and industry—to optimize energy flows and enhance
system-wide flexibility. Grid operators are already leveraging Al
for real-time forecasting and rapid response to grid imbalances.*'
Similarly, advanced platforms like Nostradamus®? and GridFM*3
can improve load and renewable-generation forecasts, outage
prediction, and power flow optimization. Importantly, these Al
capabilities extend beyond electricity networks to other types

of energy systems. For example, real-time data analytics can
help detect and mitigate methane leakage in gas networks (see
Box 1). By enabling more accurate and autonomous decision-
making, Al can bolster integration of new energy facilities and
reduce operational strain on conventional infrastructure across
interconnected energy systems.

Case study: Automated methane leakage detection and mitigation

* Decrease inspection and repair costs by 30% to
approximately US$1.6/MMBtu versus US$2.3/MMBtu
for traditional processes,* producing estimated annual
savings of US$4.8 billion by applying the reduced
inspection and repair costs to the total methane leakage.*®

Maintenance cost of methane leakage detection system
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Source: Deloitte Global analysis based on the aforementioned
assumptions

Together, reduced emissions, lower operating costs and
recovered methane sales at the 2024 average price of
US$11.3/MMBtu represent total annual savings of almost
US$6 billion globally.'
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Supply and demand forecasting and optimization

Alis increasingly being used to help automate exploration and
production activities in extractive industries, including drilling or
mining for non-renewable energy sources and critical minerals like
lithium and rare-earth elements. In mineral exploration, machine
learning can help accelerate target identification by analyzing
geological and geophysical data.?° In oil and gas extraction,
Al-driven automation can enhance drilling precision and minimize
losses.#" Al models trained on geophysical and geologic data can
also be particularly effective in reducing operating costs and
enhancing the productivity of geothermal power plants.*?

Above ground, Al can enable more accurate supply and demand
forecasting by analyzing weather, satellite and consumption data,
which can lead to more effective use of generation capacities.

For instance, an Al-powered hydrology forecasting model by Entek
Elektrik has enabled hydropower plants in Turkiye to maintain
higher reservoir levels, preventing water loss and optimizing
electricity generation—while increasing the forecast accuracy

and time significantly.* Beyond more precise forecasting and
planning,** Al models can optimize both generation and demand by
adjusting power plant levels and resource allocation (see Box 2).

Market optimization and trading

Al empowers organizations across the market with advanced
price forecasting, risk assessments and automated trading,

thus enhancing market efficiency and enabling more responsive
energy systems. Machine learning models can accurately forecast
electricity prices, supporting more robust trading and hedging
strategies.*>“¢ For instance, Al already offers real-time market
simulation and forecasting. This enables dynamic demand
response based on price signals, which helps market participants
optimize operations while reducing exposure to price volatility.”
Al's utility goes beyond forecasting and automated decision-
making to complex problem-solving. For instance, it can help grid
operators determine optimal power flow (OPF)* more quickly
and accurately.* By accelerating complicated computations and
analyzing the results, Al can help improve operational efficiency,
lower fuel costs and boost overall system efficiency by up to 5%.2
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Box 2. Case study: Demand forecasting and
response

Managing peak electricity demand is a growing
challenge for energy systems as high peaks can strain
the grid, raising costs and increasing emissions—
especially when non-renewable backup generation is
needed. Al-powered peak-shaving strategies can help
address these matters by accurately forecasting short-
term demand, identifying demand types and clusters
and coordinating real-time energy reductions across
consumers and data centers.

Peak shaving in data centers

Emerald Al's Conductor platform can enable Al data
centers to dynamically reduce power consumption

in response to grid stress. In a field trial in Phoenix,
Arizona, the system orchestrated workloads on a
cluster of 256 NVIDIA GPUs, reducing power use by
25% over three hours during a peak-demand event,
without compromising compute service quality.202!
Emerald Al's software can help electric grid operators
keep up with this rapidly growing demand by enabling
data centers to use the existing grid more flexibly,
unlocking up to 100 GW of untapped capacity.?'
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2.1.2. Asset lifecycle management

Al can deliver value across phases of an asset's lifecycle, with key
applications spanning planning and decision-making support;
operations, maintenance and cybersecurity; and design, discovery
and innovation.

Planning and decision-making

Al can help facilitate strategic planning and investment decision-
making by modeling complex energy scenarios, evaluating long-
term infrastructure needs and identifying patterns within large and
heterogeneous datasets notably through solutions such as digital
twins.>® This capability can enable faster and more robust, adaptive
and economically sound system planning. Through automation,

Al can help accelerate administrative processes, which in turn can
facilitate timely investments in energy infrastructure projects, such
as renewable energy projects (see Box 3).

Digital twins are among the most widely used Al tools for planning
and decision-making support.®' They are virtual replicas of physical
assets, systems, or processes that are continuously updated

with real-time data to reflect actual conditions and performance.
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By simulating a wide range of scenarios, digital twins support
robust decision-making and future planning without disrupting
real-world operations. They are already being deployed in the
energy sector to help manage distributed energy resources and
plan future-ready infrastructures. Singapore’s National Power

Grid uses a digital twin to enhance grid planning and resilience

by simulating asset conditions and network scenarios.>? Deloitte
Australia’s Optimal Reality platform helps companies create digital
replicas that enable strategic investment and operational decisions
by modeling long-term infrastructure and supply chain scenarios.*?

Box 3. Case study: Streamlining regulatory processes with Al

Al-enabled streamlined permitting

Permitting is an important part of energy capacity
expansion to ensure projects meet certain regulatory
standards and requirements. However, in many countries
this process is protracted by complex and fragmented
regulatory systems. In the European Union (EU), for
example, permitting procedures can take seven to nine
years, sometimes over a decade, causing delays that can
raise total project costs by up to 35%.>* These slowdowns
can impede progress toward sustainable growth.

Al-powered permitting systems can help overcome these
bottlenecks by automating administrative tasks, speeding
up approvals and reducing manual efforts. The Danish
Environmental Protection Agency (EPA) uses an Al-assisted
digital platform to help streamline decision-making and
coordination among multiple agencies and stakeholders.
This system also reduces errors during permit reviews by
leveraging historical data and advanced analytical tools.
As a result, it has reduced permitting processing time by an
estimated 50% for large-scale renewable energy projects
such as offshore wind.?

Assuming a 50% acceleration in the installation rate of
onshore wind and solar power due to faster permitting
processes,>® Al-assisted permitting could increase onshore
wind capacity additions by up to 25% and boost solar
installation by up to 13% by 2035, compared to traditional
permitting methods.>®

Rate Case Assistant: an Al-powered solution

Deloitte Consulting LLP's Rate Case Assistant is an Al-
powered solution designed to help streamline the complex
process of managing regulatory rate cases in the energy
sector.>’ By automating data collection, document analysis
and drafting, it can save time and reduce manual workloads
for compliance and legal teams. The platform centralizes
regulatory data for rapid access and enables data-driven
peer analysis, boosting the accuracy of submissions

and minimizing costly rework. It also supports strategy
development by benchmarking filings and testimonials
against historical and peer cases. These capabilities can
enhance operational efficiency, strengthen investment
justifications and accelerate digital transformation in
regulatory compliance.

11
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Rate case filing process and the value brought by Rate Case Assistant

Submission Public hearing Formal hearing
1 2 3 5 6
Data collection Strategy aqd Public notice Reylew and Negotiation ' Decision an.d
documentation discovery and settlement implementation
Pre - submission Post - submission
1. Docket management: Creates 3. Stakeholder communication: Efficiently assists in messaging a variety of external

docket knowledge base for seamless
chatbot experience and notifies user

communications, customized to the audience (county/city officials and rate-payer
advocate groups) and clearly provides all relevant information.

with a summary of new documents 4. Data request management: Analyzes and categorizes data requests to automatically

and recommended actions.
2. Testimony drafting and strategy

pull similar historic data, assigns a person to it to facilitate response preparation, and
provides insight into which subjects need more support.

analysis: Performs detailed analysis 5. Hearing preparation: Provides a consolidated briefing document that synthesizes prior

of historical documents and
benchmarks specified aspects of a
filing against past and peer cases.

comments.

cases and hearing transcripts, plus current expert testimonies, data requests, and public

6. Final order summarization: Provides a summary of the current filing order, highlighting
important items and key takeaways.

Source: Deloitte Consulting LLP documentation of Rate Case Assistant

Operations, maintenance and cybersecurity

Al-enabled platforms can help optimize industrial operations,
improving fuel efficiency and product quality.?> Al can quickly
analyze processes and manuals, identify key operational
constraints and provide quick support for the operation and
maintenance of energy assets. This can take the form of simple
chatbots and assistants, similar to generative pre-trained
transformer (GPT)-based platforms (Box 4), or advanced tools
such as predictive maintenance systems. Al-powered predictive
maintenance can enhance operational efficiency by reducing
unplanned outages, extending asset lifespans and lowering
maintenance costs. A previous Deloitte Global study on Al's role

in enhancing the resilience of infrastructure systems showed

that using Al-enabled predictive maintenance for offshore wind
turbines can reduce downtime by 15% and average repair cost by
20%, while increasing market revenues by 6%.2 Al can also support
cybersecurity by monitoring and detecting threats and responding
to them automatically across networks.>®

Box 4. Case study: Al-assisted maintenance

Maintenance and operations teams in industrial
settings often rely on rapid, reliable access to technical
information to keep equipment running smoothly and
safely. Al-powered GPT platforms greatly enhance
these processes by enabling staff to find procedures,
manuals and troubleshooting guidance instantly
through natural language queries.* This approach

not only helps reduce downtime and human error,

but also supports multilingual teams and drives
operational efficiency.®

One example of such a platform is Entek’s Maintenance
Assistant, an Al-powered application utilizing advanced
natural language processing technology.®' Designed

to transform turbine maintenance in natural gas

power plants, the system enables instant access to
thousands of maintenance manuals, delivering quick,
relevant answers.®' It has delivered a 62% increase in
operational efficiency, reduced errors, and accelerated
interventions, extending equipment lifetime and
improving reliability.®
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Design, discovery and innovation

Al can reshape the way in which new technologies and materials
are designed and discovered, making these processes significantly
faster and more efficient.? Energy sector applications are
numerous, ranging from rapid analysis of aerodynamic interactions
for better wind turbine design® to autonomous and accelerated
materials discovery for solar cells, batteries, and carbon capture
sorbents and membranes (see Box 5).

Box 5. Case study: Autonomous material discovery

Generative Al (GenAl) is revolutionizing materials
discovery by analyzing large datasets from materials
science, chemistry and physics and predicting the
structural, physical and chemical properties of
materials with high accuracy. Accordingly, Al-driven
approaches can help drastically reduce the time and
cost associated with traditional lab experiments and
simulations. For instance:

* Perovskite solar cells (PSC) are emerging as cost-
effective and practical alternatives to conventional
photovoltaic technologies.®* However, optimizing
their performance remains challenging due to
the complex interplay of material compositions
and processing conditions, which traditionally
requires time-intensive and often unpredictable
experimentation.®> Al models can accelerate this
process by systematically adjusting manufacturing
parameters, such as precursor concentrations
and temperatures, using experimental data.

For example, by testing only 0.36% of possible
material combinations, researchers achieved a
power conversion efficiency of 21.4%, surpassing
the efficiency of the combinations found manually
(20.5%) and improving reproducibility.c®

Solid-state batteries (SSBs) can store more energy
and operate more efficiently than widely used
lithium-ion batteries,®” but the slow discovery

of suitable solid electrolytes has hindered their
large-scale adoption.®® A new Al-guided approach
addressed this constraint by combining advanced
simulations with cloud computing to screen over
32 million materials in less than 80 hours.? This
accelerated screening process identified 500,000
stable candidates and 18 promising solid electrolytes,
enhancing the possibility of broad SSB adoption,
which could prevent up to US$11 billion in energy
losses annually by 2030.26:2”
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* Carbon Capture and Storage (CCS) involves
capturing carbon dioxide from power production
and industrial processes and storing it underground
to prevent atmospheric release. Al techniques can
help accelerate the discovery of high-performance
solvents, membranes, and sorbents, often hastening
material identification by up to five times and cutting
research costs.®

These examples show that GenAl is accelerating the
development of advanced materials, supporting
breakthroughs in solar energy, batteries and carbon
capture, and paving the way for more efficient,
sustainable energy technologies.

2.1.3. End-use efficiency and management

Al can enable end users, such as businesses, households and
industrial customers, to optimize their energy consumption

with greater precision and flexibility. By leveraging advanced
analytics and real-time automation, it can enable smarter building
management, streamline transportation and logistics, and
optimize industrial operations. These applications, in turn, can help
drive more sustainable and cost-effective energy consumption
across sectors.

Smart buildings and energy management

Al-enabled smart building systems are redefining energy
management through advanced heating, ventilation and air
conditioning (HVAC), adaptive lighting, predictive control, and real-
time load shifting and shedding.”® Tested in Sweden, Al-enabled,
optimized HVAC has been highly effective in reducing demand

for both district heating and electricity, saving both costs and
reducing emissions.”!

Transportation management

Al'in the transport sector can help optimize traffic flows, enhance
route planning and real-time logistics, support autonomous
mobility, and extend battery life and performance, which can help
to reduce congestion and fuel consumption.”? For example, major
logistics companies are already deploying Al solutions to help
optimize delivery routes, eliminating millions of unnecessary miles
annually and significantly reducing fuel costs and CO, emissions.”

13



Al for energy systems | 2. Al in energy systems

Box 6. Case study: Al-embedded electric vehicle battery management system

A battery management system (BMS) is instrumental for the ¢ Up to 15% more accurate estimates of charge and health,
real-time control and safety of rechargeable battery packs increasing usable battery capacity®
in electric vehicles. A BMS monitors each cell's voltage,
temperature and current, estimates key indicators like state
of charge (SOC) and battery health, balances cell charging,
manages thermal systems and automatically prevents e Approximately 12% greater energy efficiency through
dangerous evolutions.” optimized thermal management and adaptive charging
based on driving behavior and environmental conditions.?

* About 15% less battery degradation by detecting and
mitigating harmful usage patterns?®

Traditional systems typically rely on fixed-rule approaches,

which prioritize safety over efficiency and other benefits. These technical improvements can lead to significant cost
Integrating Al into BMS design introduces machine and energy savings as illustrated below.

learning algorithms that analyze historical and real-time

data to produce:

Average cost reduction with Al-embedded BMS

a) Forasedan EVinthe US
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Source: Deloitte Global analysis based on estimated cost reductions from Briggt and Johansson?® and vehicle cost estimates of ICCT’> and Atlas
Public Policy”®

14



Industrial process optimization

Al'is also actively being used across industrial sites to help
streamline operations, reduce energy use and minimize waste.”’
For instance, applying Al for process control, combined with digital
twins and smart cleaning systems, has proven highly effective in
reducing material waste by nearly 50%, decreasing greenhouse
gas emissions and enhancing energy efficiency.”® In advanced
manufacturing settings, Al-driven automation and predictive
maintenance have contributed to lowering per-product electricity
consumption by approximately 24% and cutting production waste
by up to 48%.3

2.2. The interconnectedness
of Al applications

The categories and sub-categories of Al applications in energy
systems, as shown in Figure 1 and described above, serve as a
framework for grouping diverse use cases. However, Al applications
generally overlap and exhibit interdependencies across functions
and domains. For example, real-time system optimization, such

as electricity grid management, draws on robust data not only
from asset lifecycle management (e.g., predictive maintenance and
fault detection) but also from end-user behaviors and device-level
insights, such as flexible demand data from buildings.”o#

Similarly, demand forecasting and dynamic pricing rely on accurate
information from operational domains, supply forecasts and
end-user activities, such as smart building control and process
automation.”® As a result, many successful Al deployments
integrate functionalities across multiple domains, creating powerful
feedback loops that continuously improve forecasting accuracy,
operational coordination and overall system resilience.

Importantly, the interconnected nature of Al applications often
compounds the potential benefits, thus strengthening the
business case. For instance, advanced demand forecasting, often
classified under system optimization and control, also supports
end-use efficiency and management, as well as planning and
investment decision-making.®”
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2.3. Measuring the impact
of Al

The case studies in Section 2.1 illustrate the tangible value Al

can bring to energy systems through specific applications and
projects. This value can be quantified as energy efficiency gains
from optimized resource utilization, decreased losses and better
demand-side management; cost reductions from operational
savings and extended asset lifespans; and emission reductions
from lower non-renewable energy source consumption, increased
renewable integration and decreased demand.

To assess the potential global impact of Al, two potential futures
were explored: a baseline scenario that follows current trends and
a widespread-adoption scenario that envisions Al being embraced
at scale around the globe.®" In the baseline scenario, advanced
economies face no explicit barriers to Al adoption, while other
markets encounter constraints. The widespread-adoption scenario
assumes higher levels of Al preparedness in emerging markets

and low-income countries through international support.®' Further
details on the methodology can be found in Appendix 1, including a
detailed description of the Al adoption index, which reflects varying
levels of Al preparedness, access and exposure across regions.

Both the baseline and widespread-adoption scenarios suggest
that Al can save more energy than it consumes from the outset,
saving approximately 2,720 TWh to 3,740 TWh by 2030 (Figure 2),°
well above Al's projected energy consumption of just under 1,000
TWh,*8 though they remain small compared to current global
energy supply (@about 1-2% of the energy supply in 2023)."* The mid-
to long-term benefits are even higher, with energy savings set to
significantly outpace Al's energy consumption® varying between
about 6,540 TWh and 8,570 TWh in the baseline and widespread
adoption scenarios respectively.® These savings could reach almost
12,000 TWh by 2050 in the widespread-adoption scenario and
roughly 9,500 TWh in the baseline scenario (Figure 2),° substantially
outweighing Al's energy consumption, which is expected to peak

at about 3,550 TWh.2 While these levels remain around 5% of

total energy supply of recent years, they correspond to 10-12% of
projected world energy consumption (and 6-7% of primary energy
supply) in a net-zero scenario in 2050."
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Figure 2. Energy savings enabled by Al along the energy value chain
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In the short term, most of these energy savings are expected to
originate from industry and the power sector, together accounting
for 1,550 TWh to 2,210 TWh (Figure 2)—or about 60% of total
savings—in 2030. In the longer term, while energy savings from
industry, transport and buildings grow significantly, the power
sector takes the lead—notably due to improvements in material
efficiency, demand-side management, power plant design, resource
management and uptime. By 2050, energy savings from the power
sector are expected to reach 3,540 TWh in the baseline scenario
and 4,530 TWh in the widespread-adoption scenario (Figure 2),
representing 37% and 38% of total energy savings respectively.

Integrating Al into energy planning and operations can also deliver
substantial economic benefits. Annual savings could surpass
US$200 billion by 2030 and reach almost US$500 billion by 2050
(see Figure 3). These values, while representing a small proportion
of overall Al investments needed, are significantly higher than the
projected energy-related investments needed for data centers

(in the order of US$50 billion by 2030).% Therefore, the economic
benefits of Al, even in the short run (2030), still show a net gain
over the energy investments needed to power them.* Cumulatively,
summing the savings shown in Figure 3, the economic benefits
from Al could total between US$8.3 trillion and US$11 trillion from
2030 to 2050. This could reduce the overall cost of the energy
transition, estimated at nearly US$200 trillion,®? by up to 5%.

In the widespread-adoption scenario, cost savings are projected
to decrease slightly from approximately US$600 billion in 2040

to about US$490 billion in 2050. This decline anticipates reduced
power sector investments after 2040, reflecting both lower unit
costs and a slowdown in new capacity additions, i.e., 9 TW of
expected additions between 2040 and 2050 compared to 15

TW between 2030 and 2040."* Additionally, as Al adoption nears
saturation in the energy sector, incremental savings can diminish,
leading to smaller annual improvements beyond 2040.

Energy savings achieved through Al adoption can directly translate
into substantial emission reductions, reaching nearly 660 MtCOzeq
by 2030 (Figure 4)—a level comparable to the annual greenhouse
gas (GHG) emissions of highly industrialized countries.”” However,
as energy systems become increasingly more efficient and low
carbon, the additional impact of Al on emission reductions is
expected to gradually decline, with avoided emissions projected to
fall below 400 MtCO,,q by 2040 and to level off at approximately
100 MtCOyeq by 2050 (Figure 4).
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Figure 3. Economic benefits of Al applications across energy supply, transport and consumption
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Figure 4. Environmental benefits of Al use in the energy value chain
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3. Sovereignty
and Al

Through sovereign Al, countries and regions can gain
autonomy over their Al infrastructures and decision-
making processes.
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3.1. Sovereign Al considerations in energy systems

Sovereign Al refers to the design, deployment and governance of processes. This may reduce dependence on foreign technologies
intelligent computing systems within a specific nation or region. and help protect sensitive data.®*

The goal of this approach is to help ensure that Al technologies

reflect local values, comply with national and/or regional In energy systems, sovereign Al is grounded in four core principles:
regulations, and maintain data securely within jurisdictional security and resilience, data and technological independence,
boundaries.® Through sovereign Al, countries and regions can local capacity and innovation, and ethical and legal compliance
gain autonomy over their Al infrastructures and decision-making (see Figure 5):

Figure 5. Achieving sovereign Al principles for sustainable, reliable and secure Al-driven energy systems

System optimization Asset lifecycle End-use efficiency
and control management and management

Security

and

resilience Can help ensure continuous,  Can limit foreign interference and * Can help protect sensitive data
sovereign control over critical enhance the resilience of national from unauthorized access and
energy operations. energy assets. reinforces national oversight.

Data and
technological
independence Can enhance energy system Contributes to ensuring that vital Supports independent policy
autonomy and prevent bias in knowledge and technology stay development based on domestic
real-time decision making. under national jurisdiction. insights, not foreign platforms.

Local
capacity and
innovation Helps foster innovation Can foster local technology and Can drive national industrial
ecosystems given evolving reduce dependence on foreign growth and competitiveness in
national energy needs. providers. Al exports.

Ethical
and legal
compliance Can help Al operations to comply Supports fairness and Assists in building public trust
with competition laws and transparency in investment and protecting consumer rights
support auditability by regulators. decisions. and national sovereignty.

Source: Deloitte Global analysis based on World Economic Forum,'? Oracle,®* NVIDIA%4 and Shrier et al. (2025)%
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* Security and resilience: The rise of powerful, accessible Al has
heightened the sophistication and scale of cybercrime and fraud.
Cyberattacks on the power sector have doubled from 2020 to
2022, with 48 attacks reported in Europe alone in 2022.8¢ This
makes sound cyber defenses important for energy security. As
GenAl amplifies new threats, nations and international bodies
should consider strengthening and better coordinating their
cybersecurity strategies to safeguard energy infrastructure.®

Data and technological independence: Sovereign Al requires
advanced digital infrastructure, such as modern data centers and
data localization policies, to keep data processing and storage
within jurisdictional boundaries. National and/or jurisdictional
control over Al infrastructure is important for maintaining
strategic autonomy, as it minimizes reliance on foreign
technologies and reduces vulnerability to external influences. By
prioritizing domestic development, countries can help protect
sensitive data and align their Al policies with national and/or
regional interests and values.®

Local capacity and innovation: Al adoption can help increase
global GDP while improving local economies. GenAl alone can
add about US$7 trillion to the global economy over the upcoming
decade.?” Realizing this potential, countries can foster their

own domestic Al industries, which could create jobs, attract
investment and strengthen existing and new sectors, boosting
both local economic growth and national competitiveness.

* Ethical and legal compliance: Al systems may also create
privacy or other risks by exposing sensitive personal data to
unauthorized users or enable misuse. Investing in sovereign Al
allows countries to create and train Al systems with local data,
priorities and values.

While sovereignty is important, it is also important to recognize
that the quality and robustness of Al systems often depend on
the heterogeneity and scale of the data used for training the
models.2 High-quality Al outputs benefit from access to large and
varied datasets, which may require collaboration beyond national
borders. Cross-border cooperation can help provide access to
richer datasets and encourage sharing of leading practices.?
However, participants in any cooperative endeavor should comply
with regional data residency requirements, adhere to data privacy
standards, and use the appropriate amount of data, retaining only
what is needed.®®
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3.2. Resilience gains from
Al in energy systems

Al can also enable resilience and autonomy. As discussed in
Section 2.1, Al-powered systems can assist in managing external
risks such as equipment failures, supply disruptions or cyber
threats through accurate forecasts and real-time detection.
Furthermore, Al-driven improvements in energy efficiency can help
reduce overall demand, while Al-powered grid management and
system optimization can foster integration of additional energy
sources. These advances can reduce reliance on energy imports
thereby reinforcing energy security and economic independence.”
These capabilities can help strengthen the reliability and security
of energy infrastructure as well as empower countries to operate
their systems more independently and efficiently, directly
supporting the goal of sovereignty in important sectors.

Regions and countries that are highly dependent on energy
imports can help improve their energy independence by adopting
Al-enabled measures. Consider the EU:# if the potential of Al
applications had been deployed across the energy sector in 2023,
European oil and gas consumption could have been reduced

by approximately 226 TWh and 230 TWh respectively (see
Appendix 1). These levels correspond to approximately 7% and 5%
of the European natural gas and oil imports in 2023.°° In addition
to spending less on non-renewables, this drop in consumption
could have also decreased exposure to external supply disruptions
and price volatility, reinforcing the EU’s pursuit of energy security
and economic resilience, which has been a top priority since the
beginning of the Russia-Ukraine war in February 2022.°1
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4. Unlocking
sustainable
sovereign Al

Coordinated and decisive effort-across stakeholders
s important for unlocking the transformative power
of sovereign sustainable Al for the energy sector.

21



Al has the potential to be a game-changer for the energy sector in
driving efficiency, sustainability and resilience across the energy
value chain. From optimizing grid operations and energy trading in
real-time, enhancing asset management throughout the lifecycle
(including planning, maintenance, and design innovation), and
improving end-use efficiency in buildings, transport, and industry,
Al offers transformative opportunities.

While Al itself requires significant electricity input, the resulting
energy savings are projected to be far greater, potentially reaching
almost 12,000 TWh by 2050 (see Figure 2). This represents up to
12% of the total energy demand in a net-zero world, along with
substantial cost reductions of up to nearly US$500 billion annually
by 2050 and US$11 trillion cumulatively through the period to 2050
(see section 2.3). These advances also reinforce energy sovereignty,
with Al-driven efficiencies expected to reduce energy imports.

To realize these benefits without compromising resilience, Al
development should adhere to key sovereign Al principles: security
and resilience, data and technological independence, local capacity
and innovation, and ethical and legal compliance.

4.1. Key considerations

The integration of Al—particularly sustainable sovereign Al—offers
significant potential to help drive efficiency, accelerate sustainable
growth and build long-term resilience, resulting in tangible
economic gains. Realizing this potential can require coordinated,
cross-sectoral collaboration among key stakeholder groups, each
playing a distinct and important role:

Energy companies and industrial manufacturers are at the
forefront of operationalizing Al solutions, leveraging their assets,
data, and skills to help drive system-wide transformation and value
creation by:

* Investing in high-quality data infrastructure and prioritizing
the collection, curation and integration of accurate, high-
quality operational and market data. To help enable effective
Al model training and deployment, energy and industrial
companies will likely need to establish standardized data
formats that are interoperable across assets and business
units. These formats should be accompanied by robust
cybersecurity measures and data governance policies to help
ensure continuous operation, protection of sensitive data, and
compliance with evolving standards.

Developing Al talent and upskilling the workforce by
investing in Al literacy and specialized training programs
for employees at all levels. Between 2018 and 2024, the share
of Al talent in energy and mining was among the lowest across
sectors, and 40% on average lower than in education, financial
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services, professional services, and technology, information and
media.* The energy sector is expected to encounter competition
from other sectors in developing and maintaining a skilled Al
workforce.?? Building internal capabilities helps to ensure that
teams can effectively interpret Al outputs, manage Al systems
and drive continuous improvement.

Starting with high-impact applications that offer quick,
measurable benefits and that can be scaled across

the organization. Proven applications include predictive
maintenance, efficiency improvements,®* advanced forecasting,
and grid optimization—which can be deployed across multiple
assets to deliver cumulative economic benefits.?

Leveraging cloud and edge computing to enhance utilization
of Al capabilities, while respecting data security. Cloud
platforms can process large datasets and train sophisticated Al
models, enabling robust information analysis across operations.®
At the same time, deploying Al at the edge—closer to devices
like sensors or substations—can allow for real-time analytics
and faster decision-making.* This can also help to reduce data
transmission lags, enhance efficiency with on-device processors,
and distribute energy use over many devices.® Combining cloud
and edge computing can help companies extract strategic
insights and respond rapidly to operational challenges, while
minimizing energy consumption.

Fostering cross-disciplinary and cross-sector collaboration
through research and technology cooperation, PPPs and
sector-wide data sharing practices. This can give companies
access to cutting-edge Al techniques, customized deployment
and development capabilities, and support with regulatory
alignment, while using accurate, robust and anonymized data to
help address data privacy requirements.

Technology companies play an important role as enablers and
innovators, bridging the gap between cutting-edge Al capabilities
and the unique operational requirements of the energy sector.
They are distinctly capable of:

Leading research and development and innovation in

Al technologies tailored to help address energy sector
challenges such as grid stability, demand forecasting and
predictive maintenance. Technology leaders can identify and
evaluate Al use cases in specific sectors, such as energy and
industrials. Continued investment in research, especially at the
intersection of Al and complementary technologies such as loT,
digital twins and cloud computing, is important for continuous
improvement and for driving adoption within the sector. This
often involves creating sector-optimized models, scalable
platforms, and reference architectures.

Proactively engaging with energy stakeholders to improve
data sharing and devise sector-specific solutions. This
includes providing transparent, timely information on data-
center operations and co-developing robust methodologies
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for forecasting electricity demand. Through this collaboration,
energy providers can better prepare to meet the growing power
demands of Al, and technology providers can help energy
leaders to plan infrastructure more effectively, support grid
reliability, and accelerate innovation in resilient operations and
clean energy integration.

Adopting advanced, regionally tailored, clean-

energy procurement strategies for data centers.
Technology providers can lead by example in managing

the rapidly growing energy consumption of data centers by
prioritizing procurement of reliable, cost-effective and low-
carbon electricity. This includes greater use of long-term power
purchase agreements (PPAs),* and co-locating data centers with
clean energy assets.® These actions can help advance corporate
sustainability goals and also improve local grid resilience.

Ensuring responsible Al, notably by embedding
explainability, ethics and robust compliance into Al. This may
include providing transparent algorithms, data sovereignty,

and clear documentation to help enable trustworthy and
transparent Al decision-making.'? Frameworks such as Deloitte’s
Trustworthy AI™ can be effective in developing such responsible
and secure Al models and assets.®> Additionally, open-source
tools and knowledge-sharing initiatives can help enable seamless
integration with existing infrastructure and diverse data sources,
fostering industry-wide participation and reducing barriers

for smaller players. Such tools and initiatives are already being
supported by some governments as illustrated by America’s Al
Action Plan.”®

Financial services providers including lenders, equity investors
and insurers have an important role to play in supporting and
scaling Al-driven innovation in the energy sector. Not only as
financial enablers, but also as users of Al, they can help by:

Prioritizing and supporting investments in Al-driven energy
and digital infrastructure projects that demonstrate
potential benefits in sustainability, flexibility and resilience.
This could include deploying innovative financing instruments
such as sustainability-linked bonds, concessional loans and
mezzanine financing mechanisms® to support data centers, grid
upgrades and integration of more energy sources.

Developing and implementing appropriate risk assessment
frameworks tailored to the specific opportunities and
challenges posed by Al in the energy sector, including
cybersecurity, regulatory changes and operational
resilience. Insurers should consider developing new coverage
models that help address Al-specific risks®” and to incentivize
resilience improvements via insurance pricing and product
innovation.? Additionally, financial institutions can leverage Al to
help enhance their internal risk identification and credit scoring
processes, automate their financial workflows including due
diligence, and improve asset evaluations.®®
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Al-based financial models such as pay-as-you-go can also
provide tailored financing solutions to increase capital flow into
renewable projects.®®

Proactively collaborating with policymakers, technology
firms, utilities and energy operators to identify priority
areas for investment, such as flexibility incentives for data
centers and standardized reporting. By participating in PPPs,
financial service providers can help de-risk early-stage Al projects
and lay the groundwork for a robust, responsible and innovative
Al-enabled energy ecosystem.

Governments and policymakers are important for the adoption
of Al across energy systems. Their influence can help lay the
foundation for sustainable sovereign Al by:

* Establishing standards and informing definitions for Al
transparency and accountability in infrastructure projects
or removing barriers to Al.

* Harmonizing secure, cross-sector and cross-border data-
sharing frameworks to help enable robust, collaborative
development of Al models and optimization of regional
energy systems. Sustained public investment in high-quality,
interoperable scientific datasets is important for advancing
collaborative Al-driven innovation across sectors and borders.*
The EU's Enershare platform offers a case in point: this popular
data-sharing framework fosters a unified space for efficient and
secure cross-sectoral data exchange.'%°

Providing targeted economic and financial support such as
subsidies, tax incentives, grants and other mechanisms to
help reduce the financial risk associated with Al innovation
and adoption. Despite a rise in government investment in Al
research, development and innovation, current data indicate that
Al applications within the energy sector are still comparatively
limited.* This likely requires widespread development of
support mechanisms such as the Dutch Wet Bevordering
Speuren Ontwikkelingswerk (WBSO) tax credit, which partially
compensates companies for R&D-related investments in Al-
based predictive maintenance, intelligent transport systems and
energy optimization.’"

Investing in local capacity and fostering domestic Al

talent through education, training, regional innovation
hubs and collaboration between academia, industry and
the public sector. Al is being used more in the workplace'®
against a backdrop of an Al talent gap that is poised to widen.'®
Government-supported training with inputs from industrial
specialists can be important to overcoming talent constraints
and meeting the growing demand for new skills, in-house. Some
governments are beginning to address the increasing need for
upskilling and reskilling through various initiatives such as Al
literacy programs spawned by the EU Al Act'® and grants from
the US Workforce Innovation and Opportunity Act designed to
promote Al literacy within the public sector.'®
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* Promoting flexible policy approaches that can evolve with
the rapid development of Al technologies and the dynamic
needs of energy markets. Given the speed of Al advancement,
which often outpaces the capacity of different stakeholders to
keep up, adaptive policy approaches can help minimize the risk
of regulatory obsolescence and allow for calibrated evolution of
Al governance.?

4.2. Creating an inclusive
Al future

Artificial intelligence has the potential for tackling important global
matters such as sustainable development and healthcare access,
but it may only be successful if many countries and communities
can access, adapt and shape Al solutions to their unique needs.
This may require targeted support for infrastructure development,
investment in local capacity building, and the creation of robust,
interoperable data ecosystems that respect sovereignty and
privacy.”? Therefore, governments and multilateral institutions
should consider prioritizing funding and technical assistance for
digital and energy infrastructure in underserved regions, including
those within countries, while fostering the conditions for local
innovation and participation in global Al research networks.'%®

PPPs can serve as a powerful lever for closing these gaps.

By combining the regulatory insight and convening power of the
public sector with the technical skills and innovation capacity

of the private sector, PPPs can help accelerate the deployment
of inclusive Al solutions.'?” Successful collaboration actively
involves civil society and local communities, integrating different
perspectives and ensuring that Al design and deployment reflect
social, ethical and cultural priorities. Singapore’s National Al
Strategy 2.0 (NAIS 2.0) offers a case in point. Explicitly designed
with inclusivity and ethics in mind, it includes initiatives to help
make Al energy management tools accessible to both large and
small utilities, and to train a broad segment of the workforce in Al
literacy and application.'%®

Furthermore, inclusive Al development should address bias
and promote fair access.® This means investing in multilingual
Al' models and building datasets that reflect local realities.84%°
Ongoing monitoring, auditing, and transparent reporting are
important for building and maintaining trust and accountability.

Finally, advancing Al literacy and developing Al skills at each level

of society is important. Governments, educational institutions,

and industry can work together to design training initiatives and
awareness campaigns, empowering people to understand, use and
shape Al technologies.
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By equipping the workforce and the wider public with important
digital skills, broad participation in the Al-enabled energy economy
can be secured.

Coordinated and decisive effort across stakeholders is important
for unlocking the transformative power of sovereign sustainable

Al for the energy sector. By working together, governments,

private actors (including technology providers, energy companies,
industrials and financial service providers), civil society and other
organizations can leverage Al as a strategic tool—integrated across
planning and operation of energy systems—and enable the energy
sector not only to withstand future challenges, but also to lead the
way toward a sustainable, equitable and resilient future.
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Appendices

Appendix 1.
Calculation of the impact of Al
applications in energy systems

Estimating the global impact of Al on the energy sector involves
assessing how each Al application affects cost, energy consumption
and emissions. This analysis is aligned with the projected evolution
of the sector™ and takes into account the unique characteristics of
different regions. Countries have been grouped into the following
regions: North America, Central and South America, Europe, Eurasia,
Middle East and North Africa (MENA), Africa, China, India, Southeast
Asia and other Asia Pacific (e.g., Australia, Japan, South Korea, etc.).

Al adoption rates can differ significantly across regions, primarily
due to variations in socio-economic factors. Estimation of these
adoption rates is based on GDP and GDP per capita,'®” investments
in Al and additional indicators such as regional patent filings,
where available."° Projections for these parameters extend to
2050, utilizing a combination of linear regressions and exponential
trend functions, including macroeconomic studies on Al's potential
impact by region,®" and current and medium-term objectives set
by specific regions such as Germany and the EU™". This approach
is inspired by the International Monetary Fund's (IMF) Al adoption
scenarios: Baseline, Limited Adoption and Enhanced Adoption.
Each scenario is defined by parameters such as access to Al
technologies, data restrictions, geopolitical matters, availability of
advanced processors and infrastructure, and is applied to various
regional groupings including advanced economies, emerging
markets and low-income countries. The impact of Al can be

more pronounced in the United States, China, Europe and other
advanced economies, as indicated by a relatively small difference
between the Baseline and Enhanced Adoption scenarios; in both
cases, the Al-induced shock to GDP after 10 years is estimated

at around 4.5%. In contrast, emerging markets and low-income
countries are expected to experience a more modest overall
impact of Al on GDP.8" However, these regions display a greater
disparity between the two scenarios, with the average deviation of
GDP from the steady state after 10 years ranging from 2.8% in the
Baseline scenario to 3.3% in the Enhanced Adoption scenario.?’

In this report, two primary scenarios are defined: a baseline
scenario reflecting current levels of Al use within the energy sector
and a widespread-adoption scenario assuming higher rates of Al
uptake. A logistic function (i.e., S-curve) is used to model the spread
of Al adoption over time (see Figure 6). This approach reflects the
typical trajectory of new technology adoption, consisting of a rapid
initial growth followed by a plateau as saturation is reached. For
example, the global adoption of the internet displayed a similar
S-curve pattern.

Figure 6. Al adoption curves under different scenarios
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The benefits of Al vary depending on the specific application and the
sector in which itis used. Potential energy savings are considered
across power generation, transport (including road, rail, shipping and
aviation), industries (grouped as iron and steel, chemicals, cement,
and other) and buildings (both residential and tertiary). Relevant

Al applications that are identified in section 2.1 of the report are
prioritized by their widespread adoption level, technological maturity
and data availability. Figure 7 shows examples of the selected Al
applications per sector and the energy saved by each.
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Figure7. Energy savings due to Al adoption in select applications
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Impact on
energy savings
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The impacts of these applications, combined with regional Al
adoption rates, are applied directly to net-zero outlook data and
supplemented with additional sources for further regional and
sectoral precision where necessary.'?"122123 Input data includes the
evolution of energy production by source, energy consumption by
sub-sector, and technology and commodity costs. For example, in
the power sector, improved wake steering and blade optimization
in onshore wind farms can increase energy production by

up to 12%.""3 This efficiency gain is applied to newly added
capacities calculated based on various regional outlooks,"*'? with
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adjustments made according to the Al adoption rate specific to
each region. In the maritime transport sector, the adoption of
autonomous navigation technologies is expected to impact both
new and existing fleets, resulting in an estimated reduction in fuel
consumption of approximately 5%."¢ The regional adoption rates of
autonomous navigation are refined based on industry projections,
with low and high automation scenarios for 2040 ranging between
17% and 50%.%412> Yearly energy savings are subsequently
calculated following this equation:

Energy savings, . = Al adoption rate,,, ; X Energy consumption,,,. ¢ X Al impact ;s

With:

* Energy savings,,, yearly energy savings from using Al in gigawatt hours (GWh). If the Al application affects newly added capacities,
the energy savings of the previous period is added to the energy savings of the year calculated.

* Al adoption rate,,, yearly adoption rate by region in percentage and calculated based on the methodology described in the

Appendix 1.

* Energy consumption,,, yearly energy consumption in GWh of existing capacities or newly added capacities depending on the Al

application. This variable is extracted from regional outlooks.'*'22

* Al impact,,, the impact of the Al application in percentage form.

* y the year in which the equation is applied.
* 7 the region on which the equation is applied.
* s sector in which the equation is applied.

* app the Al application.

Concerning the economic assessment, energy savings may be
translated into cost reductions in different ways depending on the
Al application:

* Fuel cost savings by direct reduction in fuel consumption
(e.g., route optimization and autonomous navigation). These
savings are calculated based on the amount of fuel conserved
through Al applications and the corresponding price of the
commodity avoided.'#121122

* Avoided investments, notably in the power sector (e.g., through
increased deployment of renewables and reduced need for grid
upgrades, as experienced with dynamic line rating applications).
Reductions in electricity demand through extensive Al use are
expected to lead to lower capital expenditures, with the extent
of these savings depending on the projected energy mix in
each region.

Operational and maintenance (O&M) cost savings (e.g., predictive
maintenance or improved wind turbine performance). As an
example, in the power sector, predictive maintenance in power
plants can reduce O&M costs by 5% to 10%.* These percentage
reductions are applied to the O&M costs associated with each
region’s electricity mix to calculate the resulting cost savings.

Avoided emissions are calculated using the emission intensity
of fuels and annual average emission footprint of the electricity
generation source, reflecting the impact of both reduced
non-renewable consumption and increased renewable

energy integration.
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