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Abstract

This research aims to compare the use of Al-powered technologies in the energy sector and discuss
their role in enhancing the efficiency and sustainability of urban energy systems. The energy sector
is both broad and specialized, with many technologies already developed. However, it continues to
face challenges such as the simultaneous integration of various systems, cybersecurity concerns, and
the further adaptation of renewable energy sources. Al has the potential to help address these issues.
Additionally, the study will explore the risks associated with the transition to green energy and the
widespread implementation of Al. The methods employed in this research include the analysis of
statistical data and insights from various scientists. Therefore, this study seeks to provide a
comprehensive approach to optimizing energy usage in cities through the utilization of AL

Keywords: Al; renewable energy; city optimization; indoor energy efficiency

1. Introduction

Nowadays mankind face a problem of limited amount of fossils like oil, gas and coal, and impact
of industrialization on nature and environment. As cities grow and energy demands intensify, the
urgency of transitioning to sustainable energy systems has never been greater. Urban environments,
which account for a significant portion of global energy consumption and carbon emissions, are
central to any meaningful climate strategy. Cities are responsible for the majority of global energy
use and greenhouse gas emissions, making them critical arenas for climate action. In this context,
artificial intelligence (AI) has emerged as a powerful enabler of change, offering innovative solutions
to enhance energy efficiency and accelerate the transition to renewable sources. Producing renewable
energy to substitute traditional sources is a solution in the majority of cases, but it also requires certain
conditions and is dependent on climate and weather. For example, wind energy requires wind mills
availability, water energy — access to lakes, rivers, seas, oceans, biofuel — resources to make this type
of energy from, etc. And this requires investments and the budget also has limitations, even though
it is more economically reasonable, and the amount of renewable energy sources produced is also
limited. Also energy efficient homes can help to save money as the city will be able to decrease of
amount meant for home usages. Thus, optimization is needed and Al can play a crucial role in this
case, starting from educating citizens how to use Al to optimize energy consumption.

Despite advancements in renewable energy technologies and smart home systems, a significant
gap remains between the optimization of residential energy consumption and the management of
city-wide grids and public energy usage. Current approaches often treat these sectors separately,
leading to inefficiencies and missed opportunities for overall energy system optimization. This
imbalance hinders the full potential of energy savings and renewable integration across urban
environments. If this gap remains unaddressed, it could result in continued energy waste, increased
costs, and slower progress toward sustainable urban energy systems. This research addresses the
challenge of how AI can be harnessed to create a cohesive framework that optimizes energy use
simultaneously across homes, city grids, and public infrastructure.
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This paper explores the broad potential of Al to support greener urban living by reducing energy
consumption in residential settings and optimizing the generation, distribution, and use of renewable
energy in cities. From smart home technologies and intelligent energy management systems to Al-
driven forecasting for renewable energy, the integration of Al into urban energy infrastructures holds
the promise of more resilient, efficient, and sustainable cities.

The objective of this paper is to investigate how artificial intelligence can be utilized to optimize
energy consumption across multiple urban sectors—specifically residential homes, city-wide grids,
and public infrastructure — in a balanced and integrated manner. By reviewing existing Al-driven
technologies and frameworks, the study aims to identify effective strategies for enhancing energy
efficiency, facilitating the integration of diverse renewable energy sources, and supporting the
transition to sustainable urban energy systems.

This paper contributes to the field of urban energy management and sustainable development
by providing a comprehensive analysis of the role artificial intelligence can play in bridging the gap
between residential energy optimization and city-wide energy management. It synthesizes current
technologies and approaches, identifies challenges in integrating Al across multiple urban energy
sectors, and proposes a framework for balanced, simultaneous optimization of homes, public
infrastructure, and city grids. By highlighting the potential of Al-driven solutions to enhance energy
efficiency and accelerate the adoption of diversified renewable energy sources, this study offers
valuable insights for researchers, policymakers, and practitioners aiming to design smarter, more
sustainable cities.

2. Materials and Methods

This study uses a multidisciplinary approach that combines artificial intelligence techniques
with energy system modeling to tackle three important aspects of urban energy sustainability: the
transition to green energy in city environments, optimization of renewable energy, and improving
residential energy efficiency. The research draws on existing studies and real-world case examples.

To begin with the broader transition to green energy, which is essential for urban optimization,
it is important to reference the OECD report highlighting the issue of climate-neutral cities in light of
worsening environmental conditions. There is an urgent need for actions and policies at the city,
regional, and rural levels, all aimed at reducing negative environmental impacts and shifting towards
green energy. Optimizing energy systems and usage is crucial in this transition. Furthermore, these
efforts should involve both public and private sectors. [12]

When discussing renewable energy optimization, it’s clear that there is a growing demand not
only in urban infrastructures and logistics but also in the private sector. In urban areas, a significant
focus is placed on the development of smart grids. Studies indicate that traditional grids face
challenges in integrating renewable energy sources, primarily due to their instability and dependence
on weather conditions, as well as the centralized design of these grids. Al optimization can help
address these challenges effectively.
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Figure 1. Estimated Smart grid (Source: Circuit Digest).

One of the challenges that power grids face with renewable energy sources is the instability of
demand and supply. The availability of renewable energy is largely dependent on weather and
geographical factors, such as wind, sunlight, land access, and water resources. This variability makes
the supply of renewable energy inconsistent in both time and quantity. To address this issue, artificial
intelligence can play a vital role in balancing demand and supply in real-time and optimizing the
distribution of electricity across the grid. Deep Learning techniques are proposed for real-time
optimization, forecasting, and balancing energy demand and supply, thereby facilitating smarter
energy usage planning. [14] The study titled “Al in Renewable Energy: A Review of Predictive
Maintenance and Energy Optimization” emphasizes the necessity for standardized data formats and
communication protocols across various renewable energy systems. Implementing these standards
can significantly contribute to effective solutions. The authors also point out the challenge posed by
the lack of AI algorithms that can facilitate communication between different data exchange
platforms. [8]

There is another crucial aspect of the grid that requires Al implementation: equipment
management. One proposed Al technology to enhance equipment performance is the predictive
maintenance approach. This method utilizes sensor data, historical records, and weather patterns to
anticipate equipment failures before they occur. As a result, it enables targeted interventions, reduces
downtime, extends the lifespan of equipment, and optimizes costs. Other suggested applications of
machine learning techniques include deep learning and Digital Twins. Deep learning can be
employed for image analysis using cameras and drones to detect visual anomalies. Digital Twins are
recommended for more effective predictive maintenance by creating virtual replicas of existing assets
and simulating their behavior. This simulation allows for real-time evaluation of equipment status.
By combining these technologies, we can achieve a comprehensive insight into equipment health and
minimize risks associated with failures, ultimately making renewable energy infrastructure more
efficient, optimized, and cost-effective. [8]

A recent study suggests the integration of Regression, Deep Learning, and Clustering algorithms
within smart grids. It proposes using Regression algorithms to predict energy consumption by taking

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1033.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 January 2026 d0i:10.20944/preprints202601.1033.v1

4 of 10

into account factors such as energy usage and weather conditions. This information can help in
adjusting thermostats and scheduling appliance operation. Deep Learning is employed to facilitate
automated learning and process large datasets effectively. Meanwhile, Clustering techniques are
used to identify patterns in energy usage, which can lead to recommendations for improving energy
efficiency. [5]

Other algorithms recommended for energy sustainability include Reinforcement Learning,
Evolutionary Algorithms, and Multi-Agent Systems. Reinforcement Learning focuses on training
agents to identify the best strategies for energy generation and storage while interacting with their
environment. In contrast, Evolutionary Algorithms are used to optimize management strategies and
solutions. [8] Also, Reinforcement Learning enhances the performance of energy storage devices by
predicting the optimal times to charge or discharge, taking into account power costs, grid demand,
and the availability of renewable energy. [2] All Al techniques are most effective when combined, as
they address different aspects of the energy sector and should be utilized together for optimal
performance and cost savings.

When discussing the transition to green energy, it’s important to mention a widely used
technology: Al-powered drones for real-time aerial surveillance of equipment. These drones are
utilized in various energy sectors, including solar parks, wind farms, power grids, and more. [17]

Next, Al-powered tools demonstrated improved performance by reducing errors in system
design with an accuracy increase of up to 30%. These tools also cut installation time, decreased
equipment downtime by up to 50%, and extended machinery lifespan by up to 40%. Additionally,
implementing Al solutions in the energy industry significantly reduces costs for forecasting, system
and equipment optimization, and maintenance, as well as for logistics and supply chain management.
(17]

A broader transition to green energy relies on efficient energy consumption in cities and
buildings, making the role of smart cities crucial in this process. Akram et al. propose an innovative
Intelligent Energy Management System designed for smart cities, which utilizes Machine Learning
to predict overall energy efficiency. This system takes into account factors such as power generation,
energy consumption, carbon dioxide emissions, stability, and energy costs. It also supports the
Internet of Energy (IoE) network, which is essential in the energy sector for effective data collection
and smart resource management. The proposed system significantly reduces energy consumption,
achieving an impressive accuracy rate of 92.11%. [1]

Electric vehicles are becoming increasingly popular today. They do not emit CO: or any other
harmful emissions, and charging them is cheaper than fueling traditional vehicles. However, a
significant concern arises regarding the disposal of dead batteries when they need to be replaced.
Despite this issue, electric vehicles are integral to the development of smart cities, and advanced
neural systems are widely employed to ensure their ecosystem operates efficiently. [14]

Another point to consider is the increasing popularity of solar panels for installation in homes
and outdoor spaces. These panels utilize Al technology to determine the optimal position for
maximizing solar energy capture and to monitor weather conditions. This approach enhances solar
energy efficiency. [17]

Smart buildings are a crucial component of smart cities, as they enhance energy optimization,
reduce consumption, and contribute to the overall cost-efficiency and sustainability of urban
environments. However, the integration of Al technologies in these buildings is still in progress.
According to a study by [13] 70% of energy consumption in buildings is attributed to heating,
ventilation, and air-conditioning (HVAC) systems. Al-operated elements in smart homes include
lighting, energy storage, heating, air conditioning, smart devices, security locks, cameras, and
emergency systems. The Internet of Things (IoT), when combined with AI, enables connectivity
among these components through the use of sensors and databases, fostering autonomous operations
within smart buildings. [5] The IoT technology is utilized in smart energy-efficient buildings to
analyze and predict the effects of temperature, humidity, lighting, occupancy, and occupant behavior
on optimizing building systems. [14]
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Deep learning enhances personalized energy management and lighting systems by considering
occupancy and outdoor conditions. [14] Another proposed technology for optimizing energy usage
in buildings is the Genetic Algorithm. This approach utilizes a wide range of operators, which allows
for the consideration of various input parameters such as illumination, temperature, air quality, and
external environmental factors. The goal is to minimize power consumption while maximizing
occupant satisfaction. The authors suggest that integrating the Genetic Algorithm with the
conventional Firefly Algorithm could improve efficiency. [2] Some studies recommend utilizing
machine learning algorithms for enhancing energy efficiency in smart buildings. This includes
approaches like Supervised Learning, Unsupervised Learning, and Reinforcement Learning.
Supervised Learning, particularly using techniques such as linear regression and decision trees, is
effective for making energy-saving adjustments because it leverages historical energy usage data
from buildings. Unsupervised Learning algorithms, like K-Means, focus on uncovering hidden
patterns in individual energy consumption, which allows for the development of tailored energy
optimization recommendations. Reinforcement Learning, primarily through methods such as Deep
Q-Networks and Markov Decision Processes, employs agents to make real-time adjustments to
energy settings based on user feedback. [5]

Another study explores the adaptation of machine learning algorithms in the field. The proposed
technology aims to create a database using satellite data on solar irradiance for a specific location.
This database would then be utilized to predict energy consumption based on on-site measurements.
The authors suggest applying various machine learning models to identify the most optimal one
based on specific criteria. [9]

It is estimated that approximately 40% of the world’s total energy consumption comes from
buildings. Additionally, buildings and construction are responsible for about 39% of global CO:
emissions. Experts believe that essential advancements toward creating sustainable cities involve the
integration of renewable energy sources, energy management techniques, and enhanced energy
efficiency in buildings. [13]

When discussing Al-powered energy efficiency and sustainability, it's important to consider the
challenges that come along with its advantages. These challenges include issues related to
cybersecurity and data privacy, particularly in the realm of Deep Learning, which is used for anomaly
detection. Other concerns involve data inaccuracies, scalability and adaptability in smart homes, and
the potential for real-time decision-making errors due to imprecision and the large volumes of data
that need to be analyzed. Additionally, there are costs associated with the implementation and
maintenance of these Al systems. [5]

A recent study highlights that Al technologies are primarily utilized for diagnostics and
predictive purposes. The authors note that the main focus of investment in renewable energy sources
is on solar energy, particularly in photovoltaic systems. These systems are designed to process data,
offer real-time online diagnostics, and maintain Machine Learning models for performance
optimization. Meanwhile, other sources of green energy have not received the same level of attention.
(2]

There are challenges in policy-making regarding the complex implementation of Al in various
energy-related fields. Additionally, Al research would benefit from improved collaboration among
the scientific, public, and private sectors to facilitate more effective data sharing and solution
development. Financial initiatives should also support research in different areas of green energy and
promote collaboration among stakeholders across various sectors. [17] Thus, there is space for
technologies to move to modernize this sector.

3. Results

Improving energy efficiency and sustainability is crucial for the future of both the environment
and the economy. Traditional energy sources are not only more expensive but also much less
environmentally friendly. They contribute to increased pollution and CO: emissions, which have
harmful effects on the climate. While traditional energy sources are limited but stable, renewable
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sources are dependent on weather and climate conditions. However, renewable energy is
environmentally friendly, relatively abundant as it is continually generated, and cost-effective.
According to statistics from the International Renewable Energy Agency (IRENA), by the end of 2024,
renewable energy sources are expected to account for 46% of global installed power capacity. [6]
Furthermore, the International Energy Agency forecasts ongoing growth in electricity generation
from renewables, as illustrated in Figure 2. [4]

All renewables

Variable renewables

Hydropower Solar PV

I l I l I Olther renewablesI
2000 2005 2010 2015 2020 2025 2030

0

Figure 2. Share of renewable electricity generation in percentage by technology, 2000-2030 (Source: IEA).

Artificial intelligence can significantly enhance green energy optimization. Al-powered tools are
essential for promoting sustainability at both the city and national levels, and they are utilized in
various energy applications and appliances to improve forecasting and management efficiency. The
best results can be achieved when Al is integrated across all layers of energy usage, including homes,
public and private buildings, infrastructure, and the entire city.

Al plays a crucial role in supporting the transition to green energy in cities by enhancing the
planning, coordination, and management of energy systems. As illustrated in Figure 3, the
implementation of Al in the energy industry can be categorized into four main areas: Machine
Learning, Robotics, Computer Vision, and Planning. As discussed in the second section, algorithms
are employed to forecast, predict, optimize, and manage various aspects of the energy sector. Key
Machine Learning algorithms used for these purposes include Reinforcement Learning, Digital
Twins, Deep Learning, Regression, Clustering, Evolutionary algorithms, and multi-agent approaches.
Figure 4 showcases the most commonly utilized Al techniques in energy utilities.
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When discussing home efficiency through AI solutions, studies indicate a significant
improvement in energy optimization for both private and public buildings, along with the potential
for further cost and resource savings. According to Smart Energy International, smart homes can save
between 30% and 40% of their energy consumption. [7] Al is particularly valuable for detecting
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anomalies and identifying heat leakages in buildings. By analyzing smart meter data, a model was
able to identify peak-load appliances with 91% accuracy, which led to targeted user feedback and an
average reduction of 11% in daily energy use. [3] Additionally, Al can contribute to a substantial
decrease in household energy consumption, averaging around 10.75%. [10]

Using Al and IoT can reduce global energy consumption by approximately 3-5%, according to
Climate Action studies. Cities can save energy through various initiatives, such as adopting LED
lamps, switching public transport to green gas, and implementing smart building systems. This
transition can also enhance energy security. [15] Al can support the policy-making process by
providing analytical data and forecasts about energy trends, as well as suggesting pathways for
adopting renewable energy sources. Key metrics to consider include CO2 reduction, grid resilience,
and cost savings.

It is important to highlight the interdependence between city energy policy and building energy
consumption and optimization, where each stakeholder influences the other. The city manages smart
grids based on the consumption needs of its public and private entities. In turn, these entities are
limited by the energy capacity of the city. If the city cannot meet the demand, entities will seek
alternative sources, or the city will need to import energy. If artificial intelligence can help reduce
energy consumption — especially during peak hours — this will lower the overall demand and save
resources and costs, ultimately contributing to energy sustainability. The management center plays
a crucial role in this process.

The simultaneous implementation of various Al technologies can lead to significant savings in
energy resources and costs for the city. All energy consumers interact and influence each other both
technologically and by using shared resources. To achieve this, a centralized energy management
system is essential for balancing a variety of energy-related solutions. Additionally, mobile
applications powered by Al can offer end-users recommendations on how to reduce and optimize
their home energy consumption. However, several challenges have been identified. Despite
improvements in performance, concerns about data privacy, cybersecurity, and scalability remain
unresolved. Deploying AI models requires high-quality data, and some urban areas lack the
infrastructure necessary for real-time analytics. Moreover, certain Al methods have shown limited
effectiveness in integrating non-solar renewable energy sources, as noted by Biswas, highlighting the
need for diversified investment and research in this area.

4. Discussion

This section focuses on the benefits of implementing Al in the city energy sector. These benefits
include reduced loads on the smart grid, more efficient use of renewable resources, improved
sustainability, and a decreased carbon footprint. However, there are also risks associated with the
technological transition to green energy, such as issues related to battery utilization, delays in policy-
making, and concerns about cybersecurity. To achieve the best results, it is essential to consider the
simultaneous application of the aforementioned Al tools.

To begin with the benefits, there is a wide range of Al algorithms and tools used across different
energy sectors. The best results can be achieved through simultaneous applications in both private
and public sectors, starting from optimizing home systems and developing mobile applications that
provide users with recommendations on energy efficiency, extending to transport, power plants, and
smart grids. A comprehensive shift to green energy sources will lead to cities that are more energy-
efficient and environmentally friendly. AI will facilitate energy savings, increase cost-efficiency, and
reduce dependence on limited traditional energy sources. There is no singular answer to which Al
technology is the best, as various technologies are utilized in the energy field, and their effectiveness
largely depends on the specific context in which they are applied.

When discussing major risks and threats, it is important to highlight issues related to battery
utilization, delays in the policy-making process, and cybersecurity concerns. Battery usage is
becoming a global problem due to the toxic elements they contain, which can contaminate the soil.
On average, it takes over 100 years for a battery to fully decompose if it is biodegradable. [16]
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Currently, batteries are primarily used for energy storage and in electric vehicles. In this context,
artificial intelligence is mainly employed to promote energy efficiency, such as optimizing charging
times for batteries. However, there is no comprehensive global solution for disposing of the large
number of expired batteries, which are still gaining in popularity. This poses significant risks to the
climate. One potential solution is to reuse components from depleted lithium-based batteries for
other purposes, such as energy storage. [11] Nonetheless, this approach requires a responsible
commitment from society.

The next issue concerns policy-making, which is a lengthy and complex process. The
development of policies for transitioning to green energy is crucial for increasing the use of renewable
sources, as the energy industry is primarily directed by government decisions. Delays in adapting
policies aimed at reducing environmental impact can exacerbate existing environmental problems,
as climate change does not pause for decision-making. To address this, it is essential to accelerate
policy-making regarding climate change and to implement more comprehensive Al solutions for
improved sustainability.

Another concern is related to cybersecurity and the risks of private data leakage, especially since
this data is used to train Al-powered tools and generate recommendations for energy efficiency.
Fortunately, there are Al technologies designed to address this issue. These technologies aim to
monitor threats and take action when they detect dangerous activities in cyberspace.

Today, the energy sector faces unresolved threats, but the Al transformation of urban energy
systems shows great potential.

5. Conclusion

Research indicates that artificial intelligence is extensively utilized across various urban energy
subsystems, starting with smart grids and extending to smart plants and buildings. Management
systems are employed to monitor and control energy flows within cities. Different Al technologies
and machine learning models are applied in specific cases since there is no universally superior
option; the requirements vary depending on the functionality of each system. Generally, Al tools are
primarily used for predicting energy demand and supply, providing recommendations for energy
usage, and monitoring energy-related systems and their components. Utilizing Al is crucial for
advancing the transition to green energy in urban environments, as it enhances energy efficiency and
promotes sustainability.
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