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Digitalization; Energy storage. operation of systems. On the other hand, data centers consumed nearly 1.5% of

global electricity, which reflects the growing energy demand of information
infrastructure. According to what has been analyzed, intelligent systems may
facilitate predicting, operational coordinating, utilizing equipment, and making
instant decisions, but efficiency benefits vary significantly depending on system
arrangement. With this in view, it becomes apparent that future transitions in energy
production will need to include integrated use of intelligent technologies along with
storage, flexible demand, smart grids, reliable and secure data systems, and relevant
regulations in order to provide sustainable and reliable energy systems.

1. Introduction

The transition from energy systems relying on fossil fuels to those based on renewable sources and low-emission sources has
become an important aspect of international efforts for mitigating climate change, achieving energy security, and progressing in
sustainable development [Kyriakarakos, 2025]. The use of the renewable technologies, such as solar photovoltaic, wind energy,
hydro energy, bioenergy, and many others is gaining popularity with the decline of prices for different technologies, as well as
growing ambitions of the countries when it comes to decarburization [Wyrwicka, 2023]. In 2024, renewable energy was
responsible for around 92.5% of the amount of new capacity in the electricity sector, which indicates the scale and speed of
development of this sector [Campana, 2025, Tasnia, 2026]. However, the increase in penetration of renewables brings other
issues as the generation based on solar and wind energy depends largely on meteorological conditions and is, therefore, variable
and uncertain [Cavus, 2025]. These traits can complicate supply-demand balancing, frequency regulation, voltage management,
reserve planning, and grid congestion management. Traditionally, conventional power systems were built around centralized and
dispatch able generation [Kabeyi, 2023]. Availability of power, increasingly decentralized, information-intensive, and
characterized by interactions from distributed generation, battery storage, electric vehicles, prosumers, flexible loads, and
interconnecting energy markets is evolving right now [Hossain, 2024] . Compliance with these conditions will require even faster
inspection, monitoring, optimization, and controls than traditional operational procedures can always institute. Intelligent
technologies have thus emerged as important enabling mechanisms in the management of increasing complex energy systems
[Duer, 2022, Lu, 2020].

Advanced technologies such as Al, machine learning, deep learning, reinforcement learning, digital twins, smart meters,
advanced sensors, and control systems enables to convert enormous amount of energy data and environmental information into

1 © 2026 The Author(s). This open access article is distributed under the terms and conditions of the Creative Commons Attribution-NonCommercial-
ShareAlike 4.0 International (CC- BY-NC-SA) License (https://creativecommons.org/licenses/by-nc-sa/4.0/), published by Stout Journals, London, United Kingdom
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useful decisions [Campana, 2025, Hossain, 2022]. Al-based forecasting allows to predict renewable energy generation and
electricity demand, while intelligent optimization will help to manage generation and storage processes as well as load
management [Carley, 2020]. Predictive maintenance will help to discover equipment malfunctions while digital twins will enable
real-time assessment of the equipment [Qazi, 2019]. However, despite being a use of technology, digitalization alone is not
enough to secure sustainability or reliability. Smart technologies are reliant on good sets of data, communication infrastructure,
computing capabilities, cybersecurity, interoperability, and regulated governance systems [Ullah, 2025]. Also, the emergence of
Al technologies brings a significant sustainability challenge since the computing infrastructure necessary for modern digital
products consumes a lot of power [Cavus, 2025]. By 2024, data centers accounted for around 1.5% of electrical power
consumption worldwide, and this number keeps growing substantially. Under these circumstances, the evaluation of intelligent
technologies should assess both their advantages in terms of working capabilities and their disadvantages in terms of technical,
environmental, and institutional aspects [Telukunta, 2017, Dincer, 2015]. This review thus investigates the role of intelligent
technologies in sustainability transitions and the reliability of systems. Furthermore, it highlights the main challenges in
implementation and provides relevant priority topics for research in the field of safe, efficient, transparent, and adaptable
intelligent energy systems [Rahman, 2021].

2. Methodology

This study employed a systematic narrative approach to analyze the impact of intelligent technologies on sustainable energy
transitions and reliability of power systems. It involved the use of peer-reviewed articles, review papers, and reports from
reputable institutions, especially recent literature related to artificial intelligence, machine learning, smart grids, renewable
energy forecasting, digital twins, demand response, energy storage, predictive maintenance, and resilience of energy systems
[Strielkowski, 2021]. The study also took into account studies that focused on use of intelligent technologies in renewable
integration, operational flexibility, forecasting, optimization, reliability, or resilience. In addition, reports from global power
organizations were utilized to find contemporary trends in energy transition and digitalization. The evidence collected was
categorized into renewable forecasting and integration, smart grid management, flexibility in demand and storage, predictive
maintenance and resilience, and obstacles to implementation [Kittner, 2017]. A real meta-analysis was avoided, and instead of it,
comparative qualitative synthesis helped to distinguish the similarities in technological advantages and disadvantages, research
gaps, and ways of transition to sustainable and reliable energy systems [Newaz, 2022].

3. Results and Discussion

3.1 Intelligent Forecasting and Renewable Energy Integration

The Precise forecasting is regarded as one of the functions of advanced technologies in renewables-heavy power systems as
presented in Figure 1. For solar and wind generation, there is a direct link to the weather, which means that quick changes in
solar irradiation, temperature, cloud cover, and wind can cause a difference between forecasted and real power outputs [Osman,
2022]. By using machine learning and deep learning technologies it is possible to analyze historical generation data,
meteorological records, satellite data, and real-time sensor data to unveil nonlinear relations that are hard to uncover with
conventional statistical methods [Kroposki, 2017]. Deep neural networks, recurrent architecture, ensemble learning, and hybrid
forecasting approaches are becoming more and more popular in short- and mid-term forecasting of solar and wind generation
[Ullah, 2025, Hossain, 2025]. Better forecasts allow system operators to manage generation and coordinate storage better,
reduce reserve needs, and be aware of times with excess or shortage of renewable while Al, therefore, plays an important role in
linking weather uncertainty to operational choices [Parmentola, 2021]. Its role increases as in 2024 renewable energy made up
about 92.5% of global power capacity addition. The bigger the share of variable renewable electricity is the greater
consequences forecasting errors may bring to the system [Farghali, 2023, Imon, 2025]. Therefore, intelligent forecasting should
be paired with probabilistic uncertainty assessment instead of being utilized merely as a point forecaster. Reliable use of
technology demands also relevant geographic data and continuous model updates, as climate change and equipment
degradation can affect the performance of the model [Kalair, 2020].
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Figure 1. Intelligent Forecasting and Renewable Energy Integration

3.2 Smart Grids, Automated Control, and System Reliability

Digital grids encompass sensing, communications, computing, and automated control and enable more detailed insights into
the electricity supply system. Smart meters, phasor measurement units, supervisory control systems, and Al tools can enhance
situational awareness of energy transmission and distribution systems [Motlagh, 2020]. They serve as an invaluable asset to the
operator by enabling detection of unusual operating conditions, prediction of congestion, optimization of energy flow, and
faster responses to any disturbances occurring in the networks [Imon, 2025]. Operations based on Al are especially important for
systems relying on renewable energy as traditional rules of operation may be ineffective due to simultaneous fluctuations of
supply and demand. Using reinforcement learning and sophisticated optimization methods, it is possible to manage distributed
energy resources while respecting operational constraints [Tabor, 2018]. The application of digital twins, an additional
intelligence layer is provided due to generation of virtual model of electrical systems or a single asset and assessment of various
alternatives regarding operations as presented Figure 2. Despite the benefits digitalization can bring to the sphere, it can
generate new uncertainties in terms of reliability [Parmentola, 2021, Mohanty, 2016]. Communication breakdowns, wrong
information received from sensors, overly generalized algorithms, and cyber-attacks can easily spread through advanced
connected systems of electrical grid [Howlader, 2026]. Consequently, implementation of smart control system should complete
existing protection systems instead of replacing them. The need in that is growing since the demand for electricity from data
centers is increasing: the world demand for electricity consumed by data centers increased by 17% in 2025 [Kumar, 2017].
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Figure 2. Smart Grids, Automated Control, and System Reliability

3.3 Demand-Side Intelligence and Energy Storage Optimization

Demand flexibility and the ability to store energy are key balancing components in systems that rely on highly inconsistent
power from renewable sources as summarize in Table 1. Demand-response systems are clever as they rely on data from smart
meters, electricity tariffs, weather and behavioral patterns of customers to determine when electricity usage can be changed
without changing the customer needs significantly [Sayed, 2023]. Forecasting methods and machine learning algorithms provide
information about future electricity consumption, help identify flexible loads and provide the basis for automated scheduling in
buildings, industries, EV charging networks, and distributed energy systems. Storage is complementary to power demand
flexibility because it can take up excess power from renewable sources and provide energy at times of low generation or high
demand [Akhtaruzzaman, 2025, Mensah, 2019]. Artificial intelligence-enabled battery management systems can optimize
charging and discharging schedules by considering factors such as renewable forecasts, state of charge, battery degradation,
electricity pricing as well as grid demands at the same time [Mourtzis, 2022]. Such coordination can make it possible to reduce
renewable curtailment and to enhance the usage of existing infrastructure. The continuous increase in electricity demands
created by the digital infrastructure opens new opportunities for intelligent flexibility [Hossain, 2025]. Once the needed market
drivers and regulation measures are in place, these resources will be able to provide grid services rather than solely act as back-
up capacity. Nevertheless, that will require the introduction of standardized mechanisms for communication, transparent market
regulations, the establishment of consumer incentives, and development of measures which protect batteries from too much
cycling [Brauns, 2020, Selvam, 2024].
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Table 1. Demand-Side Intelligence and Energy Storage Optimization

Aspect

Role

Major Benefit

Demand Response

Shifts electricity use using smart-meter, price,
weather, and consumer data.

Reduces peak demand and improves
grid flexibility.

ML & Forecasting

Predicts demand and identifies flexible energy
loads.

Enables efficient and automated
energy management.

Energy Storage

Stores excess renewable energy for later use.

Reduces energy wastage and
supports supply during high demand.

Al-Based Battery
Management

Optimizes battery charging and discharging

based on demand, price, and battery condition.

Improves battery efficiency and
lifespan.

Digital Infrastructure

Provides new opportunities for intelligent
demand flexibility.

Enhances the use of flexible energy
resources.

Policy & Regulation

Supports market mechanisms, consumer
incentives, and battery protection.

Enables reliable and sustainable grid
services.

3.4 Predictive Maintenance, Resilience, and Asset Management

Nowadays, intelligent technologies are changing the landscape of power system maintenance — from reactive or scheduled
techniques to condition-based and predictive methods as presented in Figure 3. Sensors that are placed on transformers and
other equipment such as wind turbines, solar power installations, and battery systems can be used for continuous detection of
temperature, vibration, current, and voltage [Hossain, 2023]. Machine learning models that analyze data from these sensors are
capable of detecting abnormal behavior and recognizing patterns in time to prevent breakdowns [Zhang, 2023]. Digital twins
enhance the process by integrating real-time measurements with physical or data models, enabling operators to simulate
degradation and evaluate asset performance under different operating scenarios [Strielkowski, 2021, Hossain, 2025]. This
capability is critical, particularly as electricity networks deal with stress due to electrification, distributed generation, harsh
weather, and new high-density loads. Nevertheless, predictive systems have a tendency to rely on incomplete data and to be
unfamiliar with rare events. Models trained merely on “normal” operating conditions might therefore perform inadequately when
dealing with extreme occurrence. Thus, applications focusing more on resilience think of connecting Al analytics with physical
knowledge, scenario modeling, risk information, and robust emergency response actions [Ullah, 2025].
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Figure 3. Predictive Maintenance, Resilience, and Asset Management

3.5 Implementation Challenges and Sustainable Digitalization

Intelligent energy technologies have promise, they have obstacles in terms of technicalities, costs, institutions, and the
environment. Data fragmentation is one major issue creating hurdles for utilities, distributed generators, customers, and
technology providers as they use different platforms [Rathor, 2020]. Further, differences in data formats and insufficient sharing
of information prevent the application of artificial intelligence models from one region to another and between electricity
networks. Algorithmic opacity is another issue because operators must be able to understand when and why automated tools
recommend certain actions [Tabor, 2018]. Due to millions of devices contributing to the digital surface of power systems, the
significance of cybersecurity increases dramatically. In addition, as consumption data is collected from households and
companies, different privacy issues become relevant [Breyer, 2022]. Therefore, proper management requires ensuring
cybersecurity by design, secure data transferring, model validation, identification of responsibilities, and secure privacy. Hence, Al
can improve the efficiency of power systems and generate extra demands for electricity. Therefore, in the process of
digitalization, the net energy and ecological benefit of smart applications have to be evaluated.

4. Conclusion

The rise of intelligent technologies has enabled sustainability in the energy transition process through the electricity systems
becoming more dependent on variable renewable technologies, decentralization of electricity generation, and energy storage
systems. Their best asset consists of altering complex energy data into quick decisions which enhance the flexibility and reliability
of the electricity systems. Nevertheless, the intelligent technologies cannot support sustainable transition by themselves. The
limitations related to information systems, security problems, interoperability of process, and infrastructure make it impossible.
Therefore, future energy systems need to integrate intelligent technologies with the modernization of the physical grid, energy
storage, flexibility in demand, strong cybersecurity, and effective regulatory principles. This coordinated development can ensure
that digital intelligence advances the transition toward safe, stable, and low-carbon energy systems instead of hindering it.
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