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Since the depletion of fossil fuels, the world has become increasingly reliant 

on renewable energy sources. With each passing year, reliance on renewable 

energy sources increases significantly. As a result, complex and hybrid 

power generation systems are being designed and developed to meet the 

energy needs and ensure energy security in any country. Continuous 

technological improvements and efforts to provide uninterrupted power to 

end users depend heavily on an efficient and fault-tolerant operation and 

maintenance system. Therefore, innovative algorithms and techniques using 

artificial intelligence have been introduced to reduce equipment and plant 

downtime. Efforts are underway to develop robust diagnostic maintenance 

systems that can identify faults before they occur. To achieve this goal, AI 

techniques and tools are being used in power systems to increase the overall 

efficiency of these diagnostic maintenance systems. This research provides 

an overview of the frameworks for using AI techniques in power system 

operations, focusing on predictive maintenance, which contributes to 

reducing downtime and improving the quality and reliability of operational 

processes.  Research discusses the most important artificial intelligence 

technologies used in energy systems and reflects the ability of these devices 

to identify errors in errors and detect weak and deficient places before 

failure. It also reveals the benefits and benefits that these technologies 

receive and need to get global support to automate the energy sector with the 

aim of gaining stability and efficiency. 
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1. Introduction 

Demand for advanced research and technology in the power grid sector increases regularly. Automation 

and smart techniques have been widely used in response to development requirements. Traditional research methods 

are quickly inadequate to enable computer scientists and researchers to keep up with global challenges that may be 

able to help solve and postpone considerable insights from billions of data barriers spread into artificial intelligence 

(AI) power systems. AI can handle large amounts of data and benefit from power system operations, controls and 

more efficient plans. 

 The use of AI technology in power systems has been researched and discussed in various fields, and the 

demand for advanced research and technology has been consistently high in the power grid sector. The application 

of AI technology in power system control automation can improve the efficiency of electrical automation 

management, mitigate the risk of accidents, and ensure the smooth operation of the power system over a long period 

of time. Evaluating the use of AI technology in power systems requires a comprehensive analysis of current research 

in the field of AI and related industries. 

A power system is a network consisting of three components: generation, distribution, and transmission.  In 

a power system, energy sources (such as coal, sunlight, wind, nuclear reactions, and diesel) are converted into 

electrical energy . 
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There are various power systems, such as solar power systems, wind power systems, thermal power plants, 

nuclear power plants, geothermal power plants, etc. All power systems have different structures and equipment for 

generating electricity . 

 

2. Research Problem 

Despite rapid technological advancements in the industrial sector, many industrial organizations still face 

significant challenges related to the effectiveness of energy systems and their ability to mitigate unforeseen 

breakdowns and limit high operating costs. Relying on traditional maintenance methods whether corrective or 

preventive is no longer sufficient to address the complexities of modern production lines that rely on continuous 

operation and rapid response to market demands. With the increasing reliance on artificial intelligence technologies, 

the need for a smarter maintenance model that adapts to the new operational reality has emerged. This model can 

leverage the massive flow of data from sensors and equipment in real time to accurately and effectively predict 

breakdowns before they occur. Hence, the research problem arises in the absence of an integrated framework that 

systematically utilizes AI data and tools in energy systems and supports predictive maintenance. This balances 

operational efficiency with economic and environmental sustainability, especially in factory environments that 

require advanced models capable of making sound, data-driven decisions. 

3. Research Importance 

This study gains its scientific importance from the intersection of two vital fields: artificial intelligence and 

energy systems. It enhances scientific understanding of the applications of artificial intelligence, specifically 

predictive maintenance, in improving the efficiency and reliability of energy systems. The research provides a 

comprehensive analysis that encompasses the technical, operational, and economic aspects of employing these 

technologies in the energy sector, contributing to the development of a conceptual framework that can be used as an 

academic and applied reference. The research demonstrates the importance of AI-powered predictive maintenance in 

reducing costs and achieving better resource utilization efficiency, in line with sustainable development 

requirements and reducing energy waste. 

4. Research Objectives 

This research aims to explore and analyze the growing role of AI technologies, particularly predictive 

maintenance mechanisms, in improving the efficiency and reliability of energy systems and operations by: 

1 . Gaining a deep understanding of the theoretical and technical framework of AI and its various applications in the 

energy sector, focusing on the most common technologies, such as machine learning, deep learning, and big data 

analytics, and their use in predicting failures and improving operational performance. 

2 . Identifying AI-powered predictive maintenance mechanisms, clarifying their conceptual and functional 

differences from traditional maintenance models (periodic and corrective), and evaluating their effectiveness in 

reducing unexpected failures and improving system reliability. 

3 . Presenting the technical and organizational challenges associated with employing AI technologies in the energy 

sector, including data collection difficulties, system compatibility, shortages of qualified human resources, and 

startup costs. 

Theoretical Framework of the Research: 

Introduction: 

With the rapid and complex technological advancements in artificial intelligence tools and applications, the 

integration of the energy sector with artificial intelligence has become a major necessity. AI can reshape the energy 

sector, revolutionizing energy production, distribution, and consumption. Whether through smart grid management, 

renewable energy efficiency, or even nuclear power plant safety and the development of predictive maintenance 

systems, AI is fundamentally changing the way the energy industry operates, moving it toward a more efficient, 

resilient, sustainable, and secure future. (Li et al., 2022). 

Many international reports are examining the tremendous potential of AI to revolutionize operations across 

all stages of the energy value chain. From examination and production to purification and distribution in oil and gas 

sectors, and from production, distribution and consumption management in the power sector, AI-controlled solutions 

increase the decision, improve performance and reduce the risk. (Kou et al., 2019).   

The size of the AI market in energy has increased significantly in recent years, reaching $ 5.23 billion in 

2023, in 2024 with a mixed annual growth rate of 22.2%to $ 6.39 billion in 2024. (Serradilla et al., 2021). 

Recent estimates indicate that AI already serves more than 50 different applications in the energy system, 

and that the technology market in the region can reach around $ 13.36 billion by 2028. The remarkable growth of AI 

in energy can be attributed to many factors, including the use of data analysis to improve efficiency. Overall, these 
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applications have helped increase the AI technologies in the energy sector and increase success, increase operational 

efficiency and stability. (Zhe Lee et al., 2024).   

Artificial Intelligence (AI): 

AI is "the study of the factors that enable systems to behave intelligently," such as the capacity to represent 

knowledge symbolically, to make inferences, learn from experience, and plan to make good decisions. Researchers 

believe this definition encompasses all systems that exhibit mental behavior similar to or superior to that of humans 

in specific tasks (Russell and Norvig 2021). 

AI represents a scientific approach to understanding learning processes themselves, by designing 

algorithms that enable systems to improve their performance based on data. This is the core of many current 

applications in the fields of energy, industry, and medicine.  (Mitchell 1997( 

Artificial intelligence (AI) is not just a technological tool; it is an integrated field of knowledge that reflects the 

intersection of computer science, mathematics, statistics, neuroscience, and linguistics. It aims to understand and 

simulate multiple aspects of human intelligence to achieve maximum efficiency in complex and dynamic 

environments. 

AI is characterized by three main levels of capabilities: 

1 . Narrow AI: used to perform a specific task with high efficiency, such as image classification or failure prediction 

in industrial systems. 

2 . General AI: a theoretical type of intelligence capable of performing any intellectual task that humans can 

accomplish. 

3 . Super AI: outperforms humans in all cognitive domains. It is currently the subject of philosophical and scientific 

debate, with no practical application. 

 Studies have found that the AI revolution has been driven by advances in deep learning algorithms, advanced 

computational capabilities, and the availability of massive amounts of data (big data). This progress has led to the 

integration of AI into advanced industrial and commercial applications, such as self-driving cars, smart assistants, 

predictive maintenance, and customer behavior analysis. Goodfellow, Bengio, and Courville (2016). 

5. Basic Concepts of Artificial Intelligence 

Artificial intelligence (AI) methods depend on an integrated collection of interconnected logical approaches 

that encompass expertise in the form of algorithmic models, knowledge contexts, learning processes, and decision-

making. All these ideas combine to establish intelligent systems with capabilities to mimic human behavior with 

complexities and accuracies. The importance of these concepts lies in their being the scientific basis for 

understanding how to design, develop, and apply AI systems in industrial and energy contexts, including predictive 

maintenance operations. These include: 

1 . Intelligent Agent: This refers to a system capable of perceiving its surrounding environment, analyzing 

information received through sensors, and interacting with the environment via actuators to achieve specific goals. 

The intelligent agent operates according to a strategy based on the "perception-decision-action" model. This concept 

is essential in the design of robots and intelligent control systems (Russell & Norvig, 2021). 

  2. Knowledge Representation: This involves mathematical and logical methods for representing information and 

data within intelligent systems in a way that can be used for inference and decision-making. Knowledge 

representation methods include production rules, semantic networks, and rule-based logic, which are the foundation 

for building expert systems (Brachman & Levesque, 2004) 

3 . Automated Reasoning: This reflects the system's ability to analyze internally represented facts to reach new 

conclusions. Reasoning is used in symbolic intelligence systems and is based on algorithms that rely on strict or 

flexible logical rules (such as fuzzy logic), enabling the system to deal with uncertain situations (Nilsson, 1998).  4. 

Machine Learning: This is one of the fundamental pillars of artificial intelligence. It refers to the ability of systems 

to improve their performance over time based on experience or data. It includes supervised learning, unsupervised 

learning, and reinforcement learning. These methods enable systems to predict future behavior based on past data 

(Mitchell, 1997). 

5. Intelligent Decision-Making: This refers to the ability of systems to choose the most appropriate possible course 

of action from among several options, based on multi-criteria analysis. This concept overlaps with the fields of 

operations research and game theory and is widely used in dynamic systems such as energy management and smart 

grids (Russell & Norvig, 2021). 

The effectiveness of artificial intelligence stems from its construction on a set of integrated theoretical and 

scientific foundations, the most prominent of which are: 

1. Mathematical Algorithms: Algorithms are the cornerstone of artificial intelligence, used in numerical analysis, 

optimizing results, and extracting patterns from data. Prominent examples include decision tree algorithms, search 
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algorithms (such as A\ and Dijkstra), and stochastic optimization algorithms (such as genetic algorithms) (De Jong, 

2006) 

.2. Probability and Statistics: 

They are used to estimate uncertainty in environmental data and are essential in probabilistic modeling such as 

Bayesian networks, hidden Markov models, and statistical regression. These models help systems process 

incomplete or ambiguous information (Koller & Friedman, 2009) 

3. Artificial Neural Networks: 

Inspired by the structure of the human brain, they consist of interconnected layers of nodes (neurons) that process 

data in a cumulative manner. Neural networks are widely used in deep learning for image analysis, speech 

recognition, and autonomous driving (Goodfellow, Bengio, & Courville, 2016) 

4. Symbolic Logic: Used to represent relationships and conclusions in an explicit environment, they rely on 

deductive logic, enabling a transparent interpretation of the decisions made by the system. This foundation is used in 

the development of expert systems and structured knowledge (Brachman & Levesque, 2004). 

  5. Learning Theory: Provides a theoretical framework for evaluating the performance of learning algorithms, and 

explains how models respond to data while minimizing error. It includes concepts such as cross-validation and bias-

variance tradeoff, which are essential for understanding the effectiveness of intelligent models in practice (Mohri, 

Rostamizadeh, & Talwalkar, 2018). 

Artificial Intelligence Technologies for Optimizing and Predictive Maintenance of Power Systems: 

Over the past decades, the manufacturing and technology industries have witnessed radical transformations 

due to rapid technological progress, particularly with the emergence of the Fourth Industrial Revolution and its 

accompanying innovative concepts such as smart factories, artificial intelligence, and the Internet of Things. Amid 

this development, it is no longer acceptable to treat maintenance as a secondary activity or a procedure limited to 

intervention after equipment failure, as was the case in the early stages of the Industrial Revolution. Rather, it has 

become necessary to reframe the role of maintenance within a comprehensive framework that ensures operational 

continuity, enhances economic efficiency, and increases production dependability (Thomas et al., 2020). 

Global industry transformations, increased competition, and the complexity of the supply chain have driven 

the realization to shift towards more cognitive maintenance systems that can predict failure before its actual 

occurrence. It is not an option, but a matter of strategy since the capacity of production lines has proved to be a key 

factor in keeping the competitive advantage of industrial companies and customer satisfaction. It has been 

ascertained through research that conventional maintenance systems are failing to address the requirement of the 

existing level as a result of high operating expense and inability to adapt in dealing with arising technical issues 

(Poór et al., 2020). (Kusiak, 2018). 

Latest AI technologies in the energy industry can be described as follows: 

1. Digital Twins: 

A digital twin is an online replica of a real-world object. It extends throughout the life of the object and 

relies on real-time sensor data on the object to simulate behavior and track operations. Digital twins can copy an 

incredibly wide variety of physical objects, ranging from individual units of equipment in a single plant to entire 

installations, like windmills, to even whole cities. Digital twin technology allows one to monitor the performance of 

the asset, detect possible breakdowns, and make lifecycle decisions and maintenance decisions accordingly. 

(Kandemir et al., 2024; Stadtman et al., 2023). 

2. Smart Energy Storage Control with Reinforcement Learning 

RL techniques are used to manage charging and discharging processes across storage units in smart grids. 

Cumulative reward has been found to increase by nearly 450% with the use of RL policies compared to traditional 

policies, pinpointing the enormous potential of improving efficiency in smart storage and operation (Usanova & 

Bharadwaj, 2024). 

 

3. Performance Analysis with Deep Learning 

This is a CNN-based approach and architectures like TCN-Attention with an optimisation algorithm like 

WOA in order to learn data. 

Vibration and temperature in turbines, in order to correctly predict potential failure and early warning (Xu et al., 

2025). 

4. Computer Vision and Drones 

Smart drone cameras are employed to scan images through CNN to automatically detect cracks or 

corrosion on solar panels and turbines, allowing for accurate field maintenance without human intervention, as 

reported in recent news (Business Insider, 2025). 

5 . Expert Systems 
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These systems rely on knowledge bases derived from the expertise of specialized engineers and are 

combined with the results of intelligent models to provide interpretable and highly reliable maintenance 

recommendations (Lee, Bagheri, & Jin, 2016). 

6. Predictive Maintenance 

Predictive maintenance differs from other maintenance strategies in that it relies on reading and analyzing 

actual data that reflects the actual operational condition of the machine, enabling the prediction of malfunctions 

before they occur. For example, most car owners change their engine oil after driving between 1,000 and 5,000 

kilometers. This is based on the prior knowledge that delaying the oil change could lead to engine deterioration or 

sudden malfunction. This embodies the concept of preventive maintenance, which is implemented according to a 

specific schedule, regardless of the actual capacity of the machine. Although this type of maintenance may be 

effective in some cases, it may entail unnecessary time and financial costs. However, if an analytical approach is 

adopted, based on periodically and immediately checking the quality of the oil to assess its ability to perform its 

function, it may be possible to extend the oil's service life to 10,000 kilometers or more. This reflects the essence of 

predictive maintenance, which is based on monitoring the actual condition of the component rather than relying on 

fixed schedules) .Emad 2021( 

Predictive maintenance is defined as a type of maintenance applied to machines that are expected to 

malfunction, whether due to aging or due to mechanical factors.  The effects of the surrounding operating 

environment, with the aim of reducing sudden downtime during operation) .Shagluf et al., 2014( 

It is also defined as: the integration of mathematical models and analytical algorithms used to determine the 

optimal timing for failure to occur and the appropriate moment to implement maintenance, thus contributing to 

achieving an effective balance between maintenance costs and equipment performance (Sakib et al., 2018) 

It is worth noting that predictive maintenance includes a series of procedures aimed at monitoring and 

tracking the level of deterioration in the performance of the production system by monitoring the decline in the 

efficiency of components. This allows for early intervention before a major failure occurs and eliminates emergency 

causes that may contribute to the deterioration of machine performance. (Imad, 2021( 

Despite the multiple definitions provided for predictive maintenance, which vary depending on the 

researcher's perspective or approach, they all intersect on several basic pillars: (Lee, Wu, Zhao, Ghaffari, Liao, & 

Siegel, 2014) 

Predictive maintenance is the essence of predictive maintenance and the element that distinguishes it from 

other maintenance strategies. Mechanisms for continuous and real-time monitoring of machine condition are 

essential to implementing predictive maintenance, and constitute a  Devices Sensors (of various types) are the 

cornerstone of this process. (Mobley, 2002).  

The primary goal of predictive maintenance is to maintain a machine's production capacity for the longest possible 

period of time and at the lowest possible cost. (Jardine, Lin, & Banjevic, 2006( 

7. Benefits of Predictive Maintenance 

Predictive maintenance is one of the most prominent modern strategies in the field of maintenance 

management, due to its direct impact on reducing operating costs and improving the performance of industrial 

facilities. Studies have shown that effective predictive maintenance programs can achieve financial savings ranging 

from 18% to 20% compared to using preventive maintenance alone (Operations & Maintenance Best, 2002). 

According to a report issued by the US Department of Energy (Practices, 2002), the average industrial savings 

resulting from implementing predictive maintenance indicate significant positive results, most notably achieving a 

return on investment of up to tenfold, reducing maintenance costs by 25-30%, reducing downtime by 30-40%, and 

increasing productivity by up to 25% (Zhu et al., 2019). 

The true value of predictive maintenance is demonstrated by its ability to achieve an ideal balance between 

prevention costs and repair costs, by reducing the frequency of preventive maintenance without compromising 

equipment readiness. If we look at the relationship between the cost of maintenance and the frequency of its 

implementation, we find that reactive maintenance, which is performed by...  Based on the principle of "operation 

until failure," it may initially appear low-cost, but it results in significant repair costs when a machine breaks down. 

In contrast, preventive maintenance, while it reduces breakdowns, can become a burden on the organization, 

especially if implemented excessively (Zhu et al., 2019). 

Therefore, predictive maintenance is a smart option that allows sound decisions to be made regarding the 

timing of maintenance work based on actual equipment condition data. This helps reduce overall costs and achieve 

the optimal operating cost. 

The benefits of predictive maintenance are not limited to financial aspects only, but extend to several 

important operational advantages, such as: 
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-Increased machine lifespan. 

-Reduced unplanned downtime. 

-Reduced costs associated with spare parts. 

-Improved final product quality. 

-Enhancing employee and environmental safety and security, as well as rationalizing energy consumption. 

Many real-life examples have emerged that demonstrate the positive impact of adopting predictive 

maintenance. This includes Volvo, which used predictive analytics to remotely monitor car and truck data, enabling 

it to reduce diagnosis and repair time by 20%. Infrabel, the Belgian railway infrastructure company, implemented 

predictive maintenance on more than 1,600 km of railway lines, helping to reduce accidents, improve public safety, 

and reduce unplanned shutdowns that affect more than half a million passengers daily. Sandvik Mining and Rock 

Technology partnered with IBM to leverage IoT and cloud analytics to improve the maintenance of mining 

equipment. This contributed to a 30% reduction in production downtime and a 5% reduction in costs per unit of raw 

material produced (Elias, n.d.). 

Predictive Maintenance and Artificial Intelligence: 

 The concept of predictive maintenance has emerged, relying on artificial intelligence (AI), which 

integrates data with big data analytics and AI technologies. This integration provides an accurate and comprehensive 

view of the condition of assets and equipment, enabling maintenance teams to predict breakdowns based on real, 

continuously collected data. By analyzing this data using intelligent algorithms, patterns preceding breakdowns can 

be identified, enabling timely preventative measures to be taken, reducing unplanned downtime and extending 

equipment life. Some modern models even enable machines to perform maintenance operations autonomously, 

without direct human intervention. Advantages of the convergence of AI and IoT technologies with predictive 

maintenance are seen in the following: 

-Round-the-clock monitoring of the status of equipment. 

-Minimizing operation costs owing to unexpected failures. 

- Enhancing manufacturing productivity through downtime minimization. 

- Lengthening asset life through maintenance from factual information, rather than estimates. 

Benefits of AI in Predictive Maintenance: 

1 . Big Data Analysis: AI technologies aid in analyzing the huge data generated by sensors mounted on devices and 

equipment. The data is constantly gathered and processed to identify early warning signals that have the potential to 

signal the existence of technical faults, and hence intervention can be made before malfunction. 

2 . Predicting failure prior to occurrence: Using sophisticated algorithms, AI can effectively predict failures prior to 

occurrence. This enables industrial plants to create planned maintenance schedules, thereby preventing unwarranted 

downtime in operations or manufacturing. 

3 . Enhancing decisions: AI utilizes performance analysis and failure extent to give recommendations on the best 

maintenance processes to be adopted. Analysis further allows for forecasting future situations, which assist decision-

makers in choosing the best solution at the appropriate time. 

4. Self-improvement and constant learning: The Internet of Things is the main source of information for AI systems. 

Due to this continuous stream of information, the system derives experience from past outcomes, either positive or 

negative, providing it with the capability of self-improvement and adjustment to new situations over time (Kliestik 

et al., 2023) 

Recommendations and Proposals: 

1 . Develop flexible software and engineering solutions, such as the use of middleware and service-oriented 

architecture (SOA), to facilitate interaction between modern predictive maintenance systems and legacy digital 

infrastructure, while ensuring minimal operational disruption during integration. 

2 . Adopt advanced methodologies for processing raw data collected from sensor and measurement systems, 

including data cleaning techniques, missing data imputation, and noise filtering, to ensure reliability and continuity. 

3 . Direct research toward creating artificial intelligence algorithms that are not limited to predictive accuracy alone, 

but also include interpretive mechanisms that enable users to understand the logic behind predictive decisions, 

which helps in making informed maintenance decisions and reduces blind reliance on automated models. 

4 . Establish integrated educational and training plans aimed at raising the efficiency of technical and engineering 

personnel in the fields of data analysis, artificial intelligence sciences, and industrial engineering, with a focus on the 

practical application of predictive tools. 

 5 . Support research projects that focus on adapting and improving predictive maintenance techniques to suit the 

operational specificities of the local energy sector, and enhance cooperation between academic institutions, research 

centers, and the industrial sector to ensure knowledge transfer and effective application of results. 
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6. Establish a clear regulatory framework that requires industrial facilities to adhere to internationally and locally 

recognized standards related to process safety, environmental protection, and data protection, to ensure that 

predictive maintenance practices comply with legal and operational requirements, thereby enhancing their 

sustainability. 

 

8. Conclusion 

In light of the profound transformations taking place in the industrial sector within the framework of the Fourth 

Industrial Revolution, AI-based predictive maintenance has become one of the fundamental pillars for achieving 

operational efficiency and sustainability in smart factories. This research demonstrates how the integration of energy 

systems, predictive maintenance, and data collection and analysis based on artificial intelligence and machine 

learning can reshape traditional maintenance practices towards a more intelligent and interactive model. Predictive 

maintenance based on the Internet of Things not only enhances facilities' ability to predict failures and reduce costs, 

but also supports sustainability principles by reducing waste, decreasing resource consumption, and reducing the 

environmental footprint. Therefore, adopting this model is a strategic step towards building an integrated industrial 

environment that relies on digital innovation and responds flexibly to future challenges, thus consolidating the 

position of the smart factory as a realistic and effective concept in the modern industrial 
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