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Abstract. Photovoltaic (PV) technology, which converts solar radiation 
into electricity, has become a key player in the global transition to clean 
energy. As demand for renewable energy rises, innovations in smart 
artificial intelligence (AI), the Internet of Things (IoT), and big data 
analytics are being utilized to enhance the efficiency and reliability of PV 
systems. The integration of these technologies into PV systems is explored 
in this review, focusing on how they enhance fault detection, real-time 
monitoring, and energy optimization. It discusses the role of AI in improving 
system design and performance, real-time applications leveraging IoT 
control and data management, and the application of big data analytics for 
predictive maintenance and energy forecasting. Additionally, the review 
addresses the environmental and economic benefits of smart PV systems, 
highlighting their potential for reducing carbon emissions, stabilize energy 
grids, and provide long-term financial savings. Despite the technological and 
economic challenges, smart PV systems are poised to play a critical role in 
future global energy infrastructures by contributing to sustainable 
development goals and optimizing renewable energy production. 

1 Introduction 
PV technology, which converts solar radiation directly into electricity, plays an increasingly 
important role in the global shift toward clean energy. Global installed capacity continues to 
grow, with significant contributions from regions like Asia and Europe. Despite its 
widespread use, the current conversion efficiency of PV systems remains below 23%, 
indicating room for improvement. Havejiri et al. has demonstrated that power and energy 
rating methods are commonly employed to estimate PV potential, with energy ratings 
offering greater accuracy [1]. However, conventional PV systems face numerous challenges 
related to energy efficiency, particularly under adverse climatic conditions such as 
temperature fluctuations, dust accumulation, and wind speeds. These issues are exacerbated 
in desert areas, where rising temperatures significantly reduce power output. Furthermore, 
traditional PV systems face issues of intermittency and undispatchability, complicating grid 
integration and affecting overall stability. The introduction of smart PV systems, which 
integrate AI, IoT, and big data analytics, presents a promising solution. These technologies 
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enable real-time data analysis to optimize the tilt and alignment of solar panels, utilize 
machine vision to track the sun's position, and improve predictive maintenance and power 
distribution efficiency. This, in turn, significantly enhances the overall performance and 
reliability of PV systems, thereby facilitating the advancement of renewable energy. 

This review seeks to examine how AI, IoT, and big data analytics can revolutionize PV 
systems. by improving fault detection, enhancing real-time monitoring, and optimizing data 
processing capabilities. The review will also analyze how these technologies can enhance 
system design., improved operational management, and increased energy efficiency. AI-
driven algorithms can monitor system conditions, predict faults, and optimize power 
generation by analyzing variables such as temperature and voltage. IoT devices enable 
continuous real-time monitoring, while big data analytics provide insights into optimizing 
performance and cost reduction. Finally, this review will assess the future role of smart PV 
systems in the global energy mix. With the rising demand for clean energy, smart PV systems 
are poised to become essential in achieving sustainable development goals by optimizing 
energy production and distribution. Continued research, development, the full potential of 
smart PV systems will be unlocked through vital technological innovations in the future 
global energy structure. 

2 Overview of photovoltaic systems 
In a grid-connected PV system, several key components work together to convert solar 
radiation into usable electricity. The core component, the photovoltaic module (or solar 
panel), converts sunlight directly into direct current (DC) electricity via the photovoltaic 
effect. A DC-DC converter then regulates the output voltage to match the system’s 
requirements, ensuring stable and efficient operation. Maximum Power Point Tracking 
(MPPT) technology is employed to maximize power generation by adjusting the electrical 
load to operate at the optimal power point under varying sunlight conditions. The inverter is 
crucial for converting the DC electricity generated by the panels into alternating current (AC) 
suitable for grid use. Synchronization and island detection mechanisms are also integrated to 
maintain grid stability and ensure system safety by preventing back-feeding during grid 
outages, thus protecting both the system and utility workers [2]. 

Significant evolution has been seen in PV technology, marked by the transition from 
silicon-based cells of the first generation to the second-generation thin-film cells, which offer 
greater flexibility but lower efficiency. The efficiency of monocrystalline silicon cells has 
reached 24.4%, while polycrystalline silicon cells achieve 22.8%. Although these 
technologies have demonstrated considerable advancements, challenges remain in the 
development of newer technologies, such as organic and perovskite solar cells. While organic 
and perovskite cells have the potential for higher efficiency and reduced manufacturing costs, 
they face critical challenges related to light management and carrier recombination. Solving 
these issues will be essential for improving their efficiency, reducing costs, and promoting 
widespread adoption [2]. 

3 Energy efficiency challenges in traditional PV systems 
Energy inefficiencies occur at various stages, from production to end-use, which collectively 
contribute to increased costs, emissions, and resource wastage. In energy production, losses 
arise due to outdated equipment, suboptimal power generation processes, and inefficiencies 
inherent in various energy conversion technologies. For instance, traditional power plants 
can lose significant amounts of energy as heat. During distribution, transmission losses are 
common, particularly over long distances, where energy dissipates as it travels through the 
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grid. In the usage stage, particularly in the residential sector, energy waste is prevalent due 
to inefficient appliances, poor insulation, and inadequate energy management. Addressing 
these inefficiencies is crucial, and significant improvements can be made through the 
adoption of technology upgrades, the implementation of best practices, and the deployment 
of smart energy management systems. Achieving higher energy efficiency, particularly in 
PV systems, is fraught with technical and operational challenges. As highlighted in the Grid-
connected Photovoltaic Systems - Components and Challenges: A Review, design flexibility 
is an advantage offered by second-generation thin-film solar cells, but they lag behind in 
efficiency compared to silicon-based cells. While monocrystalline silicon cells have achieved 
an efficiency of 24.4%, and polycrystalline silicon cells reach 22.8%, both technologies are 
still costly, especially compared to thin-film alternatives The central challenge in PV 
technology is increasing the efficiency of thin-film cells without significantly raising costs. 
Operationally, integrating more efficient materials and improving manufacturing techniques 
is key to overcoming these barriers, along with continued research into optimizing balance-
of-system components like inverters and MPPT controllers to further reduce losses 
throughout the energy conversion process [2]. 

4 Environmental and economic impacts of smart photovoltaic 
systems 

4.1 Environmental benefits 

Optimizing energy production and minimizing waste through advanced technologies in PV 
systems has the potential to significantly reduce the carbon footprint. Literature [3] explores 
the integration of multiple renewable energy sources with the application of system-wide 
optimization using the whole-station target method, which enhances efficiency and reduces 
emissions. Similarly, Literature [4] applies genetic algorithms to optimize a hybrid energy 
system comprising photovoltaic, wind, diesel generators, and energy storage. This approach 
results in reduced power costs and lower carbon emissions, significantly improving the 
sustainability of the energy system. By intelligently managing multiple renewable sources, 
these optimized systems contribute to lower greenhouse gas emissions, directly addressing 
the environmental impact of traditional energy production methods. Smart PV systems 
equipped with AI and big data analytics offer significant advantages in enhancing grid 
stability and increasing the incorporation of renewable energy sources. Literature [5] 
examines how AI and big data are utilized to predict energy demand and production, enabling 
intelligent planning and optimization of energy storage. By leveraging machine learning 
algorithms to forecast weather patterns and solar radiation, smart PV systems can efficiently 
allocate resources, reducing dependency on non-renewable sources and improving the overall 
stability of the grid. Furthermore, other renewable energy sources, such as wind and 
hydropower, can be seamlessly integrated with these systems, enhancing the resilience and 
reliability of modern energy grids, especially as the proportion of renewable energy in the 
grid keeps increasing. 

4.2 Economic viability 

Deploying smart technologies such as AI, IoT, and real-time monitoring in photovoltaic (PV) 
systems significantly optimizes energy output, reduces downtime, and improves system 
reliability. Unlike traditional systems, which may suffer from inefficiencies in maintenance 
and energy management, smart PV systems enable predictive maintenance, allowing for 
remote control and immediate troubleshooting. While the initial investment in smart 

3

E3S Web of Conferences 606, 05004 (2025)	 https://doi.org/10.1051/e3sconf/202560605004
ICNAOE 2024



technologies is higher, these systems result in long-term cost savings by minimizing energy 
losses, extending the lifespan of equipment, and reducing operational interruptions. 
Moreover, smart PV systems often qualify for government subsidies, further reducing the 
overall financial burden and enhancing their economic viability. The incorporation of AI, 
IoT, and big data analytics into PV systems provides a significant return on investment (ROI) 
by optimizing energy production and increasing system efficiency. AI algorithms can predict 
maintenance needs, preventing system failures and minimizing downtime. IoT enables real-
time monitoring of system performance, ensuring PV systems operate at their peak efficiency 
levels. Big data analytics helps in analyzing energy consumption patterns, enabling better 
decision-making for energy distribution. These technologies collectively reduce operational 
costs, enhance energy generation, and maximize system reliability, leading to a quicker ROI 
as compared to traditional PV systems. For residential, commercial, and industrial 
applications, the long-term financial benefits of smart PV systems are substantial. These 
systems reduce operational costs by minimizing energy waste and improving energy 
management. In residential settings, smart PV systems allow homeowners to decrease 
electricity bills and earn credits through energy surplus fed back into the grid. In commercial 
and industrial applications, improved service quality, increased resource efficiency, and 
higher renewable energy shares result in greater cost savings and lower emissions. 
Additionally, the accurate forecasting and real-time management provided by smart grid 
technology reduce carbon emissions, contributing to environmental goals while enhancing 
financial performance across various sectors. 

5 Role of smart technologies in photovoltaic systems 

5.1 Artificial intelligence (AI) 

A crucial role in enhancing the design and performance of PV systems is played by AI. 
Literature [6] introduces an AI-based method that integrates an improved PV array model 
with differential evolution multi-objective optimization to reduce power loss probability and 
life cycle costs in standalone PV systems. This approach allows for the optimization of 
module parameters and battery models using the DEAM (Differential Evolution with 
Adaptive Mutation) algorithm, which enhances the overall system performance. By 
optimizing these components, AI helps improve the efficiency and longevity of PV systems, 
ensuring cost-effective and reliable energy production over time. Machine learning models 
have shown great promise in predicting energy output and demand for PV systems. Literature 
[7] discusses an optimization approach that combines Geographic Information System (GIS) 
and Light Detection and Ranging (LiDAR) data to optimize PV panel layouts. This method 
maximizes energy capture by identifying optimal roof areas and adjusting panel tilt angles. 
The incorporation of genetic algorithms and the introduction of "skew angle" parameters 
further enhance the efficiency of energy collection. Machine learning algorithms are widely 
employed in PV systems and smart grids to predict solar irradiance, optimize performance, 
and assist with demand-side management, energy storage, and grid stability. These AI 
frameworks improve system efficiency and facilitate the integration of advanced 
technologies like microgrids and virtual power plants, ultimately contributing to more 
resilient and optimized energy systems. 

5.2 Internet of things (IoT) 

The incorporation of IoT technology into PV systems has revolutionized real-time 
monitoring and control, allowing for more efficient energy management. An IoT-based data 
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acquisition system, utilizing open-source software and cloud computing, provides a cost-
effective and accessible solution for remote monitoring. The deployment of NODEMCU 
boards and sensors enables real-time monitoring of nine critical PV system parameters, 
including voltage, current, temperature, and humidity. Outdoor testing validates the stability 
and reliability of these sensors, offering an economical tool to optimize PV system 
performance and improve energy generation efficiency [8]. The IoT plays a pivotal role in 
enhancing smart grid functionalities by using advanced communication technologies to 
connect controllers, devices, and sensors. IoT enables more efficient energy management by 
offering remote monitoring, real-time control, and advanced data analytics to optimize grid 
operations. This integration allows for better decision-making support for users and improves 
the overall intelligence of the energy grid. Through IoT, smart grids can respond more 
dynamically to energy demands, manage decentralized energy sources, and ensure greater 
reliability and flexibility in energy distribution [9]. Adaptive systems designed for real-time 
environmental monitoring are essential for optimizing PV system performance. These 
systems, which often rely on wireless sensor networks, utilize a low-power MPPT circuit 
along with an adjustable voltage converter. Digital algorithms continuously adjust system 
parameters in real-time, based on environmental factors such as sunlight intensity and 
temperature, to enhance solar energy capture and conversion efficiency. This adaptive 
approach, characterized by low power consumption, high adaptability, and scalability, makes 
it particularly suited for complex outdoor environments where energy optimization is critical. 
Research highlights several examples of IoT-based control systems applied to smart PV 
systems [10]. Literature discusses the use of IoT in intelligent PV monitoring systems, which 
incorporate a range of sensors, such as temperature, humidity, tilt, voltage, current, and light 
sensors, as well as MEMS and ultrasonic sensors. These sensors connect to a central control 
system via IoT, allowing for real-time monitoring and data collection [11]. By leveraging 
cloud computing and big data analytics, these IoT-enabled systems significantly improve the 
efficiency, reliability, and adaptability of PV installations, making them more resilient to 
environmental changes and operational challenges. 

5.3 Big data analytics 

A crucial role in predictive maintenance and performance optimization of PV systems is 
played by big data analytics. According to the literature [12], intelligent optimization models 
such as ANN, SVM, decision trees, random forests, boosting algorithms, and deep learning 
have been effectively applied to improve fault prediction accuracy and energy yield. By 
leveraging these models, PV systems can optimize maintenance strategies, enhance system 
reliability, and maximize operational efficiency. Early detection of potential issues, reducing 
downtime and maintenance costs, is enabled by the analysis of large datasets. 

The analysis of large datasets enables accurate energy production forecasting and the 
identification of operational trends within PV systems. Intelligent optimization techniques, 
such as ANN and SVM, have been employed to predict energy output, monitor system 
conditions, and optimize maintenance schedules. These approaches help improve system 
performance and extend the lifespan of PV installations. Additionally, data mining 
techniques are essential in processing vast amounts of data for energy forecasting, allowing 
operators to make informed decisions based on trends and patterns, further enhancing the 
operational efficiency of photovoltaic power plants. Data analytics is key to improving 
decision-making processes in PV system operations [12]. 

By using advanced algorithms and real-time data analysis, operators can optimize energy 
production and system maintenance. Literature highlights the use of ANN, SVM, and other 
machine learning techniques for energy prediction and condition maintenance, which 
significantly contribute to improving energy output and reducing operational risks [12]. 
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These data-driven insights enable PV operators to make more informed decisions, resulting 
in increased efficiency and reliability. 

6 Challenges and future directions 
While AI, IoT, and big data present significant opportunities for optimizing PV systems, 
several limitations persist. These include challenges related to data processing, forecasting 
accuracy, cybersecurity, and cost-effectiveness. Current algorithms struggle with accurately 
predicting energy output owing to the sporadic availability of solar powerand rapidly 
changing environmental conditions. Additionally, the integration of large datasets from 
multiple sources increases the complexity of data processing, while the high costs of 
implementing smart technologies in PV systems raise concerns about economic sustainability. 
Addressing these limitations through further research and technological advancements is 
crucial for improving system efficiency and reliability. 

As PV systems become more interconnected through smart technologies, the risk of 
cyberattacks increases. The introduction of IoT sensors and cloud-based platforms exposes 
PV systems to potential vulnerabilities, making cybersecurity a critical concern. To safeguard 
against attacks, smart PV networks require robust security measures, including firewalls, 
encrypted communication protocols, and identity authentication mechanisms. Establishing 
access control systems and conducting regular security audits can further enhance network 
protection. Maintaining the stability and resilience of clean energy systems requires ensuring 
cybersecurity in smart PV networks. 

Adopting smart technologies such as advanced inverters, monitoring systems, and energy 
management tools in PV systems can significantly improve efficiency and reliability. 
However, these technologies also come with increased costs. The upfront investment in smart 
infrastructure can be substantial, and ongoing maintenance and operational expenses must 
also be considered. As a result, a careful cost-benefit analysis is required to ensure that the 
adoption of smart technologies aligns with budgetary constraints and long-term sustainability 
goals. 

Several gaps in the existing research on smart PV systems require addressing. Article 
highlights challenges related to data security, environmental adaptability, and cost-effective 
cloud services in the integration of IoT with PV systems [13]. These gaps suggest a need for 
further exploration of advanced cybersecurity measures, the development of more resilient 
technologies suited to diverse environmental conditions, and more efficient cloud services 
are needed to manage the extensive data generated by smart PV systems. Future research 
should focus on overcoming these challenges to advance the development of IoT applications 
in smart energy management. 

The future of smart PV technology offers exciting opportunities for innovation. Literature 
discusses the potential of smart grids in integrating PV, energy storage, and building 
management systems to improve energy efficiency and reduce emissions [14]. Future trends 
may involve increased public awareness of energy efficiency, the incorporation of multi-
energy systems, and the use of blockchain for secure and efficient energy transactions. 
Research and development in these areas could lead to more advanced, sustainable smart PV 
systems, contributing to a more resilient and cleaner global energy infrastructure. 

7 Conclusion 
The integration of smart technologies into PV systems enhances overall performance by 
optimizing energy harvesting and improving system reliability. Through real-time 
monitoring of control panel angles and predictive maintenance, smart PV systems maximize 
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energy efficiency while reducing operational costs. Additionally, automation and AI-driven 
diagnostics help minimize system downtime, promoting long-term sustainability. These 
advancements enable PV systems to play a crucial role in the development of clean, 
renewable energy sources. Through the incorporation of smart technologies like AI, IoT, and 
big data analytics, PV systems can optimize energy production, storage, and consumption. 
Real-time monitoring allows for precise adjustments to maximize energy harvesting, while 
predictive algorithms ensure efficient energy distribution. Automated maintenance helps 
reduce energy waste, and predictive weather and demand models enhance energy storage 
planning. These technologies significantly improve energy efficiency and contribute to the 
overall sustainability of PV systems, making them vital for future energy solutions. The role 
of smart PV systems in enhancing grid stability will become increasingly significant in the 
global energy landscape, managing demand fluctuations, and reducing operational costs. As 
they integrate with other renewable energy sources like wind and water, smart PV systems 
will contribute to a more resilient and adaptive energy grid. Their ability to efficiently harness 
and manage solar energy positions them as a key component in achieving global SDGs, 
particularly in reducing carbon emissions and supporting the transition to clean energy.  
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