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Abstract—The growing global energy demand has 

accelerated advancements in solar technologies to 

improve efficiency, reliability, and sustainability. 

Innovations such as agri photovoltaics enable 

simultaneous food and energy production, while bifacial 

PV systems and climate-based resource assessments 

enhance performance prediction and reduce 

intermittency risks. Environmental factors like 

temperature and spectral variations affect PV output, 

highlighting the need for cooling strategies and adaptive 

designs. Advanced fault detection methods—combining 

imaging techniques, electrical testing, artificial 

intelligence, and IoT-based real-time monitoring—

enable predictive maintenance and optimized 

performance. Overall, the shift toward intelligent, data-

driven solar systems is essential to ensure efficient and 

dependable renewable energy for the future. 

 

Index Terms—Solar Energy, Photovoltaic Systems, 

Agriphotovoltaics (APV), Bifacial PV, Solar Resource 

Assessment, Fault Detection, Infrared Thermography, 

Artificial Intelligence, IoT Monitoring, Predictive 

Maintenance, Solar Cooling Techniques, Renewable 

Energy Sustainability. 

 

I. INTRODUCTION 

 

Access to reliable energy and food remains one of the 

world’s most urgent challenges, especially as 

population growth and climate change increase 

pressure on natural resources. In this context, solar 

energy has emerged as a clean, abundant, and 

sustainable solution that supports global 

decarbonization and the achievement of development 

goals. Rapid advancements in photovoltaic (PV) and 

concentrating solar power (CSP) technologies have 

significantly improved energy conversion efficiency, 

system design, and large-scale deployment. 

Innovations such as agriphotovoltaics enable 

simultaneous food and energy production, while 

developments in bifacial modules, effective albedo 

modeling, spectral analysis, and high-resolution 

climate data enhance energy yield prediction 

accuracy. 

Despite these advancements, solar systems remain 

highly sensitive to environmental conditions such as 

temperature, irradiance, humidity, dust, and shading, 

which can reduce efficiency and accelerate 

degradation. As global PV capacity expands, faults 

such as micro-cracks, hot spots, inverter failures, and 

wiring defects pose serious reliability and economic 

challenges. Modern solar infrastructures therefore 

increasingly rely on intelligent monitoring and 

advanced fault detection techniques, including 

infrared thermography, parameter-based modeling, 

deep learning algorithms, IoT-enabled sensors, UAV 

inspections, and cloud-based analytics. These 

technologies enable predictive maintenance, remote 

supervision, and optimized system performance, 

contributing to the development of smart, resilient, 

and sustainable solar energy systems. 

 

II. APPLICATIONS 

 

The proposed advancements in solar technologies 

have wide-ranging practical applications. 

Agriphotovoltaic (APV) systems enable simultaneous 

crop production and electricity generation, improving 

land-use efficiency and supporting rural 

electrification. Bifacial PV systems enhance energy 

yield in utility-scale solar farms, particularly in high-

reflectivity environments. Climate-based solar 

resource assessment improves site selection, 

forecasting accuracy, and grid stability. Advanced 

cooling techniques help mitigate temperature-related 

efficiency losses in high-irradiance regions. AI-based 

fault detection and IoT-enabled real-time monitoring 

support predictive maintenance, reduce downtime, 

and optimize system performance. Overall, intelligent 
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and data-driven solar systems contribute to reliable, 

efficient, and sustainable renewable energy 

deployment. 

 
Step 1: Selection of Solar Panels and Sensors 

Appropriate solar panels and sensing devices 

(voltage, current, temperature, and humidity sensors) 

were selected to measure key electrical and 

environmental parameters influencing photovoltaic 

performance. 

 

Step 2: Interfacing Voltage Sensors with ESP32 

Voltage sensor modules were interfaced with the 

ESP32 microcontroller through analog input pins to 

enable accurate real-time voltage measurement. 

 

Step 3: Fault Simulation Using ON/OFF Switches 

Controlled faults were introduced using ON/OFF 

switches to simulate abnormal operating conditions 

for testing the fault detection mechanism. 

 

Step 4: Integration of DHT11 Sensor 

The DHT11 temperature and humidity sensor was 

integrated with the ESP32 to monitor environmental 

conditions affecting system efficiency. 

 

Step 5: Programming ESP32 for Data Acquisition 

The ESP32 was programmed to continuously acquire, 

process, and manage sensor data for monitoring and 

analysis. 

 

Step 6: Data Transmission to IoT Platform 

The processed data were transmitted to an IoT cloud 

platform via Wi-Fi for remote monitoring and 

storage. 

Step 7: Display and Analysis of Results 

The collected data were visualized and analyzed 

using an online dashboard to evaluate system 

performance and identify faults. 

 

III. TECHNICAL CONSIDERATIONS 

 

The technical design of modern photovoltaic (PV) 

and agrivoltaic (APV) systems requires balancing 

energy generation, crop productivity, reliability, and 

efficiency. Since plants rely on Photosynthetically 

Active Radiation (PAR, 400–700 nm), APV systems 

must ensure adequate light for crops while optimizing 

electricity production. Different PV technologies—

such as silicon, thin-film, bifacial, CPV, and LSC—

offer varying advantages in light transmission, energy 

yield, and land-use efficiency. Proper structural 

design, mounting height, and spacing are essential, 

and simulation tools like PVSyst and crop models 

help predict performance, with the Land Equivalent 

Ratio (LER) indicating combined productivity. 

Additionally, system reliability is influenced by 

climate variability, spectral changes, and 

intermittency, making metrics like LOLP, APE, and 

MMF important for assessment. Advanced imaging 

techniques (IRT, EL, LBIC), AI-based fault 

detection, and cooling methods such as air, water, 

PCM, nanofluids, and PV-TEG integration further 

enhance efficiency, durability, and long-term system 

performance. 

 
 

IV. GLOBAL IMPLEMENTATION 

 

Agrivoltaic (APV) systems are increasingly being 

implemented worldwide as governments and 

researchers seek sustainable approaches to address 

land scarcity, food security, and renewable energy 

expansion simultaneously. In Europe, APV 

development is strongly supported by regulatory 

frameworks and pilot projects. Germany has 
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established DIN SPEC 91434, which requires that 

agricultural land used for APV must maintain at least 

66% of the reference crop yield to preserve its 

farming status. This standard ensures that energy 

production does not compromise food output. 

Similarly, projects in France and Italy have 

demonstrated that optimized panel spacing, 

adjustable tilt angles, and controlled shading can 

maintain or even improve crop productivity while 

generating significant solar power. These European 

initiatives highlight the importance of policy support 

and scientific design in successful APV deployment. 

In Asia, agrivoltaics is expanding rapidly due to high 

population density and increasing energy demand. 

Japan has implemented strict regulations requiring at 

least 80% rice yield retention for APV system 

approval, ensuring that agricultural productivity 

remains the priority. China has developed several 

large-scale agrivoltaic installations, including 

projects exceeding 1 GW capacity integrated with 

crops such as goji berries, showcasing the 

commercial scalability of the technology. In India, 

where agriculture supports a large portion of the 

population, APV systems have shown promising 

results for shade-tolerant crops like turmeric and 

grapes, particularly in regions facing water stress and 

high temperatures. These systems not only generate 

electricity but also reduce soil moisture loss and 

improve microclimatic conditions for crops. 

In the United States, agrivoltaic research and pilot 

projects are being conducted in states such as 

Arizona and Massachusetts. Studies focus on dryland 

preservation, water conservation, and crop cooling 

benefits under partial shading. Results indicate that 

APV systems can lower soil temperature, reduce 

evaporation, and improve crop resilience in arid 

regions. Overall, global implementation demonstrates 

that agrivoltaics is adaptable to diverse climatic and 

agricultural conditions. With proper policy 

frameworks, technological optimization, and site-

specific design, APV systems can effectively support 

both renewable energy goals and sustainable 

agricultural development worldwide. 

expansion. 

 

 

 

 

 

V. HELPFUL HINTS 

 

A. Current Challenges 

Agrivoltaic (APV) systems and intelligent 

photovoltaic technologies show strong potential, but 

several barriers limit their large-scale adoption. A 

major challenge is the knowledge gap between the 

agricultural and solar energy sectors. Effective APV 

implementation requires interdisciplinary expertise in 

crop science, solar engineering, climate studies, and 

economic evaluation, which is still limited in many 

regions. Policy-related issues further complicate 

deployment, as many countries lack standardized 

regulations, clear land-use classifications, and 

structured approval procedures for agrivoltaic 

projects. Economically, APV systems often involve 

higher initial investment costs compared to 

conventional ground-mounted PV due to elevated 

mounting structures, optimized spacing, and dual-

purpose design. As a result, the Levelized Cost of 

Electricity (LCOE) for APV can be higher during 

early deployment stages. 

Technological challenges are also significant, 

particularly in AI-based solar monitoring and fault 

detection. The scarcity of high-quality, labeled 

datasets for PV defect detection makes it difficult to 

train reliable machine learning models. In addition, 

dataset imbalance—where faulty samples are far 

fewer than healthy ones—can lead to biased model 

performance. Integrating advanced AI algorithms 

into affordable hardware for real-time monitoring 

remains another practical challenge for large-scale 

implementation. 

 

B. Future Orientations 

Despite these challenges, the future outlook for APV 

and smart PV systems is highly promising. The 

global APV market is expected to grow rapidly, 

supported by increasing demand for sustainable land 

use, rural electrification, and renewable-powered 

applications such as EV charging stations in remote 

areas. Technological innovations can address current 

limitations. Data augmentation techniques using 

Generative Adversarial Networks (GANs) and 

Variational Autoencoders (VAEs) can help overcome 

dataset scarcity and imbalance. Transfer learning 

methods can enhance model performance even with 

limited new data, while edge computing enables 
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faster and more efficient real-time monitoring 

directly at the device level. 

Future progress will depend on developing robust 

simulation tools, lowering system costs, promoting 

interdisciplinary collaboration, and establishing 

supportive policies and standardized guidelines. With 

coordinated efforts from researchers, industry 

stakeholders, and policymakers, agrivoltaic and 

intelligent solar technologies can significantly 

contribute to sustainable energy production and 

agricultural resilience worldwide. 

 

VI. CONCLUSION 

 

Agriphotovoltaic (APV) systems present a promising 

pathway toward sustainable energy generation while 

maintaining agricultural productivity. This work 

highlights the importance of integrating advanced PV 

technologies, intelligent monitoring methods, spectral 

analysis, and efficient cooling strategies to enhance 

system performance and reliability. Beyond 

improving energy yield, the study emphasizes 

broader applications such as rural electrification, 

climate-resilient farming, and smart renewable 

infrastructure. Continued innovation, supportive 

policies, and interdisciplinary collaboration will be 

essential to scale these systems effectively and ensure 

their long-term economic and environmental 

sustainability. 

 

APPENDIX 

 

The appendix includes supplementary technical details 

such as spectral analysis data (APE and MMF 

variations), simulation parameters, AI model 

configurations (EfficientNetb0, NCA, SVM), dataset 

preprocessing methods, and additional performance 

comparisons of PV technologies and cooling 

techniques used in this study. 

 

ACKNOWLEDGMENT 

 

The authors would like to express their sincere 

gratitude to all faculty members, researchers, and 

technical staff who provided valuable guidance and 

support throughout this study. We also 

acknowledge the institutions and laboratories that 

facilitated access to simulation tools, datasets, and 

experimental resources necessary for completing 

this research. Special thanks are extended to 

colleagues and peers for their constructive 

suggestions and continuous encouragement. Their 

support significantly contributed to the successful 

completion of this work. 

 

REFERENCES 

 

[1] F. Ayala Pelaez, M. Deline, S. MacAlpine, B. 

Marion, and J. S. Stein, “Sourcing albedo data 

for bifacial PV systems in complex land,” Solar 

Energy, vol. 251, pp. 35–47, 2023. 

[2] A. K. Shukla, K. Sudhakar, and P. Baredar, 

“Recent advancement in bifacial photovoltaic 

technology and its performance evaluation: A 

review,” Energies, vol. 14, no. 23, p. 7770, 

2021. 

[3] R. Parthiban and P. Ponnambalam, “An 

enhancement of the solar panel efficiency: A 

comprehensive review,” Frontiers in Energy 

Research, vol. 10, pp. 1–15, Jul. 2022, doi: 

10.3389/fenrg.2022.937155. 

[4] Z. B. Duranay, “Fault detection in solar energy 

systems: A deep learning approach,” 

Electronics, vol. 12, no. 21, p. 4397, Oct. 2023, 

doi: 10.3390/electronics12214397. 

[5] U. Hijjawi, S. Lakshminarayana, T. Xu, G. P. 

M. Fierro, and M. Rahman, “A review of 

automated solar photovoltaic defect detection 

systems: Approaches, challenges, and future 

orientations,” Solar Energy, vol. 266, p. 112186, 

Nov. 2023, doi: 10.1016/j.solener.2023.112186. 

[6] Y. Wang, M. Zheng, J. F. Torres, A. Shirazi, J. 

Coventry, and J. Pye, “Integrated optical–

thermal modelling and techno-economic 

evaluation of a ‘bladed’ solar-thermal receiver,” 

Solar Energy, vol. 266, p. 112027, Nov. 2023, 

doi: 10.1016/j.solener.2023.112027. 

[7] J. A. Dhanraj, A. Mostafaeipour, K. 

Velmurugan, K. Techato, P. K. Chaurasiya, J. 

M. Solomon, A. Gopalan, and K. Phoungthong, 

“An effective evaluation on fault detection in 

solar panels,” Energies, vol. 14, no. 22, p. 7770, 

Nov. 2021, doi: 10.3390/en14227770. 

[8] G. A. Farias-Basulto, M. Khenkin, J. A. 

Töfflinger, R. Schlatmann, R. Klenk, C. 

Ulbrich, A. Sevillano-Bendezú, and M. Riedel, 

“Measurement and analysis of annual solar 

spectra at different installation angles in central 



© April 2026 | IJIRT | Volume 12 Issue 11 | ISSN: 2349-6002 

IJIRT 195315 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 92 

Europe,” Solar Energy, pp. 1–10. (Publisher: 

Elsevier; year/volume missing) 

[9] A. Ghosh, “Nexus between agriculture and 

photovoltaics (agrivoltaics, agriphotovoltaics) 

for sustainable development goal: A review,” 

Solar Energy, vol. 266, p. 112146, 2023, doi: 

10.1016/j.solener.2023.112146. 

[10] S. Poddar, M. Kay, A. Prasad, J. P. Evans, and 

S. Bremner, “Changes in solar resource 

intermittency and reliability under Australia’s 

future warmer climate,” Solar Energy, vol. 266, 

p. 112039, 2023, doi: 

10.1016/j.solener.2023.112039. 

[11] A. R. Jensen, K. S. Anderson, W. F. Holmgren, 

M. A. Mikofski, C. W. Hansen, L. J. Boeman, 

and R. Loonen, “pvlib iotools—Open-source 

Python functions for seamless access to solar 

irradiance data,” Solar Energy, vol. 266, p. 

112092, 2023. 

[12] G. M. El-Banby, N. M. Moawad, B. A. 

Abouzalm, W. F. Abouzaid, and E. A. 

Ramadan, “Photovoltaic system fault detection 

techniques: A review,” Neural Computing and 

Applications, 2023. (Early access; 

volume/issue/pages not specified) 

 

 

 

 


