
          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 

                Volume: 12 Issue: 12 | Dec 2025              www.irjet.net                                                                         p-ISSN: 2395-0072 

  

© 2025, IRJET       |       Impact Factor value: 8.315       |       ISO 9001:2008 Certified Journal       |     Page 879 
 

Smart Solar Energy Systems: A Review of Intelligent Monitoring and 

Optimization Technologies 

Dhananjay Sharma1, Asst. Prof. Rajshri Pote2, Vivek Sotra3, Kapil Prajapati4, Asmit Hade5,  
Yash Chavhan6 

                
2Assistant Professor, CSE, Priyadarshini College of Engineering Nagpur, Maharashtra, India 

13456UG Student, CSE, Priyadarshini College of Engineering Nagpur, Maharashtra, India 

---------------------------------------------------------------------***---------------------------------------------------------------------

Abstract - In the global shift to renewable energy, solar 
photovoltaic (PV) technology has emerged as a key 
component. Despite its widespread adoption, conventional 
PV systems still struggle to maintain optimal output due to 
environmental stressors, inefficient maintenance, 
temperature rise, and limited operational intelligence. By 
combining Internet of Things (IoT) monitoring, machine 
learning (ML), artificial intelligence (AI), automated 
cleaning, thermal management, and cutting-edge solar 
materials like lead-free perovskites, the new idea of Solar 
IQ-Smart systems introduces a paradigm shift and builds a 
more intelligent and adaptable solar ecosystem. Research 
from recent years demonstrates that intelligent solar 
systems can enhance overall performance by approximately 
20–40%, restore 25–40% of efficiency losses caused by dust, 
reduce maintenance costs by up to 30%, and achieve highly 
accurate generation forecasting exceeding 95%. Although 
laboratory conversion is still lower, lead-free perovskite 
materials exhibit simulated efficiencies that are close to 
29%. The technological developments, performance 
enhancements, regional adaptation requirements, and 
economic models detailed in earlier scholarly investigations 
are summarized in this review of the literature. Additionally, 
it presents a critical reflection on current technological gaps 
while identifying future opportunities for optimization and 
large-scale deployment. Together, the results highlight the 
potential of Solar IQ-Smart systems to convert solar PV from 
a static power-producing structure into an intelligent, self-
optimizing energy infrastructure appropriate for utility-
scale, commercial, and residential installations. 
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1. INTRODUCTION 

Due to growing energy demand, growing concerns about 
climate change, and the depletion of non-renewable 
resources, the global energy landscape has continuously 
shifted toward environmentally sustainable power 
sources. Because of its scalability, small operating 
footprint, and suitability for a variety of climatic zones, 

solar power—especially through photovoltaic modules—
has emerged as one of the most practical long-term 
solutions. While the global installed solar capacity 
continues to exceed terawatt levels, a significant gap 
persists between the theoretical efficiency of PV modules 
and their actual field performance. 

Due to operational and environmental issues, solar PV 
panels suffer significant performance degradation. 
Research indicates that semiconductor efficiency is 
reduced by 0.38–0.5% per degree Celsius above standard 
testing conditions. 

These restrictions call for the creation of more 
sophisticated, automated, and user-friendly charging 
systems. 

A viable substitute is provided by wireless power transfer 
(WPT) technology, especially when it comes to inductive 
coupling. Wireless EV charging solutions improve safety, 
convenience of use, and eliminate the need for physical 
connectors by enabling contactless energy transmission. 
These systems can provide smooth and continuous 
charging experiences when integrated into residential 
garages, parking lots, or roads.  

Despite its benefits, wireless charging has drawbacks such 
alignment sensitivity, inefficient energy transmission, and 
a lack of intelligent control. The Internet of Things' (IoT) 
integration is crucial in this situation. Wireless EV 
charging is not only possible but also very effective and 
intelligent because to IoT's real-time monitoring, remote 
control, user identification, predictive maintenance, and 
smart energy management capabilities. During high-
irradiation hours, solar panels in hot regions may reach 
surface temperatures of 70–75°C, which can cause 
performance losses of 20–30% over the course of the 
operating period. In addition to thermal stress, dust 
accumulation on PV surfaces can obstruct solar radiation 
and cause energy losses in arid climates that range from 
30% to 50% in just one month. Inconsistent maintenance 
schedules result from the labor and water consumption 
issues associated with manual cleaning. Likewise, the 
traditional monitoring of solar infrastructure through 
basic SCADA systems cannot ensure predictive diagnostics 
or autonomous optimization. In response to such limits, 
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the solar energy research community has started to 
explore solutions that extend beyond panel design and 
toward system-level intelligence. In order to actively 
interact with external circumstances and self-correct 
performance faults, modern intelligent solar systems 
incorporate sophisticated monitoring, automation, 
predictive algorithms, intelligent cooling mechanisms, and 
new material advances. Rather than working just as 
passive sunlight-to-electricity converters, solar systems 
are increasingly advancing into self-regulating 
frameworks capable of automated decision-making, 
continual optimization, and preventive maintenance.  

This research study investigates the developmental 
trajectory, functionality, and multi-dimensional impact of 
Solar IQ-Smart systems. It examines research covering 
cooling and thermal management technologies, automated 
dust-mitigation methods, IoT-enabled data collecting, 
artificial intelligence-powered prediction tools, and new 
photovoltaic materials. 

Furthermore, the review critically assesses system-level 
performance outcomes, economic feasibility, cross-
regional adaptability, and unresolved research problems. 
The data collectively imply that solar energy is shifting 
toward a future defined not only by better efficiency but 
by autonomous resilience and sophisticated operational 
control. 

2. EVOLUTION AND CONCEPT OF INTELLIGENT 
SOLAR SYSTEM 

In the past, improvements in semiconductor efficiency 
were the main emphasis of PV technology developments. 
However, a turning point occurred when researchers 
determined that field-level environmental disturbances 
were the major reason behind energy losses rather than 
just material inefficiencies. The Solar IQ-Smart concept 
originated as an interdisciplinary solution combining the 
areas of power electronics, computational intelligence, 
networking, data analytics, mechatronics, predictive 
maintenance, and material science. 

In IQ-Smart solar systems:  

 IoT sensors collect high-resolution data on 
irradiation, voltage, current, temperature, 
humidity, and dust accumulation.  

 Machine learning models analyze patterns to 
discover potential faults early and optimize 
operation.  

 When deviation thresholds are met, actuators 
automatically initiate cooling or cleaning 
procedures.  

 While providing thermal energy advantages, 
hybrid PV-thermal components disperse heat. 

 Forecasting, performance benchmarking, and 
remote visualization are made possible by 
dashboard platforms.  

 New PV materials enhance long-term stability and 
intrinsic conversion efficiency.  

Intelligent solar systems consistently maintain a near-
optimal operational state despite variations in 
external circumstances thanks to the coordinated 
interaction of various technologies. Over the past five 
years, these systems have matured from experimental 
prototypes to deployable commercial architectures 
designed to connect smoothly into residential and 
utility-level energy infrastructures. 

3. REVIEW OF SIGNIFICANT TECHNOLOGICAL 
ADVANCEMENTS IN LITERATURE 

3.1. Cooling and Thermal Management:  

Temperature is one of the most damaging elements 
affecting PV energy yield. Electron recombination 
speeds up when semiconductor temperature rises, 
lowering open-circuit voltage and total output. 
Numerous studies have looked into ways to lessen the 
effects of temperature using PV/T hybrid systems, 
passive cooling, and active cooling.  
 
In order to extract heat from solar panels, active 
water-cooling solutions circulate water over their 
surface or backside. The findings of the experiment 
showed that the panel temperature could be quickly 
lowered from around 75°C to about 25°C in a matter 
of minutes while using comparatively little pump 
power. The energy production is usually improved by 
8–15% with these cooling techniques. The key worry 
concerns water usage, which can be unsustainable in 
dry locations. In order to recover heat energy for 
secondary uses like water heating, hybrid 
photovoltaic-thermal systems make use of embedded 
thermal exchangers. In contrast to traditional cooling, 
hybrid systems improve building-level heating 
efficiency and panel performance without 
squandering thermal output. Findings from controlled 
evaluations demonstrate that hybrid PV/T systems 
deliver 5–10% higher electrical production compared 
to normal PV modules and significantly enhance 
domestic hot water contribution. These combined 
benefits lead to a large increase in overall system 
energy consumption, proving that thermal-
management advances boost both electrical 
performance and end-use energy efficiency. 
 
3.2. Automated Cleaning and Dust Mitigation 
 
Particularly in desert and industrial settings, dust 
buildup is a significant factor in the decrease in PV 
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output. The slow accumulation of airborne particles 
accelerates the deterioration of materials by blocking 
incoming solar energy and forming hot spots. 
Traditionally, hand cleaning has included considerable 
water use and manpower dependence, limiting 
cleaning frequency. 
 
Recent automated cleaning advancements, including 
servo-driven brushes, precision water jets and 
microcontroller-based control logic, provide a 
sustainable and scalable solution. Under typical 
cleaning cycles, contemporary automated systems can 
remove around 90% of surface dust while using only 
35–45 milliliters of water per square meter. These 
devices restore up to 40% of power loss and minimize 
overall operational expenditures by as much as 90% 
across ten-year life cycles. 

In addition to immediate efficiency recovery, 
automated systems reduce safety dangers connected 
with rooftop cleaning and maintain performance 
consistency independent of human involvement. 
Cleaning cycles are further aligned with current needs 
through data-driven activation based on panel output 
thresholds or dust sensors, which saves electricity and 
water. 

3.3. IoT-Based Solar Monitoring 

IoT-enabled solar monitoring builds the intelligent 
core of Solar IQ-Smart systems. By integrating 
sensors, wireless connectivity, online platforms, and 
real-time analytics, IoT transforms PV systems from 
passive structures into responsive entities capable of 
performance awareness. IoT systems typically work 
through a layered architecture that comprises sensors, 
communication, cloud computing, and user 
applications. 

Highly detailed visibility of panel and inverter 
performance is made possible by IoT-based 
monitoring, which also supports automated alert 
systems for abnormalities like:  
 
 Sudden power drops from shadow or dust.  
 Voltage and current reduction owing to 

degradation. 
 Panel overheating or cooling system failure.  
 Electrical discontinuities or problems with 

connections.  
 Unexpected energy variations due to micro-

environmental changes.  

IoT monitoring has been proved to boost energy yield 
due to timely adjustment of peak power tracking, 
scheduling of maintenance during low-production 
periods, and optimized load balancing. IoT 
infrastructure deployment expenses are still 

comparatively inexpensive and are typically 
recovered with more output and less downtime in one 
to two years. 

3.4. Artificial Intelligence and Machine Learning 
 
Solar system optimization and predictive intelligence 
are made possible by machine learning. ML models 
can forecast energy output, estimate future 
deterioration, identify early failure signs, and schedule 
maintenance autonomously by analyzing historical 
and environmental data rather than responding to 
performance loss.  
 
Studies reveal extraordinarily high forecasting 
accuracy when employing ensemble and deep 
learning approaches. Solar irradiation, panel 
temperature, time of day, past production, and 
ambient weather indicators are the most important 
factors for forecasting. With prediction accuracy 
surpassing 95%, ML models promote grid stability, 
optimal battery scheduling, and successful energy 
trading. Moreover, ML-supported predictive 
maintenance greatly decreases unplanned outages 
and maintenance expenses. 
 
In the future, federated and reinforcement learning 
are expected to enable collaborative model training 
across distributed solar installations while enabling 
closed-loop optimization without central supervision. 
 
3.5. Perovskite and Advanced Solar Materials 
 
Material innovation remains essential for long-term 
solar advancement. Perovskite-based solar cells have 
drawn attention due to their low cost and high 
theoretical power-conversion potential, despite 
silicon having dominated the PV industry for decades. 
Lead-free varieties such as CsGeI₃ address toxicity 
concerns traditionally associated with perovskites. 

With conversion efficiencies close to 29%, simulated 
perovskite architectures have the potential to 
outperform traditional silicon panels. These materials 
possess suitable electrical characteristics and 
improved stability in comparison with earlier 
perovskite formulations. Despite these breakthroughs, 
laboratory prototypes still lag behind simulation 
results, achieving efficiencies between 4.92% and 
13.57%. Processing quality, long-term material 
stability, and industrial scalability remain barriers to 
commercialization.  

However, perovskites are positioned to help tandem 
panel designs in the future, where silicon is 
complemented by perovskite layers to increase 
overall efficiency beyond current limits. 
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4. PERFORMANCE IMPACT AND SYSTEM-LEVEL 
INTEGRATION 

While individual improvements contribute to performance 
enhancement, the highest gains are achieved when 
cooling, automated cleaning, IoT monitoring, and ML 
prediction are combined into one system. 

The interactions among subsystems create a self-
reinforcing feedback loop: 

 IoT sensors detect changes in output and identify 
causal factors.  

 Predictive algorithms determine if cleaning, cooling, 
or operational adjustments are needed.  

 Automated components activate only when necessary 
to keep energy stable.  

 Collected data improves forecasting models through 
ongoing learning. 

This operational loop leads to: 

 More consistent energy production.  
 Less mechanical and thermal stress on solar 

components.  
 Longer panel lifespan by avoiding extreme operating 

conditions.  
 Lower cost per kilowatt-hour over the total lifetime 

usage.  
  More reliable financial models for large-scale solar 

installations. 

5. ENVIRONMENTAL SUITABILITY AND 
REGIONAL ADAPTATION  

Geographical and Climatic Impact on Solar IQ-
Smart System Performance 
Geographical and climatic factors play a crucial role in 
determining the performance of Solar IQ-Smart 
systems. Different regions present unique 
environmental challenges, requiring region-specific 
technological adaptations. The most effective 
technologies for various regions are summarized 
below: 
 

Table-1: Regional Climate Impact on Solar IQ-
Smart System Performance 

Region Type Characteristics Most Effective Technologies 

Tropical 
High temperature, 
high humidity, 
scattered rainfall 

Active cooling techniques, 
corrosion-resistant designs, 
scheduled cleaning during dry 
seasons 

Arid / 
Desert 

Intense solar 
radiation, heavy dust 
accumulation, 
limited water 

Automated low-water 
cleaning systems, dust-
triggered activation, solar 
tracking systems 

availability 

Temperate 

Seasonal variations 
in temperature, 
precipitation, and 
snowfall 

PV/T hybrid systems, 
seasonal tilt adjustment, 
reduced cleaning frequency 

Coastal 
Saline humidity and 
corrosion risk 

Anti-corrosion coatings, 
sealed electronic components, 
moderate cleaning 

High-
Altitude 

Low temperatures 
and high UV 
exposure 

Machine learning-based 
irradiance prediction, passive 
thermal management 

 

 
Regardless of regional environmental variability, 
appropriate adaptation strategies ensure that Solar IQ-
Smart installations remain efficient, sustainable, and 
reliable across diverse climatic conditions. 

6. OPERATIONAL AND ECONOMIC VIABILITY 

Economic Feasibility of Solar IQ-Smart Systems 

For large-scale adoption, Solar IQ-Smart systems must 
demonstrate strong financial viability. Automated 
cleaning modules show a payback period of less than 
one year in dust-prone regions, while investments in 
IoT-based monitoring systems typically recover costs 
within one to two years due to improved energy 
output and reduced maintenance requirements. 
Hybrid PV/T systems achieve cost recovery within 
three to five years by combining electrical power 
generation with thermal energy utilization. 

From a revenue perspective, automated cleaning 
systems alone contribute an average annual energy 
gain of approximately 18%. Additionally, predictive 
maintenance enabled by IoT and AI technologies 
extends component lifespan and minimizes avoidable 
system failures, further reducing operational costs. 

These findings confirm that intelligent solar 
technologies are not only technically advantageous 
but also economically competitive within the 
renewable energy market. 

7. RESEARCH GAPS AND FUTURE SCOPE 

Despite notable progress, further research is needed 
in the following areas: 

 Automated cleaning systems' long-term 
environmental resilience when exposed to 
abrasive dust. 

 Lead-free perovskite solar cells' commercial-level 
lifespan and industrial scalability. 
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 Power consumption reduction for intelligent 
systems to guarantee almost zero operational 
overhead. 

 Integration guidelines for IoT and analytics 
services' cross-platform compatibility. 

 Robust cybersecurity architecture for preventing 
unauthorized access to smart solar networks. 

 The creation of widely applicable machine 
learning models that can adjust to weather 
anomalies and climate change. 

Future research must address these gaps to achieve stable 
and cost-efficient long-term operation. 

8. CONCLUSION 

This literature review highlights a transformative trend 
within the solar energy industry. The shift from passive 
photovoltaic systems to Solar IQ-Smart systems signals the 
beginning of an energy ecosystem where automation, data 
intelligence, material innovation, and machine learning 
play central roles. Traditional obstacles like heat, dust 
buildup, neglected maintenance, and inefficient systems 
are greatly reduced by integrated smart technologies. By 
enabling self-correcting performance, intelligent solar 
infrastructure maximizes energy yield, lowers lifecycle 
costs, and improves long-term reliability. 

While additional refinement is needed in areas such as 
perovskite material stability, automation durability, and 
cybersecurity, the foundational progress achieved in 
recent years positions Solar IQ-Smart systems as the next 
stage of advancement in renewable-energy engineering. It 
is anticipated that intelligent solar systems will move from 
optional upgrades to industry-wide standards necessary 
for supplying the world's energy needs as deployment 
costs drop and performance gains keep increasing. 
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