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Solar energy is an essential component of the global 

transition to renewable energy. However, the efficiency 

of solar panels degrades over time due to various 

environmental and operational factors. While the 

infrastructure of already established solar installations 

cannot be altered, efficiency improvements can focus on 

operational enhancements such as panel cleaning, 

performance monitoring, and solar forecasting. This 

paper explores a data-driven approach to optimizing 

solar panel maintenance by analyzing atmospheric 

factors and their impact on energy generation.  

By correlating environmental variables such as 

temperature, humidity, precipitation, and dew point 

with panel efficiency over an extended period, we aim to 

develop predictive models that optimize the timing of 

maintenance activities, particularly panel cleaning, to 

maximize efficiency while minimizing resource wastage. 

Our approach leverages machine learning for predictive 

modeling and utilizes Internet of Things (IoT) devices 

and weather data integration for real-time performance 

monitoring and optimization. 

I. INTRODUCTION 

The rapid adoption of solar energy systems globally is 

reshaping the way we generate electricity. With 

decreasing costs of photovoltaic (PV) technology, 

solar installations are becoming an integral part of 

renewable energy systems, especially in regions with 

abundant sunlight. However, once solar panels are 

installed, their performance is influenced by a variety 

of environmental factors, such as temperature 

fluctuations, humidity levels, precipitation, and dust 

accumulation. These factors cause panels to degrade 

over time, resulting in suboptimal performance. 

 

Traditional strategies for improving solar efficiency 

often focus on upgrading photovoltaic cells or 

optimizing battery storage systems. While these 

approaches are effective in new installations, they are 

not always feasible for existing systems. This paper 

proposes a novel approach that leverages 

environmental data and machine learning to optimize 

solar panel maintenance, focusing on cleaning 

schedules and performance forecasting. 

 

II. CHALLENGES IN SOLAR PANEL 

EFFICIENCY MAINTENANCE 

Several factors contribute to the decrease in efficiency 

of solar panels in established systems: 

• Dust and Dirt Accumulation: Over time, dirt, dust, 

and other particulate matter settle on the surface 

of solar panels, significantly decreasing their 

energy absorption and overall efficiency (D. S. 

Chedid et al., 2020). Periodic cleaning of the 

panels is required to remove these layers, but 

inefficient cleaning can lead to resource wastage. 

• Temperature Fluctuations: Solar panels are 

sensitive to temperature changes, with efficiency 

typically decreasing as the temperature rises 

above the standard test conditions (STC). Panels 

are designed to operate within a certain 

temperature range, and prolonged exposure to 

high temperatures can lead to irreversible damage 

(L. S. Do et al., 2019). 

• Humidity: High humidity levels can cause 

condensation on the panel surface, affecting the 

solar cells and reducing efficiency. Furthermore, 

humidity can lead to the growth of mold or algae 

on the panel surface, exacerbating the dirt 

accumulation problem. 

• Precipitation: While precipitation may 

temporarily reduce solar energy generation due to 

cloud cover or rain, it also has the benefit of 

naturally cleaning the panels. However, its impact 

on solar generation can vary depending on the 

intensity of the rainfall and the region's climate. 
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• Degradation Over Time: Over long periods, solar 

panels experience gradual degradation due to the 

effects of environmental conditions, 

manufacturing defects, and mechanical stress. 

Monitoring the degradation rate of panels is 

essential for determining the most efficient 

maintenance schedules. 

III. PROPOSED SOLUTION: DATA-DRIVEN 

EFFICIENCY OPTIMIZATION 

Our proposed solution aims to address these 

challenges by utilizing environmental data collected 

via IoT sensors and real-time monitoring systems, 

integrating weather data, and applying machine 

learning to predict when panel cleaning is necessary. 

The solution operates in the following key areas: 

 

(1.) Optimizing Panel Cleaning Schedules 

Cleaning solar panels too frequently or inadequately 

can lead to inefficiencies, both in terms of resource 

usage and energy generation. To optimize cleaning 

schedules, we propose: 

• IoT-Based Monitoring: Using sensors such as the 

DHT11/22 temperature and humidity sensor, IoT 

devices can monitor the environmental conditions 

around solar panels continuously. These devices 

collect real-time data on temperature, humidity, 

and dew point, providing an indication of the need 

for cleaning. 

• Machine Learning for Predictive Maintenance: A 

machine learning model can analyze the 

correlation between environmental data (e.g., 

temperature, precipitation) and solar generation to 

predict when cleaning would be most effective. 

Historical energy generation data can also be used 

to detect anomalies or performance drops, 

prompting automatic cleaning alerts. 

• Cleaning Thresholds: Based on the historical 

performance data, threshold values for each 

environmental parameter can be established. 

When these thresholds are exceeded (e.g., 

temperature rises beyond a certain limit), the 

system can trigger cleaning, thus improving panel 

efficiency. 

(2.) Performance Monitoring System 

Continuous performance monitoring is key to 

maintaining the optimal output of solar panels: 

• Data Acquisition: By integrating solar charge 

controllers, the performance of individual panels 

can be monitored in real-time. Data on the 

voltage, current, and power output can be 

collected and stored in a cloud-based platform, 

such as Firebase, for easy access and analysis. 

• Automated Alerts: The system can automatically 

send alerts to the maintenance team if a sudden 

decrease in generation is detected, which could 

indicate issues such as partial shading, dirt 

accumulation, or hardware malfunction. 

• Long-Term Performance Data: By storing long-

term data (e.g., over 12 months), trends in panel 

degradation can be tracked. This data is valuable 

for planning replacements and upgrades when 

panel efficiency drops below a certain threshold. 

(3.) Solar Forecasting for Efficiency Comparison 

Incorporating weather data allows for better prediction 

of solar energy generation, helping to optimize panel 

maintenance: 

• Integration with Weather APIs: By using weather 

forecasting APIs, such as Weather Underground, 

localized forecasts for temperature, humidity, and 

precipitation can be used to predict daily solar 

output. Geo-spatial satellite imagery and ground 

station data help predict short-term fluctuations in 

weather patterns that affect solar generation. 

• Generation vs. Forecast: The difference between 

predicted generation and actual output can be 

analyzed to identify inefficiencies. If actual 

generation falls below a specified threshold, it 

could indicate that cleaning or maintenance is 

required. 

IV.DATA COLLECTION AND ANALYSIS 

INFRASTRUCTURE 

The data for this research was collected from our 

institute's solar setup, located on the rooftop of the 

building. We used a NodeMCU or ESP32 

microcontroller to connect the DHT11/22 sensor for 

temperature and humidity measurements. Data was 

then sent to Firebase, where it was stored for further 

analysis. In addition to this, we used weather data from 

APIs like Weather Underground, which provided 

localized weather conditions, and historical energy 

generation data from the solar charge controller. 
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The IoT device with the sensor was placed directly 

alongside the solar panels, providing real-time data 

that could be fed into the analysis pipeline for energy 

forecasting and cleaning optimization. The 

infrastructure was designed to be scalable, with the 

potential to incorporate additional sensors in the 

future, such as dust and particulate matter sensors. 

Imagined Infrastructure 

In our envisioned setup, additional sensors (such as for 

dust accumulation or UV radiation) can be added to 

further enhance data accuracy. The data from these 

sensors would be continuously streamed into a 

centralized cloud-based platform, where machine 

learning models would process the data to provide 

actionable insights for solar panel maintenance. 

 

V. ENVIORNMENTAL DATA AND ITS IMPACT 

ON SOLAR GENERATION 

The following sections describe how environmental 

factors correlate with solar generation, based on the 

collected data: 

Generation vs. Temperature 

Temperature has a direct impact on solar panel 

efficiency. As temperature increases, panel efficiency 

decreases after reaching the STC (standard test 

conditions) temperature.  

This relationship is well-documented in the literature, 

with a reduction of about 0.45% for every degree 

Celsius above 25°C (L. S. Do et al., 2019). Our 

experiments corroborated this, demonstrating a clear 

inverse relationship between temperature and solar 

generation once the panels exceed optimal operating 

temperatures. 

 

 

 

 

 

 

Graph depicting the relationship between temperature 

and solar generation. As the temperature increases 

beyond a certain point, energy generation decreases 

due to hotspot effects. 

 

Generation vs. Humidity 

Humidity, as measured by the DHT sensor, can 

influence the amount of condensation on the panel 

surface, reducing efficiency. High humidity can also 

cause the accumulation of organic materials like algae 

and mold, which further inhibit energy generation. The 



© February 2025| IJIRT | Volume 11 Issue 9 | ISSN: 2349-6002 

IJIRT 172780 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 830 

graph below illustrates how humidity levels influence 

solar generation. 

 

 

Graph depicting the relationship between humidity 

and solar generation. While high humidity can 

decrease generation, its impact is generally less than 

that of extreme temperatures. 

 

Generation vs. Dew Point 

The dew point, calculated using temperature and 

humidity data, provides insight into the potential for 

moisture formation on the panels. Condensation at the 

dew point can affect solar panel efficiency by blocking 

sunlight or creating a conducive environment for 

microbial growth. This data allows us to predict when 

panels may need to be cleaned or when weather 

conditions might affect performance. 

 
Graph depicting the relationship between dew point 

and solar generation. Dew formation typically reduces 

efficiency. 

 

Generation vs. Precipitation 

Precipitation has a dual impact: while it temporarily 

reduces solar energy generation due to cloud cover and 

rain, it also helps clean the panels. The graph below 

demonstrates the relationship between precipitation 

and generation, showing how rainy days often lead to 

improved performance in subsequent dry days. 

 

 
 

Graph depicting the relationship between 

precipitation and solar generation. Despite the short-

term reduction in generation during rain, subsequent 

periods show increased performance due to the 

cleaning effect of precipitation. 

 

VI. EXPECTED OUTCOMES AND IMPACT  

 

The adoption of the proposed data-driven system will 

yield several benefits: 

• Higher Operational Efficiency: By optimizing 

cleaning schedules, panels will be maintained at 

peak performance without wasting resources. 

• Enhanced Predictive Maintenance: Automated 

alerts based on performance monitoring will help 

detect issues early, allowing for timely repairs and 

maintenance. 

• Improved Energy Forecasting: Weather data 

integration enables better predictions of energy 

generation, ensuring grid stability and efficient 

energy distribution. 

• Sustainable Resource Utilization: Optimized 

cleaning schedules will minimize water and labor 

usage, contributing to a more sustainable 

maintenance routine. 

By combining IoT technology, machine learning, and 

weather data, solar panel owners can reduce 

maintenance costs, improve efficiency, and ensure 

reliable energy generation over the lifespan of the 

panels. 
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