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ABSTRACT

	This paper introduces an IoT-based, solar-powered automated irrigation system that incorporates a rainwater harvesting feature, designed for garden applications. To enhance water efficiency and ensure precise irrigation, the system utilizes temperature sensors, soil moisture sensors, and real-time weather data. Collected rainwater is stored in tanks and distributed automatically based on soil moisture levels, reducing water waste and minimizing dependence on external water sources. Powered by solar panels, the system is both cost-effective and environmentally friendly, providing independent and sustainable energy. The integration of the Internet of Things allows users to adjust irrigation schedules and monitor system performance remotely via a smartphone app. Cloud-based dashboards provide detailed insights into performance and usage trends, while the system's edge computing capabilities enable quick response times and efficient data processing. By combining predictive analytics, water recycling, and renewable energy, the system optimizes water usage, improves plant health, and promotes sustainable gardening practices. While the system offers significant savings in water and energy, challenges such as high initial costs, sensor calibration requirements, and unpredictable weather need to be addressed for broader adoption and long-term success. This study showcases how the combination of solar power, rainwater collection, and intelligent automation can create a highly efficient and environmentally responsible irrigation system for both commercial and residential gardens.
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1. INTRODUCTION 

Sustainable water management has become a critical issue in contemporary landscaping and agriculture due to water scarcity and rising energy costs. Because of their inefficient water distribution and dependence on grid power, traditional irrigation techniques frequently result in water waste and high operating costs. Combining smart technology with renewable energy sources has become a viable way to deal with these problems (Palermo et al., 2022).

Irrigation  is  one  of  the  essential  factors  which regulate  the  level  of  crop  production.  The agricultural  sector  uses  a  maximum  of  80%  of global  water.  Irrigation  helps  to  maintain moisture   in   the   soil   and   regulate   soil temperature.  It  is  vital  for  the  proper  crop nourishment  and  development  of  crop  growth. Traditional  irrigation  methods  include  surface irrigation,  sprinkler,  Centre  pivot,  and  drip irrigation, which are Labour intensive and cause waterlogging due to excessive seepage into the ground (Munoth,2016; Kumar et al. 2020).

An inventive method for increasing irrigation's water and energy efficiency is a smart solar-powered Internet of Things (IoT)-based automatic irrigation system with integrated rainwater harvesting. Even in remote locations without access to traditional power sources, this system ensures autonomous operation by using solar energy to power irrigation pumps and sensors. Utilizing Internet of Things (IoT) technology, the system tracks environmental variables in real-time, including temperature, soil moisture, and humidity, enabling precise irrigation based on the actual needs of the plants. The rainwater harvesting mechanism, which gathers and holds rainwater for later use in irrigation, is a crucial component of the system. The system lowers operating expenses and lessens reliance on outside water sources by integrating solar energy and rainwater collection. The automated control system predicts rainfall using weather data and machine learning algorithms, then modifies irrigation schedules to prevent overwatering and save water.

Additionally, the system has a feature that lets users monitor and control irrigation settings remotely using a smartphone application. This combination of renewable energy, smart automation, and water recycling makes the proposed system eco-friendly, cost-effective, and highly efficient. The system addresses environmental issues, improves crop productivity, and supports sustainable agriculture by minimizing manual intervention and optimizing water use.

2. LITERATURE SURVEY

Ameen & Al-Sheikh, (2024) developed a smart irrigation system specifically designed for home gardening. This system utilized IoT-based soil moisture sensors and automated water control valves for precise irrigation. It featured remote control via the Blynk app, enabling users to adjust irrigation schedules conveniently. Their study showed a 35% reduction in water consumption compared to manual watering practices, showcasing the potential for IoT in water management.

Chen et al., (2024) IoT-based irrigation systems have been the subject of numerous studies. These systems optimize water usage by utilizing real-time data from soil moisture sensors, weather forecasts, and remote monitoring. An automated irrigation system that is managed through a mobile application has been shown to reduce water waste by 40% (Vij et al., 2020). In the same way, Patel et al., (2022) suggested a cloud-integrated smart irrigation system that uses wireless sensor networks (WSN) to provide soil condition monitoring in real time.

Sakhamuri et al., (2024) irrigation systems have been powered by solar energy for a long time, making them energy efficient and sustainable. Russell et al’s (2020) study concentrated on a solar-powered irrigation system that reduced reliance on traditional electricity by using a photovoltaic (PV) panel to power water pumps. Additionally, Gupta et al., (2022) looked at the viability of solar-powered irrigation systems from an economic standpoint and came to the conclusion that they offer a consistent supply of energy in remote areas and drastically reduce operating costs.

Farooq et al., (2022) the use of rainwater harvesting (RWH) to augment irrigation has been thoroughly investigated. Water conservation can be improved by integrating RWH with automated irrigation, according to studies by Das et al., (2020). The system included underground storage tanks, rooftop rainwater collection, and controlled release via IoT-enabled pumps that were dependent on the moisture content of the soil. An additional study by Singh et al. (2021) showed how to improve water availability in drought-prone areas by combining RWH with groundwater recharge in a hybrid irrigation system.

Rana et al., (2024) IoT is essential to irrigation water resource optimization. An Internet of Things (IoT)-based smart water management system that used machine learning to forecast water demand based on past usage patterns was presented by Alam et al., (2021). Additionally, a study by Prakash & Verma, (2022) investigated AI-powered decision-making in Internet of Things irrigation systems, utilizing predictive analytics to increase efficiency by 30%.

Mohapatra et al., (2023) few studies have combined rainwater harvesting, solar power, and the Internet of Things into a single system. A thorough investigation by Raj et al., (2023) produced a prototype that used rainwater storage, solar-powered pumps, and Internet of Things-based soil moisture sensors to establish a sustainable irrigation model. Compared to conventional irrigation techniques, the system enhanced crop yield by 25% and decreased water waste by 50%.

García et al., (2020) studied smart irrigation innovations with an emphasis on weather-based irrigation control, soil quality, and water efficiency. The study emphasized the use of IoT-based real-time monitoring systems and their potential to optimize water use and minimize the waste of agricultural resources.

Alshami et al., (2024) created an automated irrigation system for sustainable farming using the Internet of Things. Water-efficient irrigation was ensured by the integration of soil moisture sensors and solar-powered pumps. Real-time data access and control were made possible by a mobile app interface, which decreased manual intervention and increased crop yield.
Palande et al., (2018) investigated the role of Internet of Things (IoT) sensors for water conservation, with a focus on real-time irrigation schedules and rainwater collection monitoring. Leak detection and automated water distribution were demonstrated in the study, which greatly decreased overall consumption and stopped water loss.

Et-taibi et al., (2024) explored the technological framework of IoT-enabled smart farming, focusing on solar-powered irrigation and rainwater harvesting. The study analyzed the challenges of implementing large-scale sensor networks and proposed AI-based weather prediction for adaptive irrigation strategies.

Subahi & Bouazza, (2020) reviewed developments in integrated irrigation systems, assessing IoT sensors, solar energy, and rainwater collection. By maximizing water distribution using real-time environmental data, the study evaluated how these elements support effective, self-sustaining irrigation solutions.

Friha et al., (2021) reviewed advancements in integrated irrigation systems and developed a smart irrigation prototype powered by the Internet of Things that includes automated rainwater storage devices and solar panels. Real-time soil moisture sensors were employed by the system to control water distribution and reduce waste. The most effective irrigation schedules were identified.

Dhanaraju et al., (2022) investigated methods for recycling water in smart irrigation, combining IoT automation with rainwater collection. A low-cost, self-sustaining irrigation system that decreased reliance on outside water sources and enhanced long-term agricultural sustainability was suggested by the study.

Popescu et al., (2024) suggested a scalable smart irrigation system based on the Internet of Things that combines rainwater collection and solar energy. By tracking soil moisture, weather, and water storage levels, the system was able to optimize irrigation schedules for sustainable agriculture and water efficiency.

Friha et al., (2021) provided a comprehensive review of IoT-enabled smart irrigation technologies, emphasizing the function of wireless sensor networks, solar-powered systems, and rainwater harvesting methods in contemporary precision farming. Water efficiency, cost-effectiveness, and sustainability were highlighted in the study.

3. PROPOSED METHOD/ALGORITHM

The proposed Smart Irrigation system is designed to automate and optimize the watering process based on the specific moisture requirements of individual crops. The methodology focuses on leveraging IoT technology to monitor soil moisture levels and manage water distribution effectively.

The system consists of a soil moisture sensor placed in the soil to measure moisture content continuously. These sensors provide real-time data on soil moisture, which is compared to a predefined threshold for each crop type. If the moisture level drops below the threshold, the system automatically activates an irrigation pump to supply the required amount of water.

The Arduino IDE software platform is used as the interface for monitoring and controlling the system. Through this application, users can view real-time data on soil moisture levels for individual crops and the water tank's status. The application also allows users to manually adjust watering schedules or override the automated system as needed.

By automating the irrigation process and integrating IoT with user-friendly software, this methodology ensures precise water distribution.

3.1 Sensors and Effectors

Temperature and humidity sensor: Usually utilized for measuring both temperature and stickiness within the environment of the nursery.

Soil dampness sensor: Screens the dampness level within the soil to decide its dryness.

Water pump: This will carry out the water system based on the conditions from soil dampness and climate information.

Microcontroller: ESP8266 microcontroller collects information, forms it, and communicates with outside servers or cloud administrations.

Solar panel: The system is powered by solar panels, providing a renewable and eco-friendly energy source to ensure uninterrupted operation. This integration reduces dependency on conventional electricity and enhances sustainability.

3.2	Information Securing and Preprocessing

Framework occasionally procures information from temperature, sunlight, and soil dampness sensors. With the help of solar panels the energy is stored in lithium batteries, and the Dc motor gets on and water is pumped out.

Control calculation: Control rationale commands the water pump based on whether it has to turn on or off:

Pump on: The water pump is on after conditions are met

· The soil dampness sensor renders a dry state.
· The API reports Clear or Clouds for climate.
· The climate conditions, as given by the LDR sensor, demonstrate sunny.

Pump off: The pump will be turned off in case the conditions for it to turn on are not met, meaning that an adequate sum of water has as of now been provided or that the API or nearby climate conditions demonstrate rain, cloudy conditions, or dim. 
The recognizing calculate is an upgraded perception of biometric information based on an arranged interface for real-time checking of plant development inside the ESP8266 microcontroller whereas appearing parameters on the dashboard such as:

· The temperature and level of dampness within the climate.
· Soil dampness (dry/wet).
· Community and application programming interface (API) climate conditions.
· Current status of pump administration (ON/OFF).
· Final watering period for future reference.

These variables are being observed through an LCD Display to cultivate way better crop cultivation. An outline of working of the framework is as follows after common information is detected and handled by the ESP8266 microcontroller such data gets facilitated beside real-time climate conditions gotten from Aurdino IDE API control activity enablement or disabling is based on the controlling rationale. Prepared data is transferred onto the net interface for approximately client checking and control.

3.3 Key Highlights

Two-way climate observing: Integration of neighbourhood sensor data and API-based data enhances accuracy in water management, ensuring efficient usage tailored to real-time weather conditions.

Energy efficiency: Utilizes smart control logic powered by solar panels to reduce or completely avoid unnecessary pump activations, saving energy and promoting sustainable operation.
Direct interface and real-time control: A web-based dashboard enables real-time monitoring and control of water management systems, ensuring transparency and operational efficiency.

Adaptability: The modular system architecture accommodates additional sensors or functionalities, allowing easy expansion to support inductive applications and future upgrades.

Fig. 1. highlights the intelligent irrigation Surveillance and Automated System  depicted in the illustration, which highlights how detectors, automation technologies, and Internet of Things networking are all incorporated. 
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Fig. 1. Smart irrigation monitoring and automation system architecture

4. RESULTS AND DISCUSSION

4.1 Evaluation of Framework Execution

Sensor exactness: DHT11 readings for temperature and mugginess coordinated those of standard natural screens, inside an exactness of plus-or-minus 2 degrees Celsius for temperature and plus-or-minus 5 per cent for stickiness.

· The soil dampness sensor viably identified dry and damp soils, empowering a convenient water system.
· The LDR sensor classified light escalated particularly into Sunny, Cloudy, and Dim, advertising solid neighbourhood climate data.

Pump control: The water pump as it was actuated when the combination of conditions accessible- dry soil, sunny, and the climate conditions detailed through the Meteorological API shown to be Clear or Clouds-was accomplished. By doing so, it was able to preserve water and spare vitality by diminishing superfluous water system cycles by up to 35 per cent compared to manual control frameworks.

Real-time observing: A web-based dashboard would give live upgrades on temperature, stickiness, soil dampness status, pump state, and climate conditions. The interface was assisted and tried on different gadgets (versatile, tablet, and desktop) and was overhauled each moment with no recognizable inactivity.

Meteorological information coordinates by means of API: Released OpenWeatherMap API information shared readings with nearby sensors, giving way to better decision-making in circumstances where neighbourhood climate comprehensions were darkened, such as completely cloudy skies. Cases, where precipitation was anticipated through the API assist, avoided a pump shutdown. Unwavering quality of the Framework, The framework ran uninterruptedly for 72 hours and appeared steady execution from the ESP8266 microcontroller and sensors. An occurrence of avoidance from running the pump when a sensor detached or when an API disappointment happened guaranteed that the framework remained dependable. 

4.2 Asset Utilize Proficiency

Utilization of water: A real-time screen and decision-making rationale coordinates into the framework diminished water utilization by 40% in comparison with the manual water system.

Vitality utilization: Since the framework was based on low-power components, and conditional pump enactment decreased vitality utilization, it is appropriate to utilisation where electrical control isn't accessible.
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Fig. 2. Performance comparison of manual vs. smart irrigation systems

4.3 Challenges and Restrictions

Reliance on climate API: The framework depends on a consistent web association for API information bolsters. Subsequently, a discontinuous network unfavourably influences the exactness of the choice.

Impediments of the sensors: The DHT11 sensor, whereas cheap, works with a less responsive time than more advanced choices, such as the DHT22 or SHT31.

Adaptability: The framework is as of now outlined for little to medium-scale nurseries.                To grow the framework for larger-scale operations, extra computational control and progressed organizing arrangements will be required.

Talk on the productivity of computerization: Blending sensor information and API-based climate information gives an clever water system arrangement. The framework equalizations edit wellbeing with preservation endeavours by not allowing pump enactment amid non-optimal conditions. Future enhancements are conceivable, much obliged to a measured plan that would join robotized shading, fertigation frameworks, or machine learning-based prescient analytics.

Fig 2 represents the performance indicators of manual and smart agricultural methods contrasted in the graph. It emphasizes how mechanization has improved worker productivity, harmony with the environment, and the efficiency of resources.

EXPERIMENTAL RESULTS

The built and tried IoT nursery checking and control framework was run inside a closed-encased structure. The Center was laid on testing the operation of the framework components, precision of sensor readings, and strength of the robotization calculation. The tests are recorded below.

Table 1 highlights the sensor metrics utilized in the irrigation management system are compiled in Table 1, which also highlights the recorded standards, reliability, and measured ranges. 

Table 2 highlights the typical reaction times for the system's main features. Pump triggering and sensor data collecting show instant agility, but weather API querying takes a little longer because of foreign server connectivity.

Table 3 shows that by using 1.5 litres of water to activate the pump in dry ground and shining conditions, the system uses 40% less water than a manual system. The pump is turned off under wet terrain with forecasted rain and overcast skies to avoid waste. Using soil and meteorological data, this computerized system regulates water use.

Real-time checking: The live web dashboard overhauled information at a one-second revive rate. It shown:

Temperature and stickiness: Less than a diminutive delay in real-time values.
Soil dampness: Accurately on its parallel (Dry/Wet) state.

Neighbourhood climatic conditions: Guaranteed classes on the premise of the LDR.
Pump status: Naturally revived immediately upon enactment or deactivation.

The long-term strength of the framework: This framework has gotten a persevering 72-hour test where it was famous,

· The sensor perusing increased without a perceptible float.
· The pump control calculation worked well without any untrue enactments.
· No gear or computer program impedances were put.

Table 4 shows that by using only 5.4 litres of water rather than 9.0, the suggested irrigation technique saves 40% more the resource than manual watering. 

Table 1. Sensor accuracy

	Sensor
	Observed metric
	Metric Range
	Tracked range
	Accuracy

	DTH11
	Temp (°C)
	20–40°C
	21–39°C
	±2°C

	DTH11
	Humidity (%)
	30–90%
	33–88%
	±5%

	Soil Moisture Sensor
	Soil Wetness (Dry/Wet)
	Binary (Dry/Wet)
	Binary (Dry/Wet)
	100%

	LDR
	Light Intensity (Lux- Range)
	Bright, Medium, Dark
	Sunny, Cloudy, Dark
	Accurate 


Table 2. System response time

	Functionality
	Average Response Time (ms)
	Observation

	Sensor Data Collection
	50
	Immediate and reliable readings.

	Weather API Data Fetching
	3000
	Slight delay due to external API dependency.

	Pump Activation/Deactivation
	20
	Instant actuation upon condition satisfaction.



Table 3. Irrigation efficiency

	Condition
	Pump Activation
	Water Consumption (Liters)
	Comparison with Manual System

	Dry soil, Sunny weather, API = Clear
	Activated
	1.5
	40% less water usage.

	Wet soil, Rain predicted, Cloudy local weather
	Deactivated
	0
	Prevented wastage



Table 4. Water conservation analysis

	Irrigation Method
	Water Usage (Liters)
	Energy Consumption (W)
	Efficiency Improvement

	Manual Irrigation
	9.0
	N/A
	Baseline

	Proposed System
	5.4
	12
	40% water saved.



Table 5. API weather data contribution

	API Weather Condition
	Local Weather (LDR)
	Pump Status
	Decision Accuracy

	Clear
	Sunny
	Activated
	100%

	Rain
	Cloudy/Dark
	Deactivated
	100%




Table 5 represents that when the weather is warm and unambiguous, the pump is turned on, guaranteeing 100% conclusion reliability. With 100% accuracy, it is turned off in wet or overcast/dark circumstances.

Vitality utilization: The pump enactment was done with an evaluated current rating of around 4 W fueled by ESP8266.

The full vitality devoured through the whole 72-hour period was about 30% lower than in the case of the persistent pumping framework.

6. CONCLUSION

In conclusion, the IoT-Based Automatic Water Management System with Solar Panels offers a sustainable and efficient approach to water resource management. By utilizing real-time data from soil moisture sensors and automating water distribution, the system minimizes water wastage while ensuring optimal usage. The integration of solar panels as a renewable energy source enhances the system's sustainability, making it suitable for off-grid and energy-conscious applications.

The innovative water recycling mechanism, which filters and reuses excess water, ensures that no water is wasted, further promoting resource efficiency. Additionally, the system's automated features, such as the auxiliary tank that maintains a consistent water supply, reduce manual intervention and guarantee uninterrupted operation. This eco-friendly solution not only conserves resources but also supports sustainable practices in agriculture, households, and industries, making it an ideal choice for modern water management needs.
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