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Abstract 

This chapter provides a detailed examination of smart irrigation and precision agriculture systems with 

IoT-enabled sensors. Implementing smart irrigation systems is crucial for water-use efficiency, as it 

severely reduces water consumption and contributes to Sustainable Development Goals (SDGs) under 

the United Nations, specifically Goal 6 and Target 6.4. 

The chapter introduces widespread issues in the implementation of smart irrigation with a focus on 

India. It also introduces potential solutions to these issues that can be easily implemented. The chapter 

focuses on different types of sensors involved in these fields and various types of smart irrigation and 

regular irrigation systems. The chapter then presents a few case studies on the latest research conducted 

by others in this field. The chapter concludes by justifying the need for smart irrigation in India and its 

great potential in combating water waste and improving crop yields. 
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1. Introduction 

Smart irrigation and precision agriculture have greatly developed over the past few years. The 

advancements of technology in this field have made it one of the most promising ways to tackle drought 

and irregular harvests in countries like India, where a very large part of the country's population relies on 

agricultural income for their daily life [1]. As of now, much of the farmers in India use very little to no 

modern technology other than pesticides and high-yielding variety seeds (HYV), which leads to a 

significant amount of water being wasted in overwatering or underwatering [2]. This is due to the fact 

that most farmers do not have access to weather forecasts in rural India, leading them to water a few 

hours before rain even though it was not needed [3]. A lot of water is also wasted in old pipes with 

leakages in them. Many states in India often face drought problems in the summers, and implementing 

smart irrigation may lighten the load on their water resources during this critical time [4]. Precision 

agriculture (PA) and smart irrigation (SI) also increase crop health, which helps in increasing crop yield 

and generates more profits for farmers [5]. As PA and SI help decrease the workload on farmers, it could 

free up more family members to take up other jobs and provide more income. As India’s population 

continues to increase at a rapid pace, it is very important that food production also matches it; however, 

almost all available farmland in India is already being used [6]. Therefore, the only way to match food 

demand is to modernize farms and increase food output per acre. Using data-driven and analytical 

farming also increases efficiency and reduces reliance on trial-and-error methods, which often lead to 

wastage of both water and crops [7]. Water is one of the world's most valuable resources, as humans 
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need it for everything from drinking to sanitation to farming, and farming is the single biggest user of 

freshwater worldwide, using 70% of annual water withdrawals [8]. This makes conserving agricultural 

water all the more important as the water table continues to lower at an unsustainable rate [9]. 

Agriculture is also a big user of fossil fuel energy in water pumping, contributing around 3-5% of global 

energy consumption [10], so it is very important to place emphasis on renewable energy integration in 

agriculture. Smart irrigation has the potential to use modern technologies to adopt renewable energies 

and thus rid the agricultural sector of its dependence on fossil fuels, making it a sustainable long-term 

solution [11]. 

1.1 Definition of Precision Agriculture 

Precision farming, also known as precision agriculture, utilizes modern technologies such as GPS 

(Global Positioning System), remote sensing, smart irrigation, variable rate application, soil mapping, 

and application [12]. PA is a data-driven model of agriculture that uses all this data to make more 

precise decisions about crop inputs and management practices. This allows for more efficient use of 

resources like fertilizers, pesticides, and water. It also increases crop yields and productivity, which in 

turn helps increase profitability for farmers. Through efficient data gathering, farmers can make 

informed choices about crop health, soil nutrient levels, and potential plant diseases [13]. 

1.2 Definition of Smart Irrigation System 

The current irrigation methods in India involve watering at specific times, and a farmer will not water 

crops if it is currently raining or very cloudy. It is still somewhat basic and involves a high amount of 

guesswork, which can cause over-irrigation or under-irrigation, leading to both water and energy 

wastage [14]. A smart irrigation system is an advanced irrigation system that utilizes sensors, weather 

data, and automation to deliver water precisely based on plant needs and current and predicted weather 

patterns. The smart irrigation system uses precision farming methodologies and IoT-enabled sensors to 

automatically adjust irrigation schedules. A smart irrigation system can reduce overall water 

consumption by 30-50% and also improve energy efficiency [15]. 

1.3 Some of the Reasons Precision Agriculture is Required 

Past studies show that smart irrigation increases crop yields by 20-40% and decreases water utilization 

by 30-50% [16]. When scaled to millions of acres, it can decrease water usage for entire states and 

replenish groundwater reserves, thereby making more land arable. This is crucial for the increasing food 

requirements of developing countries and the rapidly rising populations of Southeast Asia and Africa. 

The UN expects the world population to grow to 10 billion by 2050 [17]. Food requirements will vastly 

increase for such a vast population, whereas land utilization for farming is already at its peak. The only 

way to increase food production is by increasing land productivity. We can follow the models of 

countries like Japan and South Korea, which have nearly maximized agricultural productivity from land. 

These countries use innovations like smart irrigation using IoT and precision agriculture [18]. The 

current rate of groundwater depletion is extremely unsustainable, with rates potentially tripling by 2080, 

and most water is extracted for agriculture [19]; therefore, another benefit of smart irrigation is that it 

reduces groundwater depletion rates. Global warming is currently one of the biggest threats to humans, 

and one of the main causes is the burning of fossil fuels for energy. Precision agriculture and smart 

irrigation are needed to combat this and reduce agriculture’s dependence on non-renewable sources of 

energy [20]. Every season, small and medium-range farmers struggle to make a profit in India and often 

fall into a debt trap if their crop fails in a particular year; SI and PA can significantly reduce the chances 
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of this happening and can also increase crop health, leading to increased yields and profits for the 

farmers. 

1.4 Some of the Countries Working on Smart Irrigation 

The hardware required for smart irrigation and precision agriculture includes centralized servers, 

accurate weather data, and remote-controlled pumps, all connected through IoT. Such hardware will be 

very expensive for landowners in countries like India, where the average land holding of a farmer is 1.08 

hectares [21]. The cost of maintaining these drastically decreases with increases in land owning by 

farmers, as in countries like the USA (average 187 hectares) and Japan (average 3 hectares) where land 

owning size is significantly higher than in Asian countries [21]. South Korea uses information and 

communication technologies (ICTs) to provide real-time, automated data to resolve water-related 

challenges through integrated water resources management [22]. 

 

2. IoT and Smart Irrigation Systems 

2.1 Communication Systems 

Communication systems form the backbone of smart irrigation. Smart irrigation involves the usage of 

several kinds of sensors essential for IoT; communication systems are responsible for transmitting all the 

data from these sensors back to a cloud platform for analysis [23]. They can be divided into largely two 

groups: one could be thought of as devices that forward or transmit small data at short distances along 

with having low consumption of energy; the other devices are those that transmit huge amounts of data 

over long distances, having high-energy consumption. There are a few types of wireless standards that 

could be used in the communication between IoT devices, and they can be generally classified between 

devices that communicate over large distances and others that communicate over short distances. 

Some potential communication systems that can be used are: 

Wi-Fi, as it is widely accessible and most current low-cost devices for IoT already support Wi-Fi, 

though it has drawbacks such as area coverage and reach. 

Global System for Mobile communications (GSM), which provides long-range communication and 

requires only a mobile SIM plan, which most farmers already have. 

Long Range (LoRa), which provides very long ranges and is useful for secluded lands without SIM 

service [24]. 

2.2 Benefits of Using IoT Systems in Smart Irrigation Systems 

There are various benefits of using IoT systems in smart irrigation systems, some of them are: 

Water conservation and efficiency: IoT-based irrigation systems use real-time data from sensors to 

deliver water only when required, significantly reducing water wasted in traditional farming methods. 

Improved crop yields and plant health: By automating irrigation, the smart irrigation system prevents 

underwatering or overwatering, promoting plant growth and leading to increased yields and profitability 

for farmers [25]. 

2.3 Applications of IoT in Smart Irrigation Systems 

IoT has taken over our lives in all fields, from smart dishwashers to smart fridges; these tools facilitate 

our activities by significantly increasing ease of work through connecting everything in our lives, 

allowing control from just our phone and saving time and effort. The applications of IoT are enormous 

in various fields; some of the most promising IoT applications in agriculture are given below: 

Smart Irrigation Management: The current widespread irrigation methods in India are basic and 

depend on farmers' intuition, requiring high human intervention. However, it involves guesswork and 
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can be wasteful in terms of water consumption and human energy in turning on pumps and watering 

fields. Some crops can be over-irrigated and some under-irrigated. Farmers would not irrigate if 

expecting rain; however, farmers in rural India do not have access to weather forecasting systems, so 

they have to eyeball it, which is not very effective. Smart irrigation systems can consider all these 

factors using IoT-enabled sensors that monitor humidity, moisture levels, and evaporation and 

transpiration levels; the system considers this data and, using precision farming methodologies, 

automatically adjusts irrigation schedules and provides the exact amount of water required where and 

when to support plants for better yield while saving water and energy [26]. 

Smart Greenhouses: Greenhouse farming enhances crop production quality and enables farming of 

sensitive crops through manual control of environmental conditions. A smart greenhouse enabled with 

IoT sensors and motors can intelligently monitor crops and control climatic conditions based on plant 

requirements. Manual intervention will no longer be required, as several functions can be automated, 

such as adjusting cooling systems and controlling light bulbs [27]. 

 

3. An Overview of Smart Irrigation Systems 

3.1 Some of the Currently Used Irrigation Systems 

Here are a few of the currently used regular irrigation systems: 

Surface Irrigation: In this type of irrigation, water is distributed across the land by gravity, flowing over 

the soil to reach the crop. It is the most widely used form of irrigation in India without much change in 

thousands of years. It is easy to manage, requires low investment, and can utilize rainwater. 

Sprinkler Irrigation: Water is sprayed over crops using sprinklers in a method that mimics natural 

rainfall. It requires high investment and maintenance costs but can use fertilizers and pesticides. 

Drip Irrigation: Water is delivered slowly directly to the root zone of the crop using a network of tubes. 

It requires high initial investment and maintenance costs; however, it minimizes water wastage by 

delivering directly to root zones and is very precise [28]. 

3.2 A Few Types of Smart Irrigation Systems 

Here are some types of smart irrigation systems being used now: 

Weather-based (Evapotranspiration, ET) Controllers: These systems use local weather data 

(humidity, rainfall patterns, wind) to adjust irrigation schedules without human intervention. They also 

account for water lost in plants and soil through evaporation and irrigate accordingly. 

Smart Drip Irrigation Systems: Water is delivered similarly to regular drip irrigation systems, 

minimizing evaporation and water loss. IoT-enabled systems use sensors placed all over the field to 

automate and optimize irrigation schedules similarly to weather-based controllers. 

Smart Sprinkler Systems: Automated sprinklers use data from sensors placed all over the field to 

automate irrigation schedules similarly to weather-based controllers. IoT integration enables remote 

monitoring, scheduling, and adjustments from any smart device [29]. 

3.3 Some Barriers of Smart Irrigation Systems 

While smart irrigation systems are being widely researched in India, there remain many obstacles to 

widespread use. One major obstacle in India is the high capital required for initial investment and 

maintenance; though beneficial, it may not seem worthy for farmers facing other pressing issues. The 

average landholding size for farmers in India is 1.08 hectares, significantly low compared to countries 

like the United States of America (187 hectares) and Japan (3 hectares) [21]; as landholding size is very 

low in India, it makes investment in smart irrigation non-justifiable. Thus, landholding consolidation is 
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also an important requirement for widespread implementation of smart irrigation in India. Farmers in 

India often have limited formal schooling, making it difficult to operate and maintain such tech, 

requiring specific skill training. There is also unreliable internet and electricity in rural areas, making it 

more difficult. However, unequal access to technology and lack of incentives to switch could also be 

barriers [30]. 

It has been further researched that even when sensors provide ample data, it is important for the AI 

model to be optimized to specific crops and weather patterns. Various organizations involved in 

irrigation collect data but are often unable to deduce it correctly, leading to inaccurate models wasting 

water. 

 

4. Artificial Intelligence Irrigation Scheduling System 

4.1 Sensors Required for Smart Irrigation 

All smart irrigation systems rely heavily on sensors as they are the backbone of these systems. These 

systems use sensor data to make decisions, and even if one is faulty, it may affect the whole operation. 

The types of sensors required for smart irrigation are: 

Soil Moisture Sensors: Measure volumetric water content in soil, providing direct feedback on when 

irrigation is needed to avoid over- or under-watering. 

Soil Temperature Sensors: Monitor soil temperature, which affects evaporation rates and plant growth. 

Air Temperature Sensors: Measure air temperature, which affects transpiration. 

Humidity Sensors: Record air humidity, which impacts plant water needs. 

Rainfall Sensors: Detect precipitation to prevent irrigation during or after rain. 

Weather Sensors/Stations: Provide information about expected weather patterns and current 

atmospheric conditions; it is important for this to be connected to the main algorithm to predict rain. 

Evapotranspiration (ET) Sensors: Measure combined rate of evaporation from soil and transpiration 

from plants; the algorithm uses this to calculate exact water required. 

Flow Meters/Sensors: Monitor water flow rate through irrigation system and detect leakages. 

Water Level Sensors: Track water level in storage tanks or wells to prevent running dry or 

overflowing. 

pH Sensors: Monitor acidity or alkalinity of irrigation water, affecting nutrient availability and plant 

health. 

Wind Speed and Direction Sensors: Measure wind conditions, influencing sprinkler effectiveness [31]. 

4.2 The Limitations to Smart Scheduling Systems 

There are still a few limitations to widespread adoption of smart scheduling systems. The first step 

would be to teach farmers the benefits of smart scheduling systems and why they should implement it. It 

would be a big investment, likely starting from large farmers, then medium, then small. Skill teaching 

centers would have to be set up to teach farmers how to use the software. The biggest hurdle would be 

optimizing the algorithm, as it must be individually adjusted for crop type, soil composition, and local 

weather patterns, leading to increased implementation costs; the algorithm would likely be inaccurate for 

the first few months until properly trained [32]. 

4.3 Software Simulation of AI-Enabled Irrigation (Software Implementation) 

To validate AI-powered smart irrigation without physical hardware, a Python-based simulation 

environment was developed, integrating synthetic sensor data and real-time weather forecasts via 

OpenWeatherMap API [33]. Sensor and weather data are logged to build a training dataset used to train 
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a PyTorch neural network, mapping soil moisture, temperature, humidity, and rainfall predictions to 

irrigation decisions. A Streamlit dashboard deploys the trained model, allowing real-time visualization 

of sensor data, weather information, and irrigation recommendations, providing a cost-effective, 

hardware-independent proof-of-concept. Using data from sensors, an artificial intelligence algorithm 

could be used to understand soil, weather, and crop requirements, which could then be implemented in a 

low-cost cloud-based IoT-enabled system to automatically adjust and recommend efficient irrigation 

schedules. It would work by connecting IoT-enabled sensors across a farm to a cloud-based machine 

learning algorithm tuned to specific crops and weather. Using gathered data, the machine learning 

algorithm will alter or make the irrigation schedule; it will also use weather data to predict next rainfall 

and, using field sensors, estimate water required for each plant and take required action. Using this 

model, it can also suggest fertilizer and pesticide amounts. Using a smart irrigation scheduling system 

could significantly reduce over-irrigation and under-irrigation and lighten farmers' workload. It is 

essential that the system remains low-cost so most farmers across India can afford and implement it. The 

software should also be intuitive [34]. 

 

5. Water Conservation 

Water management is a very important concept in irrigation. Freshwater conservation has become a 

global concern and is even an SDG, and as the agricultural sector is the single largest user of freshwater, 

it must focus on this issue [8]. Water management is the process of planning, developing, distributing, 

and optimizing water resources. Effective water management is important to decreasing costs and 

increasing crop production in agriculture. Water management helps governments and farmers carry out 

activities without worrying about water shortages for the season [35]. 

Today, an increasing number of governments and organizations are focusing on conserving natural 

resources, as usage rates have become a huge concern. In this regard, water is our most crucial resource 

and must be protected. As these organizations are involved, it is important they develop effective water 

management solutions to safeguard freshwater for future generations. 

Water management can ensure agricultural crops get water in dry areas and times of less rainfall; it 

could also allow planting more water-intensive crops if needed. In regions with low rainfall, ample water 

must be stored for dry seasons, enabling timely application and distribution [36]. 

The fast decline of groundwater reserves as food production requirements rise augments the need for 

water management so future generations' needs can be met without mass starvation due to droughts [9]. 

A considerable amount of water is wasted in irrigation. The wastage warrants better water management. 

Different methods of water management are used in agriculture, each with pros and cons. Some are: 

Build reservoirs 

Spread awareness about water management 

Collect rainwater [37] 

 

6. Weather and Soil Monitoring 

Properly working and well-maintained monitoring systems are vital in designing and optimizing 

effective smart irrigation systems to minimize water loss while increasing food production. In smart 

irrigation, monitoring means collecting data reflecting real-time status of soil, plants, and weather 

through IoT (and wireless sensor networks). IoT helps as it is low-cost, easily implemented, and an 

intuitive control and monitoring system for smart irrigation [38]. 
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Soil moisture is essential to plant growth, and its effective monitoring is critical to optimal irrigation 

schedules. Soil moisture sensors are placed in root zones of plants, precisely measuring moisture levels 

and transmitting to the cloud via IoT. Using this, information can be used to design irrigation activities 

for best results. 

The two major types of soil moisture-based systems using sensors are suspended cycle irrigation systems 

and water-only-when-required irrigation. The first is like a regular time controller with predefined 

schedules. The latter is simpler, starting watering when soil moisture is below predefined levels [39]. 

Weather monitoring is the process of monitoring and predicting weather for large areas with focus on 

agricultural fields. Weather and physical conditions are monitored using interconnected IoT sensors to 

identify dangers and develop mitigation strategies. All data is processed in real-time in the cloud through 

a feedback loop, activating control devices or pumps. This weather monitoring system could consider 

factors like humidity, air temperature, and wind speed using more sensors to optimize further and 

develop more accurate methods [40]. 

How the Smart Irrigation System Works 

A lot of sensors are placed in the field and at root level of plants as covered before. These sensors are 

IoT-enabled and transmit data using Wi-Fi to a cloud platform. The cloud platform analyzes data and 

plans when to irrigate and decides on fertilizer and pesticide use. There will be a mobile app or web-

based dashboard allowing farmers to view the interface, crop status, and suggestions. If the farmer 

approves, the cloud platform turns on remote-controlled pumps using Wi-Fi to irrigate when scheduled 

[41]. 

This method minimizes on-site technology and simplifies maintenance. The AI model will be trained on 

existing data sets based on a neural network and optimized for each locality, crops, and soil type. This 

decreases farmers' workload while saving water. 

Smart irrigation can integrate renewable energy into farms using solar and wind, as electricity may be 

irregular in rural areas. This provides electricity to villages; as the cloud uses internet, it could connect 

rural areas globally and be used for online schooling where schools lack . 

 

7. Case Studies on Smart Irrigation and Precision Agriculture 

Smart irrigation systems have been successfully implemented worldwide, tailored to regional challenges 

and technological readiness. A notable example is Israel, a country with severe water scarcity that 

revolutionized agriculture through drip irrigation. Developed by Netafim, the system delivers water 

directly to root zones, minimizing evaporation and runoff. According to the World Bank, this increased 

water efficiency by up to 90% and raised crop yields by approximately 30% . 

In India, Tamil Nadu has led state-level innovations in precision agriculture. The Tamil Nadu 

Agricultural University initiated a smart irrigation project integrating sensor-based irrigation and 

fertigation. Results from trial farms indicated a 45% reduction in water usage and yield improvements of 

up to 60% for vegetable crops like tomato and brinjal. These results were tested in many districts, 

proving adaptability. 

Another effort comes from Andhra Pradesh, where the government partnered with Microsoft through the 

'AI for Earth' program. By deploying AI-based crop advisory systems and sensor kits among small 

landholders, they provided real-time irrigation alerts based on weather and soil conditions. Farmers got 

increased yields with most crops; however, with crops like chili and cotton, they also got improved 

water efficiency and less damage from over-irrigation. 
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South Korea has taken a centralized approach, deploying ICT-based Smart Water Management systems 

using river monitoring stations, rainfall prediction, and remote irrigation scheduling. The IWRA and K-

Water report (2018) notes this enabled real-time water distribution across farms and urban areas, 

ensuring sustainable use during droughts. 

 

8. Policy Recommendations and Government Role 

Policy support is crucial for successful large-scale deployment of smart irrigation in India. Government 

programs must go beyond subsidies and include support for digital infrastructure, training, and smart 

equipment. Programs like Pradhan Mantri Krishi Sinchayee Yojana (PMKSY) and PM-KUSUM should 

cover IoT-enabled irrigation kits and cloud-based advisory systems . 

State governments can create models where panchayats or agricultural co-ops receive subsidized 

equipment to distribute among smallholder farmers. These collective approaches reduce financial burden 

while allowing farmers to set up and use systems together, leading to increased adoption. 

Government-supported rural electrification and internet access initiatives like BharatNet can link with 

smart farming projects. Policies incentivizing open data (e.g., rainfall, satellite imaging) for agricultural 

use can support AI-based irrigation and precision agriculture. 

International collaboration can shape India’s digital irrigation roadmap. For instance, South Korea’s 

integrated data portals and Israel’s public-private drip irrigation programs offer roadmaps implementable 

at local levels . 

 

9. Economic Feasibility and Return on Investment (ROI) 

One common critique of smart irrigation is the cost barrier, particularly for small and marginal farmers. 

However, detailed economic analysis shows long-term ROI justifies upfront expense. A basic sensor and 

microcontroller-based system costs ₹15,000 to ₹25,000 per acre but reduces annual water usage by 30-

50% and increases yields by 20-40%, depending on crop and weather. 

With proper training, farmers can recover investment in 2-3 crop cycles. In cooperative models, where 

4-5 farmers pool resources, per-farmer cost drops, making it affordable even for less than one hectare. 

Government schemes offering 50-70% subsidies reduce financial burden. Combined with reduced 

electricity bills, fertilizer savings (via precise irrigation), and improved produce quality, total economic 

benefit over 3 years can be over twice initial cost . 

In addition to farmer ROI, locality gains through better groundwater management, increased 

employment in agri-tech, and less strain on local water bodies during dry seasons. 

 

10. Future Innovations and Emerging Trends 

Looking forward, smart irrigation is expected to incorporate advanced technologies like edge AI, where 

on-site processors make real-time decisions without cloud servers. This reduces latency and improves 

reliability in low-connectivity regions . 

Drone-assisted soil and crop mapping is another emerging trend. By combining multispectral imaging 

and AI, drones identify water stress areas and send alerts to automated systems. These allow hyper-local, 

plant-level irrigation, making farms more efficient . 

Finally, global collaboration will drive cross-border AI model training using datasets from multiple 

climatic zones with variations in soil, weather, and crop types. These models offer better generalization 

and adaptability to local variations, pushing precision agriculture boundaries . 
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11. Ethical, Social, and Environmental Implications 

The integration of smart irrigation carries significant ethical, social, and environmental implications. A 

primary ethical concern is technology distribution. Small-scale and marginal farmers often lack 

resources to invest in IoT and AI-based solutions, creating a technological divide widening economic 

disparities in rural communities [55]. 

Social implications include job displacement and transformation of traditional farming roles. While 

automation reduces manual labor, there is potential unemployment risk for workers dependent on 

manual tasks. However, social impact could be positive, as reduced labor enables pursuit of other jobs or 

education [56]. 

Environmentally, widespread use of electronic sensors and IoT devices poses sustainability questions. 

Disposal of electronic waste, battery management, and potential soil contamination from damaged 

equipment are critical issues addressed through responsible lifecycle management and recycling. It is 

important farmers are taught proper electronic waste disposal [57]. 

Conversely, environmental benefits are profound. Smart irrigation significantly reduces water usage, 

energy consumption, and agriculture's ecological footprint. By managing resources precisely and saving 

freshwater, these technologies contribute to UN sustainability goals [58]. 

Addressing these challenges requires integrated policy approaches, awareness programs, and community 

engagement. Ensuring inclusive access, digital literacy training, and environmental management policies 

will maximize benefits while minimizing drawbacks [59]. 

 

12. Comprehensive Literature Review and Research Gap Identification 

A comprehensive literature review highlights extensive research into precision agriculture and smart 

irrigation worldwide. Several studies emphasize IoT-based irrigation efficiency, notably Patel and 

Deshmukh (2020), who demonstrated significant water savings through wireless sensor networks. 

Similarly, Sharma and Singh (2020) reported increased productivity using weather forecast-driven IoT 

models [15]. 

Research by Khosla (2021) underscores data-driven farming's role in sustainability and resource 

management, while Singh et al. (2020) provided an overview of the challenges and opportunities in 

adopting smart agriculture technologies in developing countries. While these studies affirm the potential 

of smart irrigation, a significant research gap exists in developing cost-effective, regionally optimized, 

and user-friendly systems specifically for small and marginal farmers in India. Most current models are 

either too expensive or require high technical expertise, making them impractical for widespread 

adoption in the Indian agricultural landscape. Further research is needed to address these financial and 

usability barriers, exploring localized open-source hardware solutions, community-based 

implementation models, and simplified AI interfaces. 
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