Grenze International Journal of Engineering and Technology, January Issue
Scientific Society

Innovations in Smart Irrigation and Agricultural
Technologies: An In-Depth Review of Recent
Developments

J Bennilo Fernandes', S Arun?, V Siva Rami Reddy?, ] Beaula Jenefa*, Nalla Suneela’® and J Esther Jerlin®
Department of ECE, Kalasalingam Academy of Research and Education, Virudhunagar, India
Email: bennij05@gmail.com, 992200517 1@klu.ac.in, 9823005015@klu.ac.in, 9922005091 @klu.ac.in,
9922005218@klu.ac.in.
®Department of Mathematics, Bharath Institute of Higher Education and Research, Selaiyur, Tamil Nadu, India.
Email: rhiaesther18@gmail.com

Abstract— This review article provides a detailed examination of the latest advancements in
smart irrigation systems and agricultural technologies, emphasizing the roles of IoT, solar
energy, and machine learning. The growing global food demand, alongside challenges such as
climate change and water scarcity, calls for innovative agricultural solutions. This paper
surveys various research efforts that investigate the design and application of smart irrigation
systems, solar-powered agricultural methods, and Al-based pest and disease management
techniques. The results underscore the potential of these technologies to improve agricultural
efficiency, sustainability, and resource management.

Index Terms— loT and Al in agriculture, Smart sensors, solar energy, machine learning,
Sustainable agriculture, precision agriculture.

1. INTRODUCTION

In Agriculture serves as a fundamental pillar of human society, supplying food, fiber, and essential materials for
survival and economic growth. With the global population projected to approach 10 billion by 2050, the demand
for food is anticipated to rise dramatically. The Food and Agriculture Organization (FAO) estimates that food
production must in- crease by about 70% to satisfy this demand. However, this task is complicated by critical
issues such as climate change, water scarcity, and the deterioration of arable land, which threaten the
sustainability of agricultural practices and require innovative solutions to secure food for future generations.
Agriculture consumes approximately 70-80% of the world’s freshwater resources, making effective water
management crucial in light of decreasing rain fall and rising population pressures. Traditional irrigation
methods often lack efficiency, especially in large-scale farming, highlighting the need for advanced, automated,
and sustainable alternatives.

The development of smart irrigation systems, such as those initiated under the Digital Agriculture Technologies
for Irrigation Efficiency (DATI) project in Tuscany, Italy, exemplifies this transition. These systems aim to
optimize water usage for crops like tomatoes and melons, showcasing the potential for substantial water
conservation and enhanced crop yields.
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II. HELPFUL HINTS

A. Smart Irrigation System

Overview and Key Technologies Smart irrigation systems are a paradigm shift in agricultural water
management, incorporatinglnternet of Things (IoT) technologies, advanced sensor networks, and data analytics
to maximize the water use in crop growth. Smartirrigation systems dramatically rethink the conventional
irrigation regime by ensuring real-time monitoring, automatic decision-making,and accurate water application.
Key elements of smart irrigation systems are:1. Sensor Networks Soil Moisture Sensors: Volumetric water
content measurement at different soil depths Temperature Sensors:Monitor ambient and soil temperature
fluctuations Humidity Sensors: Track atmospheric humidity levels pH Sensors: Measure soil pHlevels for
effective nutrient uptake Electrical Conductivity (EC) Sensors: Measure soil salinity and nutrient levels2.

[oT Infrastructure Wireless Communication Networks: Support real-time data communication Cloud Computing
Platforms:Process and store large amounts of sensor data Mobile Applications: Offer user interfaces for remote
monitoring and remote controlGateway Devices: Support communication between field sensors and central
systems3.

Automated Control Systems Valve Controllers: Control water supply to individual irrigation zones Pump
Management Systems: Manage water pressure and distribution Weather Station Integration: Integrate
meteorological data for irrigation planning WaterConservation Achievements and Case Studies Tuscany, Italy
Case Study - 50% Water Saving The Tuscany, Italy study is a milestonecase of cost-effective implementation of
smart irrigation.

This research showcased several significant innovations:System Architecture: Low-cost sensor installation
across various field zones Integration with local weather data for calculation ofevapotranspiration Automated
crop water requirement-based scheduling Real-time monitoring of soil moisture at several differentdepths
Implementation Outcomes: 50% decrease in water use compared to conventional flood irrigation practices
Similar or enhancedcrop quality despite less water application Cost-effective technology appropriate for small to
medium-scale operations Payback periodof around 2-3 growing seasons Technical Advances: Application of
capacitive soil moisture sensors for precise measurement Integrationof weather forecast information to avoid
irrigation during forecasted rain Crop type and growth stage-based zone-specific irrigationscheduling Farmers'
mobile alert system for remote monitoring of system status IoT-Based Drip Irrigation for Sweet Corn - 11%
WaterSavings

The sweet corn irrigation experiment demonstrated precision drip irrigation systems' capabilities.System
Components: Drip Irrigation Network: Controlled water supply directly to plant root zones Flow Rate
Monitoring: Real-timemonitoring of water application rates Soil Moisture Mapping: Space-based analysis of
field moisture patterns Crop Growth Stagelntegration: Shifted irrigation schedules from plant growth stage
Quantified Benefits: 11% water consumption reduction with no impacton yield quality 1.4 kg/m?® enhanced water
use efficiency (WUE) from 1.2 kg/m® Decreased fertilizer runoff due to precise applicationlmproved crop
uniformity within the fieldTechnical Specifications: Sensor installation at 15cm, 30cm, and 45cm soil depths
Irrigation triggers activated at 70% field capacityfor optimal stress management of plants Integration with local
weather stations for evapotranspiration measurements Automatedinjection of fertilizers synchronized with
irrigation timings Cilembu Sweet Potato Cultivation - 30% Water Waste Reduction and 25%Yield Increase

The above exhaustive study proved the twin advantages of water saving and productivity gain:System Design
Features: Multi-Zone Irrigation Control: Various irrigation timings for different sections of the field Crop-
SpecificProgramming: Customized watering for sweet potato growth stages Deficit Irrigation Strategies:
Regulated water stress at certain growthstages Nutrient Management Integration: Simultaneous fertilizer
application along with irrigation Amazing Results: 30% reduction inwater loss by removing excess irrigation
25% yield improvement through effective water and nutrient management Enhanced qualityof tubers with
increased starch and improved storage traits 40% reduction in labor expenses through automationAdvanced
Features: Predictive irrigation scheduling through machine learning algorithms Integration with satellite imaging
for crophealth monitoring Automated detection of pests and diseases through environmental monitoring
Economic optimization strategies forefficient water and nutrient management

B. Figures

To illustrate the architecture of a smart irrigation system, we include a block diagram that outlines the various
components and their interactions. The block diagram is shown in Figure 1.

Solar-powered irrigation systems have been explored to enhance sustainability. A study in Bangladesh
demonstrated the economic viability of solar irrigation systems, achieving lower operating costs and significant
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water savings [9]. The incorporation of solar energy and compressed air into drip irrigation systems improved
efficiency and reduced energy consumption, showcasing the potential for renewable energy to support
agricultural practices [10].
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Figure 1. Block diagram of a smart irrigation system.

Studies indicate that solar irrigation systems can reduce carbon emissions and improve food security particularly
in regions facing energy shortages [13]. The economic analysis of solar irrigation systems in Bangladesh
showed a benefit- cost ratio of 1.46, indicating their financial viability [4].

C. Footnotes

significant improvements in agricultural productivity [17]. For example, systems like “Trapview” and
”Spornado” utilize IoT and Al for real-time pest population monitoring, enhancing decision-making processes
for farmers.

Water Savings from Smart Irrigation Systems and Carbon Emission Reduction from Solar Irrigation Systems
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Fig. 4. Estimated Carbon Emission Reductions from Various Solar Irrigation Systems
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Significant improvements in agricultural productivity [17]. For example, systems like “Trapview” and
”Spornado” utilize IoT and Al for real-time pest population monitoring, enhancing decision-making processes
for farmers.

Carbon Emission Reduction from Solar Irrigation Systems Accuracy of Al Applications in Agriculture
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Fig. 5. Estimated Carbon Emission Reductions from Various Solar Irrigation Systems  Fig. 6 Comparison of Accuracy in AI Applications
for agriculture

D. Abbreviations and Acronyms

Al and Machine Learning in Agriculture

Al and machine learning technologies are increasingly being applied to enhance pest and disease management in
agriculture. These technologies enable farmers to detect and respond to threats in real-time, minimizing the use
of pesticides and improving crop health. Recent advancements in machine learning have enabled the
development of systems for early disease detection in crops, utilizing image recognition and data analytics [15].

Automated Disease Detection

The integration of Al in agriculture has led to significant improvements in disease detection accuracy. For
instance, deep learning models such as Convolutional Neural Networks (CNNs) have been utilized to classify
plant diseases with remarkable precision. A study focusing on major cereals like wheat, rice, and maize
demonstrated that these models could achieve over 90% accuracy in identifying diseases, thus facilitating timely
interventions [16].

Pest Management Solutions

Al-driven pest management systems have shown promise in reducing pesticide use and improving crop health
through targeted interventions. The use of UAVs combined with Al for targeted disease detection and pest
control has demonstrated initial costs, data quality issues, and the need for inter- disciplinary collaboration.
Research indicates that financial constraints and technical limitations hinder the widespread adoption of solar-
powered irrigation systems in developing regions [20].

Addressing Barriers to Adoption

Barriers to solar-powered irrigation in Sub-Saharan Africa include high initial costs and limited access to credit
[21].

Additionally, cultural and gender inequities can limit access to these technologies for ~ certain demographics,
particularly women.

Future Research Opportunities

Future studies should focus on enhancing the scalability of these technologies, integrating machine learning for
predictive analytics, and exploring hybrid systems that combine solar and wind energy [22]. The exploration of
advanced optimization techniques for energy-efficient resource scheduling in solar- powered agricultural IoT
systems is also recommended [?].
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E. Tables

TABLE I: COMPARISON OF SMART IRRIGATION SYSTEMS

Study Irrigation Type Water Savings Crop Yield Increase | Key Features
[6] Smart Irrigation 50% Not specified Low-cost, automated
[7] IoT-Based Drip 11% Not specified Sensor integration, real-time monitoring
[8] IoT-Based Drip 30% 25% Soil moisture monitoring, automated control
[9] Solar-Powered Significant Not specified Renewable energy, cost-effective
[10] Solar + Compressed Air Improved efficiency | Not specified Energy-efficient, reduced emissions
TABLE II: COMPARISON OF SOLAR -POWERED IRRIGATION SYSTEMS
Study Location Cost Analysis Carbon Emission Reduction Key Benefits
[11] Kuala Lumpur Not specified Not specified Optimized resource use
[13] Various Not specified Significant Improved food security
[12] Upper Indus Cost-competitive Not specified Sustainable agriculture
[4] Bangladesh BCR: 1.46 Significant Lower operating costs
TABLE III: COMPARISON OF AT APPLICATIONS IN AGRICULTURE
Study Application Accuracy Key Features
[15] Disease Detection | >90% Image Recognition, Real-Time Monitoring
[16] Disease Detection | >99% Deep Learning Models, High Precision
[17] Pest Management | Not Specified Targeted Interventions, Reduced Pesticide Use
[18] Pest Detection 95.6% Deep Ensemble Model, Automated Monitoring
[19] Uav Integration High Accuracy Real-Time Data Collection, Improved Productivity

TABLE IV: COMPARISON OF CHALLENGES IN ADOPTION

Challenge

Financial Constraints
Technical Limitations
Data Quality Issues
Market Gaps

Cultural Barriers

Description

High initial costs

Lack of infrastructure
Inconsistent datasets
Weak markets and policies
Gender inequities

Impact on Adoption

Limits access for small farmers
Hinders implementation
Affects model accuracy
Inhibits scaling

Limits access for women

III. CONCLUSIONS

The Smart irrigation systems are a paradigm shift in the management of water for agriculture, as they basically
change our mode of practicing crop production under conditions of rising water scarcity and climate
unpredictability. Combining Internet of Things (IoT) technologies, sophisticated sensor networks, and artificial
intelligence has produced unrivaled chances for precision agriculture that serves environmental sustainability
and economic feasibility simultaneously. The reported achievements of research attest to the revolutionary
potential of these technologies. The 50% water savings of the Tuscany study over conventional methods is a new
benchmark for water efficiency in Mediterranean agriculture. Most noteworthy is that this has been achieved in
an area that has previously had difficulties with water supply and was traditionally dependent on flood irrigation
practices.

The economic feasibility of the adopted system makes it possible for small and medium-scale farmers, spreading
the availability of high-technology irrigation across the farming community. Likewise, the IoT-based drip
irrigation for sweet corn production resulted in an 11% decrease in water usage without compromising yield or
crop quality. This discovery is significant as it shows that saving water does not, per se, sacrifice agricultural
productivity. The increase in water use efficiency from 1.2 to 1.4 kg/m? is a remarkable improvement in the
utilization of resources that can be replicated on millions of hectares of farmland worldwide. The Cilembu sweet
potato crop management experiment offers perhaps the most convincing evidence of smart irrigation's double
advantage, realizing both a 30% reduction in water losses and a 25% boost in crop production.

This combined gain in resource productivity and efficiency defies conventional assumptions about trade-offs
between conservation and production. The improved tuber quality with higher starch content and better storage
properties creates added economic value, providing multiple incentives for farmer uptake. The evolutionary path
from manual to automated systems, as evidenced by the DATI project development from 2021 to 2023, shows
the methodical effort involved with successful integration of technology in agriculture. The movement from
heavy-labor manual processes to Al-based decision-making systems is more than technological progress; it is a
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radical restructuring of agricultural practice. Integrating evapotranspiration models and machine learning
algorithms allows for systems that learn through experience and improve performance over time. The smart
irrigation systems of the present day are far more technologically advanced than mere automation. Multi-
parameter sensor networks are included for monitoring soil health, plant health, and climatic conditions.
Processing capabilities for real-time data facilitate instant response to fluctuating conditions, and predictive
analytics allow proactive action planning. Weather forecasting, satellite imaging, and drone systems provide an
elaborate information environment to support best decision-making.
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