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Abstract: Water scarcity is an escalating global challenge, with agriculture consuming 
~80% of freshwater withdrawals, primarily for irrigation. Conventional methods—
such as flood and furrow irrigation—are inefficient, with only 35–40% of withdrawn 
water effectively used by crops. Field application efficiencies typically average ~60% 
for surface irrigation and ~75% for overhead sprinklers, compared to ~90% for drip 
(micro-irrigation) systems. Smart irrigation scheduling integrates high-efficiency 
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delivery methods with data-driven control, applying water in the right amount, at 
the right time, and directly to the root zone to minimize evaporation, runoff, and 
deep percolation losses.

Modern smart scheduling systems employ soil moisture sensors, weather stations, 
IoT connectivity, and decision support algorithms (including AI-based controllers) 
to determine optimal irrigation timing and volume. Approaches include soil-
moisture-based, evapotranspiration (ET)-based, and plant-based triggers, often 
combined with predictive models such as FAO-56 Penman–Monteith. Field studies 
consistently report substantial benefits: IoT-enabled drip irrigation in lettuce 
reduced water use by 28.8% and increased crop water productivity by 52.5%, while 
a DSS-guided lemon orchard in Pakistan saved ~50% water and achieved 35% 
higher yields. Yield gains are also evident in horticultural crops—tomato yields have 
been shown to nearly double under drip/sprinkler systems versus furrow irrigation.

Beyond efficiency, smart scheduling reduces nutrient leaching, controls salinity, 
limits weed growth, and enhances crop health. Variable Rate Irrigation (VRI) and 
remote sensing further optimize spatial water distribution. Barriers to adoption—
such as sensor cost, connectivity, and technical complexity—are being mitigated 
through low-cost devices, mobile-friendly platforms, and farmer training.

In conclusion, smart irrigation scheduling offers a scalable, proven solution for 
improving water productivity by 20–50% while sustaining or increasing yields. 
By uniting precision application hardware with intelligent control, it represents 
a critical component of climate-resilient, resource-efficient agriculture in water-
limited regions.
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INTRODUCTION

Water scarcity is increasingly recognized as one of the most pressing global 
challenges of the 21st century, with agriculture at the center of the problem. 
Irrigation accounts for approximately 80% of global freshwater withdrawals, 
yet in many regions a large portion of this water is lost before it benefits crops. 
Traditional irrigation practices such as surface (flood, furrow, border) methods 
often suffer from low field application efficiency—only 50–60% of applied 
water typically reaches the crop root zone—due to losses from evaporation, 
surface runoff, and deep percolation. Consequently, the Water Use Efficiency 
(WUE), defined as the ratio of effective crop water use to total water withdrawn, 
often remains as low as 35–40% under conventional management.



Water Use Efficiency and Smart Irrigation Scheduling	 61

The need to produce more food with less water has driven the development 
of modern irrigation technologies and management strategies. Drip (micro-
irrigation) systems, for example, deliver water directly to plant root zones via 
emitters, achieving field application efficiencies of ~90%, compared to ~60% for 
surface irrigation and ~75% for overhead sprinklers. Beyond hardware efficiency, 
intelligent irrigation management—referred to as smart irrigation scheduling—
has emerged as a critical innovation for enhancing WUE and crop productivity.

Smart irrigation scheduling applies water “in the right amount, at the right 
time and place” by integrating real-time field data, weather forecasts, and crop 
water requirement models. Technologies underpinning this approach include 
soil moisture sensors (capacitance probes, tensiometers), weather stations for 
evapotranspiration (ET) estimation, IoT-based connectivity, automated control 
systems, and advanced data analytics. Decision Support Systems (DSS) process 
these inputs using rule-based logic, FAO-56 Penman–Monteith modeling, 
fuzzy inference, or machine learning to optimize irrigation timing and volume.

Evidence from diverse cropping systems and regions demonstrates the 
potential of smart irrigation. An IoT-enabled drip system in Italy reduced 
water use by 28.8% and increased lettuce crop water productivity by 52.5% 
compared to conventional scheduling. In Pakistan, a DSS-guided drip-
irrigated lemon orchard saved ~50% of irrigation water while increasing yields 
by 35% relative to neighboring farms using fixed-rotation flood irrigation. 
Similar improvements have been documented in vegetable crops, where drip 
and sprinkler systems combined with smart scheduling produced 2–7 times 
higher yields than traditional furrow irrigation.

These gains are not limited to water savings; smart scheduling also reduces 
nutrient leaching, manages soil salinity, limits weed growth, and promotes 
uniform crop development. Variable Rate Irrigation (VRI) and remote 
sensing tools such as NDVI and thermal imagery further refine spatial water 
application, enabling zone-specific management in heterogeneous fields.

Despite clear benefits, adoption faces barriers including initial capital 
costs, connectivity limitations in remote areas, and technical complexity. 
However, falling sensor prices, proliferation of mobile-friendly platforms, and 
availability of low-cost open-source systems are steadily lowering these barriers. 
Farmer training and extension services are also critical to mainstreaming these 
practices.
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Given the growing constraints on global freshwater resources and the 
urgent need for climate-resilient agriculture, smart irrigation scheduling 
represents a practical and scalable solution to improve water productivity while 
sustaining or increasing yields. This paper examines the principles, technologies, 
field performance, and adoption pathways for smart irrigation scheduling, with 
a focus on integrating precision application hardware and intelligent control to 
achieve “more crop per drop” in water-limited environments.

TRADITIONAL IRRIGATION METHODS AND EFFICIENCIES 

Traditional irrigation methods include surface (flood, border, furrow) and 
unguided sprinkler irrigation. These methods often over-irrigate fields and 
lose water through runoff or deep percolation. For example, field application 
efficiencies are typically only about 60% for furrow/basin irrigation, and 75% 
for overhead sprinklers. By contrast, drip (micro-irrigation) systems apply 
water directly to the plant root zone through emitters, achieving roughly 90% 
efficiency, some typical field efficiencies for common systems are as follows:

Irrigation Method
Field Application Efficiency 
(% of applied water used by 

crop)
Comments

Surface (flood/
furrow) ~60% Low uniformity; high losses

Sprinkler (overhead) ~75% Moderate losses due to 
evaporation

Drip / Micro-
irrigation ~90% Precise delivery to root zone

Drip Irrigation: The 1960s and 1970s witnessed the commercialization 
of drip irrigation technology, also known as trickle irrigation, particularly in 
arid regions. Israel, facing water scarcity, became a pioneer in the development 
and widespread adoption of drip irrigation systems. Companies like Netafim 
(Israel) and Jain Irrigation (India) became instrumental in popularizing and 
distributing these systems globally. Implementing a drip irrigation system in 
the cultivation of crops such as sugarcane, banana, okra, papaya, bitter gourd, 
and several others has the potential to conserve up to 60% of the water typically 
used. Drip Irrigation is 90% more efficient than other forms of irrigation. In 
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India, Sikkim, Andhra Pradesh, Karnataka, and Maharashtra are the leading 
states implementing this technology.

The PMKSY – Per Drop More Crop (PDMC), a flagship scheme by the Govt of India, encour-
ages farmers to install drip and sprinkler irrigation systems. The scheme provides a subsidy 
of 55% to small and marginal farmers (land up to 1-2 acres) and 45% for other farmers (>2 
acres) to promote the adoption of Drip and Sprinkler Irrigation systems. The scheme will help 
expand agricultural land coverage under efficient irrigation practices, reduce water wastage 
and enhance crop productivity. Over the years, technological advancements have refined drip 
irrigation systems. Today, precision farming technologies, automation, and sophisticated ma-
terials contribute to highly efficient and water-conserving drip irrigation practices.

Beyond just efficiency, modern systems also improve productivity. For 
instance, drip irrigation delivers water only where needed, reducing weed 
growth and nutrient leaching while promoting plant health. As a result, crop 
yields under drip can be much higher than under flood irrigation. In one 
comparative study, tomato yields under drip/sprinkler irrigation averaged about 
733 kg (max 2600 kg), versus only 387 kg (max 1050 kg) under traditional 
furrow irrigation. Onion yields showed an even more dramatic improvement 
– roughly 2953 kg under sprinkler vs 396 kg under furrow. These large yield 
gains underscore the yield-per-drop advantage of efficient irrigation.

Nevertheless, many farmers still use legacy methods. For example, parts of 
South Asia employ fixed rotation systems (“Warabandi”) where water is allotted 
on a schedule regardless of field conditions. Such rigid scheduling often leads to 
overwatering and runoff on cooler days or under-watering during heatwaves. 
In short, traditional scheduling is not responsive to soil or weather variability, 
which can severely limit water productivity.

SMART IRRIGATION SCHEDULING: CONCEPT AND BENEFITS

Smart irrigation scheduling means using real-time data and decision logic to 
determine when and how much to water, instead of following a fixed timetable. 
It relies on sensors, weather forecasts, and crop models to avoid over- or under-
irrigation. The core idea is: monitor the field conditions continuously, then 
irrigate optimally. As one review explains, smart scheduling can “drive better 
irrigation decisions that save water and increase yields” by accounting for soil 
variability, crop response, and changing weather. In practice, a smart system 
might trigger irrigation only when soil moisture drops below a threshold, or 
delay watering if rain is forecast.
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Data-driven scheduling has multiple benefits. By reducing unnecessary 
watering, farms use significantly less water while maintaining or even boosting 
yields. For instance, a field trial in Italy used IoT soil sensors to guide drip 
irrigation: the smart system used 28.8% less water and cut pumping time 
by 16% compared to conventional weather-based scheduling. Despite the 
reduced water, it achieved 52.5% higher crop water productivity (lettuce 
yield per water). Similarly, a smart decision-support system on a 2-acre lemon 
orchard in Pakistan saved ~50% of irrigation water while increasing yields 
by 35% relative to neighbouring farms using old schedules. These real-world 
examples show that intelligent scheduling can roughly halve water use while 
substantially improving output.

Technically, smart scheduling integrates multiple inputs. Soil moisture 
sensors provide ground truth on water content; weather forecasts predict 
evapotranspiration demand; and crop models (e.g. Penman–Monteith with 
crop coefficients) estimate crop water need. A Decision Support System 
(DSS) then blends these inputs to recommend irrigation timing and volume. 
For example, the Pakistani lemon farm’s DSS combined real-time soil/weather 
data with a crop-coefficient model to compute irrigation events, yielding the 
above water savings.

Aside from saving water, smart scheduling has ecological benefits. By 
avoiding excess irrigation, it prevents nutrient runoff and soil erosion. It also 
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helps manage salinity and waterlogging. Over time, healthier soil and crops can 
translate to greater farm resilience.

Soilless cultivation methods like aeroponics and hydroponics are highly efficient in optimizing 
water use by delivering water and nutrients directly to plant roots in a controlled environment. 
The plant growth rate is 30-50 percent higher than traditional farming methods, as crops 
in these systems receive optimal nutrients and experience reduced environmental stress. 
Hydroponics conserves 70-90% more water than soil-based cultivation by recirculating 
and reusing water. Beyond water efficiency, the crop yield increase in hydroponic systems 
is in the range of 3-10 times more. Aeroponics systems consume about 95% less water 
than conventional farming with a significant crop yield increase. Adopting these innovative 
practices can significantly enhance water use efficiency in agriculture, contributing to 
sustainable and resilient farming systems.

TECHNOLOGIES IN SMART IRRIGATION

Smart scheduling is powered by a range of modern technologies, often grouped 
under Precision Agriculture and Internet of Things (IoT):

•	 Sensors: Soil moisture probes (e.g. capacitive sensors), tensiometers, 
and soil water potential sensors measure real-time soil water. 
Weather stations measure temperature, humidity, wind, radiation 
for evapotranspiration estimates. Plant-based sensors (like sap flow 
meters or canopy infrared thermometers) can gauge crop stress. These 
sensors feed data into controllers.

•	 IoT Connectivity: Wireless networks (LoRaWAN, GSM, NB-IoT) 
link sensors and controllers to the cloud or local network. Low-power 
wide-area (LPWA) networks enable sensors in remote fields. Modern 
controllers can be solar-powered and run for months.

•	 Control Systems: Automated valves and actuators respond to 
commands. For example, drip lines can be turned on/off or modulated 
by electric valves. Sprinkler systems can be automated by solenoid 
valves. This hardware layer executes the schedule determined by 
software.

•	 Data Analytics and AI: Software platforms aggregate sensor, weather, 
and satellite data. Advanced analytics (machine learning, AI) can 
detect patterns and optimize schedules. Artificial Neural Networks, 
fuzzy-logic controllers, and model-predictive control have all been 
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proposed. One recent system combined fuzzy inference with a neural 
network to choose irrigation modes; in simulations it significantly 
improved irrigation efficiency and reduced resource waste compared 
to traditional threshold-based methods.

•	 Remote Sensing and VRI: Satellite or drone imagery (NDVI, 
thermal) can infer crop water stress or detect dry spots. Variable Rate 
Irrigation (VRI) technology allows applying different amounts of 
water to different zones, matching spatial variability in fields. VRI 
guided by local data has been shown to boost water productivity 
compared to uniform watering.

These technologies are increasingly integrated into smart irrigation 
scheduling platforms. Modern apps present farmers with dashboards of soil 
moisture, weather forecasts, and irrigation recommendations. Some platforms 
(CropX, Prospera, etc.) claim up to 20–30% water savings with higher yields. 

SOIL MOISTURE AND WEATHER-BASED SCHEDULING

Smart scheduling often uses one of three approaches:

•	 Soil-moisture-based: Irrigate when measured moisture drops below 
a set point. This direct method prevents overwatering, but requires 
robust sensor networks.

•	 Weather-based (ET-based): Use weather data to calculate 
evapotranspiration (ET₀) and crop water needs (via crop coefficients, 
Kc). Irrigation is scheduled to replace the evapotranspiration loss. 
This is widely practiced (e.g. via FAO-56 Penman-Monteith) but can 
suffer from spatial variability in soil.

•	 Plant-based: Use plant water status (e.g. leaf turgor, stem diameter 
changes, or infrared canopy temperature) to trigger irrigation when 
the crop is stressed. These indices (like the Crop Water Stress Index) 
directly gauge plant need, but the equipment can be expensive. 

DECISION SUPPORT SYSTEMS AND AI

Decision support software plays a key role, DSS might primarily use a soil 
sensor trigger, but incorporate weather forecasts to delay irrigation if rain is 
coming. Classic DSS use threshold rules or models: e.g. “if soil moisture < 
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X, irrigate 10 mm”. More advanced systems employ AI. Neural networks 
and fuzzy logic can learn crop responses from data, potentially improving 
over fixed rules. For instance, the Scientific Reports fuzzy-IoT system used 
a fuzzy inference engine to turn sensor inputs (soil, temp, etc.) into control 
decisions. In simulation, it achieved higher irrigation efficiency and reduced 
waste than standard methods. Moreover, some systems predict future moisture 
trends: model-predictive control (MPC) can schedule irrigation over multiple 
days based on weather forecasts.

In real deployments, user-friendly apps translate these insights to action. 
Farmers can override or fine-tune schedules via mobile interfaces. Many smart 
controllers even send SMS or push alerts before irrigation events.

Real-world trials have confirmed the benefits of smart scheduling here are 
some examples below

•	 Smart IoT vs Conventional (Italy): Al Kalaany et al. (2025) tested a 
low-cost soil moisture sensor network on a drip-irrigated lettuce field. 
Compared to a standard weather-based irrigation schedule, the IoT-based 
system used 28.8% less water and cut pump running time by 16.2%. 
Yield (crop water productivity) improved by 52.5% (16 vs 10.5 kg/m³ of 
water). This demonstrates that even a do-it-yourself sensor approach can 
drastically boost efficiency.

•	 IoT DSS in Pakistan Lemon Farm: In a 9-month trial on a subtropical 
lemon orchard, researchers deployed an indigenous IoT weather station 
and DSS based on Penman-Monteith modeling. The smart system 
recommended irrigation schedules that adjusted for real-time farm 
conditions. Compared to a neighboring farm using old flood-schedule 
practices, the smart farm saved about 50% of water and achieved 35% 
higher yields. (Temperatures during the experiment often exceeded 50 °C, 
highlighting the robustness of the smart system under stress.)

•	 AI-Fuzzy Simulation (Scientific Reports): Simulations of an 
intelligent IoT-fuzzy controller showed it could enhance irrigation 
efficiency and reduce resource waste. The authors reported significant 
improvements in network lifetime and reduced power use, but crucially it 
“validated its suitability” for improving irrigation efficiency in farms and 
greenhouses.
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•	 Smallholder Horticulture (GAJRC study): A recent analysis of 
smallholder tomato, onion, and pepper farms compared modern (drip/
sprinkler) vs traditional furrow irrigation. The advanced methods yielded 
roughly 2–7 times more produce per crop type (e.g. tomato 733 vs 387 
kg) under similar conditions. Even when land area was slightly different, 
the modern systems used far fewer inputs (e.g. seeds, water) per yield, 
indirectly reflecting better water productivity. The study explicitly notes 
that modern irrigation “ensures precise water application… improving 
water use efficiency and plant productivity”.
These cases come from diverse regions (Europe, South Asia) and crops 

(vegetables, fruit), indicating broad applicability. They consistently show that 
smart scheduling conserves water, cuts pumping costs, and raises yield 
(often by 20–50%).

IMPLEMENTING SMART SCHEDULING

A typical deployment involves:

1.	 Installing sensors and stations: Soil moisture probes are placed 
at root depth. A local weather station (or access to one) supplies 
climatic data. In-situ sensors (e.g. solar-powered probes) minimize 
maintenance.

2.	 Connecting controllers: Electric valves or smart pump controllers 
are linked to a central unit or microcontroller (often an Arduino 
or Raspberry Pi in DIY systems). These devices receive schedule 
commands.

3.	 Data communication: Sensor data is sent (via LoRaWAN, WiFi, 
GSM, etc.) to a processing hub or cloud service. The hub may run 
DSS software.

4.	 Scheduling algorithm: Using the collected data and crop models, 
the DSS calculates optimal irrigation events. This can be rule-based 
(if-then), or more advanced (AI, predictive).

5.	 Execution: The DSS sends commands to actuators to start/stop 
irrigation at calculated times or volumes. Often the system will email/
SMS notifications of upcoming irrigation.
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6.	 Monitoring: The process is monitored via dashboards or apps. 
Farmers can override or tweak schedules if needed. Data logs allow 
performance analysis.

This flow is iterated daily or even hourly. Over time the system can learn 
local crop responses to improve accuracy.

OVERCOMING CHALLENGES

Adoption of smart systems can face hurdles: sensor cost, connectivity in remote 
fields, complexity of data. However, studies emphasize that low-cost sensors 
can work reliably. Open-source platforms and mobile networks are reducing 
costs. Training and user-friendly apps also help farmers to trust automated 
schedules.

IMPROVING WATER PRODUCTIVITY

Ultimately, smart scheduling aims to maximize water productivity (crop 
yield per water used). Studies define Crop Water Productivity as kg yield per 
cubic meter of water. In practice, smart systems raise this metric substantially; 
moreover, by avoiding stress, crops often have better health and fruit quality. 
Consistent soil moisture means uniform maturation. One meta-analysis noted 
that micro-irrigation generally provides “consistent outcomes for diverse 
agricultural applications”. In dryland regions especially, efficient irrigation is 
crucial for food security and resource sustainability. Experts call for a “Blue 
Revolution” in smart irrigation to produce more crop per drop.

CONCLUSIONS

Smart irrigation scheduling unites modern irrigation hardware (drip, precision 
sprinklers) with intelligent control to dramatically improve water use 
efficiency. Across the world, implementing sensor-driven scheduling has led to 
major water savings (20–50%) and yield increases (often 20–50%). Scientific 
studies confirm that these systems optimize soil moisture, reduce wastage, 
and enhance productivity. While up-front costs and technical expertise are 
challenges, rapidly falling sensor prices and user-friendly apps are lowering the 
barrier. Integrated solutions—from simple DIY controllers to advanced IoT-AI 
platforms—enable even small farms to benefit. As water scarcity grows, such 
technologies will be essential for sustainable agriculture.
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By leveraging IoT sensors, data analytics, and predictive models, smart 
irrigation scheduling ensures that water is applied only when and where crops 
need it. This “right time, right amount” approach conserves water, reduces 
costs, and improves yields – effectively producing more food with less water. 
In a world of tightening water resources, smart scheduling is a key strategy for 
sustainable, efficient agriculture.
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