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Abstracts Agriculture is responsible for about 70% of worldwide freshwater usage, making sustainable water management
essential for both food security and environmental protection. Irrigation efficiency in the field of agriculture acts as central
role to sustainable water management. As population growth, changes the underground water-level toward depleted, irrigation
systems have changed significantly in terms of technology and structure. This article explores the history of modern irrigation
technologies, focusing on how they help save water in farming communities. The study starts with the shift from traditional
surface irrigation to mechanized and pressurized systems. It examines important technological milestones such as sprinkler
irrigation, drip and subsurface irrigation, automation, sensor-based control, and digital irrigation platforms in account of
water use efficiency. It addresses to evaluate methods for water conservation, enhancements in efficiency, and sustainable
management approaches. Significant results demonstrate that contemporary irrigation technologies can lower water usage by
36-61% while also boosting crop yields by 12-49%. In addition to technological advancements; the document explores the
socio-economic factors, policy structures, and environmental consequences that have influenced the progress of irrigation
across various regions. It also highlights future directions such as climate-adaptive irrigation, improved precision technologies,
and complete watershed management approaches. However, technological progress alone is not enough to ensure
sustainability. Integrated water governance, institutional reform, and building farmer capacity are essential for turning
efficiency gains into long-term water conservation.

Keywords:_Irrigation systems, water conservation, sustainable agriculture, precision irrigation, drip irrigation, smart irrigation,
water management, agricultural technology.

INTRODUCTION

[rrigation is the process of applying water to soil, primarily to meet the water needs of growing plants.
Water from rivers, reservoirs, lakes, or aquifers is pumped or flows by gravity through pipes, canals,
ditches or even natural streams. Applying water to fields enhances the magnitude, quality and
reliability of crop production. The lack of water in the soil impairs the correct plant development and
its excess can reduce root respiration, affect the root growth to plant productivity of plant
(Bhattacharya. A., 2021). Soil water is balanced by irrigation involves applying the right amount of
water at the right time to maintain optimal soil moisture for crop growth. Soil moisture ensures the
healthy growth of the roots and the overall development of the plant (Paul, et al. 1944). Irrigation
decisions in agriculture depend on how much water the crop of a particular species requires and how
much water is available from local sources. Effective irrigation replenishes moisture lost by
evapotranspiration (Viets, F.G., (1966) avoids water stress, and prevents losses from runoff and deep
drainage. According to irrigation efficiency (Israelsen, O.W., 1950) the dimensionless ratio of the
irrigation water consumed by the crops of an irrigated farm or supplied by an irrigation system to the
water diverted from a river or other natural water source into the irrigation system. Good soil-water
management (Bouwer. H., (2000) & Gusev et al. 2007) leads to healthier crops, higher yields, and
efficient water use and also active involvement in controlling soil water content for long-term
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sustainability. Endeavors to maintain soil water balance in agriculture have a long tradition and have
been performed in many parts of the world with irrigation. At its core Irrigation is a strategy that
allows for stable food production even in dry or unpredictable climates by overcoming the limitations
of natural rainfall.

[rrigation has played a central role in the rise and development of human civilization. In
ancient times, irrigation transformed agriculture from simple rain-fed farming to controlled water
management with using canals, basins, wells, and terraces, early societies could grow enough food to
support large populations, form cities, and develop the foundations of civilization (Roux, G., 1992).
The irrigation schemes of the Mesopotamian plain are a well-documented example in ancient time
(Kuiper, K., 2010 & Manish, D., 2011). Its history begins in the world’s earliest agricultural societies,
where controlling water meant controlling survival. Around 6000-3000 BCE, farmers in
Mesopotamia created some of the first organized irrigation systems by diverting the Tigris and
Euphrates Rivers through canals and basins. Similar early innovations appeared along the Nile in
Egypt, where basin irrigation captured seasonal floodwaters, and in the Indus Valley, which developed
carefully planned canals and reservoirs (Larry, W. M. 2010). Almost of agriculture were done by
irrigation system which was surface irrigation. These systems allowed communities to grow surplus
food, supporting population growth and urbanization. The impact of irrigation extends beyond
farming: It has contributed to the development of complex societies and influenced settlement
patterns, and it continues to be crucial in modern economics and environmental management.

The development of civilizations led to the advancement of irrigation methods. Advanced technology
has had a profound influence on human population growth. Throughout history, technological
progress has consistently enabled societies to support larger populations by improving food
production, health, economic opportunities and living conditions such as environmental
sustainability. In the 20th century the Industrial Revolution changed agriculture by introducing
machines, improving transportation, promoting scientific methods, and increasing productivity (Joel,
M., 1998 & Mohajan, H., 2019). These changes allowed farmers to produce more food with less labor,
supported population growth, and helped build the foundation of modern industrial societies. Global
agriculture has steadily produced impressive increases in crop yield. The Industrial Revolution
transformed traditional irrigation system to modern/Green irrigation system like sprinkler irrigation,
drip irrigation, smart irrigation through mechanical pumps, dams, and pressurized systems (Vibeke,
et al.,, 2010). In the 20th century, technologies like sprinkler and center-pivot irrigation spread
globally, and the invention of drip irrigation dramatically increased water efficiency to higher
production. Agriculture by use of irrigation allowed communities to grow surplus food by providing
a reliable water source for crops, enabling larger harvests and food storage. Surplus food supported
population growth and freed people to take on specialized roles, which led to economic complexity
and the rise of towns and cities.

Efficient use of water resources in the agricultural sector has been a great concern of water managers

around the world (IFAD, 2014, Peasants et al. 2021 & Ivan, 2018). Proper water management to

agriculture balances human needs with environmental sustainability. World is much concern today

on water crisis problem (Jury et al., 2007, Debaere et al. 2017, & WEEF., 2019) by huge population

through exceeding the planetary carrying capacity as there was in the days immediately prior to the

water management revolution. The reason for the concern is that the global population has vaulted
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upward to 6.5 billion in 2006, and for some time has been increasing at a rate which outpaces gains
in food production. The best current population forecasts are that the world will have 7.9 billion
people by 2025 and 9.2 billion by 2050 (WEF., 2019). World population growth and economic
development increase competition for water and exacerbate waters scarcity- and droughtrelated losses,
resulting in the identification of water crises as the greatest global societal threat (Burek., et al. 2016
& G.O.1, 2013). Over-extraction from underground water due to excessive pumping by irrigation,
often driven by unregulated agricultural practices and increasing water demands, has led to a decline
in water resources. Unconscious irrigation practice in agriculture sector by farmers for high crop
productivity to intensified the stress on groundwater resources. As resulted today the global have
gotten another big problem on Ground water depletion (Ananda, et al., 2020, Chindarkar., et al.,
2019 & Mukherjee., et al., 2016).Groundwater over-extraction is a major concern in agriculture,
especially in regions relying on tube wells and pumps. Sustainable water requirement ensures that
water is used wisely and responsibly to meet human, agricultural, industrial, and environmental needs
without harming future availability. It is essential for longterm water security, food production,
ecosystem health, and overall societal well-being. Changing irrigation systems can reduce water use,
recharge aquifers, and ensure long-term water sustainability. By switching from flood irrigation to drip
and sprinkler systems, carefully scheduling irrigation, harvesting rainwater, and managing crops
wisely, groundwater depletion can be slowed. These changes make agriculture more sustainable,
ensuring water availability for future generations while maintaining crop productivity. For several
decades, various water conserving technologies have been studied in order to significantly increase
water use efficiency (WUE) and Water Productivity (WP) are used to ensure support sustainable
agricultural water management(Zhou et al., 2021, Vincent et al., 2012 & Kambou, et al., 2014).
Efficiency improvements in agricultural water management for sustainable development of ground
water are aimed at conserving water tend to be formulated in two ways: (1) by increasing allocative
efficiency through water conservation policies (WCPs) (Pigou et al., 1932 & Knapp et al., 1992) and
(2) by increasing physical irrigation efficiency through water conservation technologies (WCTs)
(Molden, et al., 1997).This paper showed that sustainable development of irrigation system in
cultivation in order to contribute water saving practices on the field. Irrigation water conservation
technologies have been categorized starting from surface irrigation to modern irrigation technology
for minimizing the groundwater depletion by water saving concern.

2. Globally Shifting to Green Irrigation:

Earth is a planet with 71% of its surface covered by water, of which 68% of this fresh water. 0.3% of
the worlds freshwater are contained by lakes and rivers (El-Ghonemy, A., 2012). In addition to these
two available main freshwater sources; groundwater is another huge potential freshwater source for
human survival (Wada, et al., 2010). About 2.5 billion people depend on this ground water source
only to satisfy the requirement of their fresh water (Shaji, et al., 2021). Globally, the largest abstractor
and predominant consumer of groundwater resources, is agriculture sector (Siebert, et al., 2010). An
estimated 70% of all global groundwater use goes to irrigated farms (Siebert, et al., 2010 & Misstear,
et al., 2017). Nature Conservancy, also state that in some arid countries, agricultural use can be as
high as 90% of groundwater use (Wada, Y. et al. 2010).For example, agriculture consumes the largest
share of groundwater in India - the biggest user of groundwater in the world (Minderhoud, et al., 2017
& Singh. Et al., 2018). According to (Misstear, D et al. 2017), above 70% of the groundwater is used
to agriculture through irrigation and India, China and USA are the major leading countries in use of
this water source. While almost half of the agricultural area cultivating food grains in India depends
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on irrigation, as high as 65 percent of these irrigated land holdings depend on groundwater to meet
their water needs (Bahinipati, et al., 2019). India is one of those countries. It uses 30% of the world’s
irrigated land and consumes the largest volume of groundwater in the world, but its water is becoming
harder to access (Soumendra, N. B., et al., 2017 & Goldin, 2016).On the other hand, day to day
enhancing world population is big serious issued to compensate the food demand. According to the
United Nations World Water Development Report, the ability of a population to provide sustainable
access to sufficient amounts of water of acceptable quality is already in jeopardy for many, and the
situation is expected to worsen over the coming decades (Alberto, B et al., 2019). The lack of clean
water is a significant problem in the 7.7 billion-person globe of today. By 2050, when there will be
between 9.4 and 10.2 billion people on the planet—a 22-34% increase—the water system will be under
more stress (UNWWD, 2018 ). Increasing population is leading to increase in demand of food and
as well as demand of agriculture. As know that agriculture uses a considerable portion of the ground
water, we can say that the demand of water is increasing contentiously with the demand of food.
Therefore, huge change of water withdrawal is expected to come due to the stated changes of living
style and population. Excessive groundwater withdrawals can cause groundwater levels to decline and
environmental degradation. The annual withdrawal of freshwater in the world has been found
increasing( UNESCO, 1999 & FAQO, 2016) . This withdrawal of freshwater in the world has increased
from 3790 (in 1995) to 4430 (in 2000) and is expected to reach 5240 (in 2025) in kilometer cube.(
UNESCO, 1999).

According to sustainable development, to saving earth groundwater many developed
countries has been changed conventional irrigation practice for reduce the ground water
consumption. Irrigation is not inherently sustainable, but water-saving micro-irrigation systems as
green irrigation system like modern, efficient drip or subsurface irrigation technologies make it one
of the best tools for sustainable groundwater management (Sara S. F., et. al., 2022). Therefore
[rrigation can be a sustainable technology for groundwater management — but only when it’s used
efficiently and with proper techniques. Simply saying “irrigation is the best sustainable technology for
groundwater” isn’t entirely accurate, because some irrigation methods can waste water and even
deplete groundwater reserves. Therefore, by providing the proper amount of water directly to plant
roots, sophisticated irrigation technologies like drip irrigation, sprinkler systems, and smart irrigation
scheduling assist farmers in using water more effectively. In order to benefits of Groundwater
Sustainability, green irrigation system is to be more essential Instead of traditional or poorly managed
irrigation (like flood irrigation) due to sustainable of green irrigation in the following point as (1).
Efficient water use: Reduces wastage and minimizes over-extraction of groundwater (2). Recharge
management: Combining irrigation with groundwater recharge systems (like recharge pits or check
dams) helps replenish aquifers (3). Cropawater matchings Modern irrigation systems allow farmers to
grow crops suited to local water availability (4). Monitoring and automation: Sensors and loT-based
irrigation systems optimize water use in real-time (Levidow, L., et al., 2014). The researchers observed
that, a sustainable transition to a less water-intensive in agriculture by regulating the irrigation system
that will help in conserving water and also been linked to an increase in the yield of crops. For this
situation green revelation on irrigation technique in cultivation field is highly necessary to fulfillment
of water requirement of plant roots to keeping with higher cultivation production by minimizing the
wastage of ground water and it significantly minimized the ground Water Depletion. Farmers are
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aware of the current and the upcoming competition for water so they know that the adoption of
efficient irrigation systems is beneficial for them.

3. Traditional and Ancient Irrigation Technology:

Surface irrigation methods: Irrigation has been integral to agriculture since ancient times. This section
explores the historical evolution of irrigation practices, beginning with early civilizations in
Mesopotamia, Egypt, and the Indus Valley. It highlights the use of basic methods like flood irrigation
along the Nile River, the development of sophisticated canal systems in ancient Persia, and the
terraced farming of the Inca civilization. Different type of surface irrigation is explained in (Figure. 1)
(Raveendra, K. R., 2017). Surface irrigation technology one of the earliest and simplest forms of
irrigation was performed in ancient time (Larry W. M., 2010). It refers to as traditional yet evolving
method of applying water to crops by allowing it to flow over the soil surface under the influence of
gravity. It’s one of the oldest and most common irrigation techniques in the world, especially in
regions where water is relatively abundant and land is relatively flat. Surface irrigation is a method
where water is distributed across agricultural fields by flowing over the soil surface. Unlike pressurized
systems (like sprinklers or drip irrigation), surface irrigation relies on gravity flow rather than
mechanical pumps to distribute water. Surface irrigation is the traditional water application method
in the world. About 84% of the world uses the surface irrigation method to irrigate the crops (FAO.,
2011 & USDA, 2019). This can be accomplished by flooding the entire field at once (basin irrigation),
putting water into small channels (furrows), or flooding the land surface strips (borders) until the
entire field is covered.

Surface irrigation depends mainly on surface water sources like rivers, canals, lakes
and reservoirs. It requires large volumes of water because of natural losses, making it less efficient but
still practical in regions with abundant surface water and gravity-fed systems. The availability of surface
water in any system at any given time depends on many factors, that is storage capacity of lakes,
wetlands and artificial reservoirs, soil type and local surface and soil evaporation rates. In water-short
and low-rainfall regions of the Middle East, Northern Africa and Central Asia, most of the exploitable
water is already withdrawn, with 90% of that going to agriculture. Therefore, the rivers and aquifers
of these regions have been depleted beyond sustainable levels (Oweis, T., 2018). Even today, many
regions around the world (Cui, Z.]., 2019) still depend heavily on surface irrigation — especially where
traditional farming, canal systems, and gravity-fed water distribution are dominant. Regions like South
Asia, East Asia, the Middle East, North Africa, and parts of Africa and Latin America still depend on
surface irrigation because it’s affordable, traditional, and supported by large river and canal systems,
even though it is less efficient than modern methods (Jagermeyr, J., 2015). Surface irrigation became
the most popular irrigation method historically and still remains widely used today — for several
practical and socio-economic reasons. Historically, civilizations developed along rivers and floodplains
(e.g., Nile, Indus, Tigris-Euphrates). These areas naturally favored gravity-fed water distribution, so
surface irrigation evolved organically. Farmers can construct and maintain systems without needing
complex equipment or technical skills (Wang, C. et al., 2021).

Despite its extensive application, surface irrigation is often criticized for its low
efficiency with uses of large volumes of water, even when crops need much less water. Excessive
withdrawals from rivers and canals reduce water available for ecosystems, wildlife, and communities
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downstream. Surface irrigation methods, such as flood and furrow irrigation, are generally considered
inefficient compared to modern methods like drip or sprinkler irrigation and consequently result in
the significant wastage of fresh water. It is estimated that 40 to 50% or more of the water applied can
be lostat the field level (Fadul, E., et al., 2020). Unconstructed water in surface irrigation
technologies, like flood irrigation, contribute to groundwater depletion through high water loss due
to evaporation (Fuentes, et al., 2020 & Yin et al., 2020), seepage, and runoff (Wang, Z.H., 2019).
This non-uniform irrigation stresses crops and lowers productivity (Salmeron,Y.F., 2012). These
methods require high water volumes that exceed natural replenishment rates, and the wasted water
puts extra pressure on already stressed aquifers, especially when combined with excessive pumping for
irrigation. Surface irrigation is not sustainable today (Oster, ].D., 2006). due to significant water waste
and associated environmental problems such as soil degradation, increases pollution, and cannot
adapt to modern climate and efficiency demands. In arid areas, agricultural production was limited
by water validity, it is very important to use the production systems to accelerate water-use efficiency
and improve the grain yield (Ma et al., 2020).As a result of the water-saving campaign in recent years,
many water-saving irrigation techniques have been researched to replace traditional flooded irrigation
to achieve high water-efficient as well as eco-friendly irrigation in crop production.

Irrigation Methods

|
\ 2 v v 4
Surface Sub-Surface Sprinkler Drip
[rrigation Irrigation Irrigation Irrigation
1
v v v
Furrow Method Flooding Contour Farming
1
v L 4
Wild Flooding Controlled Flooding
|
\ 2 2 v : 2 L 4
Free Contour Border Checks Basin Zigzag
Flooding Laterals Strips & Basin Method of
Flooding Flooding Flooding Flooding

Figure 1. Various type of irrigation technology (Raveendra, K. R., 2017),

4. Ground Water Depletion by Conventional Irrigation System (Surface, Flood Sprinker
Irrigation):

Groundwater depletion is mostly caused by excessive water extraction for ineffective and inappropri
ate traditional irrigation techniques in the agricultural sector. For many important agricultural
production areas, groundwater will remain the ultimate source of freshwater when surface water
sources have been depleted. Traditional irrigation method (e.g., flood irrigation, furrow irrigation, or
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basin irrigation) uses river water or canal water, but in many regions, farmers pump groundwater to
supply surface irrigation when surface sources are unavailable (Scanlon, et al. 2012).The aquifers that
host groundwater are the primary buffers against drought for both human requirements, and crop
production. In many concentrations of intensive agriculture, groundwater offers reliability and
flexibility in access to water that irrigation canals can hardly match. Additionally, groundwater is
generally less prone to pollution than surface water. Like India, Pakistan, and parts of the U.S,,
millions of tube wells draw groundwater continuously for surface irrigation, stressing aquifers
(Bierkens, 2019). In agriculture sector, used of groundwater through surface irrigation is a major cause
of groundwater depletion. In humid regions, groundwater recharge is likely to exceed groundwater
withdrawals such that groundwater discharge contributes significantly to river flows (the base flow
component). In semi-arid and arid regions, high water withdrawals are required by the agricultural
sector as it takes advantage of long growing seasons, high insulation and low pest and disease risk.
Generally, the rates of groundwater recharge in these semi-arid and arid regions are low such that, in
the absence of alternative sources of water, groundwater withdrawals can exceed aquifer recharge and
can result in depletion. Aquifer depletion has been reported for many semi-arid and arid regions
world-wide and can be attributed to agricultural withdrawals (Ahmed and Umar, 2009; Foster and
Loucks, 2006; Guzman-Soria et al., 2009; Konikow and Kendy, 2005; Rodell et al., 2009; Scanlon et
al., 2007; Shah et al., 2007).

Asoka et al. (2017) reported an in situ well observation-based decline of up to 25 cm/yr in northern
India for 1996-2013 while GRACE observation indicates an overall decline of 2 cm/yr for 2002-
2013. (Janardhanan et al. 2023) reported a median decline in GW levels in the Ganges Basin of 2.6
cm/yr based on in situ well measurements (1996-2017) and a GW storage anomaly trend of 1.7 cm/yr
from GRACE data (2003-2016).To sustain crop production, farmers increasingly rely on
groundwater pumping, by conventional flood irrigation often extracting water faster than natural
recharge can replenish aquifers. This imbalance has caused declining groundwater levels in many areas
of the Ganga Basin in india. According to the study (Dangar, et al., 2021) improper flood irrigation
practices are a major cause of groundwater depletion in north-western India, particularly in Punjab,
Haryana, and Rajasthan by cultivated water-intensive crops such as rice, sugarcane. This method
applies more water than crops require, resulting in significant losses through evaporation, runoff, and
inefficient field application rather than productive crop use. As groundwater tables continue to
decline, farmers must pump water from greater depths, increasing both energy consumption and
irrigation costs. This trend threatens agricultural productivity, rural livelihoods, and long-term water
security. Using data from the Gravity Recovery and Climate Experiment (GRACE) satellites, the
authors found that the region lost approximately 109 km3 of groundwater between 2002 and 2008.
The study (Rodell, et al., 2019) concluded that this decline was primarily caused by excessive
groundwater extraction for agricultural irrigation rather than changes in climate or natural recharge.
To address on more than 324 million people in China's second-largest basin, the Yellow River Basin
(YRB), rely primarily on groundwater. In the YRB, where a sizable portion of water consumption
depends on groundwater, including 24.8% of drinking water and 61.6% of irrigation water, water
shortages constitute a serious danger to sustainable development and ecosystem stability (YRCC, 2022
& Yin, et al., 2017). The YRB's groundwater removal grew from 1.43 km3 in 1965 to 3.69 km3 in
2016, with irrigated fields and highly inhabited areas experiencing the most extraction (Huang et al.,
2023). Along with the degradation of shallow-rooted plants, it has also contributed to a 0.5-3.0 m
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regional drop in groundwater levels.

According to water scarcity effect, the 2018 edition of the United Nations World Water
Development Report stated that nearly 6 billion peoples will suffer from clean water scarcity by 2050
(WWAS, 2018). It has provided an update on the present trends of clean water availability and future
expectations. Water security, the capacity of a population to safeguard sustainable access to adequate
quantities of water of acceptable quality, is already at risk for many, and the situation will become
worse in the next few decades (Burek, 2016). Clean water scarcity is a major issue in today’s’ world of
7.7 billion people. The strain on the water system will grow by 2050 when the world population will
reach between 9.4 and 10.2 billion, a 22 to 34% increase. To sustainable the water for future
generations most needed to adopt advanced irrigation technologies in population and agriculture
demand.

5. Modernizing the Conventional Irrigation Technology into Green Irrigation (Drip Irrigation):

The modernization in irrigation is the process of replacing ageing irrigation infrastructure and
methods, often with new or “modern” equipment and technologies that have been developed in the
recent past. The aims of irrigation modernization include water saving and improved water delivery,
and lower operating and labour expenses, which leads to sustainable agricultural production and
enhanced livelihoods of farmers (Plusquellec, 2009). Researchers were interested in irrigation
optimization from 1970 to 1985 because of the introduction of intelligent monitoring systems and
water limitations for irrigation. Water usage efficiency and information were introduced in the late
1970s when water demand began to rise with population growth and natural resource depletion. Since
then, WUE has become a key indicator for evaluating irrigation performance and improving
agricultural sustainability (Doorenbos, et al., 1979 & Michael, et al., 2005).The scenario necessitated
the improvement of the irrigation technique as important of Water Crises issue in achieving more
advance. The modernization of irrigation systems is primarily reshaping irrigation practices by
replacing traditional surface irrigation (e.g., flood irrigation) with modern pressurized systems such as
drip irrigation.

In general, there are two types of irrigation techniques: (1) Pressure-driven irrigation (modern
techniques) and (2) Gravity-driven irrigation (traditional techniques) (Bwambale, et al., 2022). It is
well known that farmers using gravity-driven techniques administer the same amount of irrigation
water throughout the farm, ignoring crop water requirements and field variations in favor of applying
consistent irrigation water throughout the property (Sherpa, et al., 2021). Furthermore, the gravity-
driven approach supplies water without the use of pumps or external pressure. It depends only on the
water speed or the slope of the field. However, the pressure-driven system uses pumps or external
pressure rather than gravity to supply water. Pressure-driven systems boost crop yield and produce
higher efficiency to proper utilizing the water than gravity-driven methods. Furthermore, compared
to gravity-driven techniques, pressure-driven devices can save more water (Fereres, et al., 2003). They
might also increase the likelihood of an uneven distribution of water. This inconsistent water
distribution may cause crops to experience unwelcome water stress. Conversely, pressure-driven
systems are incredibly water-efficient methods that don't damage soil, plants, or the environment. The
significance of pressure-driven systems has been previously shown in numerous researches (Singhal,
et al., 2019). These solutions are better than gravity-driven methods for conserving irrigation water.
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The story of modern irrigation begins in a place where water scarcity drove innovation. In 1960s
Israel, when Simcha Blass and his son Yeshayahu tested the first plastic drip emitter, they sparked a
revolution in agricultural water management (Tal, A. et al., 2006). The transition from traditional
irrigation systems, such as flood irrigation, Surface Irrigation, and sprinkler irrigation to modern ones,
like drip irrigation, is often seen as a panacea to improve irrigation efficiency and address water
shortages. The modernization of irrigation systems is primarily reshaping irrigation practices by
replacing traditional surface irrigation (e.g., flood irrigation) with modern pressurized systems such as
drip irrigation (Jin, et al., 2018 & Vandern et al., 2013). Drip irrigation is sometimes called trickle
irrigation and involves dripping water onto the soil at very low rates (2-20 litres/hour) from a system
of small diameter plastic pipes fitted with outlets called emitters or drippers (Van D., 1989). Water is
applied close to plants so that only part of the soil in which the roots grow is wetted, unlike surface
and sprinkler irrigation, which involves wetting the whole soil profile. With drip irrigation water,
applications are more frequent (usually every 1-3 days) than with other methods and this provides a
very favorable high moisture level in the soil in which plants can flourish (Venot, et al., 2017). The
widespread diffusion of drip irrigation can be attributed to its effectiveness in reducing water losses
and improving water productivity, which in turn contributes to higher crop yields. A drip irrigation
system that is properly planned and operated has an irrigation efficiency of about 85-90%, in
contrast to the surface irrigation method with 40% (Narayanamoorthy, 2009). Furthermore,
showed that  surface  flood  irrigation,  micro-spray irrigation, and furrow irrigation all
produced lower vegetable vyields in the root zone than did alternate subsurface drip
irrigation(Huang, et al., 2010 & Zhang, et al., 2013).In addition to distributing air and water via
drip irrigation systems, they also maintain the emitters' functionality and modify the soil ecosystems
in the crop root zone via a variety of biochemical and biophysical processes (Zhu, et al., 2020 ; Zhu,
et al., 2019 & Bhattarai, et al., 2005). Also by supplying water-soluble fertilizers straight to the root
zone and lowering nutrient leaching, volatilization, and surface runoff, drip irrigation dramatically
improves Nutrient Use Efficiency (NUE), frequently by more than 30% [Haoure]. Compared to
conventional irrigation, this tailored application (fertigation) enables accurate, stage-specific nutrient
management, enhancing crop yield, quality, and overall resource-use efficiency. Moreover,
modernization processes extend beyond biophysical impacts: they can reshape water governance and
use, alter the patterns of energy use required for water application, and affect farmers’ income, labor
demand as well as other socio-economic factors (Sese-Minguez, et al., 2017).

6. Automation the System into Advance Smart Technology:

The automation of irrigation systems as Precision/smart irrigation is the use of equipment that
allows the irrigation process to proceed with minimum human involvement, except for periodic
inspections, routine maintenance and water-saving systems (Haoru. Et.al., 2020). After 1989, when
the Internet became available to the general public, it sparked the development of control systems
based on the internet and web-based data storage. The internet-based monitoring, remote control
systems and web-enabled data management ware began to integrated into irrigation systems. These
technologies enabled real-time monitoring of soil moisture, weather conditions, and irrigation
scheduling, laying the foundation for modern smart irrigation and precision agriculture (Evans, et al.,
2009 & Kim, et al., 2008). Ground water Conservation management and irrigation efficiency requires
the use of [oT, Al, cloud computing, and edge computing. In order to improve crop quality and
identify diseases in insects and plants, technologies like Internet of Things (IoT), Geographic
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Information Systems (GIS), Global Positioning System (GPS) devices, and artificial intelligence (Al)
-based crop and soil monitoring, data analysis using artificial intelligence to make appropriate
decisions, automated irrigation systems, and weather measurement and prediction to deliver the right
amount of water to crops at the right time and place are in high demand .This results in increased
crop efficiency with a significant reduction in farmers’ reliance on human labor. Sensors and Internet
of Things devices can be used to monitor the plant field. Edge computing collects sensor data in the
field and transmits it to the cloud, where it is processed and examined to identify the optimal course
of action.

Advanced Precision/smart Irrigation Technologies (Kumar, A., et al 2019)can enhance irrigation
efficiency, especially with the introduction of wireless communication systems, monitoring devices,
such as real-time irrigation scheduling, IoT, the importance of an internet connection, smart sensing,
and energy harvesting for efficient irrigation scheduling that benefitted water to crops with high
accuracy based on real-time data and crop productivity. The technology effectively combines wireless
communication capabilities with a number of sensors to offer remote monitoring and automatic
irrigation control (Kumar, A., et al., 2017). Significant water conservation potential while preserving
crop health and productivity is confirmed by experimental results.

This maximize irrigation efficiency technology is appropriate for small, residential landscapes as
well as large, managed landscapes and potentially reduce outdoor water consumption. The core
component of a smart irrigation system is the irrigation controller, (Figure 2.).This automates
irrigation scheduling based on real-time data. Different types of controllers are used depending on the
complexity of the irrigation system and crop requirements, like Time-Based Controllers, Soil Moisture
Sensor-Based Controllers, Weather-Based Controllers (Evapotranspiration Controllers), loT-Based
Smart Controllers. Artificial Intelligence (Al)-Based Controllers and Variable Rate Irrigation (VRI)
Controllers etc(Cardenas et al., 2010 & Mayer et al., 2010). Their integration with digital agriculture
technologies supports sustainable water resource management and helps address global challenges
related to food security and climate change. These irrigation technologies have become more popular
among farmers in recent years as a solution to the growing problems of water shortages, climate
change, increased production costs, and diminishing groundwater supplier (Khaled, et al. 2022).
Conventional irrigation techniques frequently administer water evenly over fields without taking into
account changes in soil moisture, crop water requirements, or weather conditions. This leads to large
water losses through deep percolation, runoff, and evaporation. By administering the appropriate
amount of water at the appropriate time and location, precision irrigation improves irrigation
efficiency and conserves water, overcoming these constraints. Farmers can also monitor and manage
irrigation remotely using smart phones or computers, reducing labor requirements and improving
operational efficiency.
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Figure 2. Different types of controllers of Smart irrigation.

7. Water Conservation Strategies Embedded in modern/smart Irrigation system:

Advancing the Irrigation technique to increase Water Use Efficiency (WUE),is widely
recognized as a key indicator of water conservation and sustainable groundwater management in
agriculture. WUE shows how well irrigation water is transformed into crop output, even though it
does not evaluate groundwater depletion directly. A greater WUE reduces groundwater abstraction
and contributes to aquifer resource conservation since less water is needed to achieve the same yield.

Water use efficiency (WUE) (Wang et al., 2018) usually is defined as the total dry matter produced by
plants per unit of water used,

WUE=D/W,

where D is the mass of dry matter produced (usually aboveground) and W is the mass of water used
(usually including direct evaporation from the soil). Sometimes, the D is the economically valuable
part of the crop (for example the grain, tuber, or fruit) and WUE refers to yield and it can also be
defined as the rate of photosynthesis over transpiration (Gao et al., 2019). The higher the production
per unit of water use, the higher the efficiency. In irrigated agriculture, WUE serves as an indicator
of how efficiently available water resources are utilized and how much irrigation water can be
conserved without compromising crop productivity (Howell, 2001). The efficiencies of conventional
irrigation techniques, such as flood, basin, and furrow irrigation, are typically only 30-50% of water
pumping. Surface runoff, evaporation, and deep percolation outside of the crop root zone all result
in significant water loss. Ground water depletion is accelerated as a result of farmers pumping more
groundwater than crops actually need (FAO, 2017). Improving WUE through Efficient watering
technology such as drip irrigation or sprinkler systems to deliver water directly to plant roots
substantially reduces irrigation water demand. This minimizes water loss through evaporation and
runoff, potentially reducing water consumption by plant to booting WUE. By supplying water directly
to the crop root zone, drip irrigation usually achieves application efficiencies of 85-95%. The overall
amount of groundwater that has to be retrieved drastically decreases as a greater percentage of the
applied water is utilized by plants. In order to increasing water use efficiency in agriculture through
development of green irrigation system keeping in mind for improving the lower land and water
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productivity (by providing more quantity of water) to cropping system. Thus, the lower water use
efficiency is the challenge in way for sustainable agriculture and could be improved by adopting
modern irrigation technologies. Drip irrigation can save 20-60% of irrigation water while preserving
or even raising agricultural yields, according to numerous researches (Postel et al., 2001;
Narayanamoorthy, 2004). Water-use efficiency can therefore be considered an indirect indicator of
groundwater conservation. Conventional irrigation method lowering the WUE indicates (Table 1.)
inefficient water use, greater irrigation demand, and a higher likelihood of groundwater depletion.
Higher Water-Use Efficiency — Lower Irrigation Water Requirement — Reduced Groundwater
Pumping — Improved Aquifer Sustainability.

According to S.R. Evett, et al.,(2007) drip irrigation significantly improves water use
efficiency (WUE) and crop productivity compared with conventional furrow irrigation in Uzbekistan.
Under the optimum irrigation scheduling regime of 70-70-60% of field capacity (FC), irrigation
WUE increased by 71%, while seed cotton yield improved by 14% compared with furrow irrigation.
On average, 32% less irrigation water was required under drip irrigation over three growing seasons,
demonstrating its superior water-saving potential. These findings indicate that drip irrigation can
achieve higher yields while conserving scarce water resources, making it a sustainable irrigation
practice. The agronomic benefits are substantial, further economic analysis is recommended to
evaluate the long-term financial feasibility of large-scale conversion from furrow to drip irrigation.
Another study demonstrated that water-use efficiency (WUE) was significantly affected by both the
cropping system and irrigation method. Intercropping elephant foot yam with green gram achieved
higher WUE than sole elephant foot yam cultivation due to better utilization of available water and
enhanced overall productivity. Among the irrigation methods, drip irrigation outperformed
conventional surface irrigation by providing precise water application, which increased corm yield
while reducing water losses (Nedunchezhiyan,M et al., 2018 , 2017). This research demonstration
that, WUE further improved as the rate of water application decreased under drip irrigation,
indicating the benefits of optimized irrigation scheduling. The interaction between cropping system
and irrigation level was significant, with the elephant foot yam-green gram intercropping system
under drip irrigation at 60% cumulative pan evaporation (CPE) recording the highest water-use
efficiency, highlighting its potential as a sustainable water-saving agricultural practice. In an
investigation by Fan et al.& Arafa et al. (Fan J. et al., 2022 & Arafa, Y.E. et al., 2009) conducted a
field experiment on two irrigation methods were sprinkler irrigation method: solid set sprinkler
irrigation system and drip irrigation method: surface and subsurface drip irrigation systems, founded
that, the water productivity of pepper cultivation grown with drip irrigation achieved its maximum
and outperformed those grown with micro-sprinkler irrigation by a substantial margin. The
observation revealed that water use efficiency and water saving had been enhancement with about
43.13 and 76%, respectively, when using drip irrigation systems.
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Table 1. Advantage of modernization irrigation technology:

Water-Use
Irrigation System Efficiency / Major Research
Water Advantages References
Productivity
Simple and
i
Surface Low evi’pormon’ (2001); FAO
(Flood/Basin) and deep ’ (2017); Nair
. et al. (2013)
percolation
losses.
Better than
flood irrigation
but still Bjorneberg
Furrow Irrigation Moderate experiences et al.; Camp
significant (1998);
seepage and
runoff losses
Delivers water
directly to the
Surface Drip rootione, Martinez &
[rrigation High reducin Reca (2014);
& -he Camp (1998
evaporation and
runoff
M1n1m1ze§ soil Ayars et al.
. evaporation, (1999);
Subsurface Drip Verv Hich tmproves root Global
[rrigation (SDI cry Hg zone .mo1sture, Meta-
and increases .
analysis
crop water (2022
productivity
Real-time
irrigation
Smart Irrigation b:;};;dourllffﬂ Mourad,
(IoT/Sensor/Al- Excellent moisture and B.,etal.,
based Drip) weather data (2022).
further
improves WUE

In the country of China's water supply from underground has drastically decreased, thus since
1996, the central government has given approximately 5 billion in loans year in an effort to increase
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water use efficiency (Xue et al., 2018). Irrigation is the main cause of groundwater depletion in this
country Yellow River Basin (YRB) regions; water-use efficiency is usually below 0.6, suggesting a
significant potential for water savings of more than 40% (Han et al., 2021, YRCC, 2022). These
monies are designated to help agricultural infra structure development, with a special focus on projects
such as water-saving irrigation systems and well drilling particularly installing effective drip irrigation
and micro- system in agriculture. These innovations can guarantee more efficient groundwater
resource conservation, achieved sustainable water management and optimize water use.

A research paper in Science highlighted , increased local beneficial water consumption due to
a higher irrigation efficiency must be completely countered by a decrease in nonbeneficial water
consumption, recoverable return flows (to surface or groundwater), and nonrecoverable flows to sinks
in order to maintain conservation of mass. Because of decreased soil evaporation (5% for drip and
20% for surface), a greater [E (generally 90% for drip versus 50% for surface) is linked to lower rates
of nonbeneficial water consumption (Figure 3.). These modifications from a higher IE also lead to a
decrease in return flows, which go from 30% of the water used for surface irrigation to 5% for drip
irrigation (Grafton et al., 2018).The authors' assessment of potential values the paradox of water
inflows and outflows and irrigation efficiency (surface, sprinkler, and drip) for crop transpiration,
evaporation, runoff, and recharge ranges. Also (Xiong, R. et al. 2021) demonstrated that the paradox
of irrigation efficiency: drip irrigation provides higher field-scale irrigation efficiency by delivering
water directly to the crop root zone, thereby minimizing evaporation, runoff, and deep percolation
losses. Their integrated basin-scale modeling showed that drip irrigation increases the proportion of
applied water that is beneficially used by crops, leading to improved crop water productivity and
reduced non-beneficial water losses. However, the study also emphasized that higher field-scale
efficiency does not necessarily translate into basin-scale water savings because reduced return flows
and expansion of irrigated land may offset the water conserved at the field level. Therefore, the authors
concluded that while drip irrigation is highly efficient for individual farms, its regional water-saving
benefits depend on integrated basin-scale water management and policy.

Surface irrigation Sprinkler irrigation

40 t0 70% Cro% oo 85% Crop L o

transpiration transpiration ) Conventional irrigation Water-saving irrigation

10 0 25% Evaporation _ s, got(;ol goo/o/"sﬁ;’éggrg}:?&f . ;

;gdt(;ust?sﬁ]rtsau;e}ggl::r]}:eﬁ S and subsurface recharge Irrigation volumes: High Irrigation volumes: Low
Crop yield: Low Crop yield: High
Water use efficiency: Low Water use efficiency: High
Low water consumption species High water consumption species;
Low planting density High planting density
Irrigation area: Less Irrigation area: More

Compare

Srllg) <)|5ro'/;l z:f)g)tl:anspiration Total irrigation: Conventional irrigation < Water-saving irrigation

5to 15% Evaporation Drainage: Conventional irrigation > Water-saving irrigation
0 to 10% Surface runoff and
subsurface recharge

(a) Water balance schematic diagram at the (b) Comparison of conventional irrigation
basin scale. (Grafton et al., 2018) and water-saving irrigation in the study area

Figure 3. Irrigation Efficiency (a) Water Distribution under the surface . Sprinker and Drip Irrigation ( Grafton et al.. 2018) (b)
Paradox of Irrigation Efficiency
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Water use efficiency(WUE), crop production, and environmental sustainability are all being
revolutionized by recent advanced level developments Smart irrigation technology in agricultural,
such as precision irrigation (Singh, et al 2019 & Misra et al., 2020) sensor-based automation (Vij, A.,
etal., 2020) and data-driven decision-making (Abioye, E. A. etal., 2020). These systems automatically
adjust irrigation timing and volume according to soil moisture status and climatic conditions. In
order to optimize irrigation techniques, this management uses a variety of sensors to track plant and
soil conditions also as evapotranspiration(Abioye, E. A. et al., 2020 & Vera ], et al., 2021). The thing
that all of these systems have in common is that they show that smart irrigation is better than
conventional irrigation in terms of efficiency and timeliness(Wu, C.L., et al., 2020 & Zhu, X.Y., et
al., 2018). This strategy is essential to attaining sustainable and effective water use and is a component
of the larger area of precision agriculture with reducing groundwater depletion. By dynamically
adjusting water distribution (especially for ground water conservation), these intelligent irrigation
systems ensure ideal plant growth while preserving resources. Developing effective water-saving
irrigation requires further advancements in agricultural irrigation technology and management.
Research was founded that, in comparism to the control irrigation system CIS, under Sprinkler
irrigation, with the modified contron system as such smart irrigation system (SIS) for wheat crop
production in Saudi Arabia under arid region, observed that, SIS managed to significantly reduced
water consumption and saved irrigation water by creating a good moisture distribution in the root
zone depth which is more efficient scheduling control (Hussein, et al., 2014). Therefore, the SIS
irrigation method would be recommended due to its easy application and more water saving. Also,
the results indicated that the value of WUE was higher with SIS than those with CIS. This result
indicated that the water was used most effectively with the SIS treatment.

8. Future Prospects in Green Irrigation Technologies

Green irrigation technologies emphasize sustainable water management through efficient irrigation
methods, renewable energy integration, digital monitoring, and precision agriculture. The future of
these technologies offers significant opportunities to reduce water consumption, improve crop
productivity, and enhance environmental sustainability. Alternative water sources including captured
rainfall, recycled agricultural drainage water, and treated wastewater will be used more frequently in
irrigation schemes in the future. While lessening the strain on freshwater supplies, properly treated
wastewater offers a reliable source of irrigation water. Seasonal rainfall may be collected and effectively
used during dry spells with rainwater collecting systems combined with storage reservoirs and drip
irrigation. Overall water saving is greatly enhanced by such circular water management techniques.
Climate forecasting models that anticipate rainfall, drought risk, and agricultural water demand will
be integrated into future irrigation devices. Farmers will be able to apply water only when needed
thanks to adaptive irrigation scheduling based on real-time climatic data, which will minimize water
losses and preserve crop output in the face of shifting environmental circumstances. Green irrigation
systems' future success will rely not just on technology advancement but also on financial incentives,
farmer education, and supporting government policies. Small and marginal farmers can adopt water-
efficient agricultural techniques, digital agriculture platforms, micro-irrigation systems, and renewable
energy infrastructure more quickly if they get subsidies. Public-private collaborations, agricultural
extension agencies, and research institutes will continue to provide affordable technology appropriate
for a variety of agro climatic situations. Continuous research and innovation will further strengthen
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the effectiveness of green irrigation technologies. Future developments in artificial intelligence,
machine learning, nanotechnology, advanced sensor networks, satellite-based monitoring, and
precision agriculture are expected to improve irrigation accuracy while reducing operational costs.

9. Conclusion: Green irrigation technologies provide workable answers to the escalating problems of
freshwater shortage, climate change, and rising food demand. They are a revolutionary approach to
sustainable water management in agriculture. Conventional irrigation techniques, especially flood
irrigation, can cause significant water losses due to deep percolation, runoff, and evaporation. Green
irrigation solutions, on the other hand, prioritize water efficiency through digital monitoring, precise
application, integration of renewable energy sources, and ecologically conscious resource
management. In order to achieve sustainable agricultural growth and protect water resources for
future generations, their adoption is becoming more and more crucial. Drip irrigation and precision
irrigation are two of the many green irrigation techniques that have shown notable increases in water-
use efficiency. By delivering water straight to the crop root zone, these systems minimize needless
losses and guarantee that crops receive water in accordance with their actual needs. By providing real-
time monitoring and automated irrigation scheduling, the integration of soil moisture sensors,
weather forecasting systems, Internet of Things (IoT) devices, artificial intelligence (Al), and remote
sensing technologies has significantly improved irrigation efficiency. These solutions greatly lower
water losses and increase the resilience of agricultural systems by combining effective irrigation
techniques, renewable energy, digital monitoring, and climate-smart management techniques. The
widespread use of green irrigation technologies will be crucial for maintaining food security,
safeguarding freshwater resources, promoting sustainable rural development, and accomplishing the
more general objectives of environmental sustainability and climate resilience as the world's water
scarcity worsens.
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