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Preface

Irrigation and drainage play a key role in the success and productivity of on-farm 
agriculture. Good quality water is a prime mover of agriculture and farming. 
Approximately more than 80% of available freshwater reserves are utilized to irrigate 
farmlands to produce food and fibers. The deficiency in available freshwater has 
intensified due to climate change and population growth, which is devastating the 
agriculture sector. The global commitment to the scholar-coined term “Day Zero – 
Water & Food” urges researchers to explore advanced irrigation techniques and/or 
management strategies for effectively utilizing and conserving the freshwater at  
farms. Consequently, this book presents state-of-the-art research and review studies 
related to irrigation methods, irrigation management, groundwater recharging 
techniques, rainwater harvesting, and computer intelligence for developing smart 
irrigation.

Irrigation and Drainage - Recent Advances consists of fifteen chapters that present 
novel concepts, recent advancements, and management strategies. Chapter 1 
discusses the significance of Agrovoltaic energy for smart irrigation. Chapter 2 
presents key findings on sustainable irrigation management strategies for acquiring 
higher yields. Chapter 3 presents a comprehensive review of groundwater recharging 
techniques, providing critical insights into governance and policy optimization. 
Chapter 4 explores advancements in the Internet of Things (IoT) for developing 
smart irrigation systems. Chapter 5 discusses rainwater harvesting methods for 
sustainable agriculture. Chapter 6 examines how to reuse agriculture drainage and 
improve water quality through collaborative wireless sensor networks. Chapter 7 
presents a case study of Kendal Indonesia and how the city has worked to improve 
its tertiary drainage networks to increase the cropping index. Chapter 8 describes 
several smart irrigation scheduling approaches that regulate freshwater demand 
according to field requirements. Chapter 9 explores the impact of irrigation methods 
on crop production. Chapter 10 discusses the effect of Irrigation depths and salinity 
levels on the growth and production of forage palm Orelha de Elefante Mexicana. 
Chapter 11 explores the performance of an anaerobic filter for treating wastewater 
for reuse in vegetable irrigation. Chapter 12 provides the details of a theoretical 
approach for optimizing the irrigation of rice fields. Chapter 13 proposes and 
discusses a novel idea for utilizing existing agricultural lands for the tri-benefits of 
obtaining food, creating solar energy, and controlling irrigation water supplies using 
an artificial intelligence approach. Chapter 14 discusses the challenges encountered 
by the irrigation sector in Mediterranean climatic conditions. Finally, Chapter 15 
discusses the impacts of irrigation frequencies on the nutrient value and growth of 
agricultural produce.

The editors are pleased to share the recent progress of Irrigation and drainage tech-
nologies, methods, and management strategies. We believe this book will be useful 



IV

not only for agricultural engineers but also for associated agricultural and water 
resource scientists. Finally, we would like to thank the authors for their valuable 
contributions.

Muhammad Sultan and Fiaz Ahmad
Department of Agricultural Engineering,

Bahauddin Zakariya University,
Multan, Pakistan
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Chapter 1

Agrovoltaic and Smart Irrigation: 
Pakistan Perspective
Hafiz M. Asfahan, Muhammad Sultan, Fiaz Ahmad,  
Faizan Majeed, Md Shamim Ahamed, Marjan Aziz,  
Redmond R. Shamshiri, Uzair Sajjad,  
Muhammad Usman Khan and Muhammad Farooq

Abstract

The present study aims to investigate the prospects and challenges that need to be 
encountered for the adaptation of the novel agrovoltaic irrigation system (AVIS) in 
Pakistan. The agro-production scenario in Pakistan is periodically declining and lead-
ing toward the high delta crops, which develop severe pressure on the conventional 
energy and water resources. Groundwater might be a viable water source, but its 
pumping requires massive energy. In addition, excessive pumping declines the water 
table at a higher pace as compared to the recharge rate hence leading the country 
toward the exploitation of the valuable reservoir. The AVIS could be an energy-
efficient and reliable irrigation solution in a manner of harvesting solar energy for 
driving smart irrigation systems capable to pumps the metered groundwater accord-
ing to field requirements. Lack of local understanding, skilled/technical personnel, 
dependence on local technology, and major capital expenditures might impede 
technological adaption. The government should take necessary measures to replenish 
the groundwater reservoirs and also execute research projects that strengthen ground 
knowledge of AVIS.

Keywords: energy and water scarcity, groundwater exploitation, agrovoltaic, irrigation 
system

1. Introduction

Today’s world faces several challenges, including population expansion, climate 
change, dwindling food supplies, energy crisis, and water shortages. The challenges 
are intertwined in a manner, and their cumulative impact is devastating, particularly 
for the agriculture sector [1]. According to the latest United Nations (UN) projection, 
the world’s population will exceed 9.6 billion by 2050, implying significant food inse-
curity in near future [2]. In order to catch the pace of prevailing nutritional demands, 
agriculture communities ought to be enhanced by at least 1.5 times compared to 

XII
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are intertwined in a manner, and their cumulative impact is devastating, particularly 
for the agriculture sector [1]. According to the latest United Nations (UN) projection, 
the world’s population will exceed 9.6 billion by 2050, implying significant food inse-
curity in near future [2]. In order to catch the pace of prevailing nutritional demands, 
agriculture communities ought to be enhanced by at least 1.5 times compared to 
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2012 [3]. However, recent statistics revealed that the production capacity needs to be 
increased by 70% for coping with the population hunger in 2050 [4]. On the other 
hand, the resources utilized for alleviating the production capacity are becoming 
increasingly scarce. For instance, the agriculture sector mainly relies on adequate sup-
plies of water and energy. Agriculture consumes 70% of the global scale freshwater 
withdrawals for the growth of agriculture commodities [5, 6]. However, it has been 
identified that the freshwater reserves are shrinking due to climate change conse-
quently impacting the agri-food supply chain thereby exploring alternative solutions 
such as desalination [7, 8]. On the other hand, according to Food and Agriculture 
Organization (FAO), agrarian activities mainly account for 30% of the global cumu-
lative energy production [4, 9]. The Asian countries have a major footprint in the 
agriculture sector. In this spectrum, they consume 4,000,000 TJ of energy in 2018 
to perform agriculture operations [4]. Figure 1 presents the region-wise temporal 
variation of the energy utilized by the agriculture sector [4, 10, 11]. The origin of 
this energy is fossil fuels, which enable the modern farm mechanization, centering 
fertilizer application and enhancing the harvesting and post-harvesting efficiencies. 
However, the depletion of fossil fuel reserves limiting the farm efficiency [12, 13].

Pakistan stands in the lane of agricultural countries that produces its major food 
supplies from arable land. The agriculture sector employs 39–42.3% of the country’s 
labor force and contributes 19.3% of gross domestic growth (GDP) [14, 15]. According 
to the Pakistan economic survey (PES), the agriculture growth in 2020−2021 was 
recorded at 2.67%, which is 1.33% less compared to 2018 (4.0%) [15]. Similarly, the 
share of the GDP obtained from the agriculture sector has gradually decreased due to 
minimization of surface water availability, high energy pricing, pest attacks, climate 
change, and other influencing factors that limit the agriculture productivity from its 
potential [15, 16]. Pakistan consumes 93.8% of its total freshwater withdrawals for 
agrarian activities. However, a dramatic shortfall in surface water supplies has been 
observed in the last few years. For instance, from 2018 to 2019, the freshwater shortfall 
was estimated at 18.5% [15]. According to Indus River System Authority (IRSA), an 
acute water shortage of 38% was recorded in 2022, which was aimed to irrigate the 
Kharif crops [17, 18]. Similarly, the pricing of on-farm energy sources is mounting. 

Figure 1. 
Region-wise temporal variation of energy consumption and water withdrawal for agricultural activities 
reproduce here from [4, 10, 11].
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The farmers are suffering from a shortage of fuel supplies. In this context, a sustain-
able alternative water and energy source are principally required in the country to 
improve crop productivity and for meeting the nutritional demands.

Groundwater is an alternative reliable resource of an adequate supply of fresh-
water. The dependency on the groundwater is increased in the last few years due 
to the depletion of surface water supplies [19]. Fortunately, Pakistan is blessed 
with the largest underground reservoir after China, India, and the USA, provid-
ing 60% and 90% of the irrigation and drinking water supplies, respectively [20]. 
Farmers are extensively pumping the groundwater in order to accomplish their water 
needs. For doing so, lifts pumps or tube wells are the ultimate sources to extract the 
underground water. In this context, a large number of tube wells are being installed 
across the country mainly driven with diesel as shown in Figure 2. Punjab mainly 
contains a high density of tube wells (995,456) followed by Sindh (71,454), Khyber 
Pakhtunkhwa (42,970), and Balochistan (39,567) with capacity varies between <10 
and >25 horsepower (hp) [22]. Approximately 58% of tube wells in Pakistan have a 
capacity of 16–20 hp., necessitating massive fossil energy to operate [22]. The deple-
tion and high pricing of the fossil fuels provoke food insecurity, which eventually 
destabilizes the country’s economy furthermore, fossil fuel emissions are wreaking 
havoc on the ecosystem via global warming, shifting rainfall patterns, soil drying, and 
air pollution. The researchers concentrated their efforts in this area by constructing 
freestanding underground water pumping devices that could be fueled by renewable 
energy sources.

Solar photovoltaic (PV) technology has proven to be the most reliable on-farm 
energy source, capable to perform a variety of agro-operations [23]. Particularly for 
irrigation purposes a wide range of solar-driven pumps is being installed in order to 
accomplish the agricultural needs. However, due to the lack of groundwater gover-
nance in the country, massive groundwater extraction is committed by the farmers 

Figure 2. 
Number of tube wells installed in Pakistan is segregated based on primary energy resources reproduce here  
from [21].
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irrespective of their agriculture requirements. Consequently, stressing and exhausts 
the reservoir at a higher pace. In this context, alternative, viable policies, and smart 
irrigation technologies are principally required in order to mitigate the food insecurity 
arising from the water shortfall. Agrovoltaic irrigation system (AVIS) conception 
could be a remarkable and promising solution that not even metered the groundwater 
pumping but also utilized the culturable land for twin benefits (i.e., solar energy har-
vesting and agriculture production). The study presents the novel conception of AVIS 
and explores the prospects and challenges that need to be encountered for the poten-
tial adaptation of the technology at the farm level. In addition, the study highlights 
the consequences and possible remedies for the commercialization of the AVIS.

2. Agro-production scenario in Pakistan

Pakistan has two cropping seasons i.e., Kharif and Rabi for the production of 
crops. Major crops produced in the Kharif season are bajra, sugarcane, rice, moong, 
mash, maize, jowar, and cotton while wheat, masoor, and barley crops are produced in 
the Rabi season to accomplish the nutritional demands [24]. Figure 3 shows temporal 

Figure 3. 
Temporal variation of major crop yields for both Kharif and Rabi seasons in Pakistan from 2000 to 2020 
reproduce here from Agriculture Marketing Information Service (AIMS) http://www.amis.pk/agristatistics/
production.aspx.
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variation in production capacity of major crops for both Kharif and Rabi seasons in 
Pakistan from 2000 to 2020. It has been realized that, in the Kharif season sugarcane, 
rice and maize have a major footprint thereby cultivating more than 70% of the 
agricultural land [25]. According to recent statistics revealed by the crop reporting 
service, in 2020, 1143.62 km2, 2746.11 km2, and 826.13 km2 areas in Punjab have been 
utilized to grow sugarcane, rice, and maize, respectively [26]. On the other hand, in 
the Rabi season wheat has been extensively grown covering more than 70–75% of 
arable land. Similarly, in fruits and vegetable production, Pakistan has a major global 
market footprint, particularly in mango and potato production. Figure 4 shows the 
temporal variation of the fruit and vegetable yields from 2000 to 2020. The matrix-
shaped filled color gradient indicates that onion, potato, and mango production has 
periodically increased. If compared with 2000, the production of potato mango, and 
onion increases by 63.17%, 42.50%, and 25.55%, respectively in 2020. However, in 
2022 it has been expected that mango production will fall by approximately 50% due 
to severe water shortages and heatwaves [27]. In addition, from Figures 3 and 4 it 
has been realized that cropping pattern is more likely to lead toward the cultivation 
of high delta crops, which needs massive water supplies. However, the available water 
supplies are not likely to fulfill the potential needs of the crops.

Figure 4. 
Temporal variation of fruit and vegetable yields in Pakistan from 2000 to 2020 reproduce here from Agriculture 
Marketing Information Service (AIMS) http://www.amis.pk/agristatistics/production.aspx.
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3. Sources of irrigation in Pakistan

Irrigation is the practice of watering crops or plants by digging pipes and ditches 
in the ground. The primary goal of irrigation is to supply water to crop fields making 
the land fertile. In Pakistan, irrigation water is obtained from three primary sources, 
including surface water, rainwater, and groundwater. Following is a brief description 
of these irrigation sources.

3.1 Surface water

Rainfall and melting snow form streams and storage reservoirs such as tanks, 
ponds, and damns, that are the primary source for the generation of surface water. 
Dams are erected along the river and water is channeled to agricultural areas through 
canals and irrigated the farmer’s fields by means of gravity flow. However, the distri-
bution of surface water from the canal head to the farmer’s field triggers huge convey-
ance losses. In Pakistan, Indus Basin Irrigation System (IBIS) is the largest irrigation 
network that contributes to the conveyance of the surface water [28]. However, 
exponential growth in industrialization, urbanization, and population causes deple-
tion of the surface water supplies in the IBIS [29, 30]. Additionally, the IBIS is highly 
vulnerable to adverse impacts of climate change owing to its geo-climatic situation. 
Figure 5 represents the temporal variation of the surface water generated at the canal 
head and delivered at the farm end for both Kharif and Rabi crops. It can be seen that 
total surface water (both for Kharif and Rabi crops) generated at the canal head was 
121.59 billion cubic meters (Bm3) during 2019−2020 while 98.93 Bm3 of the water 
delivered at the farm end resulted in huge conveyance losses. This amount of surface 
water could not fulfill the water requirements of both Kharif and Rabi crops. On the 
other hand, surface water irrigation is generally regarded to be free of energy cost 
because of gravity flow. However, an effective canal network requires operational 
energy for preservation e.g., removal of sediment, as well as vegetation and strength-
ening of canal banks [31].

3.2 Rainwater

Rainwater is another source of water that comes from rainfall to meet the irriga-
tion requirements of crops. However, rainfall patterns and intensity are continuously 
decreasing because of the vulnerability of climate change. Climate change is impact-
ing not just rainfall intensity but also the amount of annual rainfall [32]. The coun-
try’s territory falls into arid to semi-arid regions where three-fourths of the country 
receives an annual rainfall of less than 250 mm, therefore rainfall alone is generally 
insufficient for growing crops, particularly in Baluchistan province having less water 
availability [33, 34]. During monsoon periods greater than 75% of the rainfall falls, 
which provides about 30 Bm3 for irrigation but this is only enough to meet 15% of 
water requirements by the crops [35].

Figure 6 shows the temporal variation of rainfall patterns in Pakistan. For 
instance, in 2015 average annual rainfall was observed at about 546 mm while 407 mm 
in 2016, indicating considerable shifting of rainfall patterns throughout the country. 
Consequently, less rainwater availability necessitates further improvement of farm-
ing and irrigation infrastructure. On the other hand, the shifting of seasons triggers 
a relatively long monsoon season in which high rainfall may cause floods throughout 
different regions of the country. Nonavailability of storage facilities like dams and 
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other water management infrastructures directed a huge amount of water to the sea. 
In this regard, farmers are being shifted toward the utilization of groundwater in 
order to fulfill the crop water requirements.

Figure 5. 
Temporal variation of the surface water generated in Pakistan at canal and farm ends reproduces here from the 
Pakistan Bureau of Statistics (Figure 11: Overall water availability).

Figure 6. 
Rainfall patterns in Pakistan reproduce here from [36].
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3.3 Groundwater

Groundwater is one of the most essential sources of irrigation in Pakistan. Total 
groundwater availability in Pakistan is about 73 Bm3 while 62 Bm3 is being extracted 
annually. In Pakistan, agriculture has shifted from surface water to groundwater-fed 
irrigation over the previous 50 years. The groundwater share of the total irrigation 
water supply has increased from 8% in 1960 to 60% in 2010 due to the continuous 
expansion of agricultural lands [37]. Based on arid and semiarid climates that prevail 
in most of the areas of the country making irrigation is necessary for efficient and 
long-term crop production because evapotranspiration is high while rainfall is scarce 
and unpredictable [38]. The groundwater extraction is mostly done by means of 
electricity or diesel-operated tube wells. These tube wells consume a huge amount 
of primary energy directly or indirectly to lift groundwater from the water table. In 
this case, the cost of pumping 1000 m3 of water from shallow and deep tube wells 
varies between 5$ and 15$ owing to varying energy prices in different regions of the 
country [39]. On the other hand, the availability of energy resources is challenging 
for developing countries like Pakistan. Furthermore, irrigation through groundwater 
is not possible in remote areas of the country where electricity is unavailable. In this 
perspective, a sustainable solution like Agrovoltaic is principally required to overcome 
the energy-nexus dilemma.

4. Energy status of Pakistan

4.1 Fossil fuel reserves

In developing countries, an increase in energy consumption is directly linked with 
population growth and industrial development. In recent decades, energy demand 
has risen faster than energy supply or energy production in the country. In Pakistan, 
total energy consumption exceeded from 139.56 TWh in 1986 to 606.74 TWh in 2020 
with a 4.4% annual compound growth rate, and this consumption is predicted to 
reach 1162.07 TWh by the end of 2030 [40]. The country is highly dependent on non-
renewable energy resources that primarily include fossil fuels e.g., coal, oil, natural 
gas, and peat for energy production. The rising energy demand and limited supply of 
energy due to the presence of fewer energy reserves have become a major challenge 
in Pakistan. On the other hand, being an oil importing country about 6.6 million tons 
of oil worth 3.4 billion dollars were imported in 2019 [41]. Another important aspect 
that impacts the economy of fuels and ultimately all sectors is the inflation rate. 
Energy generation and the agriculture sector are affected by the rise in fuel prices. 
In response to rising fuel prices and the depletion of fossil fuel reserves, the world is 
turning to renewable energy sources like solar thermal, wind, and biomass/biogas 
[42, 43]. Unfortunately, Pakistan has not been successful in implementing modern 
technologies for the use of renewable energy sources particularly for agrarian tasks. 
However, some renewable energy projects like solar, wind, and biomass have been 
initiated recently in some areas of the country [44–46].

4.2 Sever electricity shortfall

Pakistan is experiencing severe electricity shortages. Electricity consumption has 
increased throughout all economic sectors particularly the agriculture sector because 
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about 1 GW of energy is consumed annually by the irrigation practices only [47, 48]. 
In 2020, electricity generation was about 22 GW compared to a peak demand of about 
25 GW, however, this peak demand is continuously increasing every year, therefore, 
the whole country is subjected to daily blackouts of about 3−4 h [49]. The electricity 
shortfall is mainly caused by multiple issues including inadequate power policies, 
exploitation of indigenous resources, high transmission and distribution systems, and 
persistent utilization of continuous antiquated thermal power plants that consume 
fossil fuels [50]. The severe electricity shortfall triggers a reduction in GDP growth 
of the country by 4%, because of closures of hundreds of manufacturing plants and 
less agricultural production [47]. Figure 7 shows the electricity production scenario 
by different sources (coal, gas, and fossil fuels) that is not enough to meet the peak 
demand and the cumulative loss to the agriculture sector due to electricity shortfall 
and this shortfall is increasing every year. For instance, cumulative loss to the agri-
culture sector in 2020 was observed at Rs. 42.74 billion while in 2021 this loss was 
observed at about Rs. 45 billion (PKR).

5. Agrovoltaic concept for irrigation and potential in Pakistan

Recently, scientists and renowned engineers introduced a unique concept named 
“Agrovoltaic” for addressing food insecurity and on-farm energy constraint in tan-
dem. The concept is to harness solar energy by putting photovoltaic (PV) modules 
into the same agricultural area that is already being cultivated to produce agrarian 
commodities. The approach promotes sustainable rural development, and the pres-
ervation of biodiversity and the ecosystem by forming synergies between renew-
able energy and agriculture. In addition, the PV modules shielded the crops from 
harsh weather conditions. The concept might be expanded to develop an intelligent 

Figure 7. 
Electricity production scenario by source and the cumulative loss to agriculture sector due to electricity shortfall 
reproduce here from [51, 52].
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vision-based irrigation system. Figure 8 shows the generalized conception of AVIS. 
The AVIS concept mutually resolves the water and energy problems specifically for 
the countries that have groundwater reserves and solar energy harvesting poten-
tials. The AVIS integrated Internet of Things (IoT) with the solar-driven irrigation 
system. The IoT comprising of soil sensors, weather sensors, crop sensors, and 
microcontrollers. The solar-driven irrigation system contains PV modules, AC or DC 
batteries, motors and pumps, sun trackers, etc.

The microcontroller is the computational hub of the AVIS which computes, 
planed, and regulates the components of the solar-driven irrigation system. The 
microcontroller collects data from the different sensors and executes the data process-
ing activities. For instance, the soil sensor captures agricultural field information such 
as soil type, water holding capacity, and, most significantly, detects available moisture 
in the ground. The collected data aid in determining of irrigation volume needed in 
the field. Similarly, meteorological sensors included within the AVIS capture weather 
data such as solar radiation, daylight hours, ambient temperature, rainfall, etc. The 
obtained data will be used to evaluate the solar energy generation capacity and to cut 
off the irrigation system if the rain will forecast. The cropping data was utilized to 
calculate water demand based on crop water requirements and crop coefficients. The 
water data contains surface water availability as well as an estimate of the water short-
age that can be met by pumping groundwater. Once the prerequisites were computed, 
the microcontroller equipped with AVIS actuated the solar pump to extract ground-
water for a predetermined period of time.

Figure 8. 
Agrovoltaic irrigation system (AVIS) conception.
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The working principle of the AVIS is based on the PV modules, which convert 
solar energy into electrical energy. The PV panels are interlinked with the solar 
motors either AC or DC motors to produce mechanical energy, which is then turned 
to hydraulic energy by the surface pumps or submersible pumps. The energy supply 
to the solar pumps will automatically be disconnected once the field requirements 
are accomplished. During off sunshine hours, AC or DC batteries are integrated into 
AVIS as a backup energy supply. The ability of a solar pumping system to pump water 
is determined by three major variables: pressure, flow, and pump power. For design 
reasons, pressure may be defined as the effort done by a pump to raise a specific 
amount of water to a storage tank, which is estimated by the elevation head (differ-
ence between water source and storage tank). The water pump will need a specific 
amount of electricity, which must be supplied by a PV array. The irrigation efficiency 
may be adjusted by using a high-efficiency irrigation system (HEIS) that is powered 
by PV modules. The benefits of the AVIS are as follows:

• Avoid permanent wilting of the crops due to the nonavailability of the surface 
water

• Precisely computes the amount of water need to supply from groundwater after 
subtracting the rainfall water and surface water

• Scavenge pumping energy freely from solar radiations

• Avoid the overexploitation of the groundwater reserves

• Cut off the pressure on the fossil fuels for irrigation activities

• Timely detect the water demand

• Reduction of evapotranspiration and evaporation from the soil

• Minimize the effect of temperature extremes on the crops

• Produce electricity that could be supplied to the national electricity grid

• Eco-friendly, reliable, and durable with longer operating life

Pakistan is geographically positioned in the domain of the sunny belt of the world 
having long sunshine hours and receiving high solar irradiation, which makes it an 
ideal locality for solar energy-driven technologies. The daily mean global radiation on 
the horizontal surface in Pakistan ranges between 1900 and 2200 kWh/m2, which can 
potentially generate 1.9−2.3 MWh of energy [53, 54]. The sunshine hours vary between 
2000 and 3000 h per year, which reflects massive solar energy harvesting potential. 
The average solar radiation intensity ranges between 36.05 and 287.36 W/m2 in the 
country. Solar radiation intensities of more than 200 W/m2 were recorded in Sindh from 
February to October; in practically all parts of Balochistan from March to October; in 
NWFP, Northern Areas, and Kashmir from April to September; and in Punjab from 
March to October [55]. During the course of the year, the average solar radiation inten-
sity in Pakistan, namely in the southern parts of Punjab; Sindh; and Balochistan, ranges 
from 1500 to 2750 W/m2 day−1 for a period of 10 hours every day. In the locations listed 
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above, it is possible to generate between 45 and 83 megawatts (MW) of power every 
month through an area of 100 m2 [55, 56]. Figure 9 presents a solar resource map of PV 
power potential, which indicates generating electric power between 3.4 and 5.6 kWh 
day−1. In this spectrum, the abundant supply of solar energy is promising to supply 
primary energy to AVIS.

6. Components of Agrovoltaic irrigation system

In this section, the authors of this chapter provide a detailed discussion of the 
components of the Agrovoltaic irrigation.

6.1 PV cell/generator

The term PV refers to electricity generators consisting of two semiconducting 
layers principally used in the construction of the PV cells. The negative layer of the 

Figure 9. 
Photovoltaic power potential in Pakistan is taken from the global solar atlas.
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PV cell releases electrons under sunlight. If an external circuit is present, the free 
electrons move to the positive layer and create an electrical current. So far, the PV 
cell material science has led toward the 4th generation (4G) PV modules as described 
in Figure 10. The 1G PV cells are thick monocrystalline and multi-crystalline silicon 
films, which not only leads to highly efficient but also expensive. The efficiency of the 
thick monocrystalline and multi-crystalline PV cell materials was reported at 26.3% 
and 21.3%, respectively [58]. The 2G PV cells are synthesized from thin amorphous 
silicon or polycrystalline Si (silicon), CIGS (copper-indium-gallium-selenium), and 
CdTe (cadmium telluride) aimed to minimize the cost by employing thin film materi-
als. In comparison to 1G, the performance of the 2G filmed PV cells are inadequate 
thereby lowering the efficiency. For instance, the thin film chalcogenide such as 
CdTe has an efficiency range between 19.5% and 21% whereas, in the case of CIGS 
(minimodule) the efficiency further drops to 18% [59]. In the case of amorphous 
silicon, the efficiency declined to 10.2% [58]. In this context, a larger surface area 
will be required to produce electricity equivalent to 1G PV cells. However, the 2G PV 
cells dramatically reduced the unit cost of electricity generation, which was the key 
achievement. The 1G and 2G PV modules are highly penetrated in the solar markets 
having 85% of the market share [60, 61]. The 3G PV modules use nanocrystalline 
films staked with multilayers of inorganics based on III-V materials such as Gallium 
arsenide (GaAs), Germanium (Ge), and gallium indium phosphide (GaInP) aimed 
to improve the efficiency of the system with significantly low production cost [62]. 
The efficiency of GaAs and GaInP was reported at 37.9% [58]. Despite the acceptable 
success of 3G cells, major improvements in device performance are necessary if this 
technology is to compete in terms of cost per watt with prior PV generations. The 4G 
PV cells introduced the polymers aimed to improve the optoelectronic properties and 

Figure 10. 
Timeline of photovoltaic device generations, from 1G to 4G, with nanomaterial components that make up half of 
4G devices [57].
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low-cost thin PV panels/modules. Solar cells having several p-n junctions constructed 
of various semiconductor materials are known as multi-junction (MJ), which has 
been widely investigated in the literature. In reaction to different wavelengths of 
light, the p-n junction of each material will create an electric current. In this case, the 
cell efficiency was reported beyond 45%. Figure 11 presents the temporal improve-
ment of the cell efficiency developed by the National Renewable Energy Laboratory, 
Golden, Co.

6.2 Cooling and cleaning mechanism

The PV system’s output dropped as the panels’ temperature climbed over 25°C. 
Dirt on solar panels might have a negative impact on their performance. In order to 
reverse this declining trend and improve field performance, the solar panels’ surfaces 
must be cleaned and cooled in some way. A tiny sprinkler mounted in front of the 
system is used as a cooling mechanism that could improve the system performance 
by 7–9%.

6.3 Batteries

Batteries are an important component of the AVIS in order to supply the power 
to the motor during off sunshine hours. Generally, lead-acid batteries and deep cycle 
batteries of types AC and DC are most frequently used in solar-powered irrigation 
systems [63]. The lead-acid battery is 80% efficient which reflects in storing 25% 
more energy in the battery. However, in most studies deep cycle batteries are recom-
mended for solar energy storage due to their prominent attributes such as being 
discharged to a low energy level, rapid recharged, and no regular maintenance or 
topping-up required. The capacity of the battery should be sufficient enough to bear 
the load and smoothly run the connected appliances. If properly maintained, a deep 

Figure 11. 
National Renewable Energy Laboratory graph on best solar PV cell efficiencies.
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cycle battery can prolong up to 3–4 years compared to the lead-acid battery, which is 
limited to 2–4 months.

6.4 Solar motors and pumps

Solar-driven pumps either surface or submersible are the heart of the AVIS. The 
harvested solar energy is directly being utilized to drive the AC or DC motors, which 
mainly transform the electrical energy into mechanical energy. The mechanical 
energy is then utilized to develop hydraulic energy for lifting the groundwater from 
the deep levels. If compared submersible pumps lift groundwater from more depths 
as compared to the surface pumps. However, surface pumps or centrifugal pumps are 
more often adopted due to their special attributes. The selection of the pumping unit 
is mainly dependent upon the groundwater depth. Higher groundwater depth needs 
high power pumps and vice versa. Different vendors are available in the market such 
as Shurflo, Grundfos, Lorentz, Dankoff, SolarJack, etc., [63] which produce different 
capacities of the solar pumps.

6.5 Sun tracker

The earth revolves around its orbit thereby, the solar radiation incident on the 
solar collector changes. The sun tracking device is vital in this case since it aims to 
direct solar energy perpendicularly to the sun during the entire sunshine hours. 
The device is capable to improvised the solar energy extraction 10−70% [19]. The 
cited study reveals that the sun tracker generates 57% more, however, increases the 
installation and maintenance cost of the irrigation system [64]. The sun trackers are 
classified based on the single axis and dual axis differentiated based on the degree 
of freedom Figure 12. The sun trackers are coupled with photo sensors, which create 
voltage difference when solar radiation incident on it and accordingly adjust its best 
orientation. Dual axis sun tracker entails two axes, primary axes and a secondary 
axis. The primary axis adjusts the solar panel with respect to ground rotation whereas 
the secondary axis provides tilt movement of the solar panel. However, it has been 
equipped with installation complexities and also mounts the project cost.

6.6 Micro controller

In order to ensure the smooth operation of the solar pump, it is essential to have 
both a maximum power point tracking system (MPPT) and a variable frequency 
inverter (VFI). Various configurations of variable frequency drive (VFD) are being 
investigated by coupling with and without MPPT. The VFD controller provides square 
wave output, which results in higher-order harmonics in the output, causing extra 
losses and pulsating torque in the motor. On the other hand, the maximum power 
point was not able to identify if the MPPT is not mounted, consequently, the system 
operates at a fixed DC voltage. Furthermore, the groundwater head found an influ-
ential entity for manipulating the average power tracking efficiency. Yadav et al. [67] 
investigated and compared the impact of sine wave MPPT and VFD on the tracking 
efficiency corresponding to varying the water head. It was reported that the tracking 
efficiency ranges between 99.30 and 99.60% when the water head fluctuates from 10 
to 20 m. However, in the case of VFD tracking efficiency dropped to 72.20%. In addi-
tion, the sine wave MPPT coupled with a low pass filter eliminates the higher-order 
harmonics.
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The MPPT was also found sensitive to environmental variables such as shading 
and temperature. In this context, various tracking algorithms are being inves-
tigated. The incremental conductance method (INC) works on the principle of 
comparing how voltage and current change. The INC technique, however, has a 
step size difficulty, particularly in rapidly changing weather conditions. Aside from 
that, the control system necessitates a costly and intricate circuit and is incapable 
of dealing with partially shadowed conditions, such as the shadow created by 
clouds and trees. Recently, it was realized that dual MPPT coupled with INC and 
dormant particle swarm optimization (DPSO) could handle the partial shad-
ing effect and mitigate the voltage fluctuation and spikes [68]. MPPT based on 
extremum-seeking control has a rapid convergence time and strong steady-state 
performance because the operating voltage or current of solar PV arrays can be 
dynamically tuned to maximize output power. Gray Wolf ’s optimization-based 
MPPT method was investigated and found efficient in terms of fewer operating 
parameters, higher efficiency, and outperformed under partially shaded conditions 
[69]. The artificial neural network (ANN) based MPPT method was also investi-
gated for MPPT [70]. The ANN obtained records of environmental variables from 
sensors and give the output signal of maximum power point generating conditions. 
Ramaprabha et al. [71] also investigated the ANN algorithm and found it efficient 
for all insolation levels. Lin et al. [72] proposed a radial basis function network 
(RBFN) and an improved Elman neural network (ENN) for MPPT and found them 
effective. Similarly, another study concludes the ENN implementation due to its 
stable response and low fluctuation as compared to perturb and observe (P&O). 
One can find the details relevant to various types of ANN models from the cited 
articles [73, 74]. However, the variable step size-based ANN MPPT possesses high 
accuracy, with a quick convergence response time as compared to the step size-
based ANN MPPT algorithm [73].

The microcontroller can also be used to determine the optimum irrigation require-
ments. Rajkumar et al. [75] investigated an automated switching mechanism of the 
water pump by collecting data from the temperature, humidity, and soil moisture 
sensors. It was reported that the microcontroller successfully regulates the pump-
ing time. Gao et al. [76] designed a fuzzy irrigation control strategy for real-time 
estimation of real crop water requirements based on the data received from sensors. 
Based on experimental results it was realized that the system precisely regulates the 
solenoid valve, which turns to improve efficiency and proven food security. Normally, 

Figure 12. 
Single axes (a) and dual axes (b) sun tracker [65, 66].
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the sensor data contains noise that needs the preprocessing of the collected data. In 
this context, the recursive adaptive filter method was employed to remove the noise, 
handle the missing values, and normalize the data [77]. Cordeiro et al. [78] developed 
a deep learning model that was capable to anticipate the soil moisture availability in 
the agricultural land and addressing the sensor missing data and failure ambiguities. 
Among the studied algorithms, the k-nearest neighbors (KNN) algorithm bypasses 
the problems and accurately predicts the irrigation water need. Another study deter-
mined the soil moisture using gradient boosting with regression tree (GBRT) and 
found the best results for smart irrigation planning [79]. Abdulaziz et al. [80] utilized 
the Lagrange multiplier method in order to optimize the consumption of pumping 
power and water consumption. The model gives satisfactory results in optimizing the 
water consumption however, lacked in power utilization. The cited study [77] focused 
on the preprocessing of irrigation data and estimating plant growth using an adaptive 
neuro-fuzzy inference system (ANFIS) based on the soil, water level, temperature, 
and moisture conditions. The ANFIS proved to be optimum due to a precision value 
of 81% with an accuracy of 84.6% [77].

7. Challenges of agrovoltaic irrigation system

In Pakistan, the alternative energy development board (AEDB) has been actively 
involved in developing and promoting renewable energy technologies because of 
the massive resource potential across the country. For solar-driven technologies, the 
region is envisaged as highly feasible. In this spectrum, various megaprojects are 
being executed with collaborative efforts. One can find the details of these projects 
on the official website of the AEDB. In 2015, the federal government of Pakistan takes 
initiative to subsidize the farmers having cultivated areas greater than 5 hectares for 
the installation of solar-driven irrigation pumps under the project entitles solar irriga-
tion for agricultural resilience (SoLAR). The project’s worth was USD 93.2 million, 
providing an 80% subsidy for installing 30,000 solar irrigation pumps. However, 
there no such schemes/policies are being designed for AVIS despite its enormous 
potential. The challenges could be in the form of economic barriers, nonavailability 
of technical and skilled personnel, and technological barriers. In this section, the 
authors analyzed the potential challenges that need to ponder in order to develop 
successful AVIS.

7.1 Lack of awareness

Agrovoltaic itself is an emerging conception so far investigated in developed 
countries and possesses plenty of room for technical improvements. Lack of aware-
ness regarding the new energy-water efficient AVIS is the potential bottleneck [9]. 
The farmers are not informed of relevant cost/economic, environmental benefits, 
and the potential barriers that need to be encountered for the concept implementa-
tion. In addition, the farmers hesitated to invest in emerging technologies due to their 
limited resources. The leading researchers need to execute the small projects on a 
university scale in order to develop local knowledge relevant to technology. After that, 
dissemination activities are performed to spread awareness among the farmers. It is 
imperative that there be a centralized information hub with a single point of contact 
for quick and simple access to AVIS data that is made available to all farmers in each 
and every district.
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7.2 Lack of skilled workforce

The shortage of qualified and experienced installation workers, project managers, 
and engineers in both developing and developed countries is a significant barrier to 
the growth of AVIS. Likewise, In Pakistan, lack of qualified and semiskilled person-
nel has hampered the widespread use of the AVIS. This leads to inadequate support 
infrastructure, maintenance, and after-sales services, which significantly impacts 
farmers’ opinions on AVIS adaptability. In addition, the farmers are not technically 
trained to operate and understand the complex operating mechanism of the AVIS. 
In this framework, training facilities that give technical expertise to farmers must be 
established in each area. Furthermore, short-term courses and vocational training 
courses must be established in order to develop a job-ready trained workforce.

7.3 Risk of declining groundwater

Recent studies reveal that groundwater is declining at a higher pace in the Indus 
plains of Pakistan due to climate change, low surface water supplies, installation of 
large-scale tube wells, over-exploitation, and lack of groundwater governance policies 
[29, 81, 82]. Although, farmers’ access to groundwater benefited them to ensure food 
security and accomplished agriculture requirements. However, many farmers pump 
groundwater beyond their agriculture requirements thereby massive pressure, which 
leads to a declining groundwater table. For instance, Shakoor et al. [83] reveal that 
if the historical trend of groundwater pumping continues, the water table in Punjab 
might drop up to 18 m by 2030. Similarly in Balochistan, the groundwater is depleted 
at the rate of 2–3 m annually [82]. The lowering groundwater table is required to 
install high-capacity pumps due to depreciation of pumping efficiency beyond the 
depth of 500 cm [84]. In addition, if standalone solar-driven irrigation pumping 
systems are installed then there is fear of a more rapid drawdown of groundwater due 
to the assumption of being increasing pumping by the farmers. However, the Pakistan 
Council of Research in Water Resources (PCRWR) analyzed that actual solar energy 
is not capable to exploit the groundwater reserves through solar pumping, irrespective 
of considering the influential factors such as installation capacity and farmer behavior 
thereby not widely accepted [21]. The AVIS could be a potential solution to the stated 
problem in a manner of harvesting free solar energy and pumping the groundwater 
according to crop water requirement. The AVIS motor switches off the irrigation 
system once the field requirements are fulfilled.

8. Conclusions

Energizing the agro-food supply chain and access to sufficient water have been 
essential aspects that bring prosperity and stability to the agriculture sector. However, 
currently, Pakistan’s agriculture sector is profoundly suffering from both energy and 
water crisis. The major culprits are the exponential growth of population, limited 
freshwater and primary energy reservoirs, electricity shortfalls, and dried agricul-
tural lands, leading to food insecurity in the country. In 2021, the agriculture sector 
accounts for 45 billion PKR loss due to power shortages, which directly influence 
cultivation and irrigation activities. The groundwater and solar energy are alternative 
reliable solutions to accommodate water and energy shortages, respectively. In this 
framework, solar pumps are installed across the country however they exhausted 
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groundwater resources in several regions of Pakistan due to inadequate irrigation 
technologies, irresponsive behavior of farmers, and lack of groundwater governance 
policies. Agrovoltaic irrigation system (AVIS) could be a remarkable solution that 
controls the overexploitation of groundwater by utilizing non-payable energy. The 
present study aimed to explore the prospects and challenges that need to encounter 
for local implementation of the AVIS. In addition, the study discusses and reviewed 
the components of the AVIS. Because of the massive solar energy harvesting potential 
in the country, a significant amount of solar radiation transforms into electrical 
energy via photovoltaic modules if installed on the land that is cultivated with the 
crop. The potential benefits of the AVIS include the utilization of the same land for 
twin benefits (i.e., energy and crop production), metering the groundwater extrac-
tion, saving crops from extreme weather conditions, and powering irrigation systems 
free of cost. However, the impediments such as complex operating mechanisms 
required skilled/technical personnel for installation, sophisticated maintenance, 
absence of sufficient ground knowledge, and high capital investment. In order to 
ensure food security and agriculture prosperity, the government takes the necessary 
initiatives and empowers the AVIS adaptation by involving leading researchers and 
engineers mutually involve in research projects that strengthen the AVIS knowledge 
and conduct dissemination activities and workshops to train and attract the farmers.
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Abstract

Sustainable irrigation is sensible application of watering to plants in agriculture,
landscapes that aids in meeting current survival and welfare needs. Sustainable irri-
gation management can help with climate change adaptation, labor, energy savings,
and the production of higher-value and yield of crops to achieve zero hunger in water-
scarce world. To ensure equal access to water and environmental sustainability,
investments in expanded and enhanced irrigation must be matched by improvements
in water governance. Sustainable irrigation must be able to cope with water scarcity,
and be resilient to other resource scarcities throughout time in context of energy and
finance. The themes and SDGs related to clean water, water resources sustainability,
sustainable water usage, agricultural and rural development are all intertwined in the
concept of “sustainable irrigation for higher yield.” Sustainable irrigation manage-
ment refers to the capability of using water in optimum quantity and quality on a
local, regional, national, and global scale to meet the needs of humans and agro-
ecosystems at present and in the future to sustain life, protect humans and biodiver-
sity from natural and human-caused disasters which threaten life to exist. Resultantly
higher yields will ensure food security.

Keywords: sustainable irrigation, higher yield, sustainable agriculture, modern
irrigation, crop water requirements

1. Introduction

Agriculture has a crucial part in human water resource use [1]. Approximately
70% out of the total available freshwater consumption is applied for water to
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support the agricultural output of the world [2]. About 18% of worldwide farmland
yet produces almost 40% of food [3, 4]. Water resources have an impact on the
productivity of a variety of anthropogenic activities that sustain livelihood [5, 6].
Increased demand for agricultural supplies has put a strain on the world’s freshwater
resources in recent decades, leading to their unsustainable use in many cases. With
over one-fourth of the world’s land area experiencing acute water shortage, [7]
approximately 35% of people globally live in and around water-deficient places [8],
Overexploitation of water resources usually occurs at the price of economic pro-
gress, resulting in environmental damage [9]. Thus, water is a necessity of almost all
processes of production and means of production which represent the life-sustaining
liquid as fuel for production systems. Crop plants cannot survive without water and
limited supply prove havoc on the production levels. Thus, a sustained water supply
is imperative to guarantee a higher yield of crops along with other climatic, edaphic,
and genetic factors.

The water requirement for different crops, rainfall frequency, intensity, and
effectiveness along with moisture regimes of soil is showing the irrigation require-
ment of crops.

IR ¼ WR� ERþ Sð Þ

Where IR stands for irrigation requirement, WR is water requirement, ER exhibits
effective rainfall and S is soil moisture contribution. The factors affecting education
requirement are given as single crop irrigation need, area of the crop, and farm level
distribution of water losses, all the factors are expressed in cm/ha or cm, mm.

1.1 Net irrigation requirement

It is defined as the quantity of water required in the form of depth to bring the soil
moisture to its field capacity level for the evapotranspiration demand of the crops. It is
also defined as the differentiation between the field ability and moisture content of
the soil before irrigation (Table 1).

Crops Requirement Production Shortfall

Food-grains 50.0 31.5 18.5

Sugarcane 82.0 46.4 35.4

Cotton (lint) 3.5 2.7 0.8

Pulses 1.9 1.4 0.5

Oilseed 3.3 1.5 1.8

Vegetables 14.3 9.0 5.3

Fruits 16.1 9.0 7.1

Total 171.0 102.8 69.4

Source: Ref. [10].

Table 1.
Crops production, requirement and shortfall analysis for yield gap mitigation through sustainable water resource
use in Pakistan.
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1.2 Gross irrigation requirement

Gross irrigation need is the term used to describe the overall amount of water used
for irrigation. Net irrigation requirements, water application losses, and other losses
are included. The approximate losses at different phases of crop development can be
considered to find the gross irrigation need for farms.

1.3 Irrigation frequency

The time interval between the two successive irrigations’ during crop periods is
known as irrigation frequency. It is showing the total number of dry days between
irrigations during dry throughout the crop period. It is based on the pace at which plants
absorb water, the field capacity of the soil, and the soil moisture present in the root zone.
As a result, it depends on the crop, soil, and environment. In general, irrigation should be
applied when the effective root zone, where most of the roots are concentrated, is about
50% and not more than 60% depleted of the available moisture. The interval (days)
between two irrigations at the time of maximum crop growth, or peak crop consump-
tion, is the irrigation frequency to be employed when constructing irrigation systems.

1.4 Irrigation period

The number of days that can be allowed for applying one irrigation to a specific
design area during the crop’s peak consumption time is known as the irrigation period.

1.5 Growth duration

The time it takes for various crops to grow varies greatly. Seasonal crops are like
sorghum, maize, groundnuts, pulses, etc. that can only grow for one growing season.
Crops like cotton, red gram, chilies, etc., whose growth duration spans two seasons,
are called two seasonal crops.

1.6 Critical phenological stages of cereals sensitive to moisture variation

Germination stage—is the emergence of radicals from seed.
Tillering—the division for differentiation and development of tillers.
Shoot elongation—the phonological stage standing for internodal expansion.
Booting—swelling and development of grain holding structure or peduncle.
Heading/inflorescence initiation—ear head emergence from the leaf sheath.
Flowering—the appearance of flowers.
Grain development—grain formation from fertilization to maturity which is

further classified.
into Milky stage—milk-type fluid development.
Dough stage—dough raw material development.
Ripe stage—fully mature embryo just before shattering.

2. Irrigation type for crop type

All type of irrigation does not suit all crops, the diversity of crops responds differ-
ently to applied irrigation and all crops have varied requirements of water which also
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varies with the soil types and weather. Cereals generally have fewer requirements for
water, but it does not fit with Rice and maize which require a higher amount of water.
The delta of water of the same stature crop may also vary as in the case of millet,
sorghum, and maize which are comparable in terms of the duration of crop, but their
delta of water is quite different. Moreover, the varieties of the crop also have varying
levels of gene expression for drought and flooding tolerance in the two extreme
conditions.

The pulses group mainly including the beans require comparatively less water and
are mainly short duration in semi-arid regions with plenty of sunshine justified adap-
tation to drought is clear and the water productivity of beans is higher compared to
other crops of similar duration, especially if compared with vegetables which require
much more water compared to beans. Rice and sugarcane are highly hydrophilic and
are major consumers of water among all field crops. Thus, the need arises to link the
irrigation type with crop type and then through the study of crop type can fine-tune
the water requirements for phonological crop stages which could be critical to be
influenced severely by moderate drought even.

Irrigation types vary and are mostly dependent on technological development and
resource availability and influenced by topography as well. High-efficiency irrigation
systems are more technical and water-saving solutions that have been finding their
way into modern agriculture and transforming the irrigation system of the world.
Only the places with higher rainfall do not require such technical intervention a in
case of south China s province here rainfall throughout the year I sufficient to manage
the whole year’s crop of sugarcane and double cropping of rice as well. Desertification
on the other hand is putting pressure on arable land for low and marginal productivity
of crops. Modern water-saving technologies like drip irrigation, sprinkler, and center
pivot systems are proving essential for drylands around the world and bringing
barren land into cultivation thus bringing a contributive role in the planet’s food
security [11].

3. Water scarcity, climate change, and crop yield uncertainties

Several uncertainties exist for sustainable crop yields in changing climate and in
water-scarce regimes. In this study, the climate change impact on Pakistan’s irrigation
resources and food shortage are examined. According to the report, Pakistan’s econ-
omy (21%) is built primarily on agriculture; nevertheless, the nation is struggling with
crop food shortages, high inflation, and a lack of irrigation water. According to the
study, even though Pakistan ranks 135th in the world in terms of per capita GHG
emissions with 309 M tons of CO2 equivalent emissions, which is only 0.8 percent of
global emissions, the country is severely hit by changing climate compared to other
nations because of trans-border emissions of greenhouse gases. As a result, there has
been a continuous rise in temperature of 0.76°C in the nation as a whole and 1.5°C in
Pakistan’s mountainous regions, which are home to over 5000 glaciers in the KHH
mountains. According to the study, Pakistan had a progressive decline in surface
water availability per person from 5260 m3 annually in 1951 to just 1000–1066 m3 in
2008. Because the country, with its huge infrastructure and network of the largest
integrated irrigation system globally, lacks adequate water reservoirs to hold extra
water, the glaciers are melting and causing extreme events like floods as a result of
rising temperatures, particularly in glacier-covered regions, and associated variations
in precipitation pattern, Therefore, because glaciers tend to retreat quickly, a large
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amount of water is wasted into the ocean along with harm to crops, food reserves,
billions of dollars worth of cattle, infrastructure, and land resources. In Pakistan, 84
out of 137 districts (primarily in Khyber Pakhtunkhwa, FATA, and Baluchistan) are
said to be undersupplied with both crop- and animal-based food, or around 61 percent
of the total. The main cause of the current food deficit is the low crop output brought
on by the temperature increase and the lack of irrigation water. According to the
study, farmers are switching from cultivating water-loving crops including rice,
wheat, cotton, and sugarcane to low-water-requirement crops and vegetables. More-
over, the crops’ production is lower because of heavy evaporation and the harsh
summertime heat. According to the report, Pakistan’s output of key basic foods like
wheat, rice, and sugarcane has decreased over the first 10 years of the twenty-first
century [12].

4. Soil water management

To actively take part in keeping soil water content at an ideal level for all specified
goals, including environmental requirements, is to practice soil water management.
An ideal state often involves striking a balance between conflicting demands and the
need to take the soil water system’s long-term viability into consideration.

To effectively manage irrigation systems, a full understanding of soil water is
needed. Irregular water evaporation increased demand and crop water stress can
occur from under-watering, which can reduce the amount of accessible water below
essential levels. Two factors: 1) the Texture of the soil, which influences due to its
water-holding capacity and vary soil moisture content, water potential, and infiltra-
tion; and 2) root depth, which finds the amount of water that is accessible for plants.
Utilizing irrigation water resources more effectively may result in being able to con-
trol the soil water balance. For managing irrigation systems, the two most significant
indicators of soil water are (1) Soil moisture content, which refers to the total quantity
of water in the soil, and 2) Soil water potential, a measurement standing for ready
availability of water to plants.

4.1 Soil structure constitution and composition

Soil includes the particles, air, and water the three major components (see Figure 1).
Water and air are trapped in the soil particles in pore spaces a measure of which is the
porosity of the soil.

4.2 Soil water potential

Irrigation management is not only about how much water is in the soil but also
depends on the ability of plants to pump up or access water. The dynamic condition of
soil water with moisture as a standard reference is known as its potential, which is
often stated as energy per unit of volume (bars or centi bar unit). Gravitational
potential, matric potential, and solute potential are the three main factors that make
up total soil water potential. The gravitational potential results from gravity’s force
dragging the water in the soil downward. Matric potential also referred to as soil water
tension, is the term used to describe the force that the soil matrix exerts on the water
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through capillarity and adhesion. Salts that have dissolved cause the solute potential in
the soil water.

4.3 Available soil water

The term “available soil water” or “available water capacity” (AWC), which refers
to water that is available for plant use, refers to the water held between the field
capacity and the permanent wilting point.

4.4 Infiltration

The rate at which water infiltrates the soil or, if water application is continued, the
total volume of water that infiltrates the soil over time, can be used to define infiltra-
tion. The entire depth that has been penetrated following a certain amount of time for
water application is known as cumulative infiltration.

4.5 Soil water balance

An understanding of the volume of water contained in the soil at any one time is
necessary for planning irrigation. Growers who can control the soil water balance can
prevent applying too much or too little irrigation water. The soil’s texture and the
plant’s stage of development influence the root zone’s ability to store water. Soil
textureal classification is helpful to understand the ability of soil to hold water. For
most crops, such as maize and soybeans, 50% of the water capacity can be used before
plant stress sets in. To calculate the total amount of soil water that is accessible,
multiply the rooting depth by the water storage ability:

Total available water ¼ rooting depth�water storage ability:

5. Water resources management

Water resources management is categorized into two types

Figure 1.
Ref. [13].
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• On-farm water management

• Off-farm water management

5.1 On-farm water management

On-farm irrigation water management includes adjusting factors like irrigation
timing and volumes, flow rates, and water control systems. These and many other
factors can be adjusted to meet desired agricultural production targets while staying
within the limits given by soils, crops, climate, water availability, and economics, as
well as social and other factors.

There are several advantages to proper on-farm water management. In general, an
effective on-farm water management scheme aids in the maximization or optimiza-
tion of output. It can assist minimize water and energy usage, allowing more water
and energy to be used to irrigate more area while also lowering the cost of an irrigation
system. It can prevent fertilizer loss due to excessive water application, lowering the
quantity of fertilizer required to meet targeted production targets. A competent man-
agement program ensures that root zone salinity is kept below acceptable limits, and
that soil water logging and excessive deep percolation losses are reduced or avoided. It
can aid in the elimination of issues like erosion and the management of crop diseases
caused by insufficient or excessive water application. Water management can help
you save time on the machine and the job.

The engineer, technician, or farmer must first have a thorough understanding of the
irrigation system before implementing an efficient irrigation water management scheme.
They must be knowledgeable of the many design and management options available.

For example, more land may be irrigated in that location if water is used more
efficiently in a project upstream. Users downstream, on the other hand, may have to
rely on upstream users’ return flows to keep irrigating. Implementing a good on-farm
water management program is a highly specific and planned procedure that includes
several components. Certain requirements needed as below:

1.Evaluate the farming system, considering the soils, crops, and irrigation systems.
This contributes to the identification of the main issues with the current
management system. The assessment also aids in estimating the advantages of
adopting the needed adjustments.

2.Find the system’s design, uplift, and management options and choose the best
option (s).

3.Confirm that the system has been adjusted following the chosen design and/or
revision.

4.Create a complete system management plan that includes watering timings,
safeguarding, and other management factors.

5.Technicians and farmers will be trained so that they can carry out the program
that has been set up.

6.Throughout the season(s), check the system for any necessary adjustments. The
phase of system monitoring is critical to successful water management.
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Following the implementation of the program, both technical experts and the
farmer handle monitoring.

6. Advanced technologies adoption

6.1 Drip fertigation

Water is the most vital natural resource on the planet. Without water on the globe,
no life form can survive. It is required for all major activities such as food production, as
well as sectors such as energy, production, and manufacturing. Although we are aware
that soil water content and quality are dwindling, this could be due to inefficient water
usage, drastic climatic change, or the use of more chemicals to boost productivity. With
the rapid expansion of the area under micro-irrigation, fertigation is gaining traction in
several countries. The notion of fertigation is new to the Indian subcontinent, but it is
gaining popularity and making ‘Fertigation’ easy to adopt. Drip fertigation, which is
defined as the injection of fertilizers, additives, or water-soluble compounds into the
irrigation system, is a significant technology in this case. Furthermore, fertigation is
linked to chemigation, which is injecting chemicals into an irrigation system. In a drip
fertigation system, water is dispensed at a slower pace through the drippers, and
nutrients from the fertilizers are carried along with the water.

6.2 Solar powered tube well

Renewable resources of energy such as solar power can be utilized for a solar-
powered tubewell that can be operated during the day. Because of their higher effi-
ciency and delivery head, submersible pumps are commonly employed as solar-
powered tube wells. For calculating horsepower to run the pump depending on
groundwater levels can be used to estimate the number of solar panels. The multistage
submersible pump is powered by a DC motor linked. For the installation of solar tube
wells, a three-stage submersible pump is required. The discharge of the solar tube well
fluctuates throughout the day depending on the position of the sun. The tube well’s
peak discharge is expected between 12:00 and 2:00 p.m.

6.3 High-efficiency irrigation system

Pressurized irrigation systems, such as drip system irrigation and sprinkler system
of irrigation, are commonly referred to as high-efficiency irrigation systems. Sprinkler
irrigation systems have an irrigation efficiency of 70–80%, while drip irrigation sys-
tems have an irrigation efficiency of 80–95%. Both systems have different levels of
applicability depending on the terrain, soil, water source, and crop. Both technologies
are considered water conservation methods because they provide superior control
over irrigation water application.

6.4 Raised bed planting technology

Growing crops on raised beds is one of the enhanced irrigation systems used all
over the world, and it has several advantages. Crop yields on the bed, for example, are
boosted by better nitrogen management, root aeration, efficient use of irrigation, and
reduced lodging risk [14]. In comparison to flat sowing, this approach reduces seed
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rates without sacrificing crop yields. Better crops stand and yields are also ensured by
improved root development in bed planting [15]. Above important, compared to
traditional sowing, bed planting promises significant water savings of 35 to 45 per-
cent, as well as the elimination of crust formation on the soil surface [16]. When
compared to flat sowing, the next crops on permanent beds have shown higher yields
and water savings ranging from 20 to 40%.

The following are the main benefits of bed planting for wheat crops:

Percent saving of water Yield increase percent

30–50% 25%

Other benefits which raised bed technology can give are improved water and fertil-
izer use efficiencies along with the least weeds and no lodging of the standing crop.

6.5 Laser land leveling

Traditional land leveling techniques, including utilizing an engineer’s level and staff
rod, are time-consuming, exhausting, ineffective, and costly. For farmers to accurately
level their fields, the Department of Agriculture, Government of Punjab, adopted Laser
Land Leveling technology. The technique of laser land leveling involves employing drag
buckets that are equipped with lasers to smooth the ground surface with a maximum
allowable variation from its average height of no more than 2 cm. With the help of laser
land leveling, it is possible to level the fields at a slope of zero, distributing irrigation
water evenly across the head, middle, and tail of the fields. The GPS and laser-guided
equipment used for laser land leveling are installed on high-horsepower tractors and soil
movers. Therefore, laser land leveling of irrigated areas can also result in the following
advantages, either directly or indirectly. The land receives an even distribution of water,
which increases irrigation effectiveness. In laser-leveled fields, about 30% of the water
is conserved; as a result, more land can be watered. The leveled field will yield 20
percent more because of more consistent germination. Due to the equal distribution of
fertilizer, its effectiveness and efficiency will both increase. Erosion risks would be
reduced. It increases the effectiveness of machine usage (Figure 2).

Figure 2.
Laser land leveling at WMRC, UAF, experimental area. Source: Water Management Research Center, University
of Agriculture, Faisalabad Pakistan.
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6.6 Zero tillage

No-tillage, also known as zero tillage, is a farming technique in which crop leftovers
are left on the field after harvesting but the ground is not plowed. The following crop is
directly sown using no-till planters (Zero Tillage Machines). For instance, in a rice-wheat
rotation, wheat is planted using a Zero Tillage Drill right into a field that has previously
produced rice without the use of any tillage equipment. Such methods, especially on
sloppy terrains, are very effective in reducing soil erosion caused by wind or water. Due
to the roots of the previous crop remaining in the soil and crop residue covering the
ground surface to lessen the effects of heavy rainfall, zero-tillage reduces soil erosion.

7. Problems of irrigation system

The irrigation and drainage infrastructure of Pakistan, which is now experiencing
serious issues, will determine the country’s agricultural destiny. Some of these issues
include rising salinity and water logging, overuse of fresh GW, low water use effi-
ciency, and unequal and erratic supply. Rigid system design and inadequate drainage,
low delivery efficiency and inequitable distribution of water, waterlogging and salin-
ity, and over-exploitation of groundwater in fresh areas represent major problems in
Pakistan‘s irrigation system.

7.1 Rigid system design

Despite the greater distribution control provided by the development of barrages,
reservoirs, and link canals, the irrigation system is nevertheless managed following
outdated canal diverting patterns that frequently do not match water demands. Due to
inadequate reservoir capacity as well as the seasonal pattern in river flows, which can
provide about 85% of the water throughout the summer, limited water supply occurs
at the beginning and end of the summer and throughout the winter. The inconsistency
between water supply and demand reduces agricultural productivity.

7.2 Inadequate drainage

Because of its flat terrain and lacking well-defined drainage channels, the Indus
Plain has an urban drainage problem, which is being made worse by the construction
of roads, railroads, flood bunds, and water systems that obstruct natural drainage
flows. In irrigated areas, drainage has been a priority since the 1960s, and numerous
sizable drainage programs are still in operation today. About 6.5-million-hectare acres
of the 16.7-million-hectare acres of gross canal-controlled land need to be drained, of
which 1.86 million-hectare acres are being worked on right now. It is a significant task
to provide drainage to such a huge area. The predicted water table depth for a region
of 2.38 million hectares is less than five feet.

7.3 Low delivery efficiency and inequitable distribution

Canal delivery is incredibly inefficient as a result of aging, excessive use, and poor
maintenance. From the canal head to the root zone, delivery efficiency is between 35
and 40 percent on average, with the majority of losses happening in watercourses. There
is less water available for agriculture because of the significant surface water loss, which
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enhances water logging and salinity. Excess water and water losses during irrigation are
frequently returned to rivers and utilized once more downstream in irrigation systems
with drainage. As a result, there is less efficiency damage to the river basin as compared
to efficiency loss to individual systems. Unfair distribution is a key concern as well.

7.4 Waterlogging and salinity

According to the World Bank (1992), Pakistan may be unable to produce about
25% of the important crops that may be produced there because of soil salinity. In an
area such as the Indus Basin, which has a flat topography, insufficient natural drain-
age, permeable soils, and just a semi-arid climate with significant evaporation, it is
unavoidable that water tables will rise and salinity will grow. As a consequence of the
greater diversion of stream flow for irrigated and seepage through canals, and water-
courses, especially irrigated regions, the groundwater level has gradually risen. By the
1960s, many SCARPs had already been established. Nevertheless, despite these pre-
cautions, the gross protected area is wet in around 30% of instances, with about 13%
of those instances being classified as extremely waterlogged.

7.5 Inadequate operation and maintenance (O&M)

Because of neglected maintenance and overuse, Pakistan’s irrigation and drainage
system has been deteriorating. Provinces agreed to keep spending on surface irrigation
and subsurface saline drainage facilities at 1988 levels as part of Bank Projects.

7.6 Poor investment planning

In Pakistan, there are three stages to the investment planning process for drainage and
irrigation. A sectorial plan provides a framework for intermediate- to long-term Sectorial
development, five-year plans are used for short-term planning, and the Annual Develop-
ment Programme allowsmonies annually (ADP). Sectorial planning has previously
attracted a lot of attention. Plans like the Revised Action Programme (RAP) and theWater
Sector Investment Planning Study (WSIPS), whichwere developedwith assistance from
abroad, thoroughly evaluate the needs and objectives of each sector.

8. Sustainable irrigation for best crop yields

Sustainable irrigation is the sensible use of all activities associated with the
watering of plants, whether in agriculture, landscape, or ornaments, in such a way
that it aids in meeting current survival and welfare needs without jeopardizing future
generations. The term “sustainability” is frequently used to refer to the management,
use, and protection of natural resources in such a way that future generations will
have access to them [17–19]. In anthropocentric words, “sustainability” refers to a
state in which current generation demands are met “without jeopardizing future
generations’ ability to fulfill their wants.” [20]. As a result, sustainable irrigation
encompasses the need to examine a variety of factors, particularly those relating to the
deterioration, loss, or depletion of resources such as soil, water, and energy, as well as
biodiversity and environmental preservation. Because water is a renewable resource,
it is possible to aspire for great sustainability when it comes to irrigation. Of course,
water resources may be non-renewable on a local level, like in arid regions with low
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rainfall inputs and large non-renewable groundwater reserves. The exploitation of
groundwater (commonly referred to as “groundwater mining”) is a classic example of
unsustainable water usage in such areas [21]. The aspect of sustainable irrigation
encompasses not only the geographical location where irrigation is used but also the
production and transportation of necessary equipment and supplies, as well as dis-
charges and waste consequences. The consequences of the construction, operation,
and maintenance of the works, which are either directly or indirectly required for
irrigation and are frequently located over great distances, should not be overlooked.

Irrigationmust be able to adapt to changing climates to remain sustainable. As a result,
it must combat droughts as well as the impacts of global climate change on a broader scale.
As a response, relying on other disciplines like crop selection anddevelopment, automation
and telecommunications, institutional governance, and othersmight be critical.

Irrigation can help with climate change adaptation, labor and energy savings, and the
production of higher-value crops. On the other hand, irrigation agriculturemust bemade
more egalitarian, efficient, and sustainable to achieve zero hunger in an increasinglywater-
scarce world. Irrigated agriculture is contributing to, and being affected by, increased
strains on freshwater resources, withmore than 60% of global irrigated cropland under
significant water stress. To ensure equal access to water and environmental sustainability,
investments in expanded and enhanced irrigationmust bematched by improvements in
water governance. Improved data and knowledge onwater resources and their use and
well-definedwater rights are cornerstones of better water governance [4].

Finally, just as sustainable irrigationmust be able to cope withwater scarcity, it must
also be resilient to other resource scarcities throughout time, such as energy and finance.
The themes of “water resources sustainability, “sustainablewater usage,” and “agricultural
and rural development” are all intertwined in the concept of “sustainable irrigation.”

Water resource sustainability refers to the ability to use water in sufficient quanti-
ties and quality on a local, regional, national, and global scale to meet the needs of
humans and ecosystems now and in the future to sustain life and protect humans from
natural and human-caused disasters that threaten life.

“Water usage that supports human society’s potential to persist and thrive indefi-
nitely without jeopardizing the integrity of the hydrological cycle or the biological
systems that rely on it” is what sustainable water use means.

9. Sustainability concerns in irrigated agriculture

Irrigation is a considerable change in the physical, environmental, and social
aspects of the area. Existing equilibriums are disrupted in the process, and new ones
emerge over time. Fact, the essential principle of irrigation development is that new
conditions meet mankind’s goals better than old ones. This premise has proven to be
correct in many ways. Irrigation was a major driving force in the growth of many
ancient civilizations, and it continues to be so today. While just approximately a 6th of
the world’s agricultural land is irrigated, this part produces about a third of the world’s
food. The irrigated area of the world is not uniform. Different locations are afflicted
by various sustainability issues. Many of the sustainability challenges raised by irri-
gated agriculture in affluent countries are like those raised by modern high-input
agriculture, which places a heavy demand on natural resources and often exceeds the
capacity for environmental assimilation. Many of the concerns about irrigated agri-
culture’s sustainability in emerging countries, on the other hand, stem from the gen-
eral development problems that these countries face, such as a lack of public capital,
macroeconomic reliance on agricultural commodity exports, widespread poverty,
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population pressure, insufficient management, and human resource development,
institutional and regulatory shortcomings, and so on [22].

9.1 Water resources

Many countries, particularly those in the dry climatic zone with high rates of
population growth, urbanization, and industry, are finding water to be a precious
resource. Increased water competition in these nations will have a considerable influ-
ence on irrigated agricultural water supply [23]. The competing industries’ water
demand will always be a modest proportion of the naturally accessible supply in most
countries. In most nations, the need to use water more efficiently will steadily rise.
Most occurrences of groundwater mining are caused by a lack of sufficient legislation
and enforcement, as well as a lack of awareness of the environmental implications.

9.2 Land resources

The deterioration of land resources because of agricultural usage is amajor cause of
worry across the world. Irrigation development has worsened this problem by generating
conditions that have led to deforestation and soil erosion accidentally. This is especially true
of land degradation in river diversion schemes upstream catchment regions [24].

9.3 Waterlogging and salinity

Irrigation has resulted in waterlogging and salinization of irrigated land on a huge
scale. The incidence of this dual issue is usually limited to dry regions. About half of
the world’s already irrigated territory, or 270 million hectares, is thought to be desert.

10. A long-term irrigation system for small landholdings in rain-fed
agriculture Punjab Pakistan

The drip irrigation system plays a vital role for fruits and vegetables in Pakistan,
but the primary hindrance to the widespread acceptance is for small landowners.
Because the drip system was obtained from local merchants, it was also less expensive.
In 2015 and 2016, field trials were conducted on vegetables (potato, onion, and
chilies) and fruits to analyze the productive and economic effects of low-cost drip
irrigation (olive, peach, and citrus). While comparing with other systems this system
saved 50% on water expenditures and created 27–54% net revenue. Drip and furrow
irrigation systems have obtained water use efficiency (WUE) of 3.91–13.30 kg/m3 and
1.28 4.89 kg/m3, respectively. According to the current study, low-cost drip irrigation
increased yield by more than 20% [25].

11. Sustainability enhancement and management

There are no obvious flaws in this technology that make irrigation development
unsustainable in the long run. Salt accumulation/mobilization and accompanying down-
streamwater deterioration, as well as the development of waterborne infections, are the
only two sustainability issues organically linked to irrigation technology. Careful planning
and the implementation ofmitigationmeasures can help solve these issues.
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The most typical causes of water logging and salinity are poor planning, inadequate
irrigation efficiency, and development issues. The consequences of planned interven-
tions can be better predicted with the development of comprehensive model-based
planning and design approaches. This will help in the battle against flooded and saline
regions throughout the world.

Improving irrigation efficiency is a requirement that will be pushed upon the
irrigation industry, gladly or unwillingly, for the welfare of the sector. Many of the
above-highlighted sustainability issues are directly or indirectly connected to the
already permitted irrigation water waste.

• Government policy changes aimed at improving cost recovery, as well as
regulatory and legal frameworks.

• Irrigation department institutional reforms to improve performance and water
conservation, as well as make them more responsible to end-users.

• Water pricing incentives to discourage over-irrigation

• Improved water supply reliability and equity through more decentralized water
management and expanded engagement of (groups of) end users in system
design and real water management.

• Improving the abilities of operational people and providing an extension to
farmers to help them understand and make better decisions.

12. Smart irrigation system

Smart irrigation technology uses weather data or soil moisture data to determine
the irrigation need of the landscape. Smart irrigation technology includes: These
products maximize irrigation efficiency by reducing water waste while maintaining
plant health and quality. Using intelligent irrigation devices, outdoor water savings are
possible. In contrast to conventional effective automated timers, which irrigate
according to a user-determined set schedule, smart irrigation control systems and
sensors have been created to reduce external water usage by irrigation depending on
plant water needs. This technology can be used to construct a smart controller by
attaching a sensor to an existing water distribution timer or as a whole controller.
Utilizing smart irrigation systems in the landscape may help to cut back on water
usage outside. Both tiny, private landscapes and huge, professionally managed land-
scapes can increase productivity. The functions of each product, as well as their
benefits and drawbacks, are covered in the sections that follow.
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13. Irrigation system

Irrigation is the technique of artificially delivering water to agricultural fields to
produce crops. If the amount of water available to the plants from rainfall is insuffi-
cient, irrigation water is used to supplement it. To accomplish this goal, an irrigation
system must be created, which includes the planning, design, building, operation, and
maintenance of numerous irrigation works:

• Source: River, Reservoirs, Alternate sources (groundwater, treated wastewater)

• Control structures: Barrages, Head Regulators

• Distribution system: Irrigation Canals and Tertiary Irrigation System

Each irrigation system has unique advantages and disadvantages depending on
different factors such as:

1. Initial installment cost

2.Filed architecture

3.Soil texture and structure

4.Nature and availability of the water supply

5.Climate

6.Cropping patterns

7.Social preferences and structures

8.Historical experiences

Let us have a look at different types of irrigation and the methods used for irrigation.
Surface Irrigation.
Sprinkler Irrigation.
Localized Irrigation.
Drip Irrigation.
Centre Pivot Irrigation.
Sub Irrigation.
Manual Irrigation.
Irrigation may be used in a variety of ways to increase agricultural productivity.

Irrigation systems are used in different ways depending on the soils, climates, crops,
and resources available. Farmers use a variety of irrigation methods, including:

13.1 Surface irrigation

There is no irrigation pump in this system. Gravity distributes water throughout
the terrain here. Water is ponded on an enclosed level field and allowed to penetrate
basins, borders, or furrows in surface irrigation.
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Water is applied to the field in either a controlled or uncontrolled manner.

• Uncontrolled: Wild flooding and Flood Irrigation

• Controlled:

Water is applied from the water channel outlet and controlled by borders and/or
furrows. Surface irrigation is only used when there is plenty of water. The cheap initial
design expense is countered subsequently by the high labor cost for water application.

• Water is delivered directly to the soil surface from a channel or open ditch at the
field’s upper reach.

• Water moves due to gravity force in surface irrigation

• It is the oldest method of irrigation (from 4000 years)

• Highly adopted method in the world

• In most countries, about 90% area is under surface irrigation

• In the USA, about 60% of the area is under surface irrigation

Following are some advantages and disadvantages of surface irrigation methods.

Advantages Disadvantages

It is really simple to manage.
Easily adapts to flat topography.
It is necessary to keep costs down.
It’s possible to use it even if there aren’t any
drainage outlets.
Allows for quick salt leaching.
Allows for full use of rainfall.
It is possible to attain high application efficiency.
Adapts effectively to infiltration rates ranging from
moderate to low.
The short-term water supply works well.
Small landholdings do not bother it.

To obtain high efficiency, the land must be flat (the
greatest land elevation fluctuation should not exceed
half the administered irrigation depth).
Small field sizes are required for soils with high
infiltration rates, which problems with automation.
It’s tough to get rid of extra water, especially when
there’s a lot of it.
Plants that are partially submerged in water can
occasionally provide longer periods (in low
infiltration rate soils).
Small irrigations are difficult to apply.

13.2 Sprinkler irrigation

Sprinklers from the movable platform or overhead high-pressure sprinklers deliver
water from a central point. Water is sprayed over the area to be watered by pressur-
ized water flowing via pipes to outlets.

Advantages Disadvantages

By this method, we can increase efficiencies. Land
leveling is not a mandatory method and can easily use
on uneven land
Can be used on all types of infiltration rates soils
require less labor to operate this system and reduce
labor costs.

The high initial cost to install the system
consumes more energy as compared to other
systems. Requires moderately high technology.
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13.3 Localized irrigation

Water is delivered to each facility through a network of pipes at low pressure in
this system. Water is continually delivered at very low rates to points or small areas in
the field through small holes in plastic tubing or from emitters in this system. Only a
portion of the field has been soaked.

Advantages Disadvantages

It has many of the same benefits as sprinklers, but it can attain extremely
high-water efficiency and can be used successfully in highly salty
conditions.

It needs a large initial
investment.
It needs a high level of
technological expertise.
Saline soils may cause
problems

13.4 Drip irrigation

Drops of water are provided at the roots of the plants in this style. Because it takes
more upkeep, this method of irrigation is only utilized in orchards and high-value
crops. Fertigation can also be done through this system.

13.5 Centre pivot irrigation

A sprinkler system that moves in a circular pattern distributes the water.
This approach is most employed in commercial cooperative farms with a lot of
acreages to grow. It aids in the attainment of precision agricultural aims. This
technology can also be used for fertilization. Sub Irrigation Water is dispersed by
raising the water table through a network of pumping unit valves, ditches, and
canals.

13.6 Manual irrigation

This is a laborious and time-consuming irrigation technique. Manual labor is used
to supply water using watering cans at this location. We can characterize irrigation in
other ways also. Irrigation can be done by two different techniques:

Conventional Methods.
Modern Methods.

13.6.1 Conventional methods of irrigation

This method involves hand irrigation. A farmer brings water to farming areas by
hand, with the aid of livestock, or from wells or canals. Depending on the localization
strategy. The main advantage of this technique is its affordability. Its effectiveness is
nonetheless minimal due to the uneven dispersion of water. Additionally, there is a
substantial chance of water loss. Examples of typical systems are the chain pump, the
lever system, and the pulley system. The most popular and commonly used of these is
the pump system.
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13.6.2 Modern methods of irrigation

The current technique compensates for the limitations of previous methods and so
aids in proper water consumption. The significance of irrigation may be described as
follows:

Agriculture suffers from insufficient and unpredictable rainfall. Droughts and
famines are caused by insufficient rainfall. Irrigation improves efficiency even in
areas with minimal rainfall. The productivity of irrigated land is higher than
unirrigated land. Multiple cropping is not feasible in Pakistan because the rainy
season varies by area. However, the climate allows for agriculture all year. In
most areas of the region, irrigation infrastructure allows for the cultivation of more
than one crop. Irrigation has contributed to the cultivation of the majority of the
fallow land. Irrigation has helped to maintain productivity and yield levels.
Irrigation enhances the availability of water supply for crops, which boosts farmer
income.

GRAVITY OR SURFACE IRRIGATION.
Suitability of Surface Irrigation Methods

• Soils with a low to moderate rate of infiltration

• Leveled lands

• Lands with a slope less than 2–3%

• Accommodate all types of crops

• Labor intensive but nowadays equipment is available for automation

14. Irrigation resource constraints and climate change

Freshwater availability has an impact on almost all social and environmental ele-
ments of climate and demographic change, and also their implications for sustainabil-
ity. Water scarcity is already a significant problem in many parts of the globe and is
predicted to get worse as the population increases, the nutrition quantity is
demanded, temperatures are rising, and rainfall pattern change. It also affects energy
projects, anthropogenic water usage, and ecological use.

The world’s freshwater resources are under tremendous pressure due to population
growth, changing land uses brought on by agricultural development, and deforesta-
tion [26]. The future availability of freshwater for industrial use, agricultural produc-
tion, and human consumption become more uncertain as global climate change
intensifies. Depending on greenhouse emissions, the predicted range of global tem-
peratures is comparable to 1980–1999 even by end of the 21st century anywhere
between 1.1 and 6.4°C [27].

The size and sign of potential impacts are still up for debate, and the extent of
predicted precipitation changes varies substantially relying on geographical region
and spatial extent [28]. Even in certain locations where mean precipitation is expected
to decrease, daily heavy precipitation occurrences are likely to increase [27]. Even
though atmospheric CO2 seems to have the potential to increase photosynthesis by
close to 30%, such changes are anticipated to have a greater negative impact on
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agricultural output [29]. The impact of climate change on agriculture water usage
especially changes in net irrigation demands, demand, and agricultural water con-
sumption has been the subject of several studies (Table 2).

15. Irrigation scheduling

It is the ability with which the farmer decides the amount and time of irrigation. It
includes the Time of irrigation when irrigation is needed, Amount of irrigation (how
much water should be applied?). What should be the response of the crop (seed yield
or forage yield) to the irrigation applied? There are two alternative aims for
scheduling irrigation. 1 For achieving maximum output per unit of land area 2.For
Maximizing land area utilized in crop production.

Feel or appearance of soil and moister deficiency

Available
soil moisture
remaining

Loamy Sand Sandy Loam Loam and Silt Loam Clay Loam or Silty

Clay Loam

Course Quality Reasonably Course
Texture

Medium Texture Fine and Very Fine
Texture

0 to 25 out of
a hundred

Waterless,
moveable, solo-
grained, flows
through fingers

Waterless,
moveable, flows
through fingers

Powdered dry,
sometimes a little
covered but easily
broken down into
powdered condition.

Unbreakable baked,
split, and sometimes
has loose crumbs on
the surface.

25 to 50 out of
a hundred

Seems to be
dehydrated and will
not form a ball with
density. 1*

Seems to be dry and
will not form a ball.
1*

Rather crumbly but
holds together from
pressure.

Somewhat flexible
will ball under
pressure. 1*

50 to 75 out of
a hundred

Seems to be
waterless and will
not form a ball with
gravity.

Tends to the ball
under pressure but
seldom holds it
together.

Forms a ball
somewhat plastic
and will sometimes
slick slights with
pressure.

Forms a ball, ribbons
out between thumb
and forefinger.

75 percent to
field capacity
(100 out of a
hundred).

Tends to switch
together somewhat,
and sometimes
forms a very weak
ball under pressure.

Forms a weak ball,
breaks easily, and
will not slick.

Forms a ball, is very
pliable, slicks
readily, and is
relatively high in
clay.

Effortlessly ribbons
out between fingers,
have a slick feeling.

At field
capacity (100
out of a
hundred).

Upon pressing, no
free water seems on
the soil but the wet
framework of the
ball is left on hand.

Upon pressing, no
free water seems on
the soil but the wet
framework of the
ball is left on hand.

Upon pressing, no
free water seems on
the soil but the wet
framework of the
ball is left on hand.

Upon pressing, no
free water appears
on the soil but a wet
framework of the
ball is left on hand.

1*Ball is formed by squeezing a handful of soil very firmly.
Source: https://sanangelo.tamu.edu/extension/agronomy/agronomy-publications/how-to-estimate-soil-mois ture-by-feel/

Table 2.
Guide for judging how much moisture is available for crops.
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15.1 Methods of irrigation scheduling

Fixed interval application: In the warabandi system there is a fixed interval for
irrigation application.

Apply irrigation when your neighbor is doing so. A visual sign of crop-based upon
their experience farmers apply irrigation when they observe the sign of starvation of
water, it is only descriptive. The determination of moisture content of the soil: Gravi-
metric method, Gypsum block method, Tensiometer method and Neutron probe
method.

15.2 Irrigation scheduling benefits

It enables the farmer to plan a water rotation schedule between fields to lessen
agricultural water stress and boost yields. For the farmer, it cuts the cost of labor and
water. Because it collects surface runoff, fertilizer costs are reduced. It raises net
profits by enhancing agricultural quality and productivity. Water logging risk is
decreased. It helps to control problems with root zone salinity. Using the “saved”
water to irrigate non-cash crops, creates additional revenue.

15.3 Strategies for irrigation scheduling

15.3.1 Certain

Climate variables that have been measured; Average soil parameters were mea-
sured. Irrigation water quality. The amount of water used and when it was used
Irrigation technique and a few crop parameters (crop height, development stage,
DAP, LAI, root depth).

15.3.2 Uncertain

Reference evapotranspiration and Kc values are estimated. Estimation of crop
water needs. Crop water uptake pattern, and crop response function to shortfall
irrigation and/or excessive salt accumulation.

Irrigation Scheduling Approaches, Fixed Scheduling, Flexible Scheduling, and
Flexible Scheduling Incorporating Rainfall are the three types of irrigation scheduling.
Each category is described in detail below.

1.By taking the soil samples from the field and estimating the required depth of
irrigation and net depth of water needed.

2.Estimate ET by multiplying it with Kc by the pan evaporation method.

3.Calculate the total crop water need (CWR) for the whole crop period,
considering the duration of the growing season or the number of growing days.

4.Calculate the irrigation interval by the ratio between total CWR and net
irrigation depth. 5. Adjust irrigation depth according to the irrigation interval set
up in step.
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Chapter 3

An Overview on Techniques 
Involved in Recharging Ground 
Water and Its Impacts
Muthuminal R. and Mohana Priya R.

Abstract

The movement of water from the surface of the earth into the sub surface areas 
are said to be as a hydrologic process which helps in improving the water table at 
the ground level. This process of water movement towards downward direction is 
said to be as Groundwater recharge or deep drainage or deep percolation. Ground 
water recharge could be achieved either by natural method or by artificial methods 
which involves anthropogenic processes. The ground water recharge has a superior 
impact while in consideration of various complexities such as climate, land surface 
and biosphere processes, and characteristics in the unsaturated and saturated 
subsurface. So in this chapter, we would like to briefly explain about the techniques 
involved in recharging the ground water table and also about the methods involved 
in estimating the ground water available along with the importance of agriculture 
globally along with the policies incorporated to maintain the ecological demand and 
also about the impacts caused to the environment due to the insufficient water at the 
ground water table.

Keywords: techniques, impacts, methods, benefits, trends and policies

1. Introduction

We all know that, in order to lead a peaceful life, we are in need of three basic 
things such as food, water and shelter. The main source of water for all living beings 
is through the fresh water which has reliable pH and also for the growth of nutri-
tious food through agriculture. Ground water is one among the largest fresh water 
supply at the world for potable water, irrigation water etc. [1, 2]. At the other hand, 
Ground water is in need to recharge periodically through recharging methods for the 
replenishment of resources, since they are available as a limited resource i.e. not in 
an infinite manner. Hence, for the purpose of avoiding scarcity and to cope up with 
the need of ground water, it is really essential to recharge the ground water table as 
it is linked to the water resource sustainability and resilience amidst the changing 
climatic conditions and demand. For the purpose of planning and managing the 
sustainability of recharging the water table, it is necessary to consider the conditions 
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such as total volume, location and timing according to the demand of water. Though 
the recharge of ground water table is one among the complex process which needs 
to quantify the requirement in an appropriate manner which is a tedious challenge 
to meet out at the hydrology. As the quantification of water cannot be done through 
the already exiting direct measurement methods, hence we need to adopt indirect 
observations for the purpose of monitoring the processes involved, properties and 
its quantities.

The water flow that takes place from downhill from surface water to aquifer 
is known as ground water recharge. This otherwise known as deep percolation or 
deep drainage. The most common method of recharging the ground water table is 
through entering the aquifer. The water recharge happens at the vadose zone which 
is located below the plant roots and is always denoted as flux to water table. At this 
process, the movement of water from water table into the saturated zone is said to 
be as ground water recharge. Recharging of water can be done through two methods 
that is through natural method and through manmade process. Some of the man 
made process are artificial recharge methods which are carried out through rain 
water harvesting where the rain water is channeled into the subsurface zone by bore 
holes.

The ground water recharge has a greater impact while in consideration of 
various complexities such as climate, land surface and biosphere processes, and 
characteristics in the unsaturated and saturated subsurface. The components such 
as Groundwater abstraction, artificial groundwater recharge and irrigation, manage-
ment of hydraulic structures, infrastructure, and flood management are all manmade 
variables plays a vital role in the ground water recharge [1, 3]. Hence, for measuring 
the recharge of water table has been devised through several estimating methods 
(Figure 1).

2. Why ground water recharge is necessary?

For the purpose of utililization of water depending over the demand, the ground 
water is pumped out from the aquifer which leads to the depletion of it. For instance, 

Figure 1. 
Sprinkler irrigation with groundwater.
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due to the usage of water for the purpose of irrigating plant in agriculture sector, approxi-
mately 50 billion gallons per day is extracted from ground water table. Hence, due to the 
extraction of ground water as an enormous amount may lead to dry wells, poor water 
quality, soil subsidence and even deviation in plate boundaries. This over pumping of 
ground water from the soil causes the ground to sink as the soil compacts and also the soil 
is not capable to support the land above it. As the water table has been over pumped, the 
level of water at the ground decreases and necessitates deeper well drilling for the source.

The agriculture sector is dependent over the ground water for the purpose of 
irrigating at all over the world, as surface water availability is limited for irrigation 
and due to the depletion of ground water table it has become a serious threat to the 
farming. Though the surface water availability is low, for the places far from the avail-
ability is dependent over the water conveyance system which is a cheaper and quicker 
mode to transport.

Simply put, climate change disrupts the water cycle, causing less precipitation 
than normal, while population growth and increased food demand push agricultural 
businesses to pump more water out of the ground. This is known as water stress and 
warrants artificial groundwater recharge [4].

Ground water depletion is also caused due to the availability of surface water at 
lakes and streams in a reduced manner. As we all know that, the source of ground 
water is also achieved through surface water in an intricate way, less groundwater may 
imply less water flowing into wetlands and other ecosystems that rely on it. Hence the 
result will be less vegetation and less water quality which has high impact on Farmers 
and ranchers who often rely heavily on groundwater. Figure 2 shows the process of 
ground water recharge [5].

3. Irrigation trends, potential and risks

The crop yield is usually dependent over the ground water as it is responsible 
for strengthening and radiating the cropping system which has an upper hand 

Figure 2. 
Groundwater recharge.
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over household food security and income of Farmers In larger parts of Asia, North 
Africa and Middle East locations depends over Groundwater as it has boosted 
agricultural production in an enhanced manner. Due to the vast usage of land and 
private wells in an unregistered condition, the ground water usage has become 
unsustainable leading to a serious threat in rural and urban areas in the forms of 
pollution and over exploitation of resources that has an impact over socio economic 
benefits.

Due to the risk caused under the exploitation of ground water has lead to the need 
of developing Groundwater development research centers and policies that quantify 
both the potential and the risks, pooled with innovative management and policy 
solutions which can help guide future reliable and flexible groundwater use.

4. Global

The world is surrounded by 99% of sea water, at which only one percentage covers 
the water which could be adopted as potable water. This 1% of potable water covers the 
fresh water that is available at the streams and the ground water which is stored under 
the aquifers. Among which the 40% of ground water is currently utilized for the world’s 
irrigation purpose alone, as it provides about 13% of total food production and also 
44% of irrigated food production globally [6, 7].

Though the food production and agricultural crop yield has significantly 
increased, at certain parts of the world the depletion of ground water has been 
occurred leading to replenishment levels.

An estimated amount of 14 to 17 percent of food produced with groundwater relies 
on unsustainable mining of groundwater resources globally. Regionally, the reliance 
on depleting groundwater sources for food production is greatest in South Asia, the 
OECD countries, East Asia, and the Near East and North Africa (MENA), where 15 
percent, 16 percent, 21 percent, and 25 percent of total crop production from ground-
water, respectively, is unsustainable [6].

Overexploitation causes groundwater tables to descend, water quality to depreciate, 
environmental dilapidation, pumping costs to ascend, and crop yields to plummet. 
Additionally, overreliance on depleting groundwater resources poses momentous 
risks, jeopardizing prospect food production and global food security as agricultural 
land becomes less prolific, if not nonproductive. These issues are progressively more 
being discussed at the national and international levels, such as at the World Food and 
Agriculture Organization’s Global Forum for Food and Agriculture.

5. Optimizing groundwater policies to boost sustainable groundwater use

Effective groundwater use has been constrained due to incorrect policies. The 
ground water is underutilized in many parts of India since there is abundant seasonal 
rainfall in the Indian states. The electric tube well pumps method were allowed to take 
by farmers in order to preserve the state ground water underground water legislation 
which was enacted in mid 2000s.the agriculture growth estimated to be 5% per in 
the year 1980s and 1990s, it fell to 2% in 2000s due to legislation where farmers has 
limited access to electric pump which consumes high expensive diesel pumps and 
electricity. State’s actual abundance of groundwater was reflected by scientist and 
state officials, who reviewed the changing policies which was done few years later 
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after amendment of ground water legislation. The smallholder farmers are encour-
aged to use to use available water to boost agriculture productivity by relaxing the 
electric pump processing and flat electric connection were introduced to farmers. 
This policy change was implemented in the year 2011 under the recommenda-
tion of farmers. This policy results in higher net returns, better water quality and 
higher value outputs as this policies brought modification where over 140,000 new 
electric connections for tube well were established. This improves the irrigation on 
250,000 ha for approximately 1.3 million water users [8]. Researchers and officials are 
now reviewing the policy to see if any additional changes are required to protect the 
state’s interests [6, 9].

6. Managing groundwater via incentives from the energy sector

Apart from water source, for sustainable groundwater irrigation incentives can 
be helpful to the poor farmers. In India, Ground water is considered to be the criti-
cal factor for crop growth, since the implementation farm power subsidies in 1970s, 
most farmers have electric connections. This leads to depletion of ground water. Solar 
power is considered to be climate change mitigation strategy which was introduced 
recently. This solar power is considered to be green alternative to electric pumps 
and versatile power. If carefully designed programmes are not implemented, it may 
endanger groundwater sustainability due to the drastic reduction in pumping cost. 
Effectively treated solar power is considered to be a ‘cash crop’. The intervention of 
solar power results in production of excess power which urges the state’s local electric-
ity company to buys back the excess power from farmers. These profits of farmers can 
be used as an economic incentive to irrigate their crops effectively where groundwater 
and energy can conserved.

In India carbon emissions has been cut down by 4–5 percent per year by the use of 
solar power. The world’s first solar cooperative was formed in Gujarat where research-
ers recently testing the ‘smart solar pump” model. At the same time excess solar power 
can be purchased back at transaction costs than purchasing power from individual 
farmers. Sustainable groundwater use can be ensured if the model is scaled up. This 
model also helps in increasing the agricultural productivity and profitability, which 
reduces the demand for fossil – fuel energy and reduces the carbon emission into the 
atmosphere. Figure 3 shows the application of technology and incentives achieved 
through them [10].

Figure 3. 
Incentives via energy sector.
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7. Supporting urban aquifers via inter- sectoral water transfers

Researchers are studying the business of rural–urban water transfers and aquifer 
recharge with wastewater to address the significant challenges that urbanization 
poses to aquifers and their management. In Bangalore, India, groundwater recharge 
is done by directing the urban wastewater into reservoir called peri-urban tank. 
The revitalization reservior had been dry for more than 18 years, now it is making 
groundwater accessible to peri-urban and urban users once again. The Llobregat delta 
near Barcelona in Spain and the Mashhad plain in Iraq follows the same trend, where 
the freshwater is exchanged with treated wastewater by farmers and city people, 
while wastewater also replenishes the city’s aquifer. Researchers are investigating 
various models to increases the efficiency in exchanging the freshwater with treated 
water.

8. Enhancing community management through experimental games

To preserve the surface irrigation, forests, and protected areas, there are numerous 
successful models available but there is lack of models to validate the ground water. 
Many experimental games has been introduced by researchers in Andhra Pradesh, 
India to understand the social and biophysical contextual variables to solve ground-
water challenges which influences the crop production and daily needs of people. The 
farmers refused to follow the legislation of groundwater use as a result the aquifers are 
used excessively which leads to reduction of water in water table. Researchers found 
out this due to lack of information among farmers, who believes the depletion of 
ground water is due to no proper rainfall, but they had not realized that crop choos-
ing also plays major role in reduction of water in aquifer, since few crops need lot of 
water contribution. The experimental games plays major role in allowing the farmers 
to understand the connection more clear. Water management is improved by imple-
menting by this games which proves to effective starting point [6, 11]. Figure 4 shows 
about the management of ground water [12].

Figure 4. 
Management of ground water.
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9. Estimation methods

In order to maintain the sustainability, the process of ground water recharge is 
adopted at which the recharge rates are usually difficult to measure. The difficulty in 
quantifying the rate of ground water recharge has become a tedious process because 
[13], it is in need to measure the related processes such as transpiration, evaporation 
and infiltration for achieving balance in the environment. Figure 5 shows the cycle of 
water flow [14].

9.1 Physical

For the purpose of estimating the recharge at the ground water table, it is neces-
sary to employ physical methods for determining soil physical principles. The direct 
physical methods are also incorporated to quantify the amount of water that passes 
through the soil pores below the root zone. While the indirect methods depend on 
determining or identifying soil parameters, which is used for measuring the potential 
of actual ground water recharge. At this method, the quantified ground water denotes 
that amount of drained ground water during no rain season and if the area of catch-
ment is already known, then the recharge rate could be identified through the base 
flow itself.

9.2 Chemical

This kind of method could used while the ground water is found at a deeper zone, 
where the chemicals like chloride, isotropic tracer [15] are utilized in presence of 
relatively inert water soluble substance poignant through the soil.

9.3 Numerical models

The ground water recharge is identified using numerical codes such as Hydrologic 
Evaluation of Landfill Performance, UNSAT-H, SHAW, WEAP, and MIKE SHE. 
HYDRUS1D, a 1D programme that is available online. These kinds of codes usu-
ally use datas obtained by monitoring climate and soil to determine the amount of 

Figure 5. 
Cycle of water flow.
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recharge to be done. At these numerical models, the flow of water at the vadose zone 
in the aquifer could be modeled with the consideration of Richards’s equation.

10. Techniques involved ground water recharge

There are two methods to recharge water table or ground water (Figure 6).

10.1 Natural method

The Natural methods involve precipitation on soil, which enters into the soil. 
The other form of natural recharge occurs when there is leakage of water from lakes, 
ponds, streams etc.

10.2 Artificial method

This is efficient method in comparison with natural method, the amount of 
water consumed per capita is decreasing day by day and to increase the ground water 
recharge we need artificial method. This artificial methods involves various tech-
niques (Figure 7).

10.2.1 Basins or percolation tank

A percolation tank is a anthropogenic method which consist of highly permeable 
land in its reservoir, which allows the excess runoff water to percolate and it will 
increase the storage of ground water. The percolation tank should be constructed 
using second to third order steams, particularly on extensively fractured and worn 
rocks with lateral continuity downstream; and the recharge area downstream should 
contain enough wells and cultivable land to benefit from the increased ground water. 
The percolation capacity in the tank bed determines the tank’s size. Percolation tanks 
are designed in a way to store 0.1 to 0.5 MCM capacities. There is also a column of 3 
and 4.5 cm provided for ponded water.

The objective of percolation tank is ground water recharge; it allows leakage under 
bed’s seat. The majority of percolation tanks are earthen dams, with masonry struc-
tures serving only as spillways. For dams up to 4.5 m in height, keying and benching 

Figure 6. 
Methods recharge.
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between the dam seat and natural ground is sufficient, and cut off ditches are not 
necessary (Figure 8).

10.2.2 Ditch and furrow system

Shallow, flat-bottomed, and closely spaced ditches or furrows provide maximal 
water contact area for recharge water from the source stream or canal in locations 
with variable topography. This technique is less sensitive to silting and preparation of 
soil is very less [16].

10.2.2.1 Lateral ditch pattern

The surface runoff water is streamed into a feeder canal/ditch, from which 
smaller ditches at right angles are formed. The flow rate from feeder cannal to 
ditiches is monitored by Gate valves .the uniform. The factors such uniform velocity, 
maximum wetted surface and furrow depth are determined by topography. A return 
canal transports the excess water, as well as any remaining sediment, back to the 
main stream.

Figure 7. 
Artificial recharge.
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10.2.2.2 Dendritic (tree-like) pattern

The water is streamed into the main canal. This pattern is continued until all the 
water are infiltrated into the ground through smaller ditches which are connected 
with main canal in tree like pattern.

10.2.2.3 Contour pattern

Ditches are excavated in accord with the area’s ground surface outline. The ditches 
are designed in such way to move front and back to navigate the spread area multiple 
times and switchback if ditch get close to the stream. The ditch joins the main stream 
to downstream at its lowest point, returning extra water to it.

10.2.2.4 Steam augmentation

The most important source of ground water reservoir is leakage that occurs from 
natural streams or rivers. When the total available water supply in the stream/river 
exceeds the rate of infiltration, the excess is lost as runoff. The infiltration can be 
increased by installing check bunds where runoff water can be stopped when the total 
available water exceeds the infiltration range.

To recharge the stored water in short span of time, there must be check dam with suffi-
cient thickness of porous bed or weathered formation. The Height of the structure should 
be less than 2 m and the stored water in the structures are restrained to stream course. 
Series of check dams are constructed at various places to control the maximum runoff.

10.2.3 Recharge well

The main important components of groundwater recharge are:

• Catchment

• Conveyance

Figure 8. 
Percolation tank or basins.
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• Filtration

• Recharge well

10.2.3.1 Catchment

The area used for collection of water is called catchment the area can be smooth 
or unsmooth surface, such as rooftop, plot (garden, driveway etc). the water 
flowing through catchment need not to be clean, once they percolates through soil 
the dirt particles in water can be removed since soil acts a natural filter. The only 
care should be taken when using chemical residues, even small amount would have 
impact on whole ground water. Utmost care must be given while considering gar-
dens and farmlands since there are high chances of using fertilizers and pesticides 
(Figure 9).

10.2.3.2 Conveyance

There are different conveyances for different surfaces. Gutters or downpipe acts as 
conveyor for rooftops. Channels/pipes are used to carry water for plots. Storm water 
drains in layouts, campuses, and large residences convey runoff from various land use 
catchments (Eg: parks, roads, other paved areas, gardens and excess rooftop runoffs). 
As a result, storm water drains are an important conveyance system for recharge 
(Figure 10).

10.2.3.3 Filtration

Filtration is a process to remove the dirt or residual. In this method, soil act as 
filtration medium.

10.2.3.4 Recharge well

There are multiple ways to incorporate Recharge wells in the real estate develop-
ment. The run off rain water, the catchment area decides the design and number of 

Figure 9. 
Catchment.
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recharge well. Large numbers of recharge wells has to built in valley points, since they 
get highest rainfall. The valley point can be identified from topography study.

10.2.4 Recharge pit

Recharge pits are constructed for recharging a trivial aquifer. They can be circular 
rectangular or square. They are generally 1–2 m wide and 2–3 m deep. The Water 
that is diverted to ground water table should be residual free. In order to achieve that 
condition the pits after excavated are filled with stones, sands and boulders which act 
as a filter medium. Cleaning of the pit area should be done from time to time. Small 
buildings can have roof top area up to 100 m2. If the pit is trapezoidal, the side slopes 
should be steep enough to avoid silt deposition [17].

10.2.5 Recharge shaft

A recharge shaft may be dug or drilled. The recharge shaft are filled with pebbles, 
sand and boulders, where cleaning can be done by removing the top layers alone and 
refilling it. This type’s ground water recharge is most commonly seen in area where 
the shallow aquifer is located. They are constructed where there is low permeability 
and ends in more permeable layer. Usually the depth of the recharge shaft varies from 
10 to 15 m below the ground level [17].

Figure 10. 
Conveyance.
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10.2.6 Dug wells

Dug wells are the most common method of extracting water from ground water 
table. Dug well are bored manually since the labour charges are minimal. in this 
methods the dug well are bored deep down until it reaches the ground water level 
from where water can be obtained with the help of pumps and by other means. The 
diameter at initial phase is 1.5 meters and at final stage after lined with stones, bricks, 
or tiles to prevent disintegration, it is 1.2 meters but in some cases the diameter at 
initial phase is 15 meters. Since the excavation cannot do beyond the ground water 
table it will be only 10 to 30 feet deep. There are also high chances of contamination, 
since the well are shallow. In order to prevent the contamination there must be certain 
features (Figure 11).

10.2.6.1 Dug well construction features

In order to prevent the contamination, the well needs to be covered with cap or 
concrete curb that stand above the ground level and also the land surface around the 
well should be slope in nature so that water runs from the well flows into land and will 
not form pool near the well. The well needs to be cased with concrete and a cement 
grout or bentonite clay to avoid disintegration of well. The pump of the well should be 
separately placed rather than placing it near the well.

10.2.7 Induced recharge

It is an indirect method of artificial recharge involving pumping from aquifer 
hydraulically connected with surface water, to induce recharge to the ground water 
reservoir. When the cone of depression intercepts river recharge boundary a hydraulic 
connection gets established with surface source which starts providing part of the 
pumpage yield. In such methods there is actually no artificial build up of ground 
water storage but only passage of surface water to the pump through an aquifer. In this 
sense, it is more a pumpage augmentation rather than artificial recharge measure.

Figure 11. 
Dug well.
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Usually the ground water recharge is possible in a proper way as the abandoned 
channels in the hard rock regions act as a good site for the induced process of recharg-
ing. For this process, the check weir at stream channel helps in infiltration of water 
from surface reservoir to the abandoned channels which are then directed towards the 
aquifers.

During the unfavorable hydro geological conditions, induced recharge process has 
a greater advantage and also it helps in improving the quality of surface water which is 
generally improved due to its path through the aquifer material before it is discharged 
from the surface. Also, for the purpose of obtaining very high water supplies from the 
river bed deposits or waterlogged areas, collector wells are constructed. In India, these 
kinds of collector wells are constructed in the river bed such as Yamuna bed at Delhi 
and also in other places in Gujarat, Tamil Nadu, and Orissa as these wells are eco-
nomical due to large discharges and lower lift even though initial capital cost is higher 
as compared to tube well. If the phreatic aquifer is situated near the river of limited 
thickness, then instead of horizontal wells, the vertical wells could be adopted which 
is rather effective than the other [17].

11. Creation of resilience to the environment

For agricultural production, the groundwater has the capability to improve the 
potentially of resilience in food-insecure areas around the world. Due to this the 
rural income of the farmers can increase and also to withstand climate shocks and 
water variability. However, in order for groundwater to contribute to the sustainable 
intensification of agriculture, it is critical to understand where to invest in groundwa-
ter development and how to manage groundwater resources in a sustainable manner. 
WLE has identified potentially usable groundwater resources in Africa, supported 
important policy changes to improve the sustainable use of groundwater in eastern 
India, and created maps and new tools that can be used to implement new groundwa-
ter policies [6].

12. Conclusion

Hereby, we conclude that the ground water recharge through artificial method 
is effective while compared to that of natural method. Though the installations of 
artificial methods are cost consuming rather than natural methods, the rate of ground 
water recharge level is in an increased manner along with the consideration of water 
quality. Since, the water consumption rate per capita area is increasing day by day; the 
need for creating the source of ground water recharge is mandated in order to satisfy 
the demand.
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Chapter 4

An IoT-based Immersive Approach
to Sustainable Farming
Pratik Ghutke and Rahul Agrawal

Abstract

Despite the fact that the agricultural process is more data-driven, exact, and
intelligent than ever before, the reality is that today’s agriculture industry is more
data-driven, precise, and intelligent than ever before, regardless of public perception.
Virtually every industry has been altered by the rapid expansion of Internet-of-Things
(IoT)-based technologies, including “smart agriculture,” which has transitioned from
statistical to quantitative methodologies. Such large advancements are upending con-
ventional farming practises and offering new chances in the middle of numerous
issues. A new paper looks at the promise of wireless sensors and the Internet of Things
in agriculture, as well as the challenges that may occur when these technologies are
integrated with traditional farming methods. Using Internet of Things (IoT) devices
and communication protocols, wireless sensors utilized in agriculture applications are
fully investigated. Sensors for soil preparation, crop status, irrigation, insect and pest
detection, and other agricultural applications are on the list. From sowing to
harvesting, packing, and transportation, this technique is explained. This article also
discusses the use of unmanned aerial vehicles for agricultural monitoring and other
useful purposes, such as crop yield optimization. When feasible, cutting-edge IoT-
based agricultural ideas and systems are presented. Finally, we highlight present and
future IoT trends in agriculture, as well as possible research challenges, based on this
comprehensive analysis.

Keywords: internet-of-things (IoTs), smart agriculture, advanced agriculture
practices, sensors

1. Introduction

Agriculture is the economic backbone of India. Since agriculture is our major
source of sustenance, life would be impossible without it. The farmer needs to labour
every day of the week to produce the harvest, which lowers his revenue, so he must
look for alternative sources of food, especially since horticulture is becoming less
popular. Mechanization is so critical in the rural cycle. Accordingly, this work
proposed a framework so that livestock farmers could productively carry out their
horticultural practices from remote locations while providing fewer ideal opportuni-
ties for farmland. In this framework, all the equipment works alone with the help of
sources of information from sensors that are continuously checking the rural land, and

67



ranchers can screen whether everything is going well or some activity should have
been done. The entire cycle is controlled and monitored by a programmable regulator.
Solar primarily based power is the maximum considerable source of electricity inside
the whole рlаnts. Solar based electricity is not most effective а reaction to the con-
temporary electricity emergency, but additionally а sort of energy that is related to
weather. The solar era is the era of efficient use of solar energy. Solar chargers
(solar powers) are momently used to power street lights and water radiators.

1.1 Problem statement

The unеxресted drop in the price of solar chargers is increasing their use in various
fields. This innovation is used in horticultural water supply systems. Inside the
cutting-edge nation of energy emergency in India, а solar powered water system
infrastructure can be an inexpensive option for farm animals’ farmers. it’s far а
conductive to imparting green energy that releases strength when the underlying is
estimated. Water device design is а dangerous water detection method for the vicinity
or soil that bureаuсrасy the primary basis of our yield shape. Water for the most
element should be made available within the fields or through pits. This framework
will lessen the responsibility of the rancher and hold enough soil pleasant for better
development. From that factor on, the development was viable in that it introduced а
ranch water system into the field, which quickly killed units. This meсhаniсаl fin is the
entire structure of an electric water system washed out of the field. In term of GSM,
there are two important developments in the water supply system. “GSM” is an
arbitrary and basic moderator or handler. Global System for Mobile Соmmuniсаtiоns
(GSM) is а standard used to address infrastructure for mechanized data соlleсtiоn.
Nowadays the agriculturist is focused on increasing output while keeping expenses
down. This strategy necessitates an innovative approach to handle the problem and
boost output and profitability while minimizing food production’s environmental
impact.

1.2 Research gap

Precision agriculture in the cultivation field necessitates several ecological criteria
that indirectly analyze the aforementioned issue. However, because the intra-field
variability in sugar beet production and quality is unknown, it must be assessed in
terms of soil qualities and microclimate conditions. The crop environment’s observed
variability can therefore be managed by tailoring inputs to the places where they are
needed. As a result, the precision agriculture model has been used and advanced in
this study to track crop growth while taking into consideration field changes air
temperature, soil moisture, soil type and other factors. Precision agriculture improves
agricultural earnings and resource usage by reducing the use of traditional manage-
ment practices.

1.3 Research objective

Precision farming has an impact on yield-based crop development depending on
the soil type. Precision agriculture techniques have the potential to improve the Indian
agricultural economy. The suggested research focuses on identifying limiting factors
that have an impact on crop output. Providing precise water-based soil conditions
predictions.
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1.3.1 Irrigation system in India

In India, rural areas hold 18% of the US debt (GDP) and attract 49% of the
workforce. According to records, 2022 of the military will be deployed in agricultural
areas. 0205,000 siphons are continuously delivered to rural areas. Production of waste
water devices, including siphon sets, uncontrolled water intake, unplanned water
supply systems, water and energy savings, water loss and lack of expe.

Table 1 shows the effectiveness of different yields in India and the world. Unlike
the general use of the world, India has а low yield potential. This is due to a decrease in
the use of water in the water system as a result of the development of various mis-
fortunes,

As shown in Figure 1. The repetition of dry season is increasing steadily, adversely
affecting the usefulness of the crop. The dry season after that may be а repetition of
the dry season, it is no shaggy dog story. The recurrence of drought in exceptional
regions of India is proven in determine three. Streamlining water system productivity
and electricity use is a vital take а look at inside the current water device state of

Plant India World Highest

Cotton 4.69 7.36 11.4 (China)

Maize 1.9 4.6 14.6 (Israel)

Oilseeds 0.87 1.87 4.09 (Germany)

Onions 10.7 17.8 46.8 (USA)

Paddy 2.97 3.9 8.9 (Egypt)

Potato 19.6 15.9 48.6 (Belgium)

Pulses 0.59 0.9 4.6 (Netherland)

Soya 0.95 2.34 3.58 (Turkey)

Sugarcane 69 63 1.17 (Zimbabwe)

Tomato 16.5 26.8 61.9 (USA)

Wheat 2.76 2.88 7.9 (Germany)

Table 1.
Crop productivity (MT/ha).

Figure 1.
Availability of water for irrigation [1].
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affairs. Controlling using water sources is extremely fundamental to reap maximum
core yield in higher energy use. Maintaining water device efficiency is extremely
challenging. The effectiveness of а water device is the ratio of water utilized by the
dust to the filth that is distributed through the water system. The effectiveness of the
water device has to be cohesive, i.e., the water utilized by the filth and the contribu-
tion of water to the effluent via the water device ought to be same. If the performance
of the water system is more prominent than the consent, the structure of the water
device cannot satisfy the dirty water hobby. If the efficiency of the water unit is not as
high as the clutch, this redundancy is supplied by using the water machine structure,
which induces wastage of water.

The water system’s structure is prone to large amounts of water catastrophe,
reducing the effectiveness of the water system. What’s more, the water system pro-
ductivity of the different structures is analyzed, given in Table 2.

Here in Figure 2, Experts are baffled by the frequency of droughts shown in
official data. According to the agriculture ministry’s drought management section,
Assam would experience a drought-like condition once every 15 years. However, the
trend shows that the state has had three droughts in the last 9 years (including this
year). Though Bihar and Uttar Pradesh are only vulnerable once every 5 years, the
state has seen three drought-like circumstances in the last 5 years, while Uttar Pradesh
has experienced two. The statistics for the southern states, particularly Karnataka and
Andhra Pradesh, are considerably more mixed. While the states have had numerous
droughts in the last 5 years, a study suggests that Karnataka is vulnerable once every 5
years and Andhra Pradesh twice every 5 years.

1.3.2 Factors responsible for low productivity

Existence of Big Farmers: Even though India’s Zamindari system has been
abolished, rural large farmers continue to play a shadow role. These large landowners
control rent, tenure, tenancy rights, and other aspects of renters’ lives. As a result, the
situation of tenants is deteriorating day by day. It is quite difficult to increase pro-
ductivity using solely modern technologies in this type of tenure structure.

High Land-Man Ratio: Huge demographic pressures characterize Indian agricul-
ture. According to the 2001 Census, over 72.2 percent of the entire population lived in
rural areas, with agriculture employing nearly three-quarters of the total rural work-
ing population, or nearly 228 million employees (out of 310.7 million workers).

Sources of losses Leakages Evaporation Total

Canals & Branch Canals 13.6 3.4 17.0

Distributaries 6.4 1.6 8.0

Water Courses in the Field 16.0 4.0 20.0

Field application Losses 13.2 3.3 16.5

Total 49.2 12.3 61.5

Comparative Efficiency of Irrigation System
Surface 30–40%
Sprinkler 60–70%

Drip Irrigation 80–90%

Table 2.
Water losses in percentage in India.
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Uneconomic land subdivisions occur as a result of population growth. All of these
factors contribute to low production.

Rural Environment: In India, the rural social milieu is a major contributor to low
productivity. Farmers in India are lethargic, illiterate, superstitious, have a primitive
outlook, are conservative, unfit, and resistive to modern farming methods. Farmers’
marginal productivity in agriculture is zero, due to the family-based farming method.
Credit and marketing facilities that are irregular and insufficient: According to Raj
Krishna’s research, poor farmers are unable to effectively spend money in the land
during the peak season of agriculture due to a lack of and insufficient availability of
agricultural loans at a low rate of interest. Furthermore, crop marketing is regulated by
intermediaries or touts. As a result of all of this, agricultural productivity was low.
Modern technologies are lacking: In India, over 60% of cultivable land lacks irrigation
facilities. In 2000–2001, only 75.14 million hectares (out of 87.94 million hectares)
were irrigated. As a result, the green revolution’s ‘Package Program’ is ineffectual
across the vast majority of India’s gross cultivated areas. Degradation of the Ecosystem:
According to the Indian government, 329 million hectares (almost half of the country’s
land) have already been degraded. This leads to a yield loss of 33 to 67%. Furthermore,
5% of the land has been ruined to the point where it can no longer be utilized.

Figure 3 shows that interest in this issue has grown over time as measured by the
number of papers published every year. The smaller number of papers for 2019 is

Figure 2.
Frequency of occurrence of drought in various parts of country.
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owing to the fact that the year was not quite through when the paper selection
procedure was concluded. As a result, not all of the papers written in 2019 have been
published.

1.3.3 Water management

There are various ways to distribute water irrigated agriculture is a type of
agriculture that uses water as a source of input. The effectiveness of the various
possibilities varies, in some circumstances, a specific technique for a given crop should
be adopted. Irrigation can be done in a variety of ways, but they can all be categorized
into the following groups: When it comes to how water is spread, we can examine the
flood irrigation, (ii) spray irrigation, (iii) drip irrigation, and (iv) nebulizer irrigation.
On the subject of sensing systems, we can discuss I unplanned irrigation, in which the
amount of water is not calculated or estimated; (ii) planned irrigation, in which the
water is supplied according to estimated demands over a year; and (iii) adhoc
irrigation, in which the amount of water is estimated based on sensor readings. The
great majority of the papers in this section propose to distribute water using pumps and
valves in conjunction with sensors that assess ambient conditions in order to determine
water needs. In this part, 83 of the 89 reviewed articles include detailed information
about the planned irrigation system, while the remaining six just state that irrigation
actuators are present (see Figure 4). There are 49 articles that just indicate that their
system has motors/pumps (40 papers) or valves (nine papers) without providing
any additional information. 19 of the studies that provide additional information use
sprinklers (the most common irrigation technique) [3–21], eight utilize drip irrigation
[22–30], two propose sprayers [22, 31], and the rest use highly specialized irrigation
systems or it can be used on multiple systems [32]. Three papers [16, 18, 27] suggest
using a fogging system in conjunction with the main irrigation system, whereas two
papers [17, 28] suggest using fertigation in their systems.

1.3.4 Major applications

Every aspect of traditional agricultural methods can be significantly transformed
by incorporating cutting-edge sensor and Internet-of-Things (IoT) technologies into
farming practises. Smart agriculture has the potential to reach previously unimagined
heights thanks to the current seamless integration of wireless sensors and the Internet

Figure 3.
Annual number of articles presenting IoT irrigation systems that have been published [2].

72

Irrigation and Drainage - Recent Advances



of Things. By utilizing smart agriculture approaches, IoT can help improve answers to
many traditional farming difficulties, such as drought response, yield optimization,
land suitability, irrigation, and insect management. Figure 5 depicts a hierarchy of
critical applications, services, and wireless sensors in smart agriculture applications.
While key examples of how modern technology might aid in improving overall effi-
ciency at various levels have previously been covered.

The Internet of Things (IoT) is beginning to affect a wide range of sectors and
companies, spanning from manufacturing to health, communications, energy, and
agriculture, in order to reduce inefficiencies and improve performance across all
markets. When you think of the word, two words come to mind: [34, 35]. Current
applications appear to be simply scraping the surface of IoT’s potential, with the full
extent of its influence and applications still to be seen. Given the recent increase, we
may expect IoT technology to play a vital role in a number of agricultural applications.
This is due to the capabilities of the Internet of Things, which include basic commu-
nication infrastructure (used to connect smart objects to sensors, vehicles to user
mobile devices via the Internet), as well as a variety of services such as local and
remote data collection, cloud-based intelligent information analysis and decision
making, user interfacing, and agriculture operation automation. Such people have the
power to change agriculture, which is currently one of our economy’s least efficient
sectors. Figure 6 displays the important technology drivers in smart agriculture,
whereas Figure 7 depicts the major technological implementation roadblocks.

1.3.5 Demand for water

The water demand of the irrigation system is determined by estimating the
amount of water required for best crop output. The estimated crop evapotranspiration
(ETc) is used to determine the water demand; however, estimating the ETc requires
knowledge of the reference evapotranspiration (ET0). ET0 was defined by Dorenbos

Figure 4.
Number of papers that propose different irrigation systems [2].

73

An IoT-based Immersive Approach to Sustainable Farming
DOI: http://dx.doi.org/10.5772/intechopen.105449



Figure 5.
A hierarchy of applications, services, and sensors exists for smart agriculture [33].

Figure 6.
Major challenges in technology implementation for smart agriculture [33].
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and Pruitt [36] as a result of the total amount of under ideal conditions, water
evaporated from the soil and a large area of grass-covered ground transpired a large
amount of water (vigorous development and unrestricted access to water). The
Penman–Monteith equation is the most extensively utilized approach [37], was used
to calculate ET0, as illustrated below [2].

ET0 ¼ 0:408 Δ Rn�Gð Þ 900 γ u2 es�eað Þ
T

Δþ γ 1þ 0:34u2ð Þ (1)

The ET0 value is measured in millimeters per day, Rn is the net solar radiation
incident on the crop surface, G is the soil heat rate (MJ/(m2day)), is the psychrometric
constant (kPa/C), u2 is is the steam pressure slope, expressed in kPa/C. is the wind
velocity recorded at a height of two metres, es is the saturated steam pressure, and ea.
is the actual steam pressure, all in kPa. Agrometeorological stations measured all
climate factors to determine ET0, which is dependent on wind speed, sun radiation,
air temperature, and relative humidity.

ETc was calculated using ET0 and the crop coefficient as inputs (Kc). The type of
crop, the climatic circumstances, the soil’s distinctive features, and the vegetative
phase are all taken into account by Kc. The CNR (Chilean Irrigation Commission)
bulletins [38, 39], as well as the paper headed “Reference Evapotranspiration, for the
Determination of Water Demands for Agriculture in Chile” [40], tabulate values for
each species and growth phase. Eq. (2) was used to compute crop evapotranspiration,
ETc, where ET0 was changed based on the crop coefficient:

Figure 7.
The agricultural industry’s key technological drivers [33].
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ETc ¼ KcET0 (2)

The crop coefficient is Kc, while ET0 is measured in millimeters per month
(millimeters per month). The monthly net water demand was calculated using the
Eq. (ND). ND is calculated using the difference between ETc and the crop’s effective
rainfall (Pe). ND refers to the water required by the crop’s roots from the irrigation
system.

ND ¼ ETc‒Pe (3)

The United States Department of Agriculture’s Natural Resources Conservation Ser-
vice (NRCS) developed a method for calculating Pe based on real rainfall [36]. It was
estimated in this study using the monthly average of actual rainfall data from the
national agroclimatic network (Agromet) [41]. Because any irrigation system water
losses must be compensated, the irrigation systemmust provide more water than the net
water demand (ND). Certain security elements were also implemented to ensure that
the crop received at least the ND. The effects of deep percolation and surface runoff are
factored into the drip irrigation system’s application effectiveness (Ea), which was
determined to be 90% efficient. Two further elements that influence water demand are
the washing requirement (RL) and the coverage coefficient (Kr). The minimal amount
of percolation water required to maintain a constant soil salinity and avoid an increase in
salinity that could stymie crop development is known as RL. Water does not require to
be applied to the entire anticipated surface of the crop when Kr is used. The value of Kr is
determined to be less than or equal to unity. Equation shows the water requirement [2].

D ¼ ND 1þ Rlð Þ Kr
Ea

(4)

The irrigation schedule specifies how frequently and for how long water must be
provided to the crops. The irrigation frequency interval and volume of water provided
are determined by the amount of water kept in the root zone of the crops and how
quickly it is consumed. The soil texture, soil structure (water percolation), effective
root zone depth, crop type, and crop growth stage all influence irrigation frequency
[3]. For high-frequency watering requirements, a short interval is defined (one, two,
or more days). The goal is to maintain a consistent soil humidity [4]. The annual
irrigation schedule, which detailed the frequency of irrigation for each month, was
presented by an irrigation consultant. The daily irrigation demand (RID) in liters was
calculated using Eq. (5) once the irrigation calendar was defined.

RID ¼ DAc
Di

(5)

where Di is the number of irrigation days each month and Ac is the number of
hectares of land covered by the crops. Ac was calculated using Eq. (6), which took into
consideration the surface of each plant frame (PF) as well as the quantity of plants
(Nplants)

Ac ¼ PFNplants (6)

The length of time (ti) for which an irrigation system may run in order to provide
enough water to meet the needs of the crops was determined using Eq. (7).
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ti ¼ RID
qeNe

(7)

where qe is the volume flow rate supplied by the emitters in liters per hour, and Ne

is the number of emitters [2].

1.3.6 Irrigation System’s electricity demand

Drip irrigation, a water-saving irrigation technique that distributes water to crops
through a pressurized network of valves, pipelines, and emitters, is one of the most
widely used irrigation systems. The irrigation system pump is chosen based on the
irrigation system head (necessary pumping pressure) and the amount of water that the
crops demand. The irrigation system head takes into account the elevation head, the
pressure drop due to friction in the pipes and singularities (i.e., valves), and the required
working pressure by the emitters. The pump’s electrical demand remains constant since
the pumps in this study deliver a constant volume flow rate. Other research [5, 6, 42]
suggested using a variable speed pump to modify water flow in response to changes in
solar radiation, allowing for an enhanced irrigation regime. A control system that aligns
water supply with solar radiation could aid energy optimization [7], particularly in off-
grid environments; however, this option is not explored in this study. The optimal
design achieves the lowest overall cost, which includes the operational cost (electricity
cost) of pumping, which lowers as the pressure drop decreases, as well as the capital cost
of the irrigation system. Pipe friction and singularity losses in valves and fittings are
used to compute the pressure drop. The pressure reduces as the pipe diameter increases,
cutting the operational cost; nevertheless, the capital cost climbs in lockstep. Reduced
pressure loss can also be helped by selecting the right emitters and filters.

The pumping system was designed to manage the worst-case scenario, which
occurred during the peak water demand month. The operational characteristics of the
pump were determined using the pump characteristic curve, which was produced
during an experimental standard test. The pump characteristic curve provided infor-
mation on the system head (H), pump efficiency (), and electrical power required by
the pump (Wp) as a function of the pumped volume flow rate of water (Q). Eq. (8)
was used to calculate Wp:

Wp ¼ QρgH
ηpηm

(8)

where ηp denotes the efficiency of a mechanical pump and m denotes the effi-
ciency of an electric motor. In general, ηp was between 90 and 95 percent, and m was
between 45 and 65 percent. Some high-efficiency pumps can attain up to 85 percent
total pump efficiency (ηp ηm). Eq. (9) was used to compute the daily electricity
requirement (Ed) once Wp was estimated (from Eq. (8):

Ed ¼ Wpti: (9)

1.3.7 Solar PV system design

Irrigation water demand is frequently seasonal, throughout the year, the PV
system generates electricity. The solar PV system should be able to deliver the elec-
tricity required by the irrigation system in order to ensure a uniform distribution of
the volume flow rate of water required by all crops. Reliable data on solar resources is
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required for proper PV system design. In this investigation, the Solar Explorer, an
online tool developed by Chile’s Ministry of Energy [10], was used. The Solar
Explorer’s solar PV model is used in this study. It’s based on a Sandia National Labo-
ratories model, which is outlined in the reference. Solar radiation data for each unique
location was also collected using the Solar Explorer, which was then incorporated in
the solar PV model. The reference goes into great detail on the radiation database and
its accuracy. Internet of Things Research: Key Technology and Applications In this
paper, the author discusses the importance of IoT and RFID. With proper administra-
tion and dependable transmission, IOT can connect all items anywhere, at any time.
There are several strata to be found.

1.Layer of Access: Data is transferred from the sensing layer to the network layer
via this layer.

2.Network Layer: To pool the knowledge resources of the network.

3.Layer of Middleware: To deal with real-time data processing.

4.Layer of Application: To combine the functions of the bottom system. In this
work, RFID technology is utilized to distinguish enemy aircraft by machine. RFID
devices can also be used for inventory control, transportation, high security, and
high irresponsibility. One of RFID’s most essential elements is antenna technology.

2. Common architecture designs for IoT irrigation systems in agriculture

This section will provide an overview of the most popular architectures for these
systems. In IoT irrigation management solutions, multi-agent architectures are wide-
spread [43, 44]. These structures provide a distinction between the numerous com-
ponents that make up its structure. The difference is typically made depending on the
architectural strata in which the elements are housed. For example, nodes higher in
the hierarchy may act as a broker for nodes lower in the hierarchy [43]. The most of of
designs are divided into layers or functional blocks that represent the main tasks that
must be done [45]. These blocks or layers are considered generic and are found in the
majority of IoT irrigation management system architectural designs. The essential
components of these architectures are devices, connectivity, services, administration,
applications, and security. IoT systems are made up of devices that are put in a specific
location and may perform activities including detection, monitoring, control, and
action. In order to convey the essential data, the devices must have interfaces that
allow them to communicate with other devices. The information gathered by various
sensors will be treated as a whole, and the results will be applied to various actuators.
The data collected and the actions taken must then be sent between the devices. The
use of communication protocols is required for this task. In the majority of circum-
stances, different communication protocols are used on the same IoT system in order
for it to work together. Services may be required to complete tasks such as device
discovery, device control, and data analysis. The user can interact with the system
using the programmes. The user will be able to see data acquired through monitoring
as well as data extracted once it has been processed utilizing the applications. On
numerous occasions, the user can execute actions that he considers relevant to the
scenario presented by the data, and the actions can also be performed automatically.
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Finally, the security of the system may be considered. The three layers of IoT
architecture have typically been believed to be perception, network, and application.
After several research, an intermediary layer was built between the network and
application levels. In cloud and fog computing environments, this layer, also known as
the service layer, is used to store and process data. For the past few years, authors such
as Ferrández-Pastor [46] have proposed a new architecture based on four layers:
objects, edge, communication, and cloud. In their current architectural proposals, the
authors use the edge layer to locate critical apps and perform basic control activities.
According to [46], cloud (internet/intranet) can also include Web services, data
storage, HMI interfaces, or analytic applications. An illustration of the architecture
models is shown in Figure 9. These designs in Sensors 2020, 20, x 34 of 48, include
devices, communications, services, administration, applications, and security. IoT
systems are made up of devices that are put in a specific location and may perform
activities including detection, monitoring, control, and action. To transfer the essen-
tial data, the devices must have interfaces that allow them to communicate with other
devices. The information gathered by numerous sensors will be processed in general,
and the results will be applied to various actuators. The observed data as well as the
response actions must then be sent between the devices. Communication protocols are
required for this task. In the majority of circumstances, different communication
protocols are used on the same IoT system in order for it to work together. Services
may be required to complete tasks like device discovery, device control, or data
analysis. The programs enable the user to interact with the system. The user will be
able to visualize information collected through monitoring as well as information
taken from data after it has been processed using the applications. On numerous
occasions, the user can take actions that he considers important to the scenario
presented by the data, and these actions can also be taken automatically. Finally,
assess the system’s security. Traditionally, the three layers of IoT architecture have
been thought to be perception, network, and application. Following several research,
an intermediary layer between the network and application layers was built. In cloud
and fog computing environments, this layer, also called the service layer, is used to
store and process data. For the past several years, authors like Ferrández-Pastor [46]
have proposed a new architecture that is built on four layers: objects, edge, commu-
nication, and cloud. In these current architectural methods, the authors employ the
edge layer to locate critical apps and perform basic control operations. According to
[46], cloud (internet/intranet) can also include Web services, data storage,
HMI interfaces, or analytic applications. Figure 8 shows a representation of the
architecture.

Figure 8.
Evolution of the layered model in IoT architecture [2].
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Both 3-layered [43, 47] and 5-layered [48] designs are accessible in the assessed
IoT systems for irrigation. The sensor nodes and actuators are usually found in the
lowest layer. The middle layer has a gateway and is concerned with data transport.
Finally, the third layer is often responsible for data storage and analysis. Cloud ser-
vices, databases, and applications are common examples of third layers. The Internet
of Underground Things [33] is considering an innovative approach to IoT deploy-
ments for precision agriculture. In-situ sensing, wireless communication in under-
ground environments, and the interaction between architectural features like
sensors, machinery, and the cloud are all identified as functions by the authors. In the
case of IoUT, sensors are implanted underground. Wireless communication between
above-ground and beneath devices was examined by the researchers. The route loss
link between above ground and subterranean devices achieved �80 dBm over a
distance of 50 metres. The distance between underground devices for �80 dBm was
roughly 10 m. The authors also explore the impact of soil moisture on route loss.

2.1 Recommendations for putting a smart agriculture irrigation system in place

In this section, the researcher has presented an architecture suggestion for an IoT
irrigation system. To ensure the optimal functioning of the IoT irrigation system for
precision agriculture, the architecture should provide interoperability, scalability,
security, availability, and robustness. Following a thorough analysis of other
researchers’ work, we have divided our architecture concept into four tiers, as shown
in Figure 9, which we refer to as devices, communication, services, and applications.
Furthermore, the communication and services levels should solve management and
security concerns at the same time.

The first layer is the Device layer, which includes all of the devices that will
perform detection, monitoring, control, and action functions. There would be four
types of nodes in total. The water quality would be checked at the water monitoring
node to verify if it was suitable for crop irrigation. The soil monitoring node would
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COMMUNICATION
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AN

AG
EM

EN
T SECU

RITY

Figure 9.
Architecture proposal for an IoT irrigation system for agriculture [2].
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monitor soil moisture, temperature, and other parameters, which would contribute
in the irrigation schedule decision-making process. The weather monitoring node
would measure air temperature and humidity, precipitation, luminosity, radiation,
and wind parameters to facilitate decision-making. Finally, the decision-making
process’s operations would be carried out by the actuator nodes. The second layer is
the communication layer, which has three blocks. The Hop-to-Hop communication
block allows for the design of data link layer technologies as well as frame transmis-
sion with device layer data. In order to reach far-flung sites, frames will be
transmitted from this block to the network communication block. The routing
function may be assumed in this block in mesh networks, such as 802.15.4 networks.
The end-to-end communication block is responsible for delivering the capabilities of
the TCP/IP model’s transport and application layers when communication spans
various network contexts. Finally, the network communication block is responsible
for network communication (routing), hop-to-hop communication at end-to-end
blocks using IPv4 and IPv6 addresses, as well as ID resolution. It will also be in charge
of overseeing service quality. The following layer is the services layer, which consists
of three blocks. The services section includes IoT services as well as the ability to
discover and search for them. Users are assigned services by the organization block
based on their needs or available resources. Finally, in IoT-related business environ-
ments, service block modeling and execution will be triggered by application execu-
tion. Management and security are two elements that work on both the
communication and service tiers. The management block is built using the fault,
configuration, accounting, performance, and security (FCAPS) idea and architecture.
This model represents the ISO Telecommunications Management Network [33]. The
security block, which consists of four blocks, ensures the security and privacy of the
systems. User and service authentication are handled by the authentication block. The
authorization block is in charge of access control policies. Furthermore, access control
decisions will be made based on access control regulations. To provide secure peer-to-
peer communication, the key exchange & management block is used. Finally, the
trust & reputation block is responsible for scoring the user and evaluating the level of
trust in the service. The final layer is the application layer. It allows customers to
interact with IoT technologies. This layer allows users to receive alarms, see acquired
data in real time, and trigger actuators or actions that have not been configured
automatically.

2.2 India’s IoT farming challenges

• Inadequate knowledge about the local climate.

• There aren’t enough sales of distribution data sources to go around.

• Inadequate ICT infrastructure and illiteracy in the use of technology.

• Farmers are under-informed on the advantages of smart farming.

• Machinery for the workplace is expensive. There is a need for more manual
labour. Keep a written record of all you have done.

• a scarcity of market research competence and a research centre.
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• Changes brought on by the weather.

• Agriculture is attracting the attention of young and educated individuals who
have no desire to work in the industry.

2.3 Limitations

• Agriculture is a phenomenon that is completely dependent on nature, and man
can forecast or regulate nature, such as rain, drought, daylight convenience, and
pest management, among other things. As a result, IOT systems are used in
agriculture on a regular basis.

• Smart agriculture is constantly looking for ease on the internet. The rural areas of
developing countries were unable to meet these needs. Furthermore, the internet
is sluggish.

• Fault detectors or data processing engines can lead to erroneous decisions,
resulting in waste of water, fertilizers, and other resources.

• Smart farming, which is mostly based on instrumentation, necessitates that
farmer understand and learn how to use technology. This could be the most
difficult obstacle to overcome in implementing smart agriculture frameworks on
a large scale across countries.

• It conjointly has some problems that ought to be half tracked properly to achieve
the total good thing about it.

3. Conclusion

Water management is crucial in locations where water is scarce. This has an
influence on agriculture, as agriculture consumes a substantial amount of water.
Water management approaches are being studied in light of growing concerns about
global warming in order it is necessary to ensure that water is available for agricultural
production and consumption. As a result, the number of studies on irrigation water
saving has grown over time. In this paper, we present a summary of the current state
of the art in IoT irrigation systems for agricultural. When it comes to deciding irriga-
tion, soil, and weather water quality, we have discovered out what parameters are
most strictly observed. The most widely utilized IoT and WSN crop irrigation nodes,
as well as the most widely used wireless technologies, were also identified. The most
current breakthroughs in the use of IoT technologies for crop management and irri-
gation were also presented. In addition, a four-layer crop irrigation management
system has been developed. Based on the proposed architecture, we are creating a
smart irrigation system that analyses water quality before irrigation.

As a result, we are expanding the system that can monitor crops in fields where
humans cannot provide protection. We’re setting up a system in the field to keep track
of valuable crops and ensure that all climatic requirements are met. In this place, we
provide this type of system. As a result, this effective and dependable technology aids
in agricultural monitoring. Aside from its core objective, the system makes a substan-
tial contribution to global warming reduction. In a roundabout approach, plants’
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normal instincts are impeded. Plants can also be protected from fire using this
method. Crop destruction is reduced as a result. As a result, the ecological balance is
maintained. The research develops both an automatic watering system and a field
monitoring system. The results of this study would catapult farming to another
developmental level.
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Chapter 5

Smart Rainwater Harvesting 
System for Sustainable Agricultural 
Irrigation and Drainage System
Mohd Hudzari Haji Razali, Abdul Qudus Puteh,  
Alawi Haji Sulaiman and Mohamad Hakim Mohamad Yatim

Abstract

Nowadays the world population increases, so the demand for clean water is rising. 
Rain is the faster resource that can recharge compared to ground water. Rainwater 
harvesting system (RWHS) is one of the traditional and easiest ways of rising fresh 
water supplies. This system already implements by many countries in the world as a 
viable decentralized water source. Malaysia can be classified as a country with high 
annual rainfall and high consumption of domestic water. Malaysia is well and stra-
tegically positioned to harvest rainwater for both potable and non-potable uses. This 
research describes the collaborative and development affordable technology for cap-
turing and retaining runoff starting from rooftop gutter until the tank storage using 
as a valuable source of water and recharge the percolation well and increase ground 
water level. The developed system consists of soil sensor, integrated water pump, 
Arduino controller and water tank harvesting with dynamic mechanical flushing 
technique which improving filtration method. The results show that the system can 
be efficiently used for small-scale drip irrigation especially in urbanization farming as 
nowadays scenario of agriculture demand. Hopefully, this can be helpful as a valuable 
water source in future.

Keywords: smart irrigation and drainage, smart water tank, rain harvesting system, 
Arduino microcontroller

1. Introduction

1.1 Background of study

Water is nature’s gift for the good purpose of living on the earth. The righteous 
book of Al-Quran as in Sura Al Anbiya verse 30, mentioned that water is the source 
for living. To survive, living things, humans and plants need water as an important 
source. Nowadays, water shortage becomes a major issue. The increasing population 
causes a high demand for water. To overcome the water issue, water can be collected 
from rainwater as an alternative where it can be used for daily routine such as bathing, 
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watering plants, vertical farming, and washing the car. Rainwater harvesting system 
is the best solution and it’s appropriate to do it in Malaysia because our country 
receives 990 billion m3 of rainfall per year. (Department of Irrigation and Drainage 
Malaysia).

The rainwater harvesting system (RWHS) is an alternative way of agriculture 
activity. The agriculture sector is the most water use compared to other industries. 
It can collect rainwater from the rooftop and open space. The scale of the rainwater 
catchment area is depended on the area of the roof and demand. Even though the 
rainwater harvesting system has the potential for agriculture like irrigation, but there 
are still drawbacks to this system, particularly in large-scale projects that cannot be 
applied to gain potential output and best result.

The aim of this study is to develop a prototype system for sustainable agricul-
ture. The source of water for this system is derived from the original rainwater 
source. In order to allow the water to flow out from the tank, a sensor remote is 
needed.

2. Literature review

2.1 Rainwater harvesting system

In ancient times, rainwater was used to persevere. The use of the rainwater 
harvesting system has two main aims. The first was to provide water for various 
household activities, especially drinking, bathing, etc. Secondly, rainwater evapora-
tion from some of the domestic ones impounding systems such as pools and reservoirs 
made some sort of air-conditioning feeling available which has improved more or less 
on the microclimate, making it cooler and more comfortable.

Rainwater was the primary source of water supply in old days for drinkable 
and non-drinkable uses because water supply systems are not yet in development. 
Simplest method used to make a rainwater harvesting system. No treatment was 
applied to the collected rainwater before it was used. The systems can be categorized 
as small, medium and large scale [1]. Normally, the size of rainwater harvesting was 
based on the size of the catchment area [2].

Rainwater has a lot of potential as the main water resource for the future because 
of its high quality [3]. Clean rainwater collected not only solved the water crisis prob-
lem but also reduce the water treatment cost. For the economic benefit. This system 
can reduce or cut the utility bill for domestic water. So, RWHS is implemented if the 
water tariff is higher.

2.2 Drivers for RWHS

Rainwater Harvesting System has been used in the water supply system for many 
years, and has been around for this reason:

1. Water Scarcity

Water scarcity may be due to a lack of adequate surface area and improper control 
of groundwater resources, polluted land, and groundwater resources and insufficient 
support for programs to harness and distribute water.
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2. Reduce flooding and erosion

This system can help reduce erosion around downspouts and in the garden. It 
controls the stormwater run-off.

3. Reduce water bills

The use of rainwater can substantially reduce the cost to supply main water 
services. When needed, the rainwater acts as a substitute for a backup source.

4. For sustainable agriculture

The collection of rainwater can be used to boost plants and gardens too. The salt 
accumulation can be flushed from plants and soil using collected water. Harvested 
rainwater is usually free of different forms of pollutants and man-made toxins. Rain is 
also chlorine-free.

2.3 Benefits of the rainwater harvesting system

The harvesting of rainwater is the element of sustainable agriculture and tends to 
bring a variety of value not just for users but also environment and government (Table 1).

2.4 Working principle of the rainwater harvesting system

Nowadays, the rainwater harvesting system is well known to the public regard-
ing its function and benefits. However, the working process still has the same basic 
method and component. There are six basic components for a domestic rainwater 
harvesting system:

• The catchment surface: Surface allowing water to collect from the rain, such 
as a rooftop. The size of the catchment area determines how much rainwater is 
harvested.

User Government Environment

Rainwater is safe, free from 
disease and an adequate 
source of water.

Replace the old system 
in supply water for 
infrastructure.

Improve soil moisture level

This method is inexpensive 
and was easy to maintain.

It may reduce the cost 
of public water system 
access.

Reduce the amount of rainwater flow to the 
drainage that can cause floods to happen.

The system is easy and very 
user friendly

suitable for ecosystems and plants grow well 
on rainwater compare to use other sources that 
may have an element that contaminates plant 
and soils.Save cost by cutting the 

amount of water purchased 
from domestic systems.

Away from overuse of 
water are well.

Table 1. 
Benefits of the rainwater harvesting system.
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• Gutter and downspouts: Channel where the water flows into the storage tank.

• Leaf screens: The screens get rid of the waste, dust, dry/dead leaves from the 
rainwater captured.

• Water storage tanks: where the catchment water is collected before it is distrib-
uted to the ground.

• Delivery system: after water passes the filtration water will distribute through 
remote sensor piping and pump system.

• Treatment: the filtration system to ensure the water captured is clean and secure.

3. Research methodology

3.1 Location of study

The location of study is at University Technology MARA Campus Jasin Melaka. 
This location is chosen because accessible, safe and complete facilities are available to 
perform a rainwater harvesting system field experiment.

3.2 Research design

The study utilized data from the experiment and tested the method of collecting 
rainwater against soil moisture. The work was carried with a guideline and procedure. 
The water obtained from the rainfall was stored in a small tank where it was installed 
on the device. To disperse the water to the soil, the water tank already applies with a 
remote sensor where it detects the soil moisture.

3.3 Development and methodology

This study used a rainwater harvesting system as a source of water for good agri-
culture practices. To complete the research and run the test, a rainwater harvesting 
system with a remote sensor is built to detect moisture. To construct the system, a few 
factors need to be considered in the design of the system:

a. Size of PVC tubing or pipeline Influence the water flow from the tank to the ground.

b. The water tank should have enough water at all times because the water pump is 
high pressure. This is to avoid running out of water which can interfere with the 
smooth running of the system.

c. The high placement of the water tank is very important to give an advantage to 
the pipeline to disperse water with long distance.

3.3.1 Mechanization of rainwater harvesting system prototype

The basic part and component to build a prototype of a rainwater harvesting 
system are (Table 2):
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Item Size Quantity Picture

Soil moisture 
sensor

— 1

Arduino — 1

Relay module — 1

Mini Water pump — 1

Jump wire — 10

Water container 20 liters 1

Polyvinyl chloride 
(PVC) tubing

20 meter 1

Table 2. 
Basic part and component of gravitational drip irrigation system.
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3.3.2 Prototype rainwater harvesting installation process

3.3.2.1 Main installation process

The first installation is applying the mini water pump. The function of the water 
pump is assisted to disperse the water from tank storage to the soil through PVC tubing 
(Figures 1–3).

Figure 1. 
Installation of mini water pump.

Figure 2. 
Arduino UNP R3, relay module and soil moisture sensor.
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3.3.2.2 Arduino UNP R3, relay module and soil moisture sensor installation

The second stage is the Arduino UNP R3, relay module and soil moisture sensor 
installation. At this stage, the Arduino UNP connects to the relay using a jump wire. 
Soil moisture sensors are installed to detect soil moisture.

3.3.2.3 PVC tubing installation

The installation of PVC tubing is safe transportation of rainwater.

4. Results and discussion

4.1 Introduction

This chapter will outline the project’s design and construction process. To com-
plete the project, all equipment structures in this project must be evaluated, and all 
specifications must be fully implemented.

4.2 General concept

The Arduino microcontroller will be used for the main system in this project. 
Arduino has been chosen because it has several suitable hardware modules for 
Arduino boards themselves [4, 5]. There are several Arduino hardware components 
that can be attached to the Arduino plate, such as micro/mini water pump, soil mois-
ture sensor, and power sources. The equipment and components used in the rainwater 
harvesting system are:

4.2.1 Soil moisture sensor

The Soil Moisture Sensor is used as the key component to achieve the objective 
in this analysis. The role of the sensor is to use the capacity to measure soil water 

Figure 3. 
Installation of PVC tubing.
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Type Specification

Model The model of this sensor is series FC 28

Type of Model Soil Moisture Sensor

Operating Voltage The available voltage of this sensor is 3 mA @ 5 V DC

Output Current 0–4.2 V

Operating Temperature This sensor can withstand temperatures of −40°C to +60°C

Typical Resolution 0.1%

Measuring Range 0 to 45% volumetric soil water content (available at 0 to 100% VWC with 
alternating calibration)

Accuracy The level detection accuracy reading is within 4%

Table 3. 
Moisture sensor module specification.

Figure 4. 
The moisture sensor.
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content and it is very easy to use [6]. Only insert this robust sensor into the soil to 
be checked, and the volumetric water content of the soil is recorded as a percentage 
(%). Table 3 and Figure 4 show the specification of the Soil Moisture Sensor, as well 
as the sensor image.

4.2.2 Arduino UNO

Arduino is a microcontroller board which is open-source hardware. The term 
“UNO” in Italian means “ONE” and was chosen to mark the initial release of Arduino 
Software. The Uno board is the first in a series of Arduino UNO board based on 
USBArduino Uno has 14 digital pins, six analog pins, a USB interface, an ICSP header, 
a power barrel port, and a reset button. This Arduino UNO is used after upload 
coding to store data, and the project can fully function with a power supply without 
being connected to a laptop or computer. Table 4 shows the technical specification of 
this board. Figure 5 shows the Arduino UNO board.

Type Specification

Microcontroller The microcontroller used is ATmega8U2 model

Operating Voltage Only 5 volts of operating voltage

Analog Input Pins This board includes six analog input pins to be used

Flash Memory 32 KB (0.5 KB is used for Bootloader)

Frequency (Clock Speed) 16 MHz

Digital I/O Pins 14 (Out of which 6 provide PWM output)

Table 4. 
Arduino UNO technical specification.

Figure 5. 
Arduino UNO board.
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4.2.3 Jumper wire

Jumper wire is used to connect several components and parts to the Arduino UNO 
board. For example, Jumper wire act as a bridge to connect the moisture sensor to the 
Arduino UNO board. Table 5 shows the jumper wire specification and Figure 6 shows 
the picture of jumper wire (Figure 7).

4.2.4 Mini water pump

In this study related to the water system, the Mini/Micro Water Pump is used since 
it integrates easily. The water pump operates with a water suction system that col-
lects the water through its inlet and releases it through the outlet. Table 6 shows the 
jumper wire specification and Figure 8 shows the picture of jumper wire (Table 7).

4.3 Maintenance of the system

Every rainwater harvesting system has the same technique and method to do their 
maintenance. To cut the cost of maintenance, work should be done carefully and 
properly during the installation stage. The purpose of maintenance is to make sure 

Figure 6. 
Mini water pump.

Type Specification

Size The size of the jumper wire pin header for this project is 0.1 “

Length The length of every one jumper wire is 180 mm

Table 5. 
Jumper wire specification.
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the operating system is running smoothly. Need to ensure the water source free from 
unwanted things that can cause clogging happen at the water tank or PVC tubing.

Factors need to focus and consider during the maintenance of the system:

a. Water storage tank – Should always check the tank ‘s cleanliness and ensure that 
water is always available to the system for smooth operation.

b. Filtration - filters should be maintained periodically to avoid any damage to the 
system.

Type Specification

DC Voltage 3-5 V

Maximum Lift 40-110 cm / 15.75″-43.4″

Flow rate 1.2–1.6 L/H

Working life 500 Hr

Material engineering plastic

Outside diameter of water outlet 7.5 mm/0.3″

Inside diameter of water outlet 4.7 mm/0.18″

Weight 30 g

Table 6. 
The mini water pump specification.

Figure 7. 
Jumper wire.
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c. Transportation and delivery system – All plastic water-supply facilities will last 
longer. However, periodic inspections are required to ensure all appliances are in 
good condition.

4.3.1 Prototype project

To complete this a prototype project, a container with soil was used to place a soil 
moisture sensor in it. Thereafter, the entire project is tested to achieve the project 
objectives.

Figure 8. 
Project prototype.
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4.4  Performance of the developing rainwater harvesting system using soil 
moisture sensor

The functions of each component within the project are tested and recorded 
for final results. There are several components that need to be tested such as soil 
moisture sensors, mini water pumps and PVC tubing to prevent clogging. The ability 
of these components to work well proves that this prototype has been successfully 
implemented.

4.4.1 Evaluation function testing project

The prototype will be checked multiple times to ensure the proper functioning of 
each part within it. To submit information to the water pump acting as output, the 
soil moisture sensor data will be interpreted. It is intended to prevent and minimize 
accidents that result in injury during operations [7, 8]. All of the errors may affect the 
achievement of this study’s objectives.

4.4.2 Prototype project unit testing and functional testing

Table 6 shows the complete results of the prototype system for this study. No 
error occurred at the end of the test after the prototype execution was complete. 
From this analysis, it can be assumed that it is applied effectively and according to 
the actual requirements. In this study the most important thing is to ensure that 
the sensor works properly to detect moisture in the soil. So, it can receive data and 
transmit information so that other components can effectively perform their tasks. 
This makes it easier for consumers such as farmers to control the amount of water 
to crops.

4.5 Discussions

The rainwater harvesting system has been selected as the watering system for 
agricultural sustainability. The performance of the system has achieved the real 
objectives of this study. This device is maintained to supply an adequate quantity of 
water for plant production. So, this system is very relevant to be used by the small-
scale farm.

Hardware component project Function (%)

Soil Moisture Sensor

Sensor detected 100

Analog reading 100

MINI WATER PUMP

Water flows out of the pump when the sensor detects low humidity 100

Water does not flow out of the pump when the sensor detects low humidity 100

Table 7. 
Result of system functionality testing.
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5. Conclusion and recommendations

5.1 Conclusion

The research was conducted to build a rainwater harvesting system prototype. 
This is also intended to assess the efficiency of the device against soil moisture. The 
data were obtained at the MARA Campus Jasin University of Technology. Shape the 
data, which may be linked to the objectives of this stud. The results show the proto-
type function very well to detect the soil moisture.

Next, proper utilization of this system will help restore the deteriorated aquatic 
ecosystem and mitigate global climate change. However, research into this knowledge 
needs to be improved to obtain a greater result, especially for the agricultural sector. 
A researcher studying irrigation will consider the effective harvesting of rainwater for 
agricultural irrigation a significant subject.

As a conclusion. Rainwater harvesting has been proved to be efficient in an 
irrigation system for plant growth. Based on the study, it has been estimated that the 
RWHS gives a good impact and good vibes to the small-scale farm.

5.2 Recommendation

For the recommendation, to enhance the performance rainwater catchment tanks 
should be in a high place to facilitate the movement of water. This system required a 
large size of water storage so the water harvested can hold for a long period and facing 
no problem during the dry season. It also can improve field performance and capabil-
ity. For the filtration stage, regular maintenance and check must be done to avoid any 
clogging.

In many developing countries, this system does not get full attention and is less 
attractive as installation and maintenance are very costly. The low tariff of domestic 
water resources also causes the factor less attractive to the system. To implement the 
rainwater harvesting system’s success, the government plays an important role to help 
give some support, especially during the initial stage. Many kinds of approaches can 
be done by the government such as doing advertisements through media social, televi-
sion, and new paper. They also can organize an exhibition regarding this system to 
expose its function and its benefits.

In Malaysia, to introduce the system need to educate the public through a formal 
and informal forum such as among students in the school, college and etc. The ben-
efits can be fully highlighted by providing the proper tools where it seems could be 
effective to encourage the public to save water. The behavior of the public about water 
use can be changed once the water tariff getting higher. They also find an alternative 
if they experienced a long drought season and lack water resources. 

Acknowledgements

The authors would like to acknowledge the role of the Ministry of Science, 
Technology and Innovation (MESTECC) and Universiti Teknologi MARA (UiTM) 
for providing grants funding of 100-IRMI/GOV 16/6/2 (025/2019) and 600-
RMC/LESTARI SDG-T 5/3 (077/2019), and all staff in Faculty of Plantation and 
Agrotechnology, UiTM Melaka, in facilitating the field trials and allow to conduct this 
research.



Smart Rainwater Harvesting System for Sustainable Agricultural Irrigation and Drainage System
DOI: http://dx.doi.org/10.5772/intechopen.104442

103

Author details

Mohd Hudzari Haji Razali*, Abdul Qudus Puteh, Alawi Haji Sulaiman  
and Mohamad Hakim Mohamad Yatim
Faculty of Plantation and Agrotechnology, Universiti Teknologi MARA, Jasin 
Campus, Melaka, Malaysia

*Address all correspondence to: hudzari@uitm.edu.my

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Irrigation and Drainage - Recent Advances

104

References

[1] Gould J. Contributions relating 
to rainwater harvesting. In: Paper 
Prepared for the World Commission 
on Dams Secretariat (WCD) Thematic 
Review IV.3. Cape Town, South Africa: 
Vlaeberg; 1999

[2] Thamer AM, Megat-Johari MM, 
Noor AHG. Study on potential uses of 
rainwater havesting in urban areas. In: 
Paper Presented at Rainwater Utilization 
Colloquium on 19 & 20 April 2007 at 
NAHRIM Mini Auditorium. Selangor, 
Malaysia: University Putra Malaysia; 
2007

[3] Texas Water Development Board, 
editor. The Texas Manual on Rainwater 
Harvesting. 3rd ed. Austin, Texas: Texas 
Water Development Board; 2005

[4] Hudzari RM, Noorman MM, 
Asimi MNN, Atar MAM, Nashriyah M. 
Engineering technological in agriculture 
research and education. Advanced 
Materials Research. 2013;705:493-498

[5] Hudzari RM, Syazili R, 
Ssomad MAHA, Farizal MSA. Design 
and development of innovative Highland 
water filtration system, special issues: 
Mechatronic system. World Journal 
of Engineering and Technology. 
2016;04(03)

[6] Sahit K, Razali MH, Mustapha S. 
Effectiveness smart sensor devices for 
sustainable irrigation in agriculture. 
In: 10th IEEE International Conference 
on Control System, Computing and 
Engineering (ICCSCE2020); 21-22 
August 2020; Penang, Malaysia. 2020

[7] Mat N, Mohd R, Hudzari, Khandaker, 
Moneruzzaman M. Effects of irrigation 
frequencies on aerial agro-morphological 
parameters of Dioscorea hispida Dennst. 

(Dioscoreaceae). Journal of Applied 
Sciences Research. 2014;8(9):27-37

[8] Ismail WIW, Razali MH, Tan MY. 
Development of automation and control 
design system for lowland tropical 
greenhouse (Scopus). Pertanika 
Journal of Science and Technology. 
2013;21(1):357-366



105

Chapter 6

Water Sustainability through 
Drainage Reuse in Agriculture – A 
Case for Collaborative Wireless 
Sensor Networks
Huma Zia

Abstract

With increasing prevalence of wireless sensor networks (WSNs) and internet of 
things (IoT) in agriculture and hydrology, there exists an opportunity for providing 
a technologically viable solution for the conservation of already scarce freshwater 
resources. In this chapter, a novel framework is proposed for enabling a proactive 
management of agricultural drainage and nutrient losses at farm scale where complex 
models are replaced by in situ sensing, communication, and low complexity predictive 
models suited to an autonomous operation. This is achieved through the develop-
ment of the proposed Water Quality Management using Collaborative Monitoring 
(WQMCM) framework that combines local farm-scale WSNs through an informa-
tion sharing mechanism. In this chapter, we present the design of a framework for 
facilitating real-time utilization or disposal of agricultural drainage among farms 
using collaboration among prevalent farm networks. The basic system architecture 
comprises modules for environmental learning, prediction of the impact of neighbor-
ing events in terms of drainage and nutrients losses, and a local decision support 
mechanism. The overall functionality of the framework is explored in terms of stages 
of learning, training, and testing. A network learning model is required to identify 
flow links of a network with neighboring networks.

Keywords: wireless sensor networks, internet of things, collaborative networks, water 
quality management

1. Introduction

Owing to the coupled impact of traditional farming practices and inherent ineffi-
ciency of nutrient uptake by crops (up to 60%), there is an inevitable release of drain-
age water (35–60% of surface irrigation water) rich in nutrients [1]. For example, in a 
watershed (190,000 ha) in Western Australia, facing high nutrient fluxes, phospho-
rous losses are measured to be 140 tonnes per annum (tpa) that is twice its target. It is 
expected to rise to 1300 tpa in the next 100 years if current practices continue [2]. In 
another study on the North China Plain, the recovery of fertilizer N by the crop at the 
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conventional N fertilizer rate (300 KgNha−1) was approximately 25%, while 30–50% 
of the applied N was lost [3].

In order to avoid exacerbating the water crisis and to prevent food shortages, an 
advantageous strategy is the conservation and reuse of agricultural drainage (and the 
dissolved nutrients) before it ends up in freshwater system [4]. Reusing drainage water 
and nutrients emanating from one farm in another farm, before they enter the water 
system, can have huge environmental as well as economic benefits. In particular, reuse 
reduces the amount of freshwater extracted from the environment, thus lowering its 
diversion from sensitive ecosystems. In regions where irrigation water supplies are 
limited, drainage water can be used to supplement them [5, 6]. In addition, agricul-
tural drainage reuse can benefit the farmers (or any stakeholders) by saving cost on not 
using fresh irrigation water and fertilizer inputs.

The only concern about drainage water reuse is whether or not the water is safe 
for reuse, that is, does not contain high concentration of salts and pesticides. Highly 
saline water cannot be used for salt-sensitive crops. However, it can successfully be 
used for salt-tolerant crops, trees, fodder, and natural wetland and even for salt-sensi-
tive crops at later growth stages [4, 7]. Conjunctive use of saline water with freshwater 
increases the suitability of drainage water. With regard to pesticides, in areas where 
strong environmental safeguards exist for pesticide usage, there is little risk associ-
ated with the reuse of surface runoff or tail water drainage [7–9]. Hence, drainage 
water can safely be used if appropriate considerations are taken into account.

Drainage water and dissolved nutrients have been globally utilized for crops 
and greenhouses. In some intensive farming areas, farmers have begun to test their 
groundwater for nitrate concentrations and therefore change their nutrient budgets 
accordingly [10]. In another case, reapplication of N-rich runoff waters provided 
more than the annual nutrient requirements for that land [11]. In one study, reuse of 
saline water for salt-tolerant forages has been investigated under varying salinity-level 
treatments (between 15 and 25 dS/m). For this experiment, sand tanks were used in 
a greenhouse. Almost all forages showed promise with regard to biomass production, 
whereas wheatgrass, Bermuda-grass, and paspalum performed particularly well [12].

Some work in local drainage reuse is reported for hydroponic systems maintained 
in a greenhouse (in which plants are grown in water instead of soil). In one applica-
tion, high-quality tomato was grown with drainage reuse [13]. During seedling stage, 
fresh nutrients were supplied with irrigation of which 20–30% overflowed as drain-
age. At the final stage of ripening, the preserved drainage was reused with no wastage 
being drained out from the greenhouse. In a similar work based on greenhouses in 
Australia, drainage reuse was used for growing cucumber and tomato [14]. The study 
was aimed at investigating the use of drainage water of the greenhouse to increase 
water and nutrient use efficiency and reduce the environmental impact. Flow meters 
were installed to gauge the volumes of water applied to the crops. Water samples were 
taken five times a day for inflows and outflows, and were analyzed for pH, salinity, 
and concentrations of nutrients. The results indicated 33% reduction in freshwater 
usage for irrigation. Furthermore, it was determined that drainage water collected 
from the greenhouse contained 59% of applied N and 25% of applied P. These studies, 
though small scale and based on local drainage reuse, are very encouraging.

Existing work though promising is based on spatially and temporally limited 
manual sampling of soils and waters and on hypothetical guesses as to the processes 
involved in the N cycling. Furthermore, various resource constraints and farmer’s 
concerns regarding real time availability of information on volumes, timings, 
and quality of discharges that will be delivered to the farms [15, 16] restricts wide 
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adoption of this mechanism in agriculture. Despite tremendous promise of the 
benefits of drainage water reuse and technological advancements, implementation of 
an intelligent and autonomous management mechanism has not kept pace with the 
deteriorating water situation. Some of the reasons as outlined in a detailed study [17] 
are as follows: (i) insufficient awareness of available technology, (ii) unavailability of 
soil, weather, and crop data, (iii) inappropriate model selection which inadequately 
capture the system details, and (iv) gap between decision makers and scientists. The 
integration of useful and relevant scientific information is necessary and critical 
to enabling informed decision making for drainage reuse or disposal [18]. Recent 
adoption of WSNs in agriculture and hydrology presents huge promise for improving 
water management, and the next section discusses the applications of WSNs for water 
quality monitoring and agriculture and identifies huge opportunities available with 
real time, dense, and remote data availability.

This chapter presents the architecture of water quality management using col-
laborative monitoring (WQMCM), which uses existing networked farms and water 
systems and low-complexity predictive models to enable real-time drainage water 
management [19–21]. The functional overview of the WQMCM framework with the 
design of a modified drainage network is discussed.

2. Function overview of WQMCM

WQMCM is an integrated control and management strategy, which requires that 
individually targeted monitoring units or local networks, representing different 
stakeholders in a catchment, for example, a farm, should be able to share informa-
tion with each other about runoff, drainage, or nutrient fluxes. These events may 
be intense but are short-lived and so information sharing becomes important as 
they may be very fast, and so may normally be missed with the usual sampling rate. 
Allowing event information to be transmitted across multiple networks as they are 
detected will allow prediction of when the repercussions of that event might be seen 
downstream, allowing other stakeholder networks in the vicinity to adjust their moni-
toring and management strategy. This will include taking decisions about reusing 
or disposing the drainages, or increasing their sample rate to catch transient events. 
As emphasized in the literature, drainage reuse strategy reduces the overall stress of 
nutrient losses to the water system and provides economic benefit as well by reducing 
fertilizer usage. The proposed framework enables stakeholders to manage and benefit 
from this reutilization by sharing information about their availability and presence. 
Such a de-centralized approach comprising autonomous networks presents a flexible 
methodology where independent networks, in addition to local monitoring objec-
tives, seek to opportunistically utilize neighboring events.

To demonstrate the mechanism of the proposed framework with respect to 
agricultural drainage reuse, a modified drainage network is designed. Figure 1 
illustrates an example irrigation and drainage system in which various farms and 
drainage regions are linked with each other through water flow paths. The figure 
shows an additional bay, drainage reuse bay, linked with individual farm’s irrigation 
and drainage bay to implement the drainage reuse mechanism. Each farm would 
have the option to either use drainage from another farm or fresh irrigation water 
for irrigation. As mentioned earlier, the WQMCM framework aims to combine local 
individual networks into an integrated mechanism; therefore, it is assumed that these 
farms are monitored by individual networks with local application objectives. These 
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objectives are to facilitate farming decisions with regard to, for example, irrigation or 
pesticides scheduling by monitoring microclimate (soil moisture, crop cover, and soil 
temperature) of the field. For implementing the framework, an additional network 
on the water system, the drainage reuse bay in this case, is required to monitor drain-
age and nutrient contributions by each farm. As shown in Figure 1, individual sensors 
in the drainage network are deployed at the outlet of each farm to monitor its drain-
age outflow. Other nodes monitor base flow in the drainage bay. This network will 
be either deployed by an official governing body working toward maintaining water 
quality or by local farmers for a collaborative cause.

These networks, under the proposed WQMCM framework, share information 
about the start of a daily event with each other, for example, an irrigation event in a 
farm or high pollutant drainage discharge from drainage bay. When event informa-
tion is received from a farm network (e.g., farm A), the drainage network node 
associated with that farm uses on-node predictive models to forecast the values for 
expected drainage and nutrient dynamics as a result of that event. The forecasting of 

Figure 1. 
A modified drainage network design to implement drainage reuse for the WQMCM framework.
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drainage dynamics is undertaken by the drainage network for the following reasons. 
Firstly, because drainage network links all the farms and the stream networks, it 
is ideal to have the drainage network disseminate the predicted information about 
drainage to all the other farms and stream network for reuse, treatment, or disposal. 
Secondly, the main drainage bay could be distantly located from the drainage ditch of 
a farm; hence, volumes of actual drainage outflows received by a drainage bay from 
a farm may change owing to evapotranspiration and absorption during its transport. 
Additionally, running predictive models is a computational overhead, which should 
naturally be taken up by the network responsible for decision making.

Figure 2 illustrates the format of information shared by a farm and the param-
eters predicted by a drainage network. The shared event information packet from a 
farm includes network and event details. To identify a network, information such 
as network id, type, and location is included. Network type is related to whether it 
is a farm, drainage, or a stream network, which helps filter out received messages. 
For instance, a farm network may only want to receive information from drainage 
or stream network, or a drainage network may only be interested in information 
coming from farms for obvious reasons. Network location filters out geographically 
dislocated networks or the ones located downstream, which are unlikely to impact 
upstream networks. Further to that, event detail in the information packet includes 
event depth/volume, event duration, fertilizer quantity applied. Any additional 
event information will be governed by the requirements of a predictive model, which 
is discussed in the next chapter. As far as the predicted parameters for expected 
drainage are concerned, as discussed in chapter 1, the relevant information necessary 
to implement a proactive monitoring and management system is drainage depth/
volume (Q), fertilizer loads in the drainage (TON), start time (t1), and duration (td) 
of the drainage.

Predicted values of drainage and nutrient dynamics by the sensor node are trans-
mitted to the gateway of drainage network, from where it is relayed to the neighbor-
ing farm and stream networks. The farm networks (e.g., farm B) uses the predicted 
information and local decision support model to decide whether to reuse the drainage 
or not, and transmit a reuse acknowledgement to the drainage network. In the former 
case in which network B intends to reuse the drainage, the drainage water, once avail-
able from farm A, is allowed to drain into the drainage reuse bay (through a control 
pump) instead of the main drainage bay. From the reuse bay, the drainage is then 
pumped into the irrigation bay of farm B. In case none of the networks send reuse 

Figure 2. 
Parameters related to upcoming event shared by neighbor networks and the predicted variables for the resulting 
drainage event.
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acknowledgements, the drainage would be drained into the main drainage bay. The 
stream network can then decide, based on the predicted values for nutrients, whether 
to divert the flow in case of high-nutrient outflows or to otherwise allow it to enter the 
stream.

3. Architectural detail

The fundamental part of the WQMCM framework is that individual networks 
learn their environment to predict the impact of events elsewhere in the catchment 
on their own zone of influence. The predicted drainage information can be beneficial 
for adjusting management strategy in a farm or in a stream network accordingly, by 
adopting drainage reuse, disposal, or treatment. For managing agricultural reuse, 
the overall architectural detail comprises of various modules encompassing drain-
age, farm, and stream networks, as illustrated in Figure 3. For enabling forecasting 
of drainage dynamics expected as a result of an event in a neighboring farm, two 
key modules are developed in the drainage network: neighbor linking model, and 
drainage and pollutant dynamics module. The neighbor linking model uses neighbor 
event information and sensed drainage data to link the impactful neighbors. The 
predictive module further comprises individual models to predict Q , t1, td, and TON. 
The predicted drainage information is used by decision support models in farm and 
stream network to enable decision making about its reuse or disposal. Furthermore, 
this information is further used to adjust sampling rate of the sensors, to capture the 
approaching drainage flow, at the predicted response time.

It has been emphasized in this chapter that due to inevitable drainage and nutrient 
losses despite adopting BMPs, it is important to enable mechanism for their reutilization. 
Therefore, a simplified decision support model is developed just as an example to illustrate 

Figure 3. 
Block diagram of the WQMCM framework architecture.
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the utilization of predicted information for enabling reuse mechanism. The modules of 
drainage network and farm network blocks are briefly introduced. Figures 4 and 5 found 
illustrates the functional flow of these modules for both the blocks.

Figure 4. 
Functional stages of the drainage network modules, under the WQMCM framework, such as “Learning,” 
“Training,” and “Testing.”
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3.1 Neighbor linking model

The main purpose of this module in the drainage network is to identify the farm 
networks that drain into this drainage network. These links are identified over a 
period of time using a learning process. Firstly, dislocated networks (e.g., located at 
lower altitudes of the catchment) are filtered out using network location in the shared 
information packet by the neighbors. Secondly, for the filtered neighbors, training 
dataset is acquired over a period of time, as respective event information is received 
from these individual neighbors. Training data consists of (i) the event information 
packets that were received that particular day, for example, at time t, and (ii) the 
sensed values of the received drainage and nutrients at the drainage bay at time t + x. 
Here, x refers to the time it takes for drainage to appear in the drainage bay from the 
time event information is received, and t is ranged between 00 hrs and (x-1) hrs.

For each set of the acquired training data for a particular neighbor, a linear regres-
sion model is used to identify the relationship between the sensed drainage and the 
received event details. This process divides the neighbors, which sent information 
over the learning phase, into two lists: linked neighbors and un-linked neighbors. 
Later, for the linked neighbors, sufficient training data are acquired to provide for 
the development of the predictive models. Figure 4 illustrates the mechanism of the 
neighbor linking model in the learning stage section.

3.2 Drainage hydrograph and nutrient dynamics predictive models

Once training dataset is acquired for the linked neighbors, the next step is to develop 
the models for predicting the drainage hydrograph and nutrient dynamics. Constraints 
on network nodes (battery life, computing power, availability of sensors, etc.) require 
a simplified underlying physical model, and a simple machine learning model based 
on fewer and, ideally, real-time field parameters acquired autonomously and shareable 

Figure 5. 
Functional stages of a decision support model at a farm network, which intends to reuse drainage water, under the 
WQMCM framework.
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across neighboring farms. Ideally, the model should be based on minimal training 
samples so that the model can be implementable soon after the deployment of the 
network. Such models are local in the sense of being valid for a given site (farm in this 
case). Once developed at the gateway, these models are deployed on the relevant node 
associated with the particular farm. This facilitates distributed computing where indi-
vidual nodes of the drainage network, deployed at the outlets of farms, run the learned 
predictive models for forecasting drainage from those farms. These models can then 
generate expected drainage hydrograph and nutrients dynamics, which are transmitted 
to the gateway for further action regarding transmission to neighboring networks.

These models intrinsically self-calibrate because the evolving record of the obser-
vations allows them to adapt to the latest condition. This creates portability from one 
season to the next and from one climate regime to the next. With new data regarding 
a farm, the models are calibrated at the gateway and re-deployed at the relevant node. 
However, it is important that a model must maintain a balance between the complex-
ity of the model and the predictive accuracy of the model.

Existing state-of-the-art predictive models are used as a basis to derive low-
complexity models for Q , t1, td, and TON. A machine learning algorithm, M5 tree, is 
then used to train the individual models as shown in the training stage of Figure 4. 
Once the models are trained with acceptable prediction performance, the drainage 
network progresses to the testing stage. In the testing stage, neighbor event informa-
tion is firstly interpreted using developed neighbor linking lists and then used to 
predict drainage dynamics using the predictive models, in case of a linked neighbor as 
illustrated in the testing stage of Figure 4. As mentioned earlier, the model accuracy 
can be continuously improved by learning the evolving instances in the testing stage.

The algorithmic flow of these stages for a drainage network is illustrated using 
a flow diagram in Figure 6. When information is received at the data sink of the 
drainage network by either a drainage network sensor or a neighbor farm, firstly it is 
checked whether the network is in the learning stage or not. In such a case, the infor-
mation is passed on to the neighbor linking model. If the model is in testing stage, 
then in case the received data packet is from a neighbor, it is checked if the neighbor 
ID is in the linked neighbor list. If it is an already linked neighbor, then the relevant 
trained predictive models for that particular neighbor are used to predict the event 
values. Otherwise, it is determined if the neighbor is an un-linked neighbor, in which 
case the event packet information is disregarded. In case the received data packet is 
from the drainage sensor, then the data within the packet are linked with the relevant 
neighbor information and saved for improving the models later.

3.3 Decision support model (for drainage reuse in a farm)

For the decision support model, the challenge lies in designing a model which 
takes into account local field conditions, predicted dynamics, and expert knowledge. 
Unlike the predictive models in the drainage network, this model essentially runs 
on the gateway of the farm network. The model complexity can substantially vary 
depending upon the requirements set by the farmer. For example, the farmer may 
want the model to advice on the possible repercussions of drainage reuse on crop. 
Furthermore, in case the available drainage is not enough or high in N, the model may 
also advise on mixing drainage and freshwater for irrigation to fulfill its requirements 
or to disregard the excess nutrients in the drainage which the farm may not want to 
reuse. These complexities are highly scenario dependent and require sufficient expert 
knowledge and data to address. In this chapter, a simplified decision support model is 
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developed as an example to demonstrate the utilization of predicted information for 
enabling the reuse mechanism.

Figure 6 illustrates the functional stages of the development and use of the deci-
sion model for drainage reuse in a farm. In the training stage, expert knowledge and 
machine learning algorithms are used to implement simplified models for drain-
age and nutrient reuse. Once the model is trained, predicted drainage information 
received from a drainage network, and local field conditions and climatic data are 
used to classify the usability of the drainage water and nutrients (as shown in the 
testing stage of Figure 6).

4. Conclusions

This chapter presented the water quality monitoring, control, and management 
framework for a collaborative control and management of agricultural drainage 
water for addressing the issue of prevalent water crisis. The framework leverages 
individual networked farms and streams into an integrated water management 
mechanism. Such a monitoring system should enable each farm to share information 
about its drainage flow with neighbor networks, for example, with a drainage bay 
network, which can then process the information for timely treatment, disposal, or 
reuse of the drainage.

Figure 6. 
Basic algorithm running at a sensor node of a drainage network under WQMCM framework.
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To implement the drainage management, the architecture of the WQMCM 
framework comprises various modules. Modules for a drainage bay network include 
neighbor linking model, and predictive models for drainage and pollutant dynamics, 
whereas, for a farm network, a decision support model is used to ascertain the reus-
ability of the predicted drainage event. The overall functionality of the framework 
is explored in terms of stages of learning, training, and testing. In the learning stage, 
neighbor linking model is used to determine the correlation of events in various farm 
networks with the events received in the drainage bay by the drainage network. The 
model results in identifying linked and un-linked farm networks by using a combina-
tion of geographical filtering and linear regression methods. For the linked networks, 
training dataset is acquired to provide for the development of the predictive models 
for drainage dynamics and nitrate losses. When the drainage network has learned 
the environment and the predictive models for individual farms, it is brought into 
a testing stage. In this stage, neighbor event information is firstly interpreted using 
developed neighbor linking lists and then, in case of a linked neighbor, used to predict 
drainage dynamics. These predicted values are transmitted by a drainage network 
to other farms and stream networks so that they can take a decision for the reuse, 
disposal, or conservation of the expected drainage.
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Improvement of Tertiary Irrigation 
Networks, Changes in Cropping 
Patterns, and Increasing Cropping 
Index at Kendal Indonesia
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Abstract

Increasing food crop production remains a top priority for the Indonesian 
government, as demand increases as the population grows. One of the obstacles 
faced in increasing production is climate change. One of the adaptations to climate 
change in agriculture is to establish policies for the development and modification 
of infrastructure that can save water resources management and establish institu-
tions involved in the planning and implementation of water resources management. 
Kendal Regency, Central Java Province, is one of the regions that contributes to food 
availability in Indonesia. These conditions support the development of food crops, 
especially rice, corn, and soybeans. Since 2015, the government and farmers have 
made improvements to the tertiary irrigation network in paddy fields. This activity 
aims to increase the cropping index and achieve cropping patterns for one year. In 
the implementation of irrigation network improvement activities, the community of 
farmers using water usually works together in determining the location for repairs 
and making suggestions for improvements to the government. Improvements to irri-
gation networks were able to increase the cropping index by 0.37 from 1.85 in 2015 to 
2.22 in 2016 or equivalent to an area of 8,880 ha (standard area ±24,000 ha).

Keywords: Kendal Regency Central Java Indonesia, irrigation network,  
increasing food crop production

1. Introduction

Raising food crop production remains the top priority for the government. This 
is done to meet the increasing food needs and the expanding number of people in 
Indonesia. One of the hindrances faced in increasing production is climate change. 
The world of agriculture is faced with more significant challenges, mainly due to 
global climate change, which impacts the area of sub-optimal land with more severe 
stress levels [1].
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Climate change will have negative impacts on water resources, agriculture, forestry, 
health, and the vulnerability of public infrastructure, as well as the extinction of 
various species [2]. The area under rice cultivation that is nationally threatened with 
drought in the next one or two decades will increase from 0.3–1.4% to 3.1–7.8%, while 
the area that is unharvested due to drought will also increase from 0.04–0.41% to 
0.04–1.87% [3]. On the other hand, the La Nina impact caused an increase in flood-
prone cropping areas from 0.75–2.68% to 0.97–2.99%, and the area that is unharvested 
from 0.24–0.73% to 8.7–13.38%. As a result, the risk of decreasing food production, 
due to floods and droughts, will rise from 2.4–5.0% to more than 10% [4].

Survey activities for the improvement of tertiary irrigation networks intensively 
in irrigated rice fields in the Kendal Regency were carried out in 30 (thirty) villages 
spread over 11 (eleven) subdistricts. The survey location is in the form of agroeco-
systems of rice fields irrigated with technical irrigation networks and semi-technical 
irrigation networks.

2. River flow areas basic irrigation network improvement

2.1 Irrigation network to increase food production

Replace in anticipating the impacts of climate change, the government has 
set policies, such as developing and modifying infrastructure, that can save the 
management of water resources and biodiversity, taking into account the emis-
sions trading, reducing greenhouse gases, and establishing institutions involved in 
planning and implementing water resources management, as well as innovations on 
the application of technology that has a good impact on water resources and other 
natural resources [5].

The irrigation system includes irrigation infrastructure, irrigation water, irriga-
tion management, irrigation management institutions, and human resources [6]. The 
Important infrastructure to support the availability of water is the irrigation network. 
The availability of water will determine the success of increasing production. The 
water sufficiency for plants will provide optimal results for both growth and produc-
tion [7]. Regarding food crops, the availability of water from technical irrigation 
networks (weirs, culverts, and reservoirs), as well as other water sources (dams/
spring ponds, long storage, and others) is the basis for accelerating the increase in 
food and agricultural production [8].

Storage and utilization of abundant water is an applied operational strategy 
to increase food production in rain-fed rice fields [9]. In addition, through water 
management (utilizing rainwater and other water resources as much as possible), 
increasing food production in 4 million ha of distributed rain-fed rice fields in various 
islands can be done, including by increasing the cropping index from one to two or 
three times per production in a year [10, 11]. Moreover, the tertiary irrigation network 
restoration of rice fields can also increase the cropping index and production [12].

The rehabilitation of irrigation networks to optimize the water resources is mainly 
to support the establishment of food security, increase added value, and at the same 
time increase farmers' welfare [13]. The Indonesian government has rehabilitated the 
irrigation network with the realization of around 3.05 million hectares of rice fields 
that are spread across all agricultural areas in Indonesia [6].

Generally, the type of channel in the irrigation network is divided into primary, 
secondary, tertiary, quarter, and drainage channels [14]. Primary and secondary 
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irrigation networks become the responsibility of the central, provincial, and district 
governments. Meanwhile, the maintenance of tertiary irrigation networks is accom-
plished by farmers or water management groups. The provision of optimal tertiary 
irrigation networks in irrigated rice fields is a direct and adaptive operational action 
that can be taken by farmers in dealing with drought or water needs. One of the main 
culprits of the food and agricultural production opportunities loss is the poor condi-
tion of supporting infrastructure.

The deterioration of the irrigation system network will threaten the increase in 
food production [6]. Restoration of damaged irrigation networks covering an area 
of 3 million ha or 52% of the total irrigation area, can expand irrigation services to 
increase the cropping index by 0.3 or more [8]. The network restoration is gradually 
carried out by the government and farmer groups. Irrigation management requires 
institutions, namely, management, members, and various accompanying regula-
tions to be efficient in their use and remain sustainable [6]. The results of research 
in Central Sulawesi Indonesia recommend a more efficient and useful technology in 
dealing with climate change in food crop production to increase farmers' knowledge, 
provide user-oriented features, and various institutions to provide collaborative 
programs in facing the challenges of climate change [15].

2.2 Distribution of watersheds in Kendal Regency

Kendal Regency, Central Java Province, is one of the regions that contributes to 
food availability in Indonesia. Generally, Kendal Regency has an area of 23,270.07 
ha of irrigated rice fields and 809.6 ha of rain-fed rice fields [16]. These conditions 
support the development of food crops, especially rice, corn, and soybeans. Efforts to 
increase food crop production can run optimally; therefore, since 2015, restorations 
have been made to tertiary irrigation networks in rice fields. Through the restoration 
of the irrigation network, it expects an integrated increase in IP and resource manage-
ment with a specific location, as well as the application of technological innovations 
according to technical standards can also be carried out. Finally, the target of increas-
ing production, productivity, and rice crop index in a year can be realized. One of the 
efforts made by the government to fulfill food needs is by increasing food production 
in agriculture. The most productive agricultural effort is the use of water for irriga-
tion. Based on these conditions, proper, regular, and sufficient water supply and 
management is a must [13].

Irrigation can be interpreted as an effort to bring in water by making buildings and 
channels to drain water for agricultural purposes, distributing water to rice fields or 
farms regularly and in sufficient quantities, and then disposing of the unnecessary 
water is required [17]. Generally, irrigation areas are closely related to watersheds as 
sources of irrigation in the form of large rivers, springs, and others [18].

This watershed is usually associated with the local climate of a place, which is a 
rainfall area. In Kendal Regency, there are four groups of rainfall areas (Figure 1), 
namely, 500 mm/year rainfall, 1000 mm/year rainfall, 1500 mm/year rainfall, and 
2000 mm/year rainfall. The highest rainfall (2000 mm/year) is in two subdistricts, 
namely, Plantungan and a small part of Sukorejo, 1500 mm/year is in Limbangan 
District, 1000 mm/year is in Boja, Singorojo, Patean, and parts of Sukorejo. The 
remaining 500 mm/year of rainfall occurs in most subdistricts in the Kendal Regency. 
These conditions determine the watershed and the construction of irrigation net-
works. For example, the Cepiring subdistrict is an irrigation area originating from the 
Bodri watershed or Sidomukti irrigation area (Figure 2).
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Figure 2. 
Irrigation network in Kendal Regency [19].

Figure 1. 
Map of rainfall in Kendal Regency [19].
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Based on the type of rainfall and watershed in the Kendal Regency, the construc-
tion of a tertiary irrigation network is displayed in Table 1.

Table 1 shows that there are 30 locations for the construction of tertiary irrigation 
channels in the Kendal Regency. These locations are spread over 11 subdistricts with 
different sources of irrigation water. Based on the table, it is known that seven sources 
of irrigation water or watersheds become the source of irrigation in the Kendal 
Regency.

No Subdistrict Village Benefit recipients Name of irrigation area

1 Boja Bebengan Rukun Tani Sojomerto

2 Ngabean Tani Mulyo II Sojomerto

3 Trisobo Tuk Mandiri I Sojomerto

4 Brangsong Brangsong Gempolsari Sojomerto

5 Kertomulyo Sidomulyo Sojomerto

6 Sidorejo Sido Makmur Sojomerto

7 Tosari Tirto Arum Sojomerto

8 Cepiring Juwiring Sido Maju Sidomukti

9 Sidomulyo Sido Maju Sidomukti

10 Gemuh Galih Tirto Rahayu Kd. Pengilon

11 Poncorejo Lumintu Kd. Pengilon

12 Sedayu Tirto Sido Ayu Kd. Pengilon

13 Triharjo Sumber Rejeki Kd. Pengilon

14 Kaliwungu Selatan Plantaran Ngudi Makmur III Bodri Trompo

15 Sidomakmur Tani Barokah Bodri Trompo

16 Sukomulyo Tirto Lestari Bodri Trompo

17 Limbangan Gonoharjo Darmatirta Sidomukti

18 Tamanrejo Sumberrejo Sidomukti

19 Ngampel Dempelrejo Sudi Makmur Blimbing

20 Ngampel Kulon Mugi Rahayu Blimbing

21 Ngampel Wetan Mugi Rahayu Blimbing

22 Patean Mlatiharjo Mlati Tirto Mulyo Mudal

23 Plososari Tani Luhur Mudal

24 Patebon Donosari Maju Makmur Jlegong

25 Pidodo Kulon Ngudi Makmur Jlegong

26 Pegandon Gubugsari Gemah Ripah Bodri Trompo

27 Karangmulyo Tirto Mulyo Bodri Trompo

28 Pesawahan Sido Rukun Bodri Trompo

29 Singorojo Kaliputih Ngudi Makmur Bodri Trompo

30 Singorojo Tirto Tlogosari Bodri Trompo

Table 1. 
Tertiary irrigation channels in Kendal Regency, Central Java Province.
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Regarding the restoration of irrigation networks, the determination of the point of 
the tertiary irrigation network restoration is based on the watershed and the irriga-
tion area that has the potential to increase the cropping index. The restoration of the 
tertiary irrigation network is not carried out in locations that are prone to flooding, 
whether it is rainwater puddles or seawater intrusion.

Figure 3 depicts that the northern coast (yellow) is a flood-prone area. Therefore, 
in the first planting season, the related agency suggested farmers plant rice variet-
ies tolerant of flooding. If Figure 3 is combined with the position of the irrigation 
network in Figure 2, the Kendal Regency area is an area where the condition of the 
availability of irrigation water is very sufficient.

The water requirement in rice cultivation is divided into several stages. Tillage is 
the stage that requires the most water. Optimal tillage is the beginning of preparation 
for plant life that affects the growth and production of rice plants. Therefore, water 
is absolutely necessary. Water requirements in each growing season are different. The 
water requirement for early maturing rice plants is highest in the second planting 
season because rainwater begins to decrease. The largest available water discharge 
occurs at the end of February and the potential for water availability is relatively small 
[20]. Therefore, in the second and third planting seasons, the expansion of water 
discharge through the tertiary irrigation network significantly affects the increase 
in the cropping index and the enlargement of rice fields, particularly in technically 
irrigated rice fields [13].

Water sufficiency for crops in a rotation pattern is the foremost step in considering 
whether a crop rotation is possible to be applied to an area. The irrigation planning 
criteria offer an effective rain calculation based on rainfall measurement data at 
the nearest station. In areas that have irrigation network facilities or irrigated rice 
fields, the water source is better used as chief support to irrigate crops than rain. A 
rational rotation pattern is selected based on the following criteria: (1) the need and 

Figure 3. 
Disaster-prone area in Kendal Regency [19].
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sufficiency of water; (2) the highest economic profit each season per year; and (3) 
other considerations, such as market demand and government policies [21].

2.3 The restoration of the tertiary irrigation network in Kendal District

Irrigation network facilities and infrastructure restoration is divided into two 
activities, namely, development and maintenance. Related to these activities, there 
are many locations in irrigation areas that require first handling. The results of the 
research in Yogyakarta showed that the tendency of tertiary irrigation networks in 10 
irrigation areas was that the higher the command area, the higher the priority rank-
ing for the development or management of a location. If there are several proposed 
locations with similar conditions, prioritization can be determined based on the 
command area [22].

In Kendal Regency, the restoration of the tertiary irrigation network was con-
ducted to support the enlargement of the planted area for food crops. The irriga-
tion network restoration was conducted in 57 locations (Table 2), including in the 
Districts of Boja, Kaliwungu Selatan, Pegandon, Singorojo, Limbangan, Brangsong, 
Ngampel, Cepiring, Patebon, Patean, and Gemuh. The estimated area of irrigated rice 
fields is about 3500 ha. The restoration of the tertiary irrigation network is a shared 
commitment between the government and the water management groups. However, 
in practice, the officers of the union of water-user farmers usually work together in 
determining the location for repairs and making suggestions for restorations to the 
government.

The union of water-user farmers in the Bantimurung Irrigation Area, Maros 
Regency, South Sulawesi, Indonesia, has moderate authority in the utilization, 
development, and management of irrigation water [23]. Whereas in Morocco, farmer 
organizations formed to intervene in water management and sugar production appear 
to be inactive or have weak relationships with their constituents. Therefore, irriga-
tion managers and the sugar industry continue to interact directly with farmers in a 
centralized manner [24].

The restoration of the tertiary irrigation network in the Kendal Regency was 
conducted in the areas of lowland, medium, and highland irrigated rice fields. In 
Figures 4 and 5, some examples of tertiary irrigation network restoration locations in 
the lowlands include Patebon Subdistricts (Maju Makmur water user farmer associa-
tion covering an area of 60 ha), Pegandon (Gemah Ripah water user farmer association 
covering an area of 80 ha) and Gemuh (Tirto Rahayu water user farmer association 
covering an area of 80 ha and Sumber Rejeki water user farmer association covering an 
area of 80 ha).

The restoration of the lowland tertiary irrigation network was also conducted in 
Weleri Subdistrict (Sumber Agung Village and Karanganom Village) and Kangkung 
Subdistrict, Gebanganom Village. The restoration of the tertiary irrigation network 
in Sumber Agung Village is an irrigation network from the Timbang Weir (Weleri 
District), which is a transfer from the Damar river. The cropping pattern that is usually 
done by farmers around the restoration of irrigation networks, in general, is paddy-
paddy-paddy. But some farmers plant with paddy-paddy-tobacco or paddy-paddy-
horticultural (vegetable) cropping patterns. Meanwhile, irrigation in Karanganom 
Village, Weleri District, comes from the Sasem Weir (from Grinsing District, Kendal 
Regency). The usual cropping pattern is paddy-paddy-paddy (Figure 6).

For the area of Tani Makmur water-user farmer association Gebanganom Village, 
Kangkung District (Figure 7), the restoration of the tertiary irrigation network 
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Figure 6. 
Restoration of the Tertiary Irrigation Network at Ngudi Luhur water user farmer association Sejati, 
Sumberagung Village, Weleri District, and Timbang Weir, Weleri District.

Figure 7. 
Tertiary irrigation network rehabilitation at P3A Tani Makmur, Gebanganom Village, Kangkung District.

Figure 4. 
Secondary irrigation channels in Gubugsari Village, Pegandon District (not yet repaired), and tertiary irrigation 
networks in Gubugsari Village, Pegandon District.

Figure 5. 
Secondary (no restoration) and tertiary channels in Galih Village, Triharjo Village, Gemuh District.



129

Improvement of Tertiary Irrigation Networks, Changes in Cropping Patterns, and Increasing…
DOI: http://dx.doi.org/10.5772/intechopen.106266

is adjacent to the secondary channel from the Juwero Weir (in Gemuh District). 
The initial cropping pattern was paddy-pady-corn. With the restoration of the 
tertiary irrigation network, it is expected that the cropping pattern will become 
paddy-paddy-paddy.

Restorations of the tertiary irrigation network in the highlands were conducted in 
the district of Boja (in Figure 8), water-user farmer association of Bebengan Village 
for an area of 35 ha, Tani Mulyo water-user farmer association (Ngabean Village) for 
an area of 30 ha and in Trisobo Village Tuk Mandiri I water-user farmer association for 
an area of 25 ha. In addition, restorations of the irrigation network were carried out 
at the location of Taru Martani water-user farmer association (in Figures 9 and 10, 
Bangunsari Village, Pageruyung District), as well as repairing the Kreon weir from the 
Kuto River, which was an aspiration fund. The cropping index around Kreon Weir is 
not rice, but annuals. It can be said that the restoration of the irrigation network around 
the Kreon Weir is to improve the irrigation of the rice fields under the Kreon Weir. 
Restorations to the irrigation network were executed in two places, namely, around the 
Kreon Weir and near the rice fields.

Besides Pageruyung (Figure 11), other highland rice fields are located in 
Plantungan District. The restoration was carried out at Ngudi Sejahtera water-user 
farmer association, Bendosari Village, Plantungan District. This location is quite far 
and close to Batang Regency. The flow of water comes from the Bulus river, which 
is runoff from the Kuto River. The cropping pattern of irrigated rice fields is paddy-
paddy-paddy. It can be said that the restoration of the irrigation network is to expand 
the area of rice fields that can be irrigated.

The restoration location is quite far from the rice fields. However, the land around 
the irrigation network, which was previously planted with annual crops, is expected 
to be planted with rice in the third planting season of the following year.

Figure 8. 
Semi-technical tertiary irrigation channels in Bebengan Village and Ngabean Village, Boja District.

Figure 9. 
The secondary irrigation channel has a disconnected position with a tertiary channel in Trisobo Village, Boja 
District.
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Based on the results of field observations and focused discussions with the agri-
culture, plantation, livestock, and forestry service of Kendal Regency (coordinator of 
instructors, agricultural assistants, instructors, and agricultural infrastructure staff) 
and farmers, information was obtained that the restoration of the tertiary irrigation 
network can reduce water loss due to leakage during irrigation. Therefore, the area 
of irrigated rice fields increases, especially in the second season of rice planting. In 
addition, farmers hope that the rice fields can be planted with food crops after the 
restorations of the tertiary irrigation network in the third planting season.

The implementation of irrigation network infrastructure development in 
Bengkulu Tengah Regency, Bengkulu Province, Indonesia, is a priority in supporting 
the provision of water resources, functioning to support dynamic and interactive 
rural development, as well as irrigated agriculture in the future. The utilization of 
water resources is fully aimed at improving the economy and welfare of farmers. By 
using technology it supports infrastructure development, as well as water manage-
ment to produce a more effective irrigation network [25].

Small irrigation systems with a command area of less than 500 ha are the back-
bone of family food security, which, in turn, leads to food security at the national 
level. The deterioration of the irrigation system network will threaten the increase in 
food production. In the future, irrigation infrastructure must be supervised better. 
Therefore, the agricultural sector can realize agricultural diversification. The wider 

Figure 10. 
Kreon weir, irrigation network, and irrigated rice fields in Bangunsari Village, Pageruyung District.

Figure 11. 
The location of the irrigation network is in Bendosari Village, Plantungan District.
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the conservation, local wisdom, and social capital in irrigation management can be 
maintained. Irrigation expansion and development should include the participa-
tion of farmers and water-user farmer association through self-management, not a 
tender system (auction), and target-oriented. In addition to better performance, the 
self-management system fosters a high sense of ownership and responsibility by the 
water-user farmer association [6].

Self-management will be more efficient if it is combined with a mutual coopera-
tion system, therefore, restoration targets can be achieved and even exceeded. In 
addition, supervision from farmers and even cross-control between group members 
will automatically occur. In the future, the role of the water-user farmer association 
will be improved to increase the function of the development and management of 
irrigation, especially in small irrigation. Good small irrigation management involv-
ing the role of government and stakeholders is expected to improve farmers' income 
levels, expand job opportunities in farming and outside farming, food resources, soil 
and environmental damage prevention, and ownership of productive assets [6].

Participatory irrigation, where farmers are given greater control and manage-
ment responsibility, has been a topic of controversy for many years. Initially seen as a 
panacea for dealing with weaknesses in state-run irrigation, participatory irrigation 
has generated mixed results, especially in south Asia. Part of the challenge in under-
standing the conditions that elevate and undermine participatory irrigation is that it 
is rarely deployed in the same way. For example, irrigation fees collected by farmers 
are not handled collectively, even within a single country. In some instances, a large 
amount of collected fees is retained locally. Only a small amount is kept for local 
use. In this paper, we use game theory to consider how the portion of irrigation fees 
retained locally might impact the effectiveness of participatory irrigation. We show 
that there are multiple plausible equilibria and that allowing farmers to retain more 
funds locally might shift behaviors from an uncooperative equilibrium to a coopera-
tive outcome. However, we also find that it is unlikely to be a singular fix. We use 
empirical evidence to demonstrate the conundrums of making participatory irriga-
tion sustainable [26]. Irrigation water can increase rice production, productivity, and 
farmers' revenue through the restoration of irrigation infrastructure, utilization of 
biological fertilizers, and proper management of irrigation systems [27].

3. Food production and tertiary irrigation improvement

The impact of constructing a tertiary irrigation network in the Kendal Regency 
can be seen in two things, the cropping index and productivity. The construction of 
irrigation networks can affect productivity and production [28]. Tertiary irrigation 
construction not only increases production by 22.19% but also increases the cropping 
index [29]. Generally, the impact of tertiary irrigation construction on cropping index 
and production in the Kendal Regency is illustrated in Figures 12 and 13.

The picture above depicts that there was an increase in the cropping index of rice 
plants in 2016. This increase occurred after the restoration of the irrigation network 
in 2015. The increase in the cropping index occurred by 0.37 from 1.85 in 2015 to 2.22 
in 2016 or equivalent to an area of 8.880 ha (standard area ±24,000 ha). However, in 
the following year until 2019, the rice planting index decreased to 0.73. Exploration of 
further information related to the decline in the index of rice cultivation was caused 
by the shift of commodities, which are usually paddy to corn, in several subdistricts, 
such as Brangsong, Patebon, Gemuh, and Ringinarum. Farmers said that the corn 
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commodity in recent years was more promising both in terms of production and 
price. Therefore, corn was more profitable. The transfer of commodities conducted by 
farmers is in line with corn production in Kendal Regency as shown in Figure 13.

In Figure 13, rice production increased from 2015 was 44,305 tons to 53,363 tons 
(9.058 tons). However, from 2017 to 2019, there was a decrease to 35,642 tons. On the 
other hand, corn in 2016 increased in production by 13,609 tons, from 56,977 tons to 
70.586 tons. Furthermore, corn production increased to 77,219 tons in 2017, in 2018 by 
62,665 tons, in 2019 by 66,364 tons, and in 2020 by 72,015 tons. This condition is con-
trary to rice production which continued to decline until 2019 and rose again in 2020.

4. Conclusions

Improvement of the tertiary irrigation network is one of the adaptations to climate 
change for the farmer level. The improvement of the tertiary irrigation network is 

Figure 12. 
The effect of tertiary irrigation network construction on increasing IP in Kendal Regency in 2015–2020.

Figure 13. 
The effect of tertiary irrigation network construction on rice and maize production in 2015–2020.



133

Improvement of Tertiary Irrigation Networks, Changes in Cropping Patterns, and Increasing…
DOI: http://dx.doi.org/10.5772/intechopen.106266

very much needed by farmers with further management carried out by the water-user 
farmer association. Improvements to the irrigation network have been carried out at 
57 points and spread across all subdistricts from the lowlands, medium to highlands. 
The improvement of the tertiary irrigation network was able to increase the cropping 
index by 0.37, from 1.85 in 2015 to 2.22 in 2016, or equivalent to an area of 8,880 ha 
(standard area ±24,000 ha). The construction of irrigation networks was also able to 
increase production by 9,058 tons, from 44,305 tons in 2015 to 53,363 tons in 2016. In 
the following year (2017–2019), rice production decreased because farmers in several 
subdistricts switched commodities to corn. The role of water-user farmer associations 
in the improvement and optimal management of tertiary irrigation networks is very 
important. Thus, the management of water-user farmer associations must be regulated 
and functioned professionally in sustainable agricultural development in Indonesia.
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Appendices and nomenclature

Indonesian farmers really need adaptation technology to climate change, 
especially farmers in paddy fields. One of the technologies for adapting to climate 
change is the improvement of tertiary irrigation networks in irrigated rice fields. 
The Indonesian government, especially the agriculture office, has data on irrigation 
networks (primary, secondary, and tertiary) and points for repairing tertiary irriga-
tion networks. Determination of the point of improvement of the tertiary irrigation 
network is based on the possibility of primary and secondary irrigation networks, 
available water sources, and collaboration of water-user farmer associations and the 
government. Surveys of farmers using water after the improvement of the tertiary 
irrigation network show that the water source to meet the irrigation network greatly 
determines the commodities to be planted, the area of irrigation coverage, and the 
cropping index.
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Chapter 8

Irrigation Scheduling Methods:
Overview and Recent Advances
Younsuk Dong

Abstract

Applying irrigation at the right time and the correct amount is a challenge. Irrigation
scheduling is a method of determining the appropriate amount of water to be applied to
a crop at the correct time to achieve full crop production potential. Scheduling irrigation
based on the weather, soil moisture, and plant data are reviewed. The advantages and
challenges of each irrigation scheduling method are also discussed. In addition, innova-
tive irrigation scheduling methods such as internet of things (IoT)-based on using
wireless communication and smartphone app-based are described. In conclusion, the
irrigation scheduling method has been continuously developed to be more accurate and
precise. Integration of innovative technologies and techniques, such as IoT and machine
learning, could be used to take the scheduling method to the next level.

Keywords: irrigation scheduling, agricultural water management, IoT, soil moisture
sensors, water efficiency

1. Introduction

Water is an essential component of growing crops. Even in humid climates, precip-
itation is not enough to meet plant water requirements. Thus, additional water is
applied through irrigation. Irrigation management can be complicated with
unpredictable precipitation patterns. Not watering at the right time and correct amount
can result in plant water stress and reduce the quality and yields of crops. On the other
hand, over-watering can increase the risk of nutrients leaching below the root zone,
waste resources (water, energy, and nutrients), and environmental impacts. Therefore,
it is important to apply irrigation at the right timing and correct amount. Determining
the appropriate amount of irrigation and the optimal timing of irrigation are challenging
due to unpredictable weather conditions and climate changes.

Irrigation scheduling is a method of determining the appropriate amount of water
to be applied to a crop at the correct time to achieve full crop production potential.
Scheduling irrigation water has been based on the soil moisture measurement and/or
weather data that are estimates of evapotranspiration.

This chapter reviews the various existing and recent advances in irrigation
scheduling methods. The irrigation scheduling methods are:

• Feel and appearance.
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• Gravimetric Method.

• Weather-based irrigation scheduling.

• Sensor-based irrigation scheduling.

• Plant-based irrigation scheduling.

• IoT sensor technology.

• Smartphone APP.

2. Irrigation scheduling method

2.1 Feel and appearance

The most popular and quickest method is based on the feel and appearance of the
soil. A soil probe is typically used to take soil samples. Table 1 shows the soil moisture
and appearance relationship. Table 1 shows an approximate relationship between
field capacity and wilting point. The top of each soil type corresponds to the condition
of zero soil moisture deficiency, also known as field capacity. The bottom of each soil
type corresponds to the condition of maximum soil moisture deficiency, also known
as wilting point. The soil moisture deficiency also presents the available moisture
range of the soil. The table provides general numbers for a specific group of soils and
may not apply to all soil groups. This method is not quantitative and is judged by the
individual, which lacks precision.

2.2 Gravimetric method

Soil moisture content is an important parameter for understanding the water
movement in the soil. Taking soil samples is the direct method to measure the actual
soil moisture level. This method requires weighing a sample of a known volume of soil
and then reweighing it after drying in an oven at 105°C to calculate the mass of water
lost by drying [2]. This method allows for calculating gravimetric water content (g/g)
and soil bulk density (g/cm3). Multiplying the gravimetric water content by the soil
bulk density allows for calculating the volumetric water content (cm3/cm3) [3]. The
equation of volumetric water content is described in (Eq. (1)). Soil sample collection
method is accurate, but it requires intense labor, time, and soil disturbance. Therefore,
continuous soil moisture monitoring through soil sample collection on farmland can
be difficult and limited.

θv ¼
θg ∗ ρsoil
ρwater

¼
Mwater�Mdryð Þ

Mdry

� �
∗ Mdry

Vsoil

� �� �

ρwater
(1)

Where,
θv = Volumetric water content (cm3/cm3).
θg = Gravimetric water content (g/g).
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ρsoil = Soil bulk density (g/cm3).
ρwater = Density of water = 1 (g/cm3).
Mwater = Weight of wet soil (g).
Mdry = Weight of dry soil (g).
Vsoil = Volume of soil sample (cm3).

2.3 Weather-based irrigation scheduling method

Weather-based irrigation scheduling method is based on the weather condition.
Four major weather parameters determine evapotranspiration (ET), which drives the
weather-based irrigation scheduling method. The weather parameters are solar radia-
tion, air temperature, relative humidity, and wind speed. Higher the solar radiation,
the greater ET. This is because sunlight is the main energy source for evaporating
water. The warmer the air, the greater ET, because it can hold more water vapor.
The drier the air, the greater the ET, because there is less water vapor it already holds.

Moisture
deficiency
in/ft

Loamy sand Sandy loam Loam Clay loam

0 Leaves wet
outline on
hand when
squeezed
(field
capacity).

Appears very dark,
leaves wet outline on
hand; makes a short
ribbon (field
capacity).

Appears very dark;
leaves a wet outline on
hand; will ribbon out
about one inch (field
capacity).

Appears very dark; leaves
slight moisture on hand
when squeezed; will
ribbon out about two
inches (field capacity).

0.2 Appears
moist; makes a
weak ball.

Quite dark color;
makes a hard ball.

Dark color; forms a
plastic ball; slicks when
rubbed.

Dark color; will slick and
ribbon easily.

0.4 Appears
slightly moist
sticks together
slightly.

Fairly dark color,
makes a good ball.

Quite dark, forms a
hard ball.

Quite dark, will make a
thick ribbon; may slick
when rubbed.

0.6 Very dry,
loose; flows
through
fingers.
(Wilting
point)

Slightly dark color,
makes a weak ball.

Fairly dark, forms a
good ball.

Fairly dark, makes a good
ball.

0.8 Lightly colored by
moisture, will not
ball.

Slightly dark, forms a
weak ball.

Will ball, small clods will
flatten out rather than
crumble.

1 Very slight color due
to moisture. (Wilting
point)

Lightly colored; small
clods crumble easily.

Slightly dark, clods
crumble.

1.2 Slight color due to
moisture, small clods
are hard (Wilting
point)

Some darkness due to
unavailable moisture,
clods are hard, cracked.
(Wilting point)

Table 1.
Relationship between soil moisture and appearance [1].
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The greater wind, the greater the ET. In humid climate regions, solar radiation and air
temperatures play a significant role in determining daily ET.

ET can be estimated in several ways. One method that is accepted as an interna-
tional standard is the Penman–Monteith Equation, which is used to calculate the
reference potential ET (rPET) using comprehensive weather data. The weather data
includes net radiation, soil heat flux, average air temperature, wind speed, saturation
vapor pressure, actual vapor pressure, the slope of vapor pressure curve, and psy-
chrometric constant. rPET assumes a four grass-covered surface that is well-watered
and unshaded. The actual ET of a crop at any given time depends on the amount of
leaf area and the developmental stage, so to calculate the ET for a specific crop type, at
a specific developmental stage, the rPET values must first be multiplied by a crop. Kc
changes with crops as they grow, for example, the Kc of fruit trees increases rapidly in
the spring as the trees leaf out to full canopy. Figure 1 shows the change of Kc as a
soybean grows. To estimate actual crop ET, the rPET is multiplied by the crop coeffi-
cient Kc to determine the actual water lost from the crop via ET (see (Eq. (2)).

ETC ¼ KC ∗ rPET (2)

Where,
ETC ¼Actual Crop Evapotranspiration (in/day).
KC ¼Crop Coefficient (unitless multiplier).
rPET ¼Reference Potential Evapotranspiration (in/day).
Based on each day of the actual crop evapotranspiration, the suggested irrigation

amount can be calculated to ensure that the soil has adequate moisture for plant
growth and improve irrigation water use efficiency. For example, if last week’s cumu-
lative actual crop evapotranspiration was 2.5 cm, the farmer should apply 2.5 cm of
irrigation to maximize crop production and minimize environmental impacts.

2.4 Soil moisture sensor-based irrigation scheduling method

An alternative way to measure soil moisture content is using a soil moisture sensor.
A typical soil moisture sensor estimates the volumetric water content (cm3/cm3) in
soils. Soil moisture sensors allow monitoring the changes of soil moisture level over
time without disturbing the soil. The sensors can be installed at multiple depths of soil
to monitor the water flow in soil. In general, there are two types of soil moisture
sensors. Soil tension sensors measure the required force for roots to pull water out of
the soil. Volumetric water content sensor based on the electrical properties of the soil

Figure 1.
Crop coefficient (kc) changes as the soybean grows.
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to estimate the soil moisture level. Knowing some common terminologies used in soil
moisture sensor-based irrigation scheduling would be helpful in interpreting these
sensor data.

The descriptions of some useful terminologies follow:
Saturation: All soil pore spaces are filled with water.
Field Capacity (FC):Maximum amount of water that soil can hold after drainage.
Wilting point (WP): Soil moisture level where there is no available water for the

crop.
Available Water Capacity (AWC): The difference between FC and WP, is often

expressed in inches of water per foot of soil. AWC of a soil is primarily related to the
soil texture, organic matter content, and bulk density. The equation of AWC is shown
in (Eq. (3)).

AWC ¼ ρsoil ∗T ∗PW

ρwater ∗ 100
(3)

Where,
AWC = Available water capacity in inches.
ρsoil= Soil bulk density.
T = thickness of soil horizon under consideration in inches.
PW = Moisture content between field capacity and wilting point in percentage by

weight.
ρwater = Density of water = 1 (g/cm3).
Maximum Allowable Depletion (MAD): The amount of available water that can

be safely depleted without causing drought stress, which depends on the crop and the
growth stage.

Soil Matric Potential (SMP): Physical force required for the plant to move water
into its root system.

2.4.1 Type of soil moisture sensors: Soil tension sensors

Soil moisture can be estimated by electrical resistance instruments. As the soil
moisture content changes, the electrical properties of the soil also change. Electrical
resistance sensing devices are sensitive to salts and fertilizer in the soil. A typical soil
tension sensor is a solidstate electrical resistance sensing device that also measures soil
matric potential (SMP). This type of sensor reads the resistance changes as the soil
tension changes, which depends on the soil moisture content. A common soil tension
sensor is WATERMARK, manufactured by the IRROMETER company (Riverside,
CA, USA). The sensor measures from 0 to 239 kPa. The value of 0 kPa indicates that
the soil reached saturation. The measurement of 239 kPa indicates that the soil is dry.
Based on the tension (kPa) values, depletion in water holding capacity can be esti-
mated. An example of depletion in water holding capacity for different soil types is
described in Table 2. From the depletion values, irrigation recommendations and
timing can be estimated to ensure the soil moisture level is at optimal condition for
plant growth.

2.4.2 Type of soil moisture sensors: Frequency domain reflectometry

Frequency domain reflectometry (FDR) sensors estimate soil water level using the
dielectric properties of soil, which are highly dependent on moisture content. The
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changes in the dielectric permittivity correlate with changes in the circuit frequency,
which also correlates with soil moisture level. As soil moisture content increases, the
dielectric permittivity increases. Table 3 shows an example of dielectric permittivity
for different materials.

Common FDR sensors are the EC-5 and 10-HS manufactured by Meter Group
(Pullman, WA, USA), which provide the value as volumetric water content (cm3/
cm3). This sensor comes with factory calibration, which should be validated with the
site-specific soil condition. A previous study described the correction equations of soil
moisture sensors for different types of soils to improve the accuracy of the reading [5].
Most of the cases, the sensors provide the trends of moisture level changes, which
allows understanding of how the water flows in soils. This information is helpful to
determine the field capacity of the field and evaluate the irrigation practice, such as
under- or over-irrigation.

2.4.3 Soil moisture sensor: Placement and installation

There are several considerations when installing soil moisture sensors. Sensors
should be installed between plants in a representative area within a row. For the drip
irrigation system, ensure to install the sensors in the wetting zone, as shown in
Figure 2. The figure clearly shows the wetting zone in the soil. For center pivot
irrigation systems, avoid placing the soil moisture sensors close to a wheel track or
lane edge. Additionally, sensor locations that are not representative of most of the
field, such as the top of the hill, low areas, and the edge of the field should be avoided.
The placement of the soil depth of the sensors is important. The user should be
considered based on the crop’s root depth (Figure 3). For example, the corn root

Soil texture Depletion in water holding capacity (kPa)

30% 50% 70%

Sand 20 30 60

Loamy Sand 25 40 67

Sandy Loam 28 50 80

Silt Loam 80 150 250

Table 2.
Soil matric potential (SMP) for 30%, 50%, and 70% of soil water depletion for different soil types [4].

Material Dielectric permittivity

Air 1

Soil Minerals 3–7

Organic Matter 2–5

Ice 5

Water 80

Table 3.
Example of dielectric permittivity.
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system typically grows up to 36-inch soil depth. The recommended soil moisture
placements are 6-, 18-, 24-, and 36-inch depths. Typical effective root zone moisture
extraction depths for crops are described in Table 4 [6]. It is important to monitor
these effective moisture extraction soil depths to improve the accuracy and precision
of irrigation scheduling. Soil moisture sensors measure only a small volume of the soil
surrounding sensor. Therefore, the sensor installation technique is critical in obtaining
accurate readings.

Figure 2.
Demonstrated wetting zone under the drip irrigation system using a blue dye (Benton Harbor, MI, USA).

Figure 3.
Installed FDR soil moisture sensors in a blueberry field (west olive, MI, USA).
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2.5 Plant-based irrigation scheduling method

A common method of plant-based irrigation scheduling is using an sap flow sensor.
Sap flow is the measurement of the water, nutrients, hormones, and anything else in
the water that flows through the stem of a plant. The sensors use a heater and
thermocouples to measure the amount of heat carried by the sap. This can then be
converted to sap flow in units of grams per hour. Once the sensors are installed and
the parameters are set, the system will record and calculate the sap flow, which can be
downloaded from the system at any time. The sap flow sensor has been previously
used in woody plants or other herbaceous plants [7, 8]. A common sap flow sensor is
Dynagage Flow 32-1 K Sap Flow system, manufactured by Dynamax (Houston, TX).
Figure 4 shows the installed Flow 32-1 K Sap Flow system in a potato field (Lakeview,
MI). An example of sap flow sensor data is shown in Figure 5. The result shows that
the transpiration started at 9:30 am and stopped at 8:00 pm. Based on the total amount
of water used by the plant, irrigation scheduling can be developed to maintain ade-
quate soil moisture levels for plant growth. This approach is similar to weather-based
irrigation scheduling methods, but uses directly measured values of water uptake
from the plant.

2.6 IoT (internets of things) sensor technology

Agricultural technology industry is moving toward Agriculture 4.0, which includes
the internet of things (IoT) and the utilization of big data to improve practices and
efficiencies. Many microcontroller systems, such as Arduino and ESP 32, can be used

Crop Effective root zone depth
(inches)

Crop Effective root zone depth
(inches)

Alfalfa 36 Peppers 18

Asparagus 36 Potatoes 18

Apples 30 Pumpkins 24

Beets 18 Radish 6

Blueberries 18 Strawberries 6

Carrots 18 Sorghum 24

Corn 24 Soybean 24

Cucumber 18 Snap beans 18

Eggplant 18 Spinach 6

Grapes 36 Squash 24

Lettuce 6 Sweet
Potatoes

18

Melons 24 Tomatoes 24

Onions –
bunch

6 Watermelons 24

Peas 18 Wheat 24

Table 4.
Effective root zone water extraction depth in unrestricted soils [6].
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in agricultural fields. Analog or digital soil moisture sensors can be connected to a
microcontroller system to measure soil conditions. In addition to the soil conditions,
other irrigation information, including water pressure, energy usage, irrigation system
uniformity, and environmental conditions, can be measured using a microcontroller
system. Many microcontroller systems allow sending data to a web server using Wi-
Fi, cellular, or long range radio (LoRa) network system. The advantages of the remote
monitoring system are that it allows monitoring the performance of data loggers and
sensors and detecting any problems without having to visit the field. It also allows
farmers to make timely farm management decisions. Michigan State University team

Figure 4.
Installed Dynagage flow 32-1 K sap flow system in a potato field (Lakeview, MI, USA).

Figure 5.
SAP flow data result from a potato field (Lakeview, MI, USA).
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has developed LOCOMOS (IoT-based Low-Cost Sensor Monitoring System), which
measures soil and environmental conditions in irrigated fields, including multiple
depths soil moisture levels, leaf wetness duration, temperature, humidity, soil tem-
perature, and precipitation. The data is collected every 15 minutes and sent to the
LOCOMOS IoT cloud web service. Then the data output is displayed on the IoT
dashboard website and a smartphone app. IoT-based irrigation management has been
very positive to most farmers as they can see soil moisture status in realtime without
visiting the field.

2.7 Smartphone APP-based irrigation scheduling

Numbers of smartphone apps are available for irrigation scheduling. A large num-
ber of irrigation scheduling decision support tools have been developed in recent
decades, many of them available via mobile apps. For example, water irrigation
scheduling for efficient application (WISE) was developed by Colorado State Univer-
sity as an irrigation scheduling mobile app that uses evapotranspiration data and the
water balance method [9]. WISE collects weather data from Colorado Agricultural
Meteorological Network (CoAgMet) and Northern Colorado WATER Conservation
District (NCWCD) weather stations. Cotton SmartIrrigation App (Cotton App),
developed by the University of Georgia and the University of Florida, is an
evapotranspiration-based irrigation scheduling tool that estimates root zone. Soil
water deficits based upon weather data, soil parameters, crop phenology, crop coeffi-
cients, and irrigation rates [10]. In addition to cotton, SmartIrrigation offers separate
apps for vegetables, soybean, turf, avocado, strawberry, citrus, and blueberry [11].
The apps obtain meteorological data from Florida Automated Weather Network
(FAWN) and Georgia Automated Environmental Monitoring Network (GAEMN).
While these and other similar systems improve the ability to operationally monitor
crop water needs, they primarily weather data-based and do not take in situ soil
moisture observations or data into account. Within growing season, observations of
soil moisture can be extremely useful in monitoring crop water usage and plant
available water in the rooting zone. LCOOMOS-APP is developed by Michigan State
University’s Irrigation Team, which is an easy-to-use smartphone app that accounts
for in-field sensor data for determining irrigation management decisions. LOCOMOS-
APP connects with a IoT cloud web server, which collects sensor data from each in-
field LOCOMOS station. LOCOMOS-APP requires username and password to log-in.
Once a user signs in, the app displays all registered devices to the specific user. When
the user clicks a device, it will show available soil water (%) and recommended
irrigation amount (in). Available soil water (%) value can help farmers when to
irrigate. Recommended irrigation amount (in) value can help farmers how much to
irrigate. Additionally, the app shows daily disease severity value (DSV) and cumula-
tive DSV, and precipitation data. Cumulative DSV values can help farmers to apply
fungicide in a timely manner. Overall, the advantage of the smartphone app-based
irrigation scheduling tool is that it is an easy-to-use scheduling tool for farmers. This
may increase the adoption of irrigation scheduling tools.

3. Conclusion

In conclusion, irrigation scheduling will be more important as the water resource is
limited. Irrigation scheduling is critical to ensure optimum irrigation application. The
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benefits of applying the correct amount of water at the correct time are improved
yield, reduced pumping costs, reduced nitrate leaching into groundwater or streams,
improved soil health, and maximized return on investment. In the future, the incor-
poration of IoT sensor technology with AI Machine Learning techniques will be
expected to increase the precision and accuracy of irrigation recommendations for
different crop types.
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Abstract

Water is the most precious resource on earth which is the sustenance of life. 
However, the competition for available water resources has intensified due to climate 
change and increase in global population. With a significant decrease in freshwater 
availability for crop production, agriculturists are open to innovation that could help 
save water and maximize crop production per unit drop of water. To ensure food 
security of a growing population, crop cultivation practices have continued to incor-
porate water-saving irrigation techniques to cope with water deficits, and increase 
crop production in an eco-friendly environment. This chapter discussed the different 
irrigation types based on driven-force and their specific advantages; fertigation; 
designing irrigation systems and scheduling of irrigation; water conservation through 
mulching; and water management for sustainable Integrated Pest Management 
(IPM). The introduction of water-saving techniques and their successful application 
has significantly reduced water loss through unproductive outflows and increase 
water and nutrients use efficiencies thereby promoting crop production. However, to 
achieve more success in the future, deliberate policy by government on irrigation and 
immense contributions from scientists would be required.

Keywords: irrigation, water productivity, mulching, crop production

1. Introduction

Water is the most precious resource on earth and is also the most abundant  
constituent of most organisms. This implies that most organisms including plants 
depend on water for their survival. Plants absorb a large quantity of water from the 
soil for physiological and biochemical processes that transform into growth and 
development of the plant. The importance of water to crop production made it an 
essential factor in ensuring food security. The trending issues of climate change 
resulting in erratic precipitation patterns, and increasing desert encroachment 
pose a threat to farmers in producing food that will meet the demand of the global 
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population. To ensure food security in a changing world, additional water supply in 
the form of irrigation is necessary.

The artificial application of water to soil to meet the water need of crops and to 
maximize production is termed Irrigation. Irrigation systems are of two types based on 
their driven force (gravity-driven and pressure-driven). Whatever irrigation method is 
adopted, its purpose is to attain better water management and a higher yield.

2. Gravity-driven or surface irrigation

Gravity-driven irrigation is conventional and has been in use since time immemorial. 
This approach does not use pumps and relies on the ability of water to move through 
resistance. The irrigation system is efficient on plain topography for even distribution 
of water. It has three phases which are the advance, storage, and recession.

The advanced stage is the period of water introduction to the field. Water flows over 
the field to the end of the field with the help of gravity until the field becomes flooded. 
However, the storage period is the time frame for water to infiltrate the soil; whereas, the 
recession period begins after the source of the water is cut off. The water infiltrates the soil 
more and dries up as a result of evaporation and the closing of the water source. The suc-
cess of surface irrigation depends on the water holding capacity of the soil, field slope, soil 
surface roughness, and the shape of the flow cross-section. Examples of surface irrigation 
include continuous flooding and furrow irrigation (Figure 1).

2.1 Continuous flooding

Continuous flooding is the process of artificially submerging a leveled land under 
water. It is a system predominantly used for rice cultivation in many regions of the 
world. Among continents, Asia is ranked the largest producer of rice, and it is respon-
sible for 75% of the total global production. Rice is an aquatic plant but can survive 
under different soil conditions. However, the introduction of water-saving techniques 
and the release of drought-resistant varieties continuously prove that flooding is 
dispensable for rice production. In paddy, the field is irrigated until the water level 
reaches 5–6 cm above the ground level and is continuously maintained throughout the 
cropping season or drained two weeks before harvest when the rice plant is at physi-
ological maturity. The soil condition under a continuous flooding system is anaerobic 
and the degree of anaerobicity depends on the level of water and oxygen availability [1]. 

Figure 1. 
Gravity-driven irrigation system: continuous flooding system (A), furrow irrigation system (B).
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Paddy fields account for about 40% of global irrigation [2] and it uses 2 to 3 times the 
volume of water required by other cereals such as wheat and maize to produce 1 kg of 
rice grains [3]. More than half of the water needed for irrigation in Asia is utilized in 
rice fields; however, most of this water is lost through unproductive water outflows 
such as evaporation, lateral seepage, deep percolation, and runoff. Apart from its 
excessive loss of irrigation water, the continuous flooding system is a major source of 
greenhouse gases such as methane and carbon dioxide thereby contributing nega-
tively to the environment.

As a result of the decline in freshwater, more water-saving irrigation practices 
such as alternative wetting and drying (AWD), System of rice intensification (SRI), 
Ground cover production system (GCRPS), Drip irrigation with film mulch (DIP) 
had been introduced.

2.2 Furrow irrigation

This involves supplying water to the field along the furrow. The furrows are usu-
ally small parallel channels that serve as reservoirs of water on the field. The water 
gets to the plant root through lateral seepage.

The gravity-driven irrigation method requires minimal capital to construct and the 
energy required for it to work is obtained from free-flowing gravity. The system is easily 
controlled and does not require high technical know-how. Surface irrigation can be used 
on sloppy land. However, the irrigation method can affect plant growth and develop-
ment due to the reduction in plant respiration caused by flooding. It could also increase 
the loss of water through deep percolation, runoff, infiltration, and evaporation.

3. Pressure-driven irrigation

The increase in global population resulting in rapid urbanization and industrializa-
tion have intensified competition for available water resources resulting in the decrease 
of fresh water available for crop production. Freshwater resources are becoming 
increasingly scarce and droughts are becoming more common as a result of climate 
change. Despite moderate rainfall in some regions of the world, over 50% of irrigation 
demands for crop production are met by pumping from underground aquifers, thereby 
depleting aquifers at an alarming rate. Therefore achieving food security requires high 
yields with efficient use of water resources [4]. Water-saving irrigation techniques that 
involve the use of pressure rather than gravity have been developed to help cope with 
water deficits and ensure maximum food production per unit drop of water.

A pressurized irrigation system involves the supply of water with the effort of 
pressure. This system is designed to achieve higher efficiency than the conventional 
method. The techniques help in quantifying the exact amount of water or nutrient to 
be supplied at a particular point in time. The choice of a pressurized irrigation system 
depends on the knowledge of the plant type, soil type, landscape characteristics, 
required flow rate, operating pressure, and cost. Examples of pressure-driven irriga-
tion system are drip irrigation and sprinkler irrigation.

3.1 Drip irrigation system

A drip irrigation is an efficient irrigation system used for row cropping. In this 
system, water is directly supplied to the soil surrounding the root region with the of 
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the drip tubes laid on the soil surface (surface drip) or that are buried few centimeters 
below the ground level (subsurface) (Figure 2). The advantages and efficiency of 
drip irrigation has increase it acceptance and use by agriculturists around the globe, 
most especially in the arid and semi-arid regions where there is limited freshwater 
availability. The precise application of water to the root region of crop without wet-
ting the entire farm plots makes drip irrigation an efficient water-saving technique 
compared with others. In a drip irrigation system, only a fraction (between 15% and 60%) 
of the soil surface is wet [5]. The drop by drop sequence of watering reduces surface 
runoff and percolation; hence, providing better disease management and salinity 
control [6]. Other benefits of drip irrigation include improved crop quality, efficient 
fertilizer and other chemical usages, limited weed growth, and improved agronomic 
practices [7].

In a drip irrigation system, emitter spacing is necessary to ensure precise deliv-
ery of irrigation water. This largely depends on the planting distance or vice versa. 
The effectiveness and efficiency of a drip emitter is an important factor that affects 
water distribution and the performance of a drip irrigation system. The rate of 
water delivery by emitters varies and their use is based on the soil types and the 
water-use efficiency of the crop. Emitter clogging is mostly related to the quality 
of irrigation water. The turbidity of water as a result of physical (sand particles), 
biological (bacteria), and chemical (inorganic fertilizer, salts) composition results 
in emitter clogging. The compounds gradually settle around the water passage until 
the clusters could not allow further passage of water. Clogging affects the produc-
tivity of the crops around the affected emitters and in turn reduces yield outcome. 
However, to prevent emitter clogging, water could be treated and made less turbid 
before application. The combination of strategies, such as installation of a filtration 
system, the use of sedimentation tank and tube settlers, frequent flushing of the 
irrigation system, and chlorination of the irrigation system, could mitigate emitter 
clogging.

3.1.1 Fertigation and its effect on crop production

Fertigation is the synchronous supply of nutrients or soluble fertilizer and water to 
the soil through drip irrigation system (Figure 3). The introduction of fertigation to 
crop production proffers a solution to the problem of flooding and overfertilization. 
Water and liquid fertilizer are harmoniously applied to the rhizosphere which makes 

Figure 2. 
Drip irrigation set up: surface drip irrigation (A) and subsurface drip irrigation system (B).
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nutrients to be readily available for plant uptake. Fertigation results in increased crop 
yield and more efficient fertilizer usage [8]. Apart from increasing crop yield, fertiga-
tion reduces nutrient losses to the environment. Plants easily absorb soluble fertilizer 
thereby reducing nitrogen losses as nitrous oxide to the atmosphere. A well-designed 
fertigation system takes into consideration the appropriate rate of fertilizer and water, 
duration and frequency of supply to improve water, and nutrient uptake of the crop 
while at the same time reducing nutrient loss via leaching [9]. An appropriate liquid 
fertilizer applied through fertigation reduces leaf burn, stem scorching, and root 
death as mostly observed in the direct application of solid inorganic fertilizer close to 
the root zone of crops. Furthermore, fertigation reduces disease and pest infestation 
on crops, attributable to dryness of the plant shoot thereby creating a non-conducive 
environment for pathogens. The system was created to maximize the use of available 
water and mineral resources; thus, preventing runoff as it is not affected by wind.

To improve crop production through fertigation, the application of fertilizer 
should be done optimally to reduce acidification of the soil, and environmental 
degradation [10]. However, in case of overfertilization with the use of fertigation, 
continuous and frequent application of water regime should follow to reduce fertil-
izer concentration at the root region. Previous reports have documented that the 
use of fertigation increased both nutrient-use efficiency and water-use efficiency of 
crop. Nutrient use efficiency increased by 25%, and nitrogen and potassium applica-
tion reduced by 20% as compared to the use of solid inorganic fertilizer [11]. Also, 
Ashrafi et al. [12] reported that the absorption rate of solid inorganic fertilizer was 
estimated to be 10–40%; whereas, the absorption rate of similar concentration on 
fertigated field was estimated to be 90%. Cotton yield increased by 50% on fertigated 
plots when compared to cotton supplied with surface irrigation with direct fertilizer 
application [13]. According to Hebbar et al. [14], drip fertigation enhanced tomato 
yield by 20–30% as compared to furrow irrigated tomatoes. The yield of Chili was 
also reported to increase by 52% and saved 40% and 50% of water and nitrogen, 
respectively through fertigation compared with a check-basin irrigation treatment 
[15]. Irrigation and nutrient management are the most effective methods for increas-
ing agricultural output [16], and both management can be accomplished by fertiga-
tion. However, for successful use of fertigation, knowledge of soil fertility and crop 
nutrient uptake requirement is necessary.

Figure 3. 
Schematic illustration of fertigation system.
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Advantages of drip irrigation

• Despite its low operating cost as compared with the sprinkler, it is less affected 
by the speed of the wind.

• It increases the yield due to the efficient use of water and nutrients.

• It helps reduce the cost of weeding and herbicide use, especially when combined 
with film mulch.

• It is suitable to use in difficult topography.

• It helps to reduce environmental contamination and soil compaction when 
mineral nutrients are supplied through fertigation.

• In this system, there is little water contact with leaves thereby reducing the risk 
of plant diseases.

Disadvantages of drip irrigation

• The major disadvantage of a drip irrigation system is the initial installation cost.

• The cost of maintaining drip irrigation pipes might be a challenge to low-income 
farmers.

• It could be easily damaged by farm equipment, sunlight, rodents, wildlife, etc.

• Fertigation i.e. using the drip irrigation system for nutrient and fertilizer applica-
tion may bring about the corrosiveness of the system and clogging of emitters.

• Drip irrigation needs to be replaced more frequently than other systems.

3.2 Sprinkler irrigation system

Sprinkler irrigation involves watering plants through a process that imitates natural 
rainfall. Water is sprinkled into the air through a series of pipes to form droplets before 
landing over leaves and areas within reach. The water is sprayed through a high-pressure 
sprinkler or guns. Though, sprinkler irrigation can be used on different land slopes; it 
is mostly used on flat ground such as lawns, golf courses, crops, landscapes, and flat 
terrains. There are different types of sprinkler irrigation systems, these include centre 
pivot system, rain gun system, side roll system, perforated pipe system and rotating head 
system (Figure 4). Each system is made up of the following components: pump unit, 
mainline, laterals, and sprinklers. The pump unit takes water from the source while the 
laterals distribute water from the pump unit to the sprinklers. To ensure efficient delivery 
of water, several sprinklers must be operated close together, ensuring an overlap of 
distribution patterns, since the heaviest water application is close to the sprinkler.

In a central pivot system, the machine moves in the shape of a circle, and water is 
sprayed on the crops beneath the circle. A rain gun system necessitates the use of a 
high-pressure machine that shoots water into the sky and dropped it on the farm in 
the form of rain. Side roll systems are made up of pipes attached to the middle of a 
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wheel, which is perforated to drop water on the crops below as the wheel rolls across 
the field. In a perforated drain pipe system, a pipe is perforated to allow water to drain 
out of it; whereas, a rotating head system makes use of a pipe with spraying head 
nozzles to water the field. The application rates of sprinklers differ depending on their 
nozzle size, spray radii, and operating pressure.

Figure 4. 
Types of sprinkler irrigation system: Centre pivot system (A), rain gun system (B), side roll system (C), perforated 
pipe system (D) rotating head system (E).
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Sprinkler irrigation is adaptable to most soil types but it is preferable for sandy 
soil with low water holding capacity. The water droplets wet both the soil and the 
crops and are accessible through uptake by the root and foliar penetration. However, 
sediment-free water is required to avoid blockage of the nozzle.

Advantages of sprinkler irrigation

• This system allows efficient use of water and reduces extra labour required for 
fertilizer, pesticide, and herbicides application.

• It is more efficient in irrigating plants with higher concentration per unit area of 
land such as cereals and vegetables.

• It is more effective and efficient for shallow-rooted plants, it is the only form of 
irrigation that could supply water to less than 1inch depth [17].

• It can last longer than drip irrigation.

• Applicable for agricultural, landscape, and nursery irrigation.

Disadvantages of sprinkler irrigation

• Initial cost of setting it up is high.

• It requires more pressure than drip irrigation, which increases the cost of energy 
to be used.

• Due to its complex structure, it requires high operating costs.

• Uneven distribution of water is possible due to the ability of wind to control the 
movement of water.

• Foliar application of water and nutrient could have a detrimental effect on leaves 
(leaf rot, senescence, and leaf burn) and fruit (fruit rot)

• It could bring about the inefficient delivery of water to understorey crops

• Rate of water evaporation is high in a sprinkler irrigation system.

• It has potential for runoff and erosion compared to drip irrigation.

4. Designing irrigation system

An irrigation design system is a way of determining the efficiency and effectiveness 
of water use, which involves management that affects the performance, yield, and 
quality of crops. One of the reasons for an irrigation system is the common phenom-
ena of extreme weather events (e.g., floods and droughts). Recently, advancements 
in irrigation technologies are increasing. The use of robotics, smart controllers and 
remote sensing, and soil moisture sensors are gradually integrated into irrigation 
management [18]. However, the effectiveness of these technologies depends on the 
design of the irrigation system.
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The quality of agricultural products could be improved by adopting this high-
pressurized irrigation system, as the supply of water to crops is through piping. 
Designing effective irrigation systems and equipment will not only save money but 
will also conserve water, and results in improved agricultural production. The factors 
to be considered when designing irrigation systems and scheduling irrigation include:

4.1 Water source

The source of water is a determining factor in designing an efficient irrigation 
system. There are three main sources of water which include, groundwater, surface 
water and rainwater. Ground water is found under rocks, for example, spring water. 
Surface water includes water found on the surface of the earth examples are ocean, 
river, streams and lakes. Furthermore, rainwater from the atmosphere could be 
collected and used for irrigation. Depending on geographical location, the source 
and quantity of water for irrigation could differ which in turn could determine the 
type of irrigation system to be adopted. Also, the quality of available water needs to 
be considered.

4.2 Field characteristics

Field characteristics such as field size, topography, and soil types are determining 
factors in the choice of irrigation system, its design, crop type, and planting pattern.

• Field size: The bigger the field, the greater the number of crops that it will 
contain. Field size will determine the number and size of pumps that will suffi-
ciently irrigate the farm. When designing an irrigation system, the field size will 
also predetermine the most appropriate source of water that could be effective. 
Moreover, the pressure for the water to travel to the desired destination will be 
based on the field size.

• Land topography: Land slope refers to the elevation of land over a specific 
distance. The flow of water depends on the topography of the land. Water flows 
from a high elevations to a lower elevations. There is a possibility of flooding at 
low elevation while there could be insufficient water availability at high eleva-
tion. Flat terrain land will allow even distribution of water; however, appropriate 
irrigation techniques will be required for a contoured or sloppy land.

• Soil properties: The water retention capacity of the soil is determined by its 
properties which includes structure, texture and organic content. Knowledge 
about the soil property will give agriculturist an edge in decision making. 
The soil properties will impact how well plant roots absorb nutrients from it. 
Nutrient mobility is faster in sandy soil due to its low water holding capacity, 
whereas it is slower in clay soil due to its high water holding capacity. With a 
limited water holding capacity, nutrients in the soil leak out, making nutrition 
uptake by the plant’s roots difficult. Planning of irrigation system requires the 
knowledge of soil properties for optimum yield.

• Plant type: Plants require different irrigation systems, water application rates 
and application schedules. Some plants’ are susceptible to insects and pests 
attack, and disease infestation when their foliar organs are exposed to excessive 
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water or moist condition. Such plants are preferably irrigated through drip irri-
gation with plastic-film mulch; whereas, crops with high foliar tolerance to water 
or that require their leaves to be wet should be irrigated with a sprinkler. The 
duration of life of plants also determines their water requirement, for example, 
annual crops require less water than perennial plants [19]. The evapotranspira-
tion rate of plants varies, and this influences irrigation scheduling. Plants with 
high evapotranspiration rates require more frequent irrigation than plants with 
low evapotranspiration rates. Furthermore, the market value of a crop could 
influence the introduction of an irrigation system to sustain its production.

5. Improving irrigation system

Irrigation system improvement must take into account agricultural output as well 
as saving water. The introduction of new crops to an irrigated farm requires technicali-
ties and acquaintance with the crop to the farming system. In the present day, artificial 
intelligence is an example of cutting-edge technological innovations in irrigation 
systems. A Photovoltaic (PV) irrigation system is an example of renewable energy 
resources for improving irrigation systems. The effective management of water for 
various irrigation uses on a farm depends on the architectural structure of the farm and 
the mode of operation of the farm operators. Therefore, the system of agriculture may 
vary from one country to the other. Hence, the need for government to coordinate a 
sustainable irrigation system in agriculture that suits their Nation [20]. The character-
ization of the improvement of irrigation systems is a deliberate issue and needs a wealth 
of knowledge from the technical programming aspect. The deprivation of farmers’ 
provisional assets may lead to the failure of policy made by government parastatals. This 
may also result in low farmer turnout in a country or state.

There are factors toward implementing a particular irrigation system and crop 
cultivation in particular [21]. The integrating components include the irrigation pipe, 
water pump/tank, valve, emitters, and pressure gauge regulator for a typical drip 
irrigation system [21]. The capital for implementing the newly adopted irrigation sys-
tem, the human resources in the coordination, the management of infrastructure and 
water supply, and the strategy in operating the resources for good crop production 
are all important to be considered. In summary, the improvement of the agricultural 
system including the irrigation system needs deliberate policy by government and 
immense contributions from the scientific community [22].

6. Irrigation scheduling

There are variations in water requirements by plants at different growth stages; 
hence a need for irrigation scheduling that could supply optimum water required by 
plants at the appropriate time. Irrigation scheduling considers when and how much 
water should be applied to plants [23, 24]. These could be predetermined by moni-
toring the soil water status and the crop water requirements. Soil moisture-based, 
evaporation-based, and plant-based measurements are the most common methods 
for scheduling irrigation to aid effective use of water and promote crop productivity.

Soil moisture content can be used to determine an irrigation schedule. The mois-
ture content of the soil is measured with the aid of instruments, these include FDR 
soil moisture meter (DIK-321A, Daiki Rika Kogyo Co. Ltd., Kounosu, Japan) [25, 26] 
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and when soil moisture goes below a critical level, irrigation commences. The soil 
moisture-based irrigation schedule takes into consideration the type of soil and its 
composition to determine the availability of water in the soil. Sandy, loam, and clay 
have a low, medium, and high availability of water, respectively.

The evapotranspiration schedule takes into consideration soil evaporation and 
plants transpiration rates. The amount of water required by a plant is determined 
by balancing the amount of water input into the soil and the amount of water loss. 
Evapotranspiration data allow us to better understand when to irrigate an actively 
growing plant.

Also, the plant observation method could be used to determine the irrigation 
schedule. This method takes into consideration the changes in plant characteristics 
to determine when to irrigate the plant. There are common morphological symptoms 
of plants under stress or low water deficit. These visible changes including chlorosis, 
dried leaves, curling of leaves, and stunted growth were used to assess the timing of 
irrigation. To determine chlorosis and water stress for irrigation scheduling, a chlo-
rophyll meter (SPAD 502 PLUS, Minolta corporation, Ltd., Japan) and a chlorophyll 
fluorometer (PAM-2000, Walz Co., Ltd., Effeltrich, Germany) [25] are used.

7. Mulching and its impact on crop production

Mulching is a strategy for enhancing soil conditions that involve covering the soil 
surface with various materials. It involves covering the soil around the plants’ root 
zone to protect the roots from an adverse effect of the micro-climate. Mulching has 
become a popular agricultural practice not just for its immediate economic benefits, 
such as improved yields, earlier harvests, better fruit quality, and less water usage, 
but also for its increased soil microbial performance. Mulching creates an environ-
ment for the plant to perform at its best as it improves soil temperature, conserves soil 
moisture, reduces weed pressure and certain insect pests, and makes more efficient 
use of soil nutrients, among other benefits [27]. The use of mulch reduces the impact 
of raindrops on the soil surface [28, 29]; thereby, improving the hydrothermal regime 
of the soil and soil physical properties such as texture, porosity, and infiltration rate.

7.1 Types of mulching

The mulching materials can either be organic or synthetic (Figure 5).

Figure 5. 
Types of mulch: Organic mulch, for example, rice straw (A) and plastic-film mulch (B).
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• Organic mulches: These are mulches that can be easily degraded. They are 
usually available on the farm. The gradual decomposition of the organic mulches 
increases organic matter and soil fertility (Figure 5A). They host and nurture 
various beneficial soil organisms such as bacteria, fungi, insects, and worms 
and their remains in the soil do not create post utilization disposal problems. For 
example, leaves, paddy straw, grasses, sawdust, sugarcane trash, etc.

• Paddy straw: It has a unique property of not absorbing water and makes water 
available to plants. Among all the organic mulches, paddy straw has the longest life 
span. It also serves as a nutrient reservoir and gradually releases them into the soil.

• Sawdust: It is a small granular chip wood that is obtained as the finished product 
in the sawmills. Easy to apply and inexpensive with high C/N ratio. It retains 
moisture for longer periods.

• Sugarcane trash: It is the residue gotten from sugar cane after the removal of its 
juice. Helps conserve moisture and reduces weed growth and should be avoided 
in an area where there is an incidence of termites.

• Synthetic mulches: These are mulches that cannot be easily degraded (Figure 5B). 
They synthesized materials that need prior work before using in the field. They are 
referred to as non-biodegradable as a result of the natural decomposition of organic 
mulches. They are available in different colors and thicknesses. Much expensive 
when compared to organic mulches and should be disposed of at the end of the 
growing season, for example, plastic films

• White plastic mulch: It is good for establishing crops under hot summer condi-
tions and has little effect on soil temperature. It repels some insects and reflects 
more light on the plant as compared to black mulch.

• Black plastic mulch: It is the most predominant colored mulch and acts as an 
opaque black body absorber and radiator. It does not allow sunlight to reach 
the soil; therefore, it suppresses the growth of the weed. It helps to increase soil 
temperature and improves mineralization and nutrient absorption. It encourages 
plant growth through the warming of the soil during the winter season.

• Transparent plastic mulch: It is also known as clear plastic mulch. It absorbs 
little solar radiation with a transmission of 85% - 95%. It raises soil temperature 
drastically and affects the plant’s growth adversely.

• Degradable plastic mulch: This can either be biodegradable or photo-degrad-
able. It can be degraded by microorganisms or by sunlight.

• Biodegradable plastic mulch: It is made from plant starches such as corn, 
wheat, and potatoes which can be broken down by microbes. It can be easily 
plowed into the ground after harvest.

• Photo degradable plastic mulch: It is formulated to break down after a certain 
period of exposure to sunlight. It has similar qualities to black or clear plastic 
film. Examples are plastigone and biolane.
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7.2 Benefits of mulching

7.2.1 Conservation of soil moisture

Several abiotic variables could be responsible for the loss of moisture from the soil. 
These variables include high winds, elevated temperatures, harsh climatic conditions, 
etc. Mulching helps to reduce weed infestation and water loss through evapora-
tion. Straw mulch has been shown to minimize evaporation by up to 35%. However, 
mulching reduces direct soil water evaporation, making more water available for 
transpiration. This way of water conservation helps the plants to maintain water bal-
ance, especially in regions with little precipitation per annum. Also, mulching reduces 
erosion and nutrient loss by protecting the soil surface.

7.2.2 Minimize soil compaction and erosion

Compaction caused by heavy equipment or machinery is becoming a serious 
problem on many agricultural lands [30]. The addition of organic mulch materials can 
help to ease the problem of compaction. These materials prevent compaction due to 
heavy implements or machinery and from wind and water erosion. It can also reduce 
the compaction of soil, which can negatively affect the roots of crops, thereby reducing 
their growth and development. Some grasses and legumes have been used as organic 
mulch, which serves as the best example of living mulch on the slopes and reduces soil 
erosion by aggregating the soil particles by binding them into a complex unit.

7.2.3 Regulation of soil temperature

Mulching helps to maintain soil temperature stability, which is beneficial to crop 
growth and development. Studies have shown that mulch can keep the soil cool dur-
ing extremely hot weather as well as during normal or warm temperatures. Extreme 
temperatures have a negative impact on newly emerging plant roots, limiting nutri-
tion and water intake. Plants may be stressed as a result of the extreme temperature 
conditions under which they grow, and newly established roots may be unable to 
absorb the proper amount of water and essential plant nutrients [30]. Various types of 
mulch have different effects on soil temperature. Some mulches increase the soil tem-
perature as compared to bare soil due to the absorption of solar radiation. Moreover, 
it has been observed that plastic-film mulch and organic mulch materials are better at 
maintaining a favorable soil temperature compared to other mulch materials.

7.2.4 Reduces infiltration rate

Organic mulch helps to retain water at the soil surface allowing water to slowly 
penetrates thereby minimizes surface runoff [31]. As reported by Abu-Awwad [32], 
covering the soil surface reduced the amount of irrigation water required by pepper 
and onion crops by 14–29% and 70%, respectively.

7.2.5 Reduced fertilizer leaching

Fertilizer loss due to leaching is reduced as excessive rainfall is drained around 
the root zone, especially in sandy soil. Also, the use of organic mulch increases 
soil organic carbon which improves the water and nutrient holding capacity of the 



Irrigation and Drainage - Recent Advances

162

soil. Mulching with coconut fronds increased leaf N, P, and K content in chili [33]. 
Findings have shown faster plant growth, early fruiting, reduced P, and increased N 
concentration in leaves and fruits of crops when mulch is used.

7.2.6 Reduces weed infestation

Mulching reduces the germination and nourishment of many weeds by provid-
ing a physical barrier between the soil and the atmosphere. The mulching operation 
promotes the reduction of weed seed germination and weed growth and keeps weeds 
under control. Weed seed germination can be prevented or physically suppressed by 
covering or mulching the soil surface. Weed control can be achieved with materials 
like rice and wheat straws. Covering the soil surface can prevent weed seed germina-
tion or physically suppress seedling emergence. Organic mulch such as rice straw and 
sugarcane bark can provide effective weed control.

7.2.7 Organic matter improvement

Mulches decompose and restore organic matter and plant nutrients to the soil. 
Improving the physicochemical and biological properties of the soil which in turn 
increases crop productivity. Organic mulches do not only help to maintain soil mois-
ture, but they also greatly enhance soil nutrients by adding organic matter. Lal et al. 
[34] reported a decrease in bulk density under straw mulch (1.42 g cm-3) compared 
to bare soil (1.50 g cm-3). Khurshid et al. [31] concluded that organic matter was 
significantly higher when more mulch was applied.

7.2.8 Reduces harvesting period

Vegetables such as cucumbers, muskmelons, watermelons, eggplants, and pep-
pers usually respond well to mulching in terms of early maturity and higher yields. 
In comparison to control, organic mulches cause earlier blooming, resulting in fewer 
days between fruit set and harvest in tomato crops [35]. Polyethylene used as mulch 
reduced the growth season and increased the earliness and productivity of various 
vegetable crops [36, 37].

7.2.9 Improves quality and yield

Mulch keeps fruits clean from touching the ground and reduces soil rot, fruit 
cracking, and blossom end rot in many circumstances. Fruits are smoother and have 
fewer scars. Plastic mulch when properly laid prevents dirt from splashing onto 
the plants during rainfall, reducing grading time. Moreover, straw mulch can also 
improve the yield and quality of early potatoes, cabbage, and other vegetables.

7.2.10 Reduction of diseases

Mulch can reduce the force of irrigation water or the beating motion of raindrops, 
which can convey disease spores. These spores attach themselves to vulnerable plants’ 
leaves and branches. Mulches provide food for a variety of beneficial soil organisms 
that compete with entering harmful spores or emit compounds that suppress diseases. 
They minimize the possibilities of illness occurring in plants. Many soil bacteria are 
inhibited by organic mulches, which compete with or digest pathogenic organisms 
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through a variety of enzymatic processes. Mulches play a crucial role in integrated 
pest management (IPM).

7.2.11 Remediation of heavy metals

Heavy metals are harmful to the health of both animals and humans. Mulches are 
an excellent source for removing heavy metals from soils. Eucalyptus leaves are com-
monly used to remove heavy metals from soil solutions [38]. In forest environments, 
woodchips and compost can form complexes with copper metal, converting them to a 
non-toxic form for crop plant growth [39].

7.3. Negative impacts of mulching on crop production

7.3.1 Competition for resources

Mulches most especially organic compete with the main crop for resources such 
as water, nutrients, oxygen, carbon dioxide, and space. The inter and intra-specific 
rivalry for the resources could be fierce. Both types of competition are harmful to the 
growth and development of the main crop.

7.3.2 Allelopathic effects

Allelopathy is the term used to describe the limitation of seed germination and 
plant growth caused by the release of allelochemicals by some plants or organic 
mulches. Allelochemicals inhibit weeds in crop plants; however, previous studies have 
shown that when plants like eucalyptus, acacia, and pine were mulched, they lowered 
or completely suppressed the growth of numerous weed species, demonstrating their 
allelopathic actions. Narrow-leaved plants, such as grasses, are not as badly damaged 
as broad-leaved plants or dicot species [40].

7.3.3 Weed infestation

The partially decomposed organic mulch materials could act as carriers of various 
weed seeds. Incorporation of mulch to a deeper depth could help to mitigate the prob-
lem of weed seed because at a deep depth the growth of weeds is suppressed before 
getting to the surface. Organic mulch can inhibit the growth of weeds by depleting 
air and resources necessary for their growth, thereby promoting healthy plants and 
soil. Previous study has shown that weed suppression is directly related to the depth 
of mulch [30]. Organic mulches that are applied at a higher depth can reduce weed 
species as compared to those applied at shallow depths.

7.3.4 Nitrogen insufficiency

Organic mulching results in nitrogen deficit in the soil. They require nitrogen to 
decompose since they contain high structural carbohydrates such as lignin, cel-
lulose, and hemicellulose and reduced non-structural carbohydrates. As a result, 
they compete with the crop for nitrogen, lowering their C/N ratio. Though the 
accumulated nitrogen will be released to the soil after decomposition, the crop 
may suffered nitrogen deficiency at critical stages of plant growth, resulting in 
chlorosis.
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8. Water management for sustainable integrated pest management

Integrated pest management is the method of controlling pests, especially insect 
pests that invade farmland [41]. Crop production on farmland becomes more vulner-
able to pest invasion if it is not closely monitored, which can result in crop damage 
and significant financial loss for farmers. The objectives of integrated pest manage-
ment can be classified into three categories.

• Sustainable ecosystem maintenance and the reduction of pesticide negative impacts.

• Cost-effective farm production.

• Maintaining and putting human and animal health in check.

However, the role of farmers and stakeholders in the management of crop pro-
duction and agricultural farmland is imperative. The success of the control tactics 
must be measured using indicators based on monitoring of harmful and beneficial 
organisms, pesticide use, and their impact on the environment [41]. Greenhouse 
gas emissions as a result of pesticides and fertilizer application on agricultural land 
contribute largely to global warming potential [1]. The connection between measur-
ing CO2 gas fluxes emission and pesticides applied through irrigation is critical in 
examining the impact of the chemical–water ratio applied to the soil rhizosphere and 
mineral nutrients available to the crop [42, 43].

Irrigation is an essential agricultural practice for food, pasture, and fiber production 
in semiarid and arid areas [42]. Fertigation allows flexibility in the application timing 
when injections can be made virtually any time during the season from the point of the 
seedling establishment until harvest. The intensive use of water in the irrigation system 
is inherent in the cumulative effect of the modeling concept of the irrigation system. 
The inclusive role of the model and pesticide application is important in an integrated 
pest management system. However, the use of water in a non-essential way may lead to 
a high pest in-breeding rate. Hence, there is a need to plan the amount of water pumped 
into the irrigation system and also calculate the relative drip chemigation used [42].

To ensure a sustainable integrated pest control system, the connecting pipes and 
the osmothermal capacity of the pipe used for surface irrigation must be regularly 
examined for an effective irrigation system. The internet of things (IoT) and big data 
collection are new advancements in the application of addressing irrigation system 
defects while also monitoring integrated pest management activities [42, 44]. Relative 
data used in IoT is the collection of previous crop performance and farm production 
activities. This will enable the farmer to predict the future production of the crop. A 
large amount of data must be collected to amuse the net profit on crop production.

The cost of controlling pests on farmland must be reduced and be effective to 
make it a success. Combining the relative evaluation of the integrated pest manage-
ment innovation system and the new event on irrigation system on crop output is not 
excessively expensive as compared to the success it will bring to farmland. Pesticide 
application through fertigation is a common example of combining insect pest man-
agement with a drip irrigation system. As a result, there exist methods for managing 
crop water availability as well as applying chemical pesticides and liquid fertilizer 
efficiently for agricultural production management. Furthermore, the building of 
irrigation system components that suit the topography of the soil and planting pattern 
is critical for successful crop production.
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Though there is no specific way of designing an irrigation system for sustainable 
integrated pest management, what matters is making sure it is designed in a way that 
will reduce water usage without hampering the efficacy of the pesticide and also 
protecting the environment. The use of chemigation systems is an advancement that 
could help in achieving the goals for integrated pest management.
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Abstract

Although the adaptation of forage palm to the Brazilian semi-arid, it may be
influenced by soil and climatic conditions of this region, irregular rainy periods, high
annual evapotranspiration and soils with a low water retention capacity. These factors
may reduce crop production during dry seasons, including forage. The present research
aimed at analyzing the effect of irrigation with different water depths and levels of
salinity on Orelha de Elefante Mexicana cultivar. The study was carried out in pots in the
Federal University of Campina Grande, from September 2017 to December 2018.
Experimental design was randomized blocks in a factorial scheme 4 x 4, with 4 replica-
tions. Four irrigation water depths were applied (25, 50, 75, and 100%), as a function of
water retention capacity of soil and four levels of electrical conductivity: 0.60; 3.00; 5.40
and 7.80 dS m�1. Morphometric and production variables were evaluated. Plant growth
was not affected by irrigation water depth and levels of salinity, except the thickness of
secondary cladode. Primary cladodes showed the greatest average values (4.03 clad-
odes) for 376.00 mm depth. The other variables evaluated did not present significant
effects under treatments. Saline water did not affect the total production of the cultivar.

Keywords: Opuntia stricta (Haworth) Haworth, water availability, water salinity

1. Introduction

Brazilian semi-arid is characterized by irregular rainy periods, high annual
evapotranspiration and soils with a low water retention capacity, limiting livestock
activities in this region [1]. These conditions affect the production during dry seasons,
including the reduction of forage for animal feed. In this context, Orelha de Elefante
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Mexicana (Haworth) Haworth) is an important forage palm that can mitigate the effects
of low performance of the livestock. Thus, the efficiency of soil water use by Opuntia
species is around 100 and 150 liters of water for each kilogram of dry matter produced,
while grasses need 250 and 350 liters to produce the same quantity of dry matter [2].

Forage palm species are cactus with a great exploitation potential in the Brazilian
northeast, constituting an important resource during periods of drought, due to its
high potential of phytomass production in semi-arid region [3]. Despite forage palm
adaptation to the region, local meteorological conditions influence plant development,
since hydric deficit may cause a reduction of water content and hydric potential,
resulting in loss of turgescence, closure of stomata and reduction of growth, which,
consequently, promote a decrease in the final production. Thus, irrigation practice is
very important to the production system [4].

The usage of poor water quality has been an alternative for producers in the
northeast region to minimalize water scarcity in plants. However, it is important to
highlight that the available water in several Brazilian semi-arid regions has high
soluble salt contents. In this context, palm water needs may modify, changing water
absorption process and evapotranspiration due to salt accumulations in soil, contrib-
uting to its degradation [5]. According to Ribeiro, Moreira, Seabra Filho and Menezes
[6], salinity is one of the abiotic stresses limiting agricultural production the most,
since it presents negative effects on vegetal development.

Crops that are sensible to saline water show the need of studies that aim at
analyzing viable technologies to producers, in order to minimize salt effects on plants.

Thus, the present research aimed to evaluate the effect of water depths and levels
of saline water on the growth and production of forage palm Orelha de Elefante
Mexicana (O. stricta (Haworth) Haworth).

2. Material and methods

2.1 Localization and characterization of the experimental area

The study was conducted open to sky at the experimental area of the Federal
University of Campina Grande (UFCG), in the municipality of Campina Grande (7°
12052,56”S; 35°54022,26”O and 532 m of altitude), state of Paraíba, from September 26,
2017 to December 11, 2018, totalizing 442 days. According to Köppen climate classifi-
cation, the region has a mesometric, sub-humid, Csa climate, dry season (4 to
5 months) and rainy season (autumn to winter).

During the experiment, climate conditions were monitored by the automatic
weather station at Brazilian National Institute of Meteorology (INMET), (7.22°S;
35.90°O and 546 m of altitude), located approximately 1200 m of distance (horizontal
line) from the experimental area (Figure 1).

2.2 Experimental design and treatments

Experimental design was randomized blocks in a factorial scheme 4x4, with 4 replica-
tions, totalizing 64 experimental parcels. Four irrigation water depthswere applied
(L1 = 25%, L2 = 50%, L3 = 75% and L4 = 100%) as a function of soil water depletion taking
into consideration the value of soil water retention capacity and four levels of electrical
conductivity: S1 = 0.60 dSm�1; S2 = 3.00 dSm�1; S3 = 5.40 dSm�1 and S4 = 7.80 dSm�1;
applied on forage palmOrelha de Elefante (O. stricta (Haworth) Haworth).
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The research was carried out in 120 L pots open to the sky, with a space of 1.30 m
between rows and 1.00 m between plants and one plant per pot. The pots were used as
drainage lysimeters.

A layer of crushed stone (2.40 kg) was put at the bottom of each pot, covered with
a texture fabric, a layer of coarse sand (2.10 kg) and 170 kg of soil (0.268 m3). Soil
analysis was performed in the Irrigation and Salinity Laboratory (LIS) of The Federal
University of Campina Grande. Physical characterization (Table 1), Fertility
(Table 2) and Salinity (Tables 3 and 4) were evaluated.

2.3 Plant material and fertilization

The cladodes of forage palm (Orelha de Elefante Mexicana) evaluated in the
experiment were obtained from the Experimental station Lagoa Bonita, National
Institute of Semi-arid (INSA), located in the countryside of the municipality of

Figure 1.
Mean air temperature conditions (mean temperature), relative humidity of air (mean temperature), total
precipitation (Ptotal) and reference evapotranspiration (ET0) of the region in analysis during the research.

Grain size Texture
classification

Soil
density

Particles
density

Porosity Humidity (% dry
soil basis)

%
Sand

Silt Clay — g cm�3 % 0.10 atm 15.00 atm

82.79 11.86 5.35 Loam Sandy 1.58 2.72 41.91 7.50 2.85

Table 1.
Physical characterization of soil.

Ca Mg Na K SB H Al CEC O.M. Available P pH H2O (1:2.5)

meq 100 g�1 of soil % mg 100 g�1 —

1.07 2.41 0.20 0.13 3.81 0.56 0.0 4.37 1.15 0.57 6.75

SB—sum of basis; CEC—cation exchange capacity; O.M—organic matter.

Table 2.
Chemical characterization of soil (fertility).
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Campina Grande – PB. Secondary cladodes with a homogeneous height were used.
After cutting cladodes, they remained during 15 days in shadow to shed moisture and
heal injures. Cladodes were treated with bordeaux mixture 48 hours before sowing, in
order to prevent fungi and bacteria [7, 8]. Planting was performed at a 45° angle to
avoid the fall of the rackets, considering the wind factor in east-west.

Fertilizations followed the recommendations of Novais, Neves and Barros [9] for
experiments using urea, potassium chloride (KCl) and monoammonium phosphate
(MAP), keeping equal doses in every pot. Fertilization was divided in 30% as basal
dressing and the difference was divided and applied every month during the experiment.

2.4 Irrigation

Treatments were carried out at 108 days after sowing and concluded at the end of
the cycle (442 days after sowing), totalizing 334 days of application, period necessary
for establish forage palm.

Water depths were determined based on water retention capacity of soil
(D1 = 25%, D2 = 50%, D3 = 75% and D4 = 100% of WRC), with a variable irrigation
frequency and determined by the depletion of soil water content that corresponded to
the water depths to be replaced. Water retention capacity was determined by water
availability in soil, according to Salassier, Soares & Mantovani [10]:

AWC ¼ FC–WPð Þ x ρ (1)

WRC ¼ AWC x Z (2)

Where, AWC: Available water capacity in soil (mm cm�1 of soil); FC – field
capacity (% of weight); WP: wilting point (% of weight); ρb – bulk density (g cm�3);
WRC – water retention capacity (mm) and Z – effective root system depth (mm).

Variation of water storage was determined based on Lopes et al. [11] at 0.15 m:

ΔTWS ¼ θ2–θ1ð Þ x z (3)

Where, ΔTWS – water storage variation (mm d�1); θ2 – average humidity at the
end time (cm3 cm�3) corresponding to the day; θ1 – average humidity at the initial

CE Chloride Carbonate Bicarbonate Sulphate Ca Mg K Na

mmhos cm�1 meq L�1

0.53 5.00 0.00 0.22 — 1.50 3.50 3.76 2.56

Table 3.
Chemical characterization of soil (salinity).

SP SAR ESP Salinity Soil classification

% — — — —

22.17 1.62 4.57 Non-saline Normal

SP—saturation percentage; SAR—sodium absorption ratio; ESP—exchangeable sodium percentage.

Table 4.
Initial chemical characterization of soil (salinity).
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time (cm3 cm�3) corresponding to humidity of the previous day; z – depth for
balancing.

For the evaluation of the reduction in moisture as the function of water retention
capacity perceptual, daily collections of soil samples were performed at 15 and 30 cm
(corresponding to the radicular zone of great distribution of forage palm O. stricta
(Haworth) Haworth), in order to determine moisture using electric oven [12].

Based on the physical analysis of soil, soil-water characteristic curve was deter-
mined and adjusted by van Genuchten model using the computer program Soil Water
Retention Curve fit (SWRT fit), considering granulometry (%) and density particles
values (g cm�3) [13]. Thus, water content in soil (humidity in a given volume cm3

cm�3) was determined as a function of humidity, obtained by gravimetry method,
using an electric oven in the radicular system depth.

Water was prepared by adding commercial sodium chloride (without iodine),
calcium chloride and magnesium chloride in the proportions 7:2:1, respectively, in
order to increase electrical conductivity of water, according to the methodology pro-
posed by Richards [14]. The dilutions were performed in four 500 L polyethylene
pots, in which, every pot corresponded to a different saline level. The water used came
from the Water and Sewerage Company of Paraíba (CAGEPA). Chemical water
analyses were performed in the Irrigation and Salinity Laboratory (LIS/UFCG)
(Tables 5 and 6).

2.5 Growth variables

Growth variables were analyzed at the end of the cycle, at 334 days after treat-
ments application or 442 days after sowing, according to the methodology proposed
by Borges et al. [15] and consisted of: length of primary cladode (PCL, cm) and
secondary cladode (SCL, cm); width of primary cladode (PCW, cm) and secondary
cladode (SCW, cm); perimeter of primary cladode (PCP, cm) and secondary cladode
(SCP) and thickness of primary cladode (PCT, mm) and secondary cladode (SCT,
mm). A measure type was used for height, width, length and perimeter; and a digital
caliper for thickness, 0.05 mm precision.

Primary (PCA cm2) and secondary (ACS, cm2) cladode areas were estimated
considering cladode width and length, following the methodology proposed by Santos
et al. [16] for forage palm (Opuntia):

CA ¼ CL x CW x 0:693 (4)

CA – cladode area (cm2); CL – cladode length (cm); CW – cladode width (cm)
and; 0.693 – correction factor as a function of cladode.

Ph EC Ca Mg Na K

— dS m�1 mg L�1

6.70 0.03 1.20 2.40 0.70 0.0

Chloride Bicarbonate Carbonate Sulphate Hardness Alkalinity

mg L�1

0.0 20.13 0.0 0.0 13.20 16.50

Table 5.
Chemical parameters of rainy water used in the experiment.
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2.6 Production variables

At 442 days after sowing, or 334 days after treatments application, production
evaluations were performed. Number of primary cladodes (NPC), secondary cladodes
(NSC) and total number of cladodes (TNC) per plant were obtained by direct
counting, according to Borges et al. [15].

2.7 Statistical analyses

Growth and production data were submitted to the distribution normality test
(Shapiro–Wilk test) at 5% probability. The variables that did not demonstrate distri-
bution normality were altered using quadratic root. After normality test, variance
analysis by F test at 1 and 5% probability was used for isolate irrigation depths factors
and for the interaction depths versus salinity.

Data that presented significant effects were adjusted by polynomial, linear and
quadratic regression. Statistical analyses (Shapiro–Wilk and F test) were performed
using Sisvar software, 5.6 version [17].

3. Results and discussion

3.1 Irrigation

The results concerning average frequency of irrigation as a function of depths and
salinity levels are shown in Table 7.

Ph EC Ca Mg Na K

— dS m�1 mg L�1

7.40 0.37 16.00 8.00 19.00 32.70

Chloride Bicarbonate Carbonate Sulphate Hardness Alkalinity

mg L�1

46.79 75.64 0.0 35.04 73.12 62.00

Table 6.
Chemical parameters of tap water used in the experiment.

Treatment Frequency
(days)

Treatment Frequency
(days)

Treatment Frequency
(days)

Treatment Frequency
(days)

L1S1 2 L2S1 5 L3S1 9 L4S1 10

L1S2 2 L2S2 6 L3S2 10 L4S2 10

L1S3 2 L2S3 5 L3S3 9 L4S3 13

L1S4 3 L2S4 6 L3S4 8 L4S4 12

L1S1, L1S2, L1S3 and L1S4 (25% water retention capacity - WRC and 0.60; 3.00; 5.40 and; 7.80 dS m�1, respectively);
L2S1, L2S2, L2S3 and L2S4 (50% of WRC and 0.60; 3.00; 5.40 and; 7.80 dS m�1, respectively); L3S1, L3S2, L3S3 and
L3S4 (75% of WRC and 0.60; 3.00; 5.40 and; 7.80 dS m�1, respectively) and; L4S1, L4S2, L4S3 and L4S4 (100% of
WRC and 0.60; 3.00; 5.40 and; 7.80 dS m�1, respectively).

Table 7.
Average frequency of irrigation as a function of depths and salinity levels.
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According to the results, average frequencies of irrigation varied between 2 and
13 days, considering treatments. In general, the lowest frequencies were obtained
under the greatest saline levels (S3 = 5.40 dS m�1 and S4 = 7.80 dS m�1).

The lowest frequencies of irrigation using the highest saline waters may have
occurred due to the salt effects on soil, altering its physical–chemical properties.

When comparing the same saline level to the other depths, it was observed a
progressive reduction of irrigation frequencies, this occurred because irrigation was
determined by water decay in soil as a function of water retention capacity. Thus,
with the increase of water depths, it was necessary a longer period of time (lower
frequency of irrigation) in order to promote the water decay in soil and the application
of irrigation.

The total value irrigated per treatment (depth x salinity) are shown in Table 8.
In general, the greatest irrigation frequencies resulted in the highest values of

accumulated irrigation depths (treatments with 25 and 50% of water retention
capacity –WRC). Furthermore, the influence of salt in irrigation water was verified in
the crop hydric consumption, demonstrated by treatments with 5.40 and 7.80 m�1

that presented the lowest irrigation depths.
According Souza et al. [18], the accumulation of salts in soil is related to irrigation

that compromises chemical, physical and biological properties of soil. Especially in
semi-arid regions, where there is a predominance of evaporation over precipitation.
Salts present in soils reduce the osmotic potential of its solution and may decrease
water availability in plants.

3.2 Growth

3.2.1 Primary cladodes

The results of variance analysis (F test at 1 and 5% probability) for the variables of
length, width, area, perimeter and thickness of primary cladodes at 334 days after
treatment applications, corresponding to a total cycle of 442 days, are shown in
Table 9.

According to the data obtained (Table 9), there were not significant statistical
differences (p > 0.05) for any growth variable evaluated. Thus, treatments did not
influence the growth parameters of primary cladodes.

Average values were observed for length (PCL), width (PCW), area (PCA),
perimeter (PCP) and thickness (PCT), as the following: 30.02 cm; 24.27 cm;
551.86 cm2; 79.25 cm and; 15.56 mm, respectively.

Treatment Irrigation
(mm)

Treatment Irrigation
(mm)

Treatment Irrigation
(mm)

Treatment Irrigation
(mm)

L1S1 434.88 L2S1 375.42 L3S1 310.32 L4S1 352.76

L1S2 505.37 L2S2 344.51 L3S2 309.64 L4S2 385.57

L1S3 507.63 L2S3 415.31 L3S3 326.78 L4S3 299.22

L1S4 380.61 L2S4 347.39 L3S4 337.42 L4S4 317.95

Mean 457.12 L2S4 370.65 L3S4 321.04 L4S4 338.87

Table 8.
Total accumulated irrigation at the end of the cycle as a function of water depths and salinity levels.
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Donato et al. [19] state that morphometric characteristics of forage palm are rarely
influenced by management, which was also verified in the present study. The results
differed from two other authors, as Silva et al. [20] and Lima et al. [21]. These authors
verified that the adoption of management practices on forage palm results in signifi-
cant effects on the plant growth, by irrigating with different sowing spacing or by
supplying fertilization.

Silva et al. [20] evaluated the growth of forage palm clones in semi-arid region
conditions and its relations with meteorological variables and verified statistical dif-
ferences for the average length of primary cladode with 27.73 cm for Orelha de
Elefante Mexicana. This value is close to the one observed in this study for the same
cultivar.

Lima et al. [21] studied morphological and productive characteristics of forage
palm Gigante irrigated with saline water (5.25 dS m�1) and submitted to intensive
cutting, and obtained average length of 37.87 cm for the second cycle. Significant
differences were not observed for this variable. The authors only verified significant
effects for average width (20.95 cm), thickness (18.62 cm) and area (583.46 cm2). The
aforementioned authors concluded that the differences observed for width and thick-
ness of cladode may have resulted from the best efficiency of physiological and
biochemical process of plant, as photosynthesis, respiration and transpiration, being
influenced by management practices.

Pereira et al. [22] evaluated the growth of forage palm clones (Orelha de Elefante
Mexicana, IPA Sertânia and Miúda), in the municipality of Serra Talhada in the state
of Pernambuco, under drip irrigation with a permanent depth (7.50 mm) and three
intervals of water application (7, 14 and 28 days). The authors concluded that irriga-
tion promoted the best biometric increments for the evaluated clones. For Orelha de
Elefante Mexicana were observed the following average values in the primary clad-
odes, in absolute terms: 23.80 cm of cladode length and 11.80 mm of cladode thick-
ness. In relative terms, for the frequencies of 7, 14 and 28 days, these values were the
following: 18.70 cm (7 days), 15.40 cm (14 days) and 16.20 cm (28 days) of cladode
width; 68.60 cm (7 days), 59.00 cm (28 days) of cladode perimeter; and 285.00 cm2

(7 days), 310.00 cm2 (14 days) and 377.00 cm2 (28 days) of cladode area. The total

Variation source DF Quadratic Average (QA)

PCL1 PCW PCA1 PCP PCT

Depth 3 66.51ns 6.46ns 44623.12ns 48.01ns 1.45ns

Salinity 3 41.13ns 5.83ns 19373.73ns 51.82ns 3.67ns

Depth x Salinity 9 50.73ns 1.71ns 17987.23ns 18.07ns 2.56ns

Block 3 71.47ns 8.04ns 53399.78ns 103.92ns 0.45ns

Error 45 55.33 4.43 29940.33 49.86 2.08

CV (%) — 9.80 8.68 12.83 8.91 9.28

General average — 30.02 24.27 551.86 79.25 15.56
nsNon-significant by F test (p > 0.05).
1Data transformed by quadratic root.

Table 9.
Summary of variance analysis of primary cladode length (PCL), primary cladode width (PCW), primary
cladode area (PCA), primary cladode perimeter (PCP) and primary cladode thickness (PCT) of forage palm
Orelha de Elefante at 442 days of cycle.
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water received by the crop was equivalent to 558.00 mm (7 days), 475.00 mm
(14 days) and 438.00 mm (28 days). Even with different irrigation frequencies
performed in this research, these depth values are close to those verified by Pereira
et al. [22], which did not present significant effects for primary cladodes as well as the
present study.

Sarmento et al. [23] evaluated the influence of different irrigation frequencies on
the growth and production of forage palm Orelha de Elefante Mexicana (O. stricta
(Haworth) Haworth) submitted to different frequencies of irrigation (0, 7, 14 and
21 days) and verified an increasing linear effect in width and length of primary
cladodes due to the increase in irrigation frequency. This did not occur to the thick-
ness of primary cladode. Means observed for primary cladode length were the follow-
ing: 31.16 cm (without irrigation); 32.83 cm (21 days); 34.97 cm (14 days) and; 36.07
(7 days). For average width: 23.86 (without irrigation); 26.46 cm (21 days); 26.73
(14 days) and; 28.90 (7 days). Thickness: 19.14 mm (0 days); 17.60 mm (21 days);
18.36 mm (14 days) and; 17.32 mm (7 days). And perimeter: 92.88 mm, 91.80 mm,
91.15 mm and 92.66 mm (0, 21, 14 and 7 days), respectively. The results corroborate
with the values obtained in this study, showing that the growth of primary cladodes
were not affected, even with different irrigation depths contributing to different
frequencies.

3.2.2 Secondary cladodes

The summary of variance analysis using F test at 1 and 5% probability for length,
width, area, perimeter and thickness of secondary cladode at 334 days after treatment
applications are shown in Table 10.

According to the results of variance analyses by F test (Table 10), as for primary
cladodes, treatments did not present effects (P > 0.05) on the variables evaluated:
length, width, area and perimeter.

The variables of secondary cladode present average values that did not depend on
the applied treatment: 21.32 cm of length, 18.66 cm of width, 287.93 cm2 of area and

Source of variation DF Quadratic Average (QA)

SCL SCW SCA SCP SCT1

Depth 3 3.68ns 2.09ns 2573.55ns 15.42ns 4.63ns

Salinity 3 7.18ns 2.79ns 4025.10ns 36.87ns 5.53*

Depth x Salinity 9 4.00ns 4.11ns 3657.90ns 34.93ns 1.85ns

Block 3 7.11ns 4.02ns 5040.10ns 37.58ns 1.22ns

Error 45 2.39 2.04 1946.91 21.93 1.76

CV (%) — 7.26 7.65 15.32 8.02 6.53

General average — 21.32 18.66 287.93 58.38 9.39

*Significant (p ≤ 0.05).
nsNon-significant (p > 0.05) by F test.
1Data transformed by quadratic root.

Table 10.
Summary of variance analysis of secondary cladode length (SCL), secondary cladode width (SCW), secondary
cladode area (SCA), secondary cladode perimeter (SCP) and secondary cladode thickness (SCT) of forage palm
Orelha de Elefante at 442 days of cycle.
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58.38 cm of cladode perimeter. These results were inferior to the results of primary
cladodes due to plant morphometric characteristics.

Sarmento et al. [23] obtained secondary cladode length in different frequencies of
irrigation: 27.77 cm (without irrigation) 27.28 cm (21 days); 28.23 cm (14 days) and;
29.26 cm (7 days). Regarding cladode width, from the lowest frequencies to the
highest frequencies, the average values were the following: 21.84 cm; 24.33 cm;
24.69 cm and; 25.52 cm. And the perimeters: 87.73 cm, 83.24 cm, 85.38 cm and
86.96 cm from the lowest to the highest. In spite of the absence of significant effects,
frequent irrigation contributed to the growth of forage palm Orelha de Elefante
Mexicana. The results observed by the authors for the species O. stricta (Haworth)
Haworth were superior to the ones obtained in the present study. The variables
evaluated in this work may have been influenced by saline water reducing the growth
in relation to the conditions of plant cultivation using non-saline water, even without
statistical significance for treatments.

Borges et al. [15] studied three different forage palm (Orelha de Elefante
Mexicana, Miúda and Baiana) submitted to nitrogen fertilization via fertigation and
observed average cladode length varying between 25.40 to 27.52 cm in relation to the
error pattern for Orelha de Elefante Mexicana. Thus, this difference between length
obtained in the present study and the values verified by the authors is due to the
average values between primary and secondary cladodes.

Sales et al. [24] evaluated the vegetative growth of forage palm Gigante under
different densities of cultivation in Curimataú (river located in the states of Paraiba
and Rio Grande do Norte) in the state of Paraiba. It was verified that the average value
between densities of cultivation for cladode width was 18.98 cm and cladode length
33.89 cm at 710 days after sowing. On the other hand, the variable cladode area was
affected by treatments showing values of 440.12 cm2, 397.95 cm2 and 383.05 cm2. The
authors did not perform regular intervals of irrigation during the experiment; the
water depth applied was made through precipitation. Thus, the present study as well
as the research carried out by the authors did not obtain significant statistical differ-
ences in relation to the application of treatments on the growth variables analyzed,
except for plant height.

Pereira et al. [22] observed average values for secondary cladodes: 10.40 cm of
length, 12.60 of width, 27.30 cm of perimeter and 74.60 cm2 of area. The results for
these variables were inferior to the ones of the present study. Statistically, in this
research, the results were not significant (P > 0.05) in relation to the treatments
applied. However, the salt in water may have influenced plant growth as salinity may
have contributed to elevate forage palm evapotranspiration due to sodium (Na+) and
to stomatal adjustment that fomented plant development. Moreover, according to
Campos [25], water availability through irrigation increases real evapotranspiration of
forage palm plant in comparison to rainfed cultivations. In this context, the plant
increases its transpiration due to greater water availability.

This hypothesis can be affirmed by Fonseca et al. [26] that concluded that higher
average values of morphometric characteristics of forage palm under conditions of
hydric availability indicates that even with use of saline water, irrigation provides
better conditions of crop development due to the increment of photosynthetic taxes.

There were only significant statistical differences (P ≤ 0.05) for secondary cladode
thickness in relation to salinity levels in the irrigation water applied. Effects of water
depths and its interaction with salinity were not observed in forage palm thickness.
Data showed low dispersion in the coefficient of variation (CV) of 6.53%. The other
variables did not show significant effect (P > 0.05) for any factor evaluated.
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There was an increment for cladode thickness up to 9.79 mm under a salinity level
of 1.22 dS m�1, verified by the graphic adjustment equation. On the other hand, with a
higher salinity level, cladode thickness decreased. The value of R2 in the adjustment
equation was 0.70 (Figure 2).

Forage palm thickness is related to the accumulation of water in its cladodes. This
stored water, according to Nobel [27], may favor palm gas exchange. This content
may be an indicative of stress tolerance caused by saline water.

The effects of treatments (P < 0.05) on secondary cladode thickness may denote
the development of tolerance mechanisms to salinity through juiciness. According to
Willadino and Camara [28], sodium tends to be transported via xylem and accumulate
in plant shoot system. Thus, plant may have developed juiciness in order to mitigate
the effects of accumulated salts on secondary cladodes or even due to the osmotic
adjustment, the responsible for causing a potential difference and induce water
movement into guard-cell.

Although, Freire [29] concluded that higher salinity levels of 3.60 dS m�1 or more,
result in the decrease of forage palm juiciness. This maximum salinity level on thick-
ness was 60% lower than the one verified by the author.

It can be inferred that osmotic adjustment contributed to prevent restrictions to
plant stomatal opening, promoting the increase of transpiration and the reduction of
water content in cell and, consequently, its thickness. This justifies the reduction of
thickness of secondary cladode due to the increase of salt in irrigation water.

Cladode thickness is one of the species characteristics directly correlated to plant
turgidity. Thus, the higher the thickness, the greater water quantity in cells, which is
one of the main attributes of CAM plants [22].

Pereira et al. [22] obtained average values of cladode thickness in OEM, IPA and
Miúda cultivars: 11.80; 18.50 and 14.10 mm, respectively. The thickness observed by
the authors was approximately 17% superior.

Sarmento et al. [23] verified a significant effect of cladode thickness as a function
of irrigation frequencies, which presented a decreasing quadratic effect, showing
values of 12.31 (0 days); 13.58 (21 days); 11.44 (14 days); 11.30 (7 days). On the other
hand, it did not occur for primary cladode.

When comparing the results of the thickness of primary cladode to the results of
Pereira et al. [22], Sales et al. [24] and Sarmento et al. [23], it was verified that
thickness was lower than the ones verified by the other authors. However, the

Figure 2.
Secondary cladode thickness (SCT) of forage palm (Orelha de Elefante) as a function of salt in irrigation water
(ECw) at 442 days of the cycle.
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aforementioned works studied the species Opuntia fícus-indica Mill while the present
research analyzed the species O. stricta (Haworth) Haworth.

According to Rocha, Voltolini, and Gava [30], cladode thickness is of great
importance for the photosynthetic capacity and for water storage in plant.

Orelha de Elefante clone has a great potential to adapt to conditions of low water
availability in soil, presenting a greater capacity of water storage in its cladodes [22].
Thus, this capacity also contributes to plant tolerance in relation to salts.

3.3 Production

3.3.1 Number of primary and secondary cladodes

The results of variance analysis by F test at 1 and 5% probability showed a signif-
icant effect (P ≤ 0.05) only for the number of primary cladodes in relation to water
depths. Regarding the other variables, the number of secondary cladodes and the total
number of cladodes did not present significant statistical differences (Table 11).

The number of primary cladodes showed a quadratic tendency with R2 equal to
0.8643 (Figure 3). The greatest average was presented by the number of primary
cladodes, based on the graphical adjustment equation, for the water depth of
376.00 mm with 4.03 cladodes. The same depth is the closest to L2 (370.66 mm),
which corresponds to 50% of water retention capacity of soil –WRC. The other depths
presented average values of 3.43 cladodes (L3–75% of WRC equal to 321.04 mm), 3.76
cladodes (L4–100% of WRC equal to 338.87 mm) and 2.72 cladodes (L1–25% of WRC
equal to 457.12 mm), also obtained using the adjustment equation.

Thus, it was verified that the number of primary cladodes increased due to the
water depth increase up to 376.00 mm and, for values higher than that, it decreased.

The other variables did not present significant effect (P > 0.05) with average
values of 11.48 of secondary cladodes (NSC) and 17.20 of total number of cladodes
(TNC).

Cavalcante, Leite, Pereira and Lucena [31] evaluated forage palm Orelha de
Elefante Mexicana with and without cure of cladodes and did not verify statistical

Source of variation DF Quadratic Average (QA)

NPC1 NSC TNC

Depth 3 4.89* 3.43ns 1.64ns

Salinity 3 2.89ns 12.56ns 9.18ns

Depth x Salinity 9 1.78ns 14.25ns 14.52ns

Block 3 1.02ns 20.31ns 15.10ns

Error 45 1.73 19.35 16.66

CV (%) — 11.79 21.19 12.06

General average — 5.66 11.48 17.20

*Significant (p ≤ 0.05).
nsNon-significant by F test.
1Data transformed by quadratic root.

Table 11.
Summary of variance analysis for the number of primary cladodes (NPC), number of secondary cladodes (NSC)
and total number of cladodes (TNC) of forage palm Orelha de Elefante Mexicana at 442 days of the cycle.

180

Irrigation and Drainage - Recent Advances



differences (P > 0.05) in the number of primary cladodes, number of secondary
cladodes and total number of cladodes. But, the average values were 2.35 for primary
cladodes, 5.37 for secondary cladodes and 12.31 for total number of cladodes. How-
ever, tertiary cladodes were considered by the authors when counting the number of
total cladodes, and, in the present research, tertiary cladodes were not observed in
forage palm. The values obtained in this study were superior to the ones by
Cavalcante, Leite, Pereira and Lucena [31] probably due to the application of water
depths, promoting the production of the cultivar.

Lima et al. [21] did not verify significant interaction (P > 0.05) in the number of
primary cladodes, but obtained significant effect in the total number of cladodes with
a maximum value of 20.60 of cladodes per plant. The authors also used saline water on
forage palm, but productive characteristics were evaluated in forage palm Gigante.
Lima et al. [21] concluded that the great number of cladodes tent to increase CO2

capture, which results in a higher photosynthetic tax, contributing to maximize the
production.

Sarmento et al. [23] obtained values that corroborate with the present research.
The authors verified that Orelha de Elefante Mexicana, under different irrigation
frequencies (0, 7, 14 and 21 days), presented number of cladodes equal to: 6.06
(0 days), 4.92 (21 days), 4.85 (14 days) and 4.82 (7 days) of primary cladodes; 12.40
(0 days), 11.91 (21 days), 11.91 (14 days) and 10.50 (7 days) of secondary cladodes;
18.60 (0 days), 17.20 (21 days), 16.94 (14 days) and 15.44 (7 days) of total number of
cladodes.

According to Borges et al. [15], the greatest number of cladodes in forage palm
plants reflects in a greater production. The authors verified that Orelha de Elefante
Mexicana under fertigation presented 13.00 cladodes per plant, which is equivalent to
the total number of cladodes.

Pereira et al. [22] verified that hydric availability conditions did not affect the
number of primary cladodes and the total number of cladodes of forage palm O. stricta
(Haworth) Haworth. However, there was significant effect for the number of sec-
ondary cladodes. The authors observed the following average values: 8.11 of primary
cladodes and 13.50 of total number of cladodes. The number of secondary cladodes
showed the following values, respectively: 7.67 units (7 days frequency with a total
water depth of 558.00 mm); 1.56 units (14 days frequency with water depth of
475.00 mm) and; 4.22 units (frequency of 28 days with water depth of 438.00 mm).

Figure 3.
Number of primary cladodes of forage palm Orelha de Elefante Mexicana as a function of water depths at
442 days of the cycle.
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In the present study, the number of secondary cladodes presented average values
of 11.48 units for water depths that varied between 321.04 mm and 457.12 mm.
Comparing these results to the ones obtained by Pereira et al. [22], there was a better
use of water irrigation by plant in the production of cladodes, since palm produced a
quantity of 33% higher under water depths inferior than the ones applied by the
authors.

4. Conclusions

The research analyzed the effect of irrigation with different water depths and
levels of salinity on Orelha de Elefante Mexicana cultivar. This cultivar can produce
even under saline conditions and irrigation with saline water is an alternative strategie
for forage production in semiarid regions.

The growth of forage palm Orelha de Elefante Mexiacana was not affected by
water depths and by the salt in water irrigation, except thickness of secondary clad-
odes, which was positively affected by water electrical conductivity.

The production of primary cladodes was affected by water availability for forage
palm Orelha de Elefante Mexicana, which was maximized by water depth
corresponding to 50% of water retention capacity of soil presenting 4.03 cladodes.

Regarding the conditions to carry out the research, saline water did not affect the
total production of Orelha de Elefante Mexicana cultivar.
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Chapter 11

Anaerobic Filters: Alternative 
Solution for the Treatment of 
Domestic Wastewater for Reuse in 
Vegetable Irrigation
Valdemiro Pitoro, Rodrigo Sánchez-Román, João Queluz, 
Tamires Da Silva, Sérgio Jane and Kevim Muniz

Abstract

This chapter is the result of a research conducted in the experimental area of 
the Department of Rural Engineering, School of Agronomic Sciences, São Paulo 
State University, Botucatu, São Paulo, Brazil, for 165 days, between the months 
of February and August 2018, with the objective to evaluate the performance of a 
wastewater treatment plant (WWTP) at a pilot-scale composed of six anaerobic 
filters (tank-in-series), filled with gravel #1 in the treatment of domestic wastewa-
ter (DW) for agricultural reuse. The parameters were monitored was: pH, electri-
cal conductivity, total suspended solids, biochemical oxygen demand, chemical 
oxygen demand, total nitrogen, total phosphorus, and potassium. The results 
indicate that the WWTP performed satisfactorily and provided treated wastewater 
(TWW) with acceptable quality for agricultural reuse in irrigation of vegetable 
crops. It was observed that the mean concentrations of the pollutants decreased as 
wastewater advanced through the filters stage, presenting high removal efficiency 
at the 6th filter (TWW 6) than the 3rd filter (TWW 3), with statistical analysis 
corroborating that there are significant differences between the quality of TWW 
3 and TWW 6 for most of the parameters evaluated, suggesting that the increase 
of the number of filters in this treatment system proposed improves the treated 
wastewater quality.

Keywords: agricultural irrigation, agricultural wastewater reuse, wastewater reuse, 
wastewater treatment, water scarcity

1. Introduction

The reuse of domestic wastewater (DW) in agricultural irrigation is seen as a 
fundamental alternative to alleviate water scarcity in the world [1], besides contribut-
ing to the reduction of environmental impacts, costs in treatment, and the discharge 
of DW to natural water bodies [2].
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The availability of wastewater (WW) throughout the year is indicated as one 
of the most important aspects of water reuse in agriculture, which will reduce the 
dependence on precipitation, especially in regions with arid or semi-arid climates [3]. 
The recycling of nutrients available in the WW is an important economic alterna-
tive, as in many cases, it allows farmers to reduce or even eliminate the application 
of conventional fertilizers in their production fields [2]. In the literature, there are 
numerous experimental researchers in which WW has been used successfully for 
irrigation of agricultural vegetable crops [2, 4].

Despite the numerous benefits provided by effluent reuse in irrigation, it is 
important to emphasize that improper application can be harmful to plants, animals, 
producers, and consumers, as well as to the soil [5], because unlike drinking water, 
reuse water may contain high concentrations of bacteria, viruses, salts, and heavy 
metals, depending on its source and treatments [6].

The direct discharge of UTWW into soil and water bodies has negative impacts 
on the various components of the production process. Therefore, the combination 
of effluent reuse with appropriate treatment and recycling methods could be vital 
to provide a quality effluent for reuse, especially one of acceptable quality for agri-
cultural irrigation. There are currently several alternatives or wastewater treatment 
technologies for reuse in irrigation, ranging from expensive and complex, to low 
cost and simple in structure, implementation, and maintenance. The selection of 
the effluent treatment technology to be adopted should respect issues related to the 
economic, social, and environmental conditions of the beneficiary community, as 
well as the quality recommended for the purpose it is intended to apply [7, 8].

The wastewater treatment technologies used by the sanitation companies are not 
feasible for low-income rural communities, due to the high cost of implementation, 
operation, and maintenance [9], as well as the large dispersion of the population 
in rural areas. Thus, it is important to develop decentralized, low-cost, and easy-
to-operate technologies for the treatment of DW effluents [10], and to provide 
optimum water supply for non-potable purposes, such as irrigation of agricultural 
crops.

There are several technologies that can be used for the treatment of DW for reuse 
in vegetable irrigation [11], such as: anaerobic filters (ANF), aerobic filters (AEF), 
septic tanks (ST), constructed wetlands (CWs), filter membranes, chlorination, sand 
filter, UV disinfection, among others. ST is the simplest and oldest low-cost system 
widely used as decentralized treatment technology, but, post-treatment is usually 
required because of the high soluble organic matter and pathogens content that 
remains in the effluent [12]. ST alone contributes to total suspend solids (TSS) (62%), 
chemical oxygen demand (COD) (31%) and fecal coliforms (FC) (31%) removal 
[13]. Similar results were presented by Del Castillo et al. [9], which found removal 
efficiency of 35% for COD, 73% for TSS, and 33% for biochemical oxygen demand 
(BOD). According to Bouted and Ratanatamskul [14], the aerobic treatment system 
has been recognized as a highly efficient system, but they have relatively high running 
costs in terms of energy. CWs are attracting interest as potential low-cost treatment 
solutions [15] and are practiced for primary and secondary treatment of DW [16]. 
However, when used alone to treat DW, CWs might not be able to meet quality guide-
lines for agricultural reuse [9].

In the ANF, the treatment process occurs in the absence of oxygen, and the high-
light compared to other treatment systems according to da Silva et al. [17], is its high 
efficiency in the degradation of solid organic waste, converting organic matter into 
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biogas, which can be used for thermal, electrical or mechanical energy generation, 
biofertilizer or substrate that can be used to improve the physicochemical and biologi-
cal properties of the soil. In general, the ANF removes total dissolved solids (TDS) 
and TSS through close contact with anaerobic bacteria attached to the filter media. 
Refers. [18] reported that ANF can present removal efficiencies higher than 70% for 
TSS and BOD, and 90% for fecal coliforms (FC).

Every treatment technology has different benefits, limitations, cost requirement 
and land area, payback period, and removal efficiency. Among all above mentioned 
technologies, ANF stands out because is a low-cost and sustainable treatment technol-
ogy [18]. Tripathi et al. [19] also highlight that the operational simplicity is one of the 
main advantages of using ANF in wastewater treatment, specifically because they can 
be operated without the need for electricity, which makes them suitable for develop-
ing countries and rural communities or regions isolated from large urban centers. 
However, despite the diversity of their application and benefits provided, similarly to 
CWs, when ANF are used as a standalone technology, the effluent often does not meet 
the quality guidelines for agriculture reuse [9].

Abegunrin et al. [20] report the limitation of the application of ANF in the 
treatment of WW with higher concentrations of suspended solids, which is why it is 
commonly used for post-treatment. Tonon et al. [21] observed that the BOD and COD 
removal efficiency decrease with the increase of the hydraulic loading rate. According 
to de Oliveira Cruz et al. [18], nitrogen compounds and phosphorus concentration 
do not change during anaerobic treatment, thus, requiring an additional aerobic step 
or CWs to increase the quality of the final treated effluent. The improvement of the 
anaerobic (filter) system to become more efficient in treating DW is challenging, 
compared to the traditional aerobic treatment systems [22]. To deal with the limita-
tions of the anaerobic (filter) DW treatment system, researchers are studying the 
performance of ANF in different environments [14], plant operational conditions 
[9], and alternative filled mediums [14] to identify the best way to improve their 
efficiency.

It is evident the need to study and develop low-cost technologies for WW treat-
ment, which can contribute to the rational replacement of potable water, for treated 
DW in certain activities. It is also evident, the importance of discussing the need for 
the reuse of lower quality water in less sensitive activities concerning water quality, 
especially in irrigated agriculture. In this context, this research aims to evaluate the 
performance of ANF filled with gravel #1 (as inert material) in the treatment of DW 
for agricultural reuse.

2. Materials and methods

2.1 Site description

The research was developed in the experimental area of the Department of Rural 
Engineering, School of Agronomic Sciences (FCA), São Paulo State University 
(UNESP), Botucatu, São Paulo, Brazil, at coordinates 22° 50′ 48″ S, 48° 26′ 06″ W and 
altitude of 817.74 m. The climate of the region is defined as type Cfa (Koppen): humid 
subtropical climate (mesothermal) with rainy summer and dry winter, the average 
temperature of the warmest month is above 22°C and the average annual precipitation 
around 1,501.4 mm.
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2.2 Design and operation of the wastewater pilot-scale plant

The research comprised two phases; the first (Phase I) [23] the wastewater treat-
ment plant (WWTP) had two beds, one filled with gravel #1 and other filled gravel 
#4. Each bed was composed of three vertical filters connected in series and operated 
for 105 days. Based on the results of Phase I, in the second phase (Phase II), the 
WWTP comprised a bed composed of six filters (Figure 1) made in 200 l plastic 
barrels (with dimensions of 0.90 m high and 0.50 m diameter), filled only with 
gravel #1, the water level was maintained at 10 cm from the barrel surface (to 
prevent overflow), providing an average porosity of 48% about the inert material, 
corresponding to a daily application rate of 95 liters and a hydraulic detention time 
(HDT) of 5.4 days.

The choice of the plastic barrel for making the filter was due to its low price and 
capacity to resist the weight of the inert material, weather conditions and the change 
in the structure of the WWTP in Phase II aimed to improve the quality of the TWW, 
because, the values of the BOD of the TWW obtained in the Phase I were above 
the range established for irrigation of food and non-food crops according to US 
Environmental Protection Agency (EPA) [8]; therefore, the increase in the number 
of filters aimed to increase the HDT and improve the performance of the WWTP, 
essentially for BOD and the other parameters associated with it.

The WWTP also had a 1,000-liter water tank (to receive and store the WW) and 
two 150-liter water tanks, one before (influent storage) and after (final TWW stor-
age) the 6th filter, the second tank also served to store the TWW used in the irrigation 
system. The design of the system was proposed (Figure 2) in order to reduce the space 
requirement.

DW (Table 1) used in this research came from SABESP´s Domestic WWTP in 
Botucatu city (secondary effluent). This WWTP presents a mixed treatment system, 
composed of equalization, Up-flow Anaerobic Sludge Blanket and activated sludge. 
The WWTP is responsible for the WW treatment of the urban area of the municipal-
ity of Botucatu, which is predominantly DW, with little contribution of industrial 
discharges.

2.3 Water quality sampling

In Phase II, the research was conducted for 165 days. Samples were collected from 
the outlet of the influent (IF) storage, TWW released from the filter 3 (TWW 3) and 

Figure 1. 
Frontal (a) and lateral (b) view of the WWTP set up at the FCA, UNESP, Botucatu.
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Figure 2. 
General scheme of the WWTP (pilot-scale) set up at the FCA, UNESP, Botucatu.

41 days 70 days 100 days 130 days 165 days Average 
(SD)

Stand. 
for 

Agric. 
Reuse*

pH 7.87 8.17 7.5 6.9 7.03 7.49 
(±0.62)

6.5–8.4a

EC 577 752 693 719.5 717.67 691.83 
(±0.06)

≤700a,d

TS 389.67 808 1270.83 1085.67 1291.67 969.17 
(±377.62)

TSS 44.33 512.33 920.33 737.33 931 629.07 
(±341.19)

<500a

TDS 345.33 295.67 350.5 348.33 360.67 340.1 
(±25.50)

<450a; 
<500c

BOD 48 54 91 87 74 70.81 
(±17.82

<10a; 
<30a

COD 600.8 445 1251 706.33 1000.8 800.8 
(±299.4)

TN 76.03 65.6 96.7 77.8 84.03 80.03 
(±11.13)

<10a

TP 10.56 13.76 7.92 13.18 12.68 11.62 
(±3.01)

K 80 71.5 76.9 97.6 84 82.00 
(±9.65)

TC 2,06 × 109 2,19 × 1010 1,99 × 107 1,35 × 107 5,17 × 106 *

FC 7,42 × 108 Absent 1,37 × 106 2,36 × 106 3,36 × 105 * ≤1000b, c

EC—electrical conductivity (μS cm−1), TS—total solids (mg l−1), TSS—total suspended solids (mg l−1), TDS—total 
dissolved solids (mg l−1), BOD—biochemical oxygen demand (mg l−1), COD - chemical oxygen demand (mg l−1), TN—
total nitrogen (mg l−1), TP - total phosphorus (mg l−1), K - potassium (mg l−1), TC—total coliform (MPN 100 ml−1), 
FC—fecal coliforms (MPN 100 ml−1). SD: standard deviation.*Standard water quality for agriculture reuse.
aRef. [8].
bRef. [7].
cRef. [24].
dRef. [25].

Table 1. 
Characteristics of wastewater quality from SABESP´s domestic WWTP (influent in this research).
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filter 6 (TWW 6). The first sampling was performed 41 days after the beginning of 
the operation of the WWTP and the other samplings (4) were performed at 30-day 
intervals.

The WW quality analyses were performed in the Laboratory of Water Quality of 
the Department of Rural Engineering located at the School of Agronomic Sciences, 
UNESP, Botucatu.

All WW quality parameters such as total solids (TS), TSS, BOD, COD, total 
nitrogen (TN), total phosphorus (TP) and microbial population were determined 
according to the Standard Methods [26]. pH and EC values were measured in situ by 
digital pH and conductivity meter.

The microbiological indicator adopted for the fecal organisms was the concen-
tration of total coliforms (TC) and Escherichia coli (E. coli), and its determination 
was performed using IDEXX Colilert Quanti-Tray System as per the manufacture´s 
procedures (https: //www.idexx.com/files/colilert-procedure-en. pdf, accessed on 13 
June 2021). The most probable number (MPN) was used to find the concentration of 
TC and E. coli in the samples [27], expressed in MPN 100 ml−1.

2.4 Statistical analysis

The results of the performance evaluation of the WWTP were submitted to 
analysis of variance to verify whether or not the change in the structure of the 
WWTP in Phase II had significant effects on the quality of the TWW, specifically 
in the parameters: pH, EC, TSS, BOD, COD, TN, TP and K. The statistical analysis 
considered two treatments, which comprised sample collection points, identified 
by: TWW 3 and TWW 6, with three repetitions per sampling, an entirely random-
ized design with repetitions in time. The variables that showed significant differ-
ences were subjected to Tukey’s test, at the 5% probability level, with the aid of the 
Software Sisvar version 5.6 [28].

3. Results and discussion

As shown in the Table 1, the quality of the influent used in this research does not 
meet the standard water quality recommended for reuse in agricultural irrigation.

The performance evaluation of the WWTP was essentially based on the compari-
son of the physical, chemical, and microbiological characteristics of TWW 3 and 
TWW 6, with IF. The main findings are presented and discussed below.

During the experiment, the maximum, minimum, and average temperatures 
were: 26, 16, 20°C, respectively; and the effluent operated in the range of 18–25°C. 
Thus, it can be stated that the filters operated between temperature ranges consid-
ered psychrophilic and mesophilic for microorganisms; the latter is considered by 
Chernicharo [29] as the one that anaerobic digesters have been commonly designed 
for because it presents the best results. Regarding the occurrence of rain, during the 
experimental period, a total of 230.3 mm was recorded, and it is believed that this did 
not influence the results because it did not coincide with the periods of sample col-
lection. However, it can be recommended to place covers on the filters to prevent the 
entry of rainwater, and consequently compromise the microbial activity in the beds, 
which comprise the main agents of decomposition of organic matter.

Table 2 shows the average and standard deviation of the measurements corre-
sponding to each sampling point and provides an overview of the overall performance 
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system for the parameters pH, EC, TS, TSS and TDS. It can be observed that mean 
concentrations of EC, TS, TSS and TDS decrease as wastewater advances through the 
sampling points. The results of pH indicate that there was a tendency of increasing 
as WW advanced through the sampling points, however, they remained within the 
range considered adequate (pH between 6 and 8) for the anaerobic digestion [29]; 
they also remained within the adequate range (pH between 6.5 and 8.5) for reuse in 
crop irrigation [25].

According to the parameters proposed by Ayers and Westcot [25], TWW with 
EC less than 700 μS cm−1 is not restricted from use in irrigation, even for salinity-
sensitive crops. Thus, according to these parameters, the EC of the present research 
presents satisfactory quality for reuse in irrigation without restrictions.

The results of TS, TSS, and TDS, indicate that the WWTP performed satisfactorily 
in the reduction of solids. For example, an average reduction of 62.9% of ST and 99% 
of TSS was registered in TWW 3, 67% of TS, and 100% of TSS in TWW 6, concern-
ing the concentration of these in the IF.

The levels of removal of TS and TSS obtained in this research were higher 
than those observed by Reinaldo et al. [30] evaluating a sewage treatment system 

41 days 70 days 100 days 130 days 165 days Average (SD)

pH

IF 7.87 8.17 7.5 6.9 7.03 7.49 (±0.62)

TWW 3 8.1 8.07 7.7 7.7 7.1 7.73 (±0.38)

TWW 6 8.13 8.3 7.8 7.7 7.5 7.89 (±0.30)

Electrical conductivity (μS cm−1)

IF 577 752 693 719.5 717.67 691.83 (±0.06)

TWW 3 592 721.67 677 711 684.67 677.27 (±0.05)

TWW 6 556.67 674.33 630 595.5 611 613.5 (±0.04)

Total solids (mg l−1)

IF 389.67 808 1270.83 1085.67 1291.67 969.17 (±377.62)

TWW 3 357.5 377.33 368.67 350.33 345.67 359.9 (±13.04)

TWW 6 346.66 348.66 285 320.33 304.33 321 (±27.38)

Total suspended solids (mg l−1)

IF 44.33 512.33 920.33 737.33 931 629.07 (±341.19)

TWW 3 7 2.33 9.67 9 2.67 6.13 (±3.23)

TWW 6 4.4 0.33 3.67 1.67 0.33 2.1 (±2.21)

Total dissolved solids (mg l−1)

IF 345.33 295.67 350.5 348.33 360.67 340.1 (±25.50)

TWW 3 350.5 375 359 341.33 343 353.77 (13.78)

TWW 6 342.17 348.33 281.33 318.67 304 318.9 (27.57)

IF: is influent; TWW: 3 is treated wastewater collected in filter 3; TWW: 6 is treated wastewater collected in filter 6; SD: 
standard deviation.

Table 2. 
Average values of water quality parameters measured at each sampling point.
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consisting of a decant digester with a biological filter followed by constructed wet-
land and solar reactor, which obtained average efficiencies of removal of TS and TSS 
of 61 and 99% respectively; and [31] studying treatment system in ANF followed by 
two constructed wetlands, observed average efficiencies of removal of TS and TSS 
of 29 and 74% respectively. Fia et al. [31] associated the low efficiency of TS and TSS 
removal to low temperatures (average of 17.4 ± 2.2°C) recorded during the experi-
mental period, which according to them, kept the fluid viscosity high, which resulted 
in lower sedimentation velocity of the biomass produced.

Low concentration of TSS observed in this research can be beneficial in rural areas 
for reuse in agriculture, since the chances of clogging irrigation equipment, such as 
emitter, would be lower. According to Lamm et al. [32], when the TSS concentration 
is less than 50 mg l−1 there is a lower risk of dripper clogging.

3.1 Chemical and biochemical oxygen demand

The efficiency of the WWTP in the reduction of organic matter can be considered 
satisfactory; because, an average reduction of BOD and COD was observed in the 
order of 33.3 and 96.2% in TWW 3, 62.9, and 96.7% in TWW 6 respectively; and 
registering average values of BOD and COD in TWW 6 of 26.24 mg l−1 and 26.78 mg 
l−1 respectively (Figure 3).

According to EPA [8], BOD values of irrigation water for crops consumed cooked 
and raw should not exceed 30 and 10 mg l−1 respectively. Since kale is a vegetable that 
is commonly consumed cooked, it is observed that only TWW 6 meets the required 
quality standard, with a mean value of 26.24 mg l−1. These results show that the 
WWTP was not only a filter-in-series but a biological treatment unit as well. One way 
of demonstrating that the treatment provided by WWTP proposed in this research 
was not restricted to physical removal by filtration, is the evaluation of the BOD con-
centrations. de Oliveira Cruz et al. [18] observed COD removal of 41% (lower than 
our results), and assumed that their anaerobic filter was not restricted to mechanical 
actions such as fixation, interception, and adsorption, given the fact that the degrada-
tion and consumption of soluble material also occurred, by the action of the biofilm 
present in the interstices of the filled medium, this same behavior was observed by 
Tonon et al. [21].

Tonetti et al. [33] obtained BOD reduction values higher than 98% studying an 
alternative WW treatment system consisting of an ANF (with bamboo support mate-
rial) followed by a sand filter. In this system, they observed that the ANF provided a 
BOD reduction of 47%. The same authors mention that although ANF usually present 
good removal efficiency, between 10 and 30% of organic matter is not degraded, 
which limits that their WW meets the quality standard required by the Brazilian 
legislation, and this need posttreatment.

Hashem and Qi [34] states that the COD/BOD ratio is an indication of the amount 
of non-biodegradable organic matter. The higher this ratio is, it is an indication of low 
organic matter degradation that may be related to the failure of the biological treat-
ment system adopted or the quality of the sewage. The ratio (COD/BOD) with a value 
of 1.02 recorded in this research is lower than that obtained by Colares and Sandri 
[35] who obtained 2.08 and observed BOD removal efficiencies in the order of 79.01% 
evaluating the performance of ST followed by constructed wetlands in the treatment 
of domestic sewage. Therefore, the low reduction of BOD observed in this research 
compared to the results found in the literature can be associated with the quality 
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of the sewage and not necessarily the capacity of organic matter degradation of the 
WWTP of this research.

Reduction efficiencies of BOD and COD lower than our results were observed by 
Fia et al. [31], obtained 55 and 35% removal of COD and BOD respectively, operating 
a treatment system in downflow ANF followed by constructed wetlands systems. 
These authors, in common, indicated the quality of the raw sewage (low organic load) 
as the main reason for obtaining unsatisfactory results.

Although the BOD reduction was relatively low compared to what is found in the 
literature, it is important to mention that on average, the results obtained to meet 
the [8] requirements for irrigation of cooked consumed crops and the probable 
range of pollutant removal (represented by BOD) established in NBR 13.969 for 
ANF [36].

Figure 3. 
BOD (a) and COD (b) concentration and remove efficiency comparison during the operation of WWTP.
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3.2 Total nitrogen, total phosphorus, and potassium

The performance of the WWTP regarding the reduction of TN, TP, and K indi-
cated a removal efficiency of 70,2, 46.5, and 80%, resulting respectively in mean 
concentrations in the TWW6 of 23.83 mg l−1 of total nitrogen (Figure 4a), 6.22 mg l−1 
of total phosphorus (Figure 4b) and 16.40 mg l−1 of potassium (Figure 4c).

Bueno et al. [37] refers that fixed bed ANF or operated under static conditions 
and without recirculation are commonly unable to remove phosphate and nitrogen 
compounds efficiently. Bastos et al. [38] refer that the fact that anaerobic treatment 
occurs in the absence of oxygen is also a limiting factor for nitrogen reduction because 
nitrification requires the presence of dissolved oxygen, which is only possible in an 
aerobic environment. Therefore, comparing the results obtained in this research with 
those found in the literature, it can be seen that the system generated a satisfactory 
reduction of these elements.

Ucker et al. [39] refer that the removal of nutrients in effluents is more effective 
in treatment systems that involve the cultivation of plants. These authors, in their 
research evaluating a CW’s system using vetiver grass, they observed efficiencies of 
phosphorus and ammonia nitrogen reduction around 80.35 and 83.3% in modules 
with plants and, 44.45 and 42.55% in modules without plants respectively; the 
removal of phosphorus in modules without plants, was close to that obtained in the 
present research (46.5%).

The mean value of TP concentration observed during the research is within the 
range indicated by Bastos et al. [38], which varies between 4 and 12 mg l−1; and TN 

Figure 4. 
TN (a), TP (b) and K (c) concentration and remove efficiency comparison during the operation of WWTP.
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is slightly above the range indicated by the same authors (35–60 mg l−1), for sewage 
considered domestic. Comparing the characteristics of TWW 6 to the standards 
established by Brazilian and international guidelines, it was found that the average 
concentration of TN is in the range considered of moderate restriction for use in 
irrigation. Phosphorus exceeded the limits established by CONAMA Resolution 
357/05 [24]; and potassium was not the target of comparisons because it is not 
included in any of the guidelines adopted for this purpose, although it is indicated 
by them as an element to be considered in analyses to determine the quality of 
water for irrigation.

3.3 Overall evaluation of the treatment system

The overall evaluation of the performance of the WWTP based on the results 
of the statistical analysis (Table 3) indicates there are significant differences in the 
quality of TWW 3 and TWW 6 for most of the parameters evaluated, demonstrating 
that changing the structure of the WWTP, specifically increasing the number of bed 
filters and consequently increasing the HDT in Phase II had a positive effect on the 
reduction of pollutants present in the IF. The positive effect of increasing the HDT 
on the quality of the TWW was also observed by Bouted and Ratanatamskul [14], in 
which operating isolated ANF in the treatment of influent under different tempera-
tures and HDT (9, 18, and 27 h) obtained greater reductions of TSS, COD, PT and NT 
in the treatment system with the highest HDT (Table 4).

Another fact that should be highlighted is concerning BOD because, in average 
terms, only TWW 6 with an average BOD of 26.24 mg l−1 presented quality suit-
able for irrigation of food and non-food crops (BOD less than 30 mg l−1) according 
to EPA [8].

The effect of the changes introduced in the WWTP layout in Phase II is best 
evidenced by the microbiological characteristics of the TWW; for, although removal 
efficiencies of TC and E. coli around 100% have been recorded in TWW 3 and TWW 

Parameters (Units) P-value (F test) MSD Water quality per filter stage CV (%)

TWW 3 TWW 6

pH (μS cm−1) 0.2308 ns 0.16 7.73a 7.89a 4.39

EC (mg l−1) 0.0006** 9.09 677.3a 613.5b 6.96

TSS (mg l−1) 0.0004** 0.91 6.13a 2.10b 67.2

BOD (mg l−1) 0.0000** 1.09 47.16a 26.24b 31.85

COD (mg l−1) 0.1091 ns 4.64 30.82a 26.78a 23.25

TN (mg l−1) 0.0000** 3.27 36.23a 23.83b 14.75

TP (mg l−1) 0.1076 ns 1.97 8.09a 6.22a 43.07

K (mg l−1) 0.0000** 1.28 23.43a 16.40b 16.02

TWW 3: is treated wastewater collected in filter 3; TWW: 6 is treated wastewater collected in filter 6. MSD: minimum 
significant differences; CV: coefficient of variation. Means that do not share the same lower-case letter in the row are 
significantly different, by the Tukey’s test; ns: not significant at 5% (P < 0.05).**Significant at 1% (P < 0.01).

Table 3. 
Average values and statistical analysis results of physical and chemical water quality.
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6 concerning the IF, only in TWW 6 did it reach acceptable quality standards for 
reuse in the irrigation of vegetables consumed raw or fruits that develop in contact 
with the soil, and in their consumption, the outer skin is not removed.

Based on the results presented in Table 4, it is observed that the quality standards 
established for reuse of TWW in irrigation according to World Health Organization 
(WHO) [40] and CONAMA Resolution 357/05 [24] are only met in the effluent 
collected in TWW 6, which from the third collection (100 days after the start of 
operation of the WWTP) showed a population of fecal coliforms below 1000 MPN 
100 ml−1; while for TWW 3, the E. coli population remained above 1000 MPN 
100 ml−1 in all samplings performed.

Figure 5 shows a visual indicator of the level of treatment obtained in the 
ANF WWTP implemented in the experimental area of the Department of Rural 
Engineering, School of Agronomic Sciences, Botucatu Campus. The figure shows that 
the samples of TWW 3 already indicated satisfactory levels of solids and organic load 
reduction.

Good water aesthetics can be a result of low turbidity and TSS concentration, 
which is important when the aim is reuse. According to de Oliveira Cruz et al. [18], 

41 days 70 days 100 days 130 days 165 days

Total coliforms (MPN 100 ml−1)

IF 2.06 × 109 2.19 × 1010 1.99 × 107 1.35 × 107 5.17 × 106

TWW 3 2.16 × 105 3.26 × 106 6.65 × 105 7.82 × 105 1.08 × 106

TWW 6 1.45 × 104 2.76 × 105 1.24 × 103 7.70 × 103 4.35 × 103

E. coli (MPN 100 ml−1)

IF 7.42 × 108 Absent 1.37 × 106 2.36 × 106 3.36 × 105

TWW 3 Absent 1.99 × 105 4.10 × 103 7.40 × 104 Absent

TWW 6 5200 Absent 21 328 97

IF is influent; TWW 3: treated wastewater collected in filter 3; TWW 6: treated wastewater collected in filter 6.

Table 4. 
Total coliforms and E. coli concentration comparison during the operation of WWTP.

Figure 5. 
Photos of water aesthetics (clarity) from different points of samples collected. (a) Sample of influent; (b) Sample 
of TWW 3; (c) Sample of TWW 6.
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these characteristics favor a more aesthetically pleasing TWW with fewer suspended 
solids to shelter pathogenic microorganisms, thus, decreasing the amount of chemical 
to clean it.

4. Conclusions

The WWTP with filter-in-series showed satisfactory performance for most of the 
parameters evaluated and provided final TWW with acceptable quality for irrigation 
of cooked consumed vegetables.

The results of the statistical analysis showed that there are significant differ-
ences in the quality of TWW 3 and TWW 6, and a lower concentration of salts, solid 
particles, organic load, and nutrients were observed in TWW 6.

The mean concentrations of the pollutants decrease as wastewater advances 
through the filters stage, indicating that the increase in the hydraulic retention time 
improves the performance of the WWTP.

TWW 6 presented good water aesthetics as a result of the low turbidity and TSS 
concentration, an aspect that is important when the aim is reuse.

The change in the structure of the WWTP, increasing the number of filters from 
three to six filled with gravel #1, improved the capacity of the proposed system to 
reduce the concentration of pollutants present in the IF.

It is recommended that the TWW 6 be used for irrigation 100 days after the start 
of operation of the WWTP proposed in this research because it was only after the 
third sampling that the final TWW meets the water quality standards for irrigation 
established by Brazilian and international guidelines.
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Chapter 12

Theoretical Approaches to Water
Use Optimization for Rice
Irrigation Systems in the Lower
Kuban
Alina Buber, Yuri Dobrachev, Alexander Buber
and Evgenii Ratkovich

Abstract

The object of research is irrigation systems that are hydraulically connected to a
large specialized agricultural complex for rice production, located in the lower part of
the Kuban River basin and experiencing an acute shortage of water resources. In the
last decade, rice irrigation area decreased by 50%. Calculation technology is proposed
for water resources management of the Lower Kuban basin basing on integrated use
of six models developed in Russia: hydrological and meteorological forecasts; simula-
tion models of yield formation to calculate crops water demand; water balance models
to develop water use schedules for irrigation systems; hydrodynamic models to calcu-
late water use scenarios; optimization models to choose a trade-off Pareto manage-
ment options; and statistical models to calculate yield losses depending on water
resources deficit. This technology allows adopting optimal trade-off solutions online
with the Lower Kuban water resources management in interests of agriculture.

Keywords: water resources management, rice irrigation systems, water scarcity,
simulation modeling, the Kuban River

1. Introduction

Over the long period of operation of the country’s largest Nizhnekubansky water
management complex, the operational characteristics of a significant part of its
hydraulic structures (HS) have changed significantly in comparison with the design
ones, and some of them have lost their management functions. The need to consider
the current technical HS condition is due to the fact that they are the main structural
and functional elements of an integral system of the reclamation and water manage-
ment complex designed to provide water resources to 215 thousand hectares of irri-
gated rice lands. The reclamation water management complex of the Lower Kuban
includes, in addition to the Krasnodarsky one, the Kryukovskoye, Varnavinskoye, and
Shapsugskoye reservoirs, the Fedorovsky retaining and Tikhovsky water distribution
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waterworks, more than 100 functioning pumping stations and over 550 HS, more than
3 thousand km of irrigation and discharge channels, up to 156 thousand hectares of
natural fishery reservoirs [1].

Irrigation systems and hydraulic structures of the agricultural complex of the
Lower Kuban are shown in Figure 1.

The Krasnodarskoye reservoir is the main source of irrigation and performs a
number of other important functions: population protection from floods, high water
control with discharges up to 1200 m3/s. The main function of the reservoir is to
provide water for 12 rice irrigation systems, the needs of fisheries, and navigation
conditions for shipping. As a result of siltation, the capacity of the Krasnodarskoye
reservoir decreased, and the value of the temporary operation level dropped below the
design by 90 cm. Failures in the technical condition are also noted at other reservoirs,
waterworks and HS, including pumping stations, and water supply and drainage
channels, which negatively affect the water supply of rice systems. Reduction of the
total volume of flood water in reservoirs, which previously, according to design
parameters, made it possible to avoid a shortage of irrigation water at the most
stressful time in terms of agrometeorological conditions. The low efficiency of chan-
nels, pumping stations, and other HS as a result of their unsatisfactory technical
condition are also the cause of water scarcity [2].

In recent years, the area of rice crops in the Krasnodar Territory has grown to 130
thousand hectares. The average yield in the region is about 7 t/ha, with a total water
intake for rice irrigation of more than 2.5 km3 [3]. An increase in air temperature and a
decrease in precipitation in the rice-growing area during its growing season, associ-
ated with climate change in the Kuban, lead to an increase in irrevocable water
consumption. High irrigation rates of rice, reaching an average of 20 thousand m3/ha
or more, on saline soils, additionally cause a shortage of irrigation water.

The current state of the water management complex, characterized by transfor-
mation and degradation of operational characteristics, is mainly due to the processes
of wear of engineering systems and their destruction under the influence of natural

Figure 1.
Irrigation systems and hydraulic structures of the Lower Kuban.
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and industrial factors, it is impossible to return to the previous design parameters. In
the current situation, one of the productive ways to reduce risks and damages from
systematically observed water scarcity is not only an obvious direct opposition to
degradation factors, repair and replacement of HS, reduction of rice acreage, new rice
varieties resistant to water scarcity, and low-volume irrigation methods, but also a
flexible management system for resource distribution and use. Adaptive properties of
the rice agro complex, as an integral result of the agricultural and agro-industrial
(agricultural producers) complexes’ water users operational and production activities
can be achieved with the management system organically combining strategic and
tactical goals. First of all, these are combined into single regional and local levels of
monitoring the elements state of the rice agro complex and the distribution of water
resources, static long-term, and real-time dynamic operation modes of water man-
agement and hydro-reclamation systems elements.

1.The strategic level involves the implementation of seasonal planning for the
distribution of water resources in form of the most probable management
scenarios, using information on rice acreage and their spatial distribution, on the
technical state and characteristics of the HS for water intake and transportation
to consumers and forecast data on the water content of surface and groundwater
sources. Thus, already at the planning stage, water management activities are
closely connected with the plans for rice-growing farms. The formation,
selection, and analysis of the most suitable scenarios for water management for
the upcoming cycle of agricultural production are implemented using
hydrodynamic modeling of water flows in the river basin area within the
boundaries of the agro-reclamation water management complex [4].

2.The tactical approach provides optimization of water use during the irrigation
period basing on forecast hydrological and meteorological models in order to
maintain optimal water consumption in conditions of limited water resources.
The flexibility of management is achieved through the use of calculations in the
operational mode of water distribution scenarios based on a hydrodynamic
model, considering the requirements of water users and the available volume of
water (inflow and water supply); simulation models of crop yield formation,
allowing to calculate the needs of crops in irrigation water, to forecast yields
considering restrictions on water resources; models of water balance of irrigation
system fields for the formation of irrigation schedules and water distribution for
irrigation of crop rotations within the farm; multifactorial statistical models for
assessing production losses of gross yield in low-water years.

Calculations done periodically using this tool allow you to quickly respond to the
supply of agricultural producers with water, adjusting the irrigation regime during the
vegetation period, as well as through local redistribution and adjustment of water use.
The analysis of the results obtained using the above approach at the end of the
irrigation season following the harvest results will make it possible to form a water use
schedule for the next year adapted to the expected environmental conditions, making
the management system trainable.

The need for such an analysis arose due to the fact that, on the one hand, water
demands are formed by agricultural producers, and their adjustment and implemen-
tation are carried out by the Federal State Budgetary Institution
“Kubanmeliovodkhoz” management department, while the indicators of the
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operation service are rice yields and gross output from the entire territory of the
reclamation and water management complex, forcing to control water consumption.
On the other hand, water demands by agricultural producers are based on the princi-
ple of “from what has been achieved,” i.e., the more, the easier it is to carry out the
technological process of cultivation, which, on the contrary, creates conditions for
increasing the risk of developing water scarcity.

2. Materials and methods

The following set of initial data was used to analyze the water supply and water use
of agricultural producers of the Kuban reclamation agro complex based on the water
balance of rice irrigation systems lands:

1.Production data of the Federal State Budgetary Institution
“Kubanmeliovodkhoz” management department on water resources use (Form
1-BX) with information on water intake from the Kuban River basin, including
reuse, on water supply for irrigation of rice and non-rice fields, on watering of
rivers and reservoirs, efficiency of canals, on acreage of rice and other crops, and
on the volume of drainage runoff.

2.Retrospective, current, and forecast hydrometeorological data of the Kuban
River basin.

3.Maps of land use, soils, and groundwater levels, as well as schemes of water
supply and disposal.

4.Satellite images, digital terrain models, and topographic maps.

5.Field observations and data from literary sources.

In addition, the following computer programs and models were used:
The river inflow forecast for the estimated period was carried out according to a

special model using standard data from the Hydrometeorological Center. A retrospec-
tive series of hydro and meteorological elements is selected from the database, for
which the recorded inflow is close to the current and forecast values of the Hydrome-
teorological Center. The selected data series are adjusted by normalizing coefficients
and then used as input information for calculating daily forecast values on the same
model. The algorithm for forming a meteorological forecast is similar.

Crop yield models for calculating the daily parameters of water exchange of
agricultural lands are similar to those presented in [5]. Based on the results of
numerical experiments, water consumption schedules for rice, corn, alfalfa, and
wheat during irrigation and on rainfed lands were formed. Evaporation from the
water surface of rice paddy fields and water objects was calculated according to the
Ivanov formula [6].

The dynamics of the water balance of a structurally heterogeneous agricultural
landscape were calculated with a monthly time step according to a simplified
scheme for individual landscape elements and soil layers using traditional hydrological
methods. The entire territory of the considered agricultural landscape was divided
into separate elements by land category, type of land use (irrigated, rainfed), and
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water objects (canals). For each element of the agricultural landscape, the
monthly values of the water balance components were calculated according to
formula 1.

ΔS ¼ PþMþФþ p� E� Др þ П� О
� �þ П� Оð Þ (1)

where ΔS is the change in moisture reserves for the S2 � S1ð Þ period; P is the
meteorological precipitation; M is the irrigation rate; Ф is the filtration losses; p is the
water exchange of subsoil waters and underground water basin; E is the evapotrans-
piration; Др is the drainage flow; П� О

� �
is the surface inflow and outflow of water;

and П� Оð Þ is the inflow and outflow of groundwater.
Meteorological data used to calculate the water balance components are

obtained from the database and forecast calculations. The water balance of each
particular element of the agricultural landscape was adjusted in accordance with the
interaction with neighboring elements using an assessment of the lateral inflow of
groundwater.

The efficiency of irrigation water transportation from the intake to the rice fields
through inter-farm and intra-farm channels was calculated considering their design,
length, and efficiency. In addition, the efficiency of the channels was assessed based
on the calculation of the channels’ water balance as a water object. The channels’
water balance considered evaporation from the water surface and vegetation cover of
the slopes, as well as filtration losses of lateral outflow to neighboring landscape
elements adjacent to the channels.

Both in case of the implementation of the optimal (calculated) version of water
resources distribution between water users plan, and in accordance with the demands
submitted by water users, it is necessary to have a number of hydrological and water
management conditions that ensure the possibility of the waterworks functioning and
the required volume of accumulated and incoming water. Production reports on water
resources use of the Lower Kuban formed the basis of a water use scheme that displays
the level and discharge conditions at the water intake points from the river Kuban and
its branches (Kuban and Protoka) which are necessary for the functioning of rice
irrigation systems (Figure 2).

For this scheme, many possible water distribution scenarios were formed with
priorities and requirements for various water users and rice irrigation systems,
including unscheduled releases from the Krasnodarskoye reservoir. Simulation of
scenarios was performed on the hydrodynamic model of the Kuban River in the MIKE
11 software using the “Control structure” module [4].

With the help of a hydrodynamic model, water use scenarios were used to calcu-
late water levels and discharges in controlled section lines and assess possible water
scarcity for irrigation systems and reservoirs’ drawdown. A matrix of water distribu-
tion strategies was constructed from the solutions obtained.

The matrix of solutions obtained in this way was analyzed in the Pareto Front
Viewer software [7, 8] to form a set of optimal solutions in the sense of Edgeworth-
Pareto by the beginning of negotiations between the decision-maker and water users.
The choice of a particular solution is achieved by a compromise method as a result of
discussing possible options.

The economic assessment of the chosen solution was carried out on a statistical
model of the regional level (branch), designed to calculate crop losses depending on
the acreage, weather conditions, crops’ vegetation phase, and water scarcity.
Production data for the last 10 years were used to develop a statistical model.
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Figure 2.
Water use scheme of the lower Kuban. R0 – Krasnodarskoye reservoir; R1 – Fedorovskaya irrigation system; R2 –
Kubanskaya, Ponuro-Kalininskaya and Maryano-Cheburgolskaya irrigation systems; R3 – Petrovsko-
Anastasievskaya irrigation system; R4 – Pump stations No. 9 and No. 10 of Petrovsko-Anastasievskaya irrigation
system; R5 – Temryukskaya irrigation system; R6 – Main canal of Chernoyerkovskaya irrigation system; R7 –
Pump stations No. 1, No. 2, and No. 3 of Chernoyerkovskaya irrigation system.
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3. Results and discussion

As a test site, three irrigation systems of the Kalininsky branch were selected, the
total area of the agricultural landscape of which is about 150 thousand hectares. Rice
irrigation systems’ area is 16 thousand hectares, irrigated lands on non-rice crops have
an area of more than 17 thousand hectares, and the array of rainfed agriculture area is
75 thousand hectares. The total volume of water supply to the agricultural landscape
of the Kalininsky branch in 2018 is more than 500 million m3.

The rice paddy fields of the branch, located on the territory of three irrigation
systems (Ponuro-Kalininskaya, Kubanskaya, and Mariano-Cheburgolskaya), were
divided into four groups, depending on their affiliation to the water outlet. Water
supply from the Kuban River comes to the water outlet through main channels. The
characteristics of the irrigation systems’ outlets of the Kalininsky branch according to
2018 data are presented in Table 1.

Drainage flow disposal is provided by 4 pumping stations to the Kirpilsky Estuary
and further to the Sea of Azov.

The water capacity of rice paddy fields at the beginning of the growing season
was estimated by the relief, hydrophysical parameters of soils of different categories,
the groundwater level, and the amount of precipitation accumulated during the
winter period. The calculated values of evaporation from the rice paddy field surface
and filtration were adjusted based on the results of hourly field observations
conducted during the expedition of young scientists to the Kalininskoye LLC.
Meteorological and soil parameters were monitored using the Davis Vantage
Pro 2—automatic weather station—and the Veles-VP—soil humidity and temperature
station. The map of the surface slopes of the test area was formed according to
SRTM data.

A qualitative assessment of the water balance calculations result for the vegetation
months was carried out by checking the fulfillment of Eq. (2) applied to the agricul-
tural landscape as a closed system that is part of the catchment area. The values of the
agricultural landscape components balance are given in Table 2.

P�Qs�Qu� E ¼ N (2)

where P is the water intake + precipitation; Qs is the drainage outflow; Qu + E is the
filtration + evapotranspiration; and N is the groundwater and soils moisture capacity.

The high correlation, as well as the permissible variation of the residual error in
fulfillment of the equality condition, indicates the applicability of the models and
calculation methods used, as well as the correctness of the display of hydrological

No. Irrigation system Outlet Rice sowing area,
thousand ha

Water supply volume,
million m3

1 Ponuro-Kalininskaya МПК 7 270

2 Kubanskaya А-2 1,5 20

3 Mariano-
Cheburgolskaya

Р-3 2 90

4 Р-4-3 1,3 18

Table 1.
The characteristics of the irrigation systems’ outlets of the Kalininsky branch.
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processes within the boundaries of the considered territory when solving the task
(Figure 3). The results of water balance calculations were used to analyze and
evaluate the effectiveness of water resources management in the region.

The calculated data compared with actual water supply volume data for the
vegetation period are presented in Table 3.

Water supply failure was observed in July, August, and September, which,
according to our calculations, could lead to a decrease in rice yield from the maximum
by 7% (5.8 c/ha), which is lower than the average annual value.

The demand for water intake from the Kuban River formed on the basis of water
balance calculations is a reasonable requirement of the water user. However, in addi-
tion to these requirements for the volume and discharge of water, gravity water
intakes also need to meet the conditions on the water level in the water source. Such a
requirement for the Kalininsky branch (one of the R2 water users) is the water level in
the upstream of Fedorovsky waterwork, maintained at 13.4 m mark.

For the subsequent simulation of water distribution scenarios in the MIKE11 soft-
ware, using the “Control structure” module, a hydrodynamic model of the Kuban
River was formed, considering lateral tributaries, reservoirs, and waterworks. The
model was calibrated for 7 stream gauges, the error was up to 5 cm, which indicates

Figure 3.
Dynamics of the agricultural landscape water balance components of the Kalininsky branch for the vegetation
period of 2018.

Month P, mm Qs, mm Qu, mm E, mm N, mm

April 360 1022.2 63.4 81.1 391.2

May 2656 737.4 1561.2 133.8 402.5

June 2573 740.7 1444.5 178.1 333.3

July 2386 430.2 1609.0 215.7 356.2

August 2080 129.7 1451.0 145.2 306.7

September 145 251.4 260.3 27.4 321.7

Table 2.
Monthly values of the main agricultural landscape water balance components of the Kalininsky branch.
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adequate operation and the possibility of its use for scenario calculations [4]. The
inflow to the Krasnodar reservoir was set according to the calculation on the hydro-
logical forecast model. The initial data and boundary conditions for water intakes and
hydraulic structures are established in accordance with the developed scenarios of
water use. The scheme of the river network calculated on the hydrodynamic model in
the MIKE11 is shown in Figure 4.

River network plotted from village Kosta Khetagurov to the Azov Sea:

• river network on river bed of the Kuban River and Kuban branch —778 km;

• river network on river bed of the Protoka branch —135 km;

Month Irrigation rate, m3/ha Wetting demand,
million m3

Actual supply,
million m3

Water supply
failure, million m3

Rice crops Non-rice crops

May 1200 309 24.6 79.8

June 4300 444 83.1 101.1

July 5200 457 99.4 72.6 26.8

August 5500 841 114.6 112.9 1.7

September 3700 406 65.5 59.1 6.4

Total 19900 2457 387.2 425.5

Table 3.
Water supply schedule for Kalininsky branch on 2018.

Figure 4.
Scheme of river network for hydrodynamic model.
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• Kryukovskoye discharge canal —22 km;

• Varnavinskoye discharge canal —37 km;

Hydrodynamic model includes 195 cross sections with interval ≈ 5 km;
Reservoirs were defined by the bathygraphic function;
Boundary conditions: releases from reservoirs and waterworks, water intake by

pump stations and canals, water level of the Azov Sea, lateral inflow from right and
left banks.

In MIKE11, the control strategy describes the function of the gate level depending
on the water level or discharge value at the controlled point. Using the “if” operator
for the selected gates, it is possible to form a given management strategy, depending
on water consumption, time, requirements of water users, etc. When selecting a
management option, you can configure MIKE11 so that the choice is possible only
between options representing different strategies. These management strategies are
set using a list of “if” operators that allow you to implement a hierarchy of priorities
and requirements of water users.

To form a set of alternative plans (solutions), a list of different options should be
formed, usually associated with lexicographic ordering (groups of water users with
the highest priority, normal priority, less significant, insignificant, etc.). The control
command assigned to the first execution corresponds to the first “if” operator with a
“true” condition. Therefore, it is important for the user to determine which “if”
operator will be evaluated first, second, and third in the specified hierarchy. The
“Control Structure”module also provides for the operation mode of the hydraulic unit
according to the dispatcher schedule.

For each water user, on the basis of demands (irrigation schedules) during the
vegetation period, the volumes and modes of water intake are determined based on
their water requirements (nominal value and permissible “cut” or minimum level of
water intake operation) in accordance with the current volume of water consumption
and considering the long-term plan. The requirements are set by the level and
expenditure functions from time for the particular section lines of the Kuban
riverbed, branches Kuban and Protoka, and Krasnodar reservoir.

For the entire vegetation period (April-September of the current year), the water
use schedule is formed in accordance with the data of the Hydrometeorological Center
and the Construction Norms and Specifications-33-101-2003 daily hydrological series
of flow, based on water management calculations.

The hierarchy of priorities is set in the hydrodynamic model in the “Control
structure” module, which, by iteration based on the PID algorithm, allows you to
select control at waterworks (Krasnodarskoye reservoir, Fedorovsky waterworks, and
Tikhovsky water divider).

Depending on the method of managing releases at waterworks, calculations were
made for three groups of scenarios, with priorities for different water users:

1.The management of the Krasnodar reservoir (Укгу) is aimed at maintaining the
required level, at which the necessary conditions for the operation of pumping
stations that take water for water users are realized: —R1—R7

The management of releases of the Tikhovsky waterwork (Утгу) is aimed at meeting
the requirements of water users located on the branches Kuban and Protoka. The
distribution of water flow between the arms of the Kuban and the Protoka was set in
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the required proportions (54% —Protoka, 46% —Kuban; 40% —Protoka, 60% —

Kuban; 60% —Protoka, 40% —Kuban).
In the management scenario, the discharges of three water users —R1—R3 were

cut by 50% in different variations, based on the consideration of reducing water
supply by reducing acreage in farms.

Scenario 01: [Укгу-R1-R2]_[Уфгу-R1-R2]_[Утгу-54]_[R3-R7 – leftover principle],
where: Укгу-R1-R2 – determines the Krasnodarsky waterwork management to
provide required discharges, maintaining the required level of the main channel, the
water level in which ensures the normal operation of irrigation systems R1 and R2;
Уфгу-R1-R2 determines Fedorovsky waterwork management to maintain required
water level in R1 and R2; and Утгу-54 determines the Tihovsky waterwork
management so that the accepted ratio of the water distribution between the Kuban
and the Protoka is maintained in the following proportions: 54% —the Protoka and
46% —the Kuban. The requirements of other irrigation systems R3�R7 are satisfied
according to the leftover principle.

2.Krasnodarskoye reservoir management was carried out to maintain the specified
discharges of 405, 340, 220, 175 и 90 m3/s

Fedorovsky waterwork management was carried out to maintain the required
upstream level (13,4 m), when normal water intake was provided for water users R1
and R2, with discharges of 32 m3/s and 143 m3/s.

The releases of the Tikhovsky waterwork were managed for discharge distribution
between the Kuban and Protoka branches in the following proportions: 54% – the
Protoka, 46% – the Kuban; 50% – the Protoka, 50% – the Kuban; 40% – the Protoka,
60% – the Kuban; 60% – the Protoka, 40% – the Kuban. The required distribution
proportions were set for each discharge from the series (405, 340, 220, 175, and 90
m3/s), for which, as well as for different proportions of water distribution between the
branches, the water intakes of three water users —R1—R3 were also cut by 50% in
different variations, based on considerations of reduction acreage in farms.

Scenario 57: [Укгу-405]_[Уфгу-R1-R2]_[Утгу-54]_[R3-R7 – leftover principle],
where: Укгу-405 determines the Krasnodarsky waterwork management to maintain
water discharge in controlled section line more ore equal to 405 m3/s; Уфгу – R1-R2
determines Fedorovsky waterwork management to maintain required water level in
R1 and R2; and Утгу-54 determines the Tihovsky waterwork management so that the
accepted ratio of the water distribution between the Kuban and the Protoka is
maintained in the following proportions: 54%—the Protoka and 46%—the Kuban.
The requirements of other irrigation systems R3-R7 are satisfied according to the
leftover principle.

3.Krasnodarskoye reservoir management was carried out to maintain the required
upstream level in R6

Fedorovsky waterwork management was carried out to maintain the required
upstream level (13,4 m), when normal water intake was provided for water users R1
and R2, with discharges of 32 m3/s and 143 m3/s.
Management of the Tikhovsky waterwork was carried out in the interests of water
user R6.

Scenario 41: [Укгу-R6]_[Уфгу-((R1-R2)/2)]_[Утгу-R6]_[R3-R5, R7 – leftover
principle], where: Укгу-R6 determines the Krasnodarsky waterwork management to
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provide required water level on R6; Уфгу-((R1-R2)/2) determines Fedorovsky
waterwork management to maintain required water level in R1 and R-2, on R1 and R2
discharge provided half less than required; and Утгу-46 determines the Tihovsky
waterwork management to maintain required water level in R6 and distribution
between the Kuban and the Protoka in the following proportions: 46% и 54%,
respectively. The requirements of other irrigation systems R3–R5 and R7 are satisfied
according to the leftover principle.

One hundred and fifty-two scenarios of water distribution were developed, and the
results of calculations on the hydrodynamic model were transferred to the Microsoft
Excel. Using a computational scheme, the deficit was calculated (as a percentage of
the nominal value) for water users (R1—fos; R2—k-mch-pk-os; R3—paos; R4—paos;
R5—tos; R6—chos; R7—chos), the average deficit for each water user was found
(AvDef-R1-R7), and the total deficit for all water users (SumDef-R1-R7). The
percentage deficit was calculated based on the difference between the required water
intake and, in fact, according to irrigation data correlated to the required nominal
value. For reservoirs (R0-krs), the drawdown percentage was calculated.

The water deficit, expressed as a percentage for the entire vegetation period of j-th
irrigation system, is calculated by formula 3:

Dj ¼
Wj �W ∗

j

Wj
∗ 100% ¼ 1�W ∗

j

Wj
(3)

where W ∗
j is the volume of water actually taken by the jth water intake of the jth

irrigation system obtained as a result of modeling and Wj is the volume of water
demand of water user.

The assessment of the availability of irrigation water during the vegetation period
is calculated by formula 4:

Cj ¼
W ∗

j

Wj
∗ 100% (4)

For reservoirs, the calculation of water scarcity was done according to the scheme:
let Vi be the actual volume of the ith reservoir by the end of the growing season,
obtained as a result of modeling in the MIKE11, then for the ith reservoir, the function
setting the drawdown Eias a percentage is determined by formula 5:

Ei ¼ Vнпу
i � Vi

Vнпу
i � Vумо

i
∗ 100% (5)

where Vнпу
i is the reservoir volume at the normal retaining level and Vумо

i is the
reservoir volume at the dead storage level [9–11].

As an example, scenario 93 was calculated based on the initial inflow data for 2018,
calculated according to the scheme [Укгу-340]_[Уфгу-R1-(R2/2)]_[Утгу-50]_[R3-R7
– leftover principle].

According to the calculations results (Figure 5), it can be seen that the water level
at the water intakes of water users R3 and R4 in 2018 significantly exceeds the stated
requirements, but there is a shortage for water user R6.
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Table 4 shows the results of calculations of water user deficits and reservoir
drawdown for scenarios 1, 69, 128 and 149 according to the schemes, respectively:

[Укгу-R1-R2]_[Уфгу-R1-R2]_[Утгу-54]_[R3-R7- leftover principle];
[Укгу-220]_[Уфгу-R1-R2]_[Утгу-40]_[R3-R7- leftover principle];
[Укгу-340]_[Уфгу-R1-R2]_[Утгу-40]_[(R3/2), R4-R7- leftover principle];
[Укгу-410]_[Уфгу-R1-R2]_[Утгу-60]_[R3-R7- leftover principle].
Water management systems located on the water objects of river basins include a

river network with a cascade of reservoirs and hydraulic structures designed to ensure
the rational use and protection of water resources. Water management systems, as a
rule, are multi-purpose and serve to provide water to various water users.

Rational use of water management systems involves the adoption of compromise
management decisions that minimize damages from possible failures of water users’
requirements. Decisions are made at various levels of planning and management. The
ability to make informed decisions based on scientific, as well as social or political
criteria is fundamental to the success of organizations involved in planning and
managing water resources.

Efficiency criteria should be defined for significant water users, which provide a
numerical assessment of the quality of decisions made on the water resources

Figure 5.
Calculation results and requirements of water users.R3 (Petrovsko-Anastasievskaya irrigation system)—dark blue,
R4 (Petrovsko-Anastasievskaya irrigation system)—blue, R6 (Chernoyerkovskaya irrigation system)—blue.

Scenarios R0,
%

R1,
%

R2,
%

R3,
%

R4,
%

R5,
%

R6,
%

R7,
%

AvDef–-
R1–R7, %

SumDef-
R1–R7, %

Scenario 1 8 0 0 64 37 67 87 86 49 23

Scenario 93 35 0 50 7 0 8 79 81 32 15

Scenario 69 40 0 0 9 0 7 94 96 29 20

Scenario 128 68 0 0 75 0 3 94 96 38 21

Scenario 149 65 0 0 35 4 56 38 50 26 7

Table 4.
Comparison of the calculations results of scenarios based on hydrology in 2018 (deficit, %).
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distribution. Some of these criteria may contradict each other (conflicting require-
ments of water users). In these cases, it is necessary to look for compromises between
conflicting requirements of water users, which should be considered when searching
for the “best” compromise solution.

Decisions made in the field of water resources management are inevitably associ-
ated with compromises among competing opportunities or goals. One of the tasks that
are solved during planning is to evaluate alternative plans and identify compromises
among competing opportunities, goals, or objectives. After that, the “best” compro-
mise solution is worked out and adopted in the process of discussions and negotiations
with the participation of all interested water users. The platform for such discussions
in the Russian Federation is the Basin Council, and for negotiations –
interdepartmental working groups, which in real time form the modes of operation of
hydraulic structures included in the water management systems.

Professionals in the field of water resources who provide technically based options
for compromise solutions to decision-makers should form a set of compromise options
for water resources management. Their role is very important in the decision-making
process since only professionals represent the full range and interrelation of problem-
atic requirements and can form a set of compromise solutions agreed with all inter-
ested water users.

The task of regulating the water management systems’ operation modes is a multi-
criteria task with probabilistic initial information. A number of specific criteria should
be considered, such as: the safety of hydraulic structures, protection of the down-
stream from floods, reliability of water supply, characterized by the issuance of
guaranteed yield, etc.

When forming the water management systems modes operation, it is necessary to
use multi-criteria optimization methods to form a set of alternative solutions in
accordance with the list of different options for the water users’ priorities hierarchy,
to form a set of non-dominant solutions according to criteria (for example, according
to the water users’ supply) and to provide visualization tools for alternative plans for
discussion and decision-making.

Multi-criteria methods or multi-purpose analysis methods are not intended to
determine the best solution, they provide information about trade-offs between these
sets of quantitative performance criteria [12]. Any final decision will be made in the
process of discussion based on qualitative and quantitative information, and not in a
computer. Determining acceptable and effective plans is a simpler task than deciding
which of these effective plans is the best. The multi-criteria analysis was performed on
the basis of the tools developed at the Dorodnitsyn Computing Centre of the Russian
Academy of Science.

For the obtained matrix of solutions (deficits), using multi-criteria analysis
methods based on the method of achievable goals, Pareto boundary curves were
formed, which should be used in the process of negotiations between the
decision-maker (Kuban Basin Water Management) and interested water users: the
directorates of reservoirs and waterworks (Krasnodarsky waterwork, Fedorovsky
waterwork, Tihovsky waterwork), the “Kubanmeliovodkhoz” management depart-
ment and water users (departments of reclamation systems) that are directly subor-
dinate to them – to choose the “optimal” in the sense of Edgeworth-Pareto trade-off
solution. The Computer Expert Support Group also participates in the negotiations,
and prepares several initial compromise scenarios and accompanies the decision-
making process.
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An example of such negotiation platforms for making decisions on the regulation
of reservoirs of large river basins is the Interdepartmental Working Groups conducted
by Rosvodresursy.

Before the start of negotiations, the Computer Expert Support Group prepares and
sends compromise scenarios to interested water users, for example, with the lowest
total and average deficits for all water users (Figures 6 and 7).

The decision-maker conducts negotiations with interested water users, at which a
decision is made: the reservoir will operate no more than 40% due to a small shipping
operating in the water area of the Krasnodarskoye reservoir, increase water supply
by R3, R4, R5 due to a slight reduction in the total deficit and “cutting” water users
R6, R7.

Figure 8 shows scenario 69, in which the discharge from the Krasnodarskoye
reservoir was 40%, the average deficit was 29%, and the total deficit was 20%. The
deficit for other water users was, respectively: R1 = 0%, R2 = 0%, R3 = 9%, R4 = 0%,
R5 = 7%, R6 = 94%, R7 = 96%.

This compromise scenario has been agreed with the majority of interested water
users and approved by the decision-maker.

From the perspective of multi-criteria optimization, the inclusion of economic
assessment in the scale of criteria “Methods of achievable goals” for each water
distribution option allows you to significantly reduce the number of options and, most
importantly, additionally focus on economic indicators: rice yield forecast, gross crop
yield from irrigated lands of the irrigation system, guaranteed limited damage from
irrigation water shortage.

Figure 6.
Trade-off scenario 148.The drawdown of the Krasnodar reservoir (R0) is 65% and the total deficit is 7% (the
smallest). The deficit for other water users is respectively: R1—Fedorovskaya irrigation system—0%, R2—
Kubanskaya, Ponuro-Kalininskaya, and Maryano-Cheburgolskaya irrigation systems—0%, R3—Petrovsko-
Anastasievskaya irrigation system—35%, R4—Pump stations No. 9 and No. 10 of Petrovsko-Anastasievskaya
irrigation system—4%, R5—Temryukskaya irrigation system—56%, R6—Main canal of Chernoyerkovskaya
irrigation system—38%, R7—Pump stations No. 1, No. 2, and No. 3 of Chernoyerkovskaya irrigation system—
50%. For the following scenarios, the water users list is similar.
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Since it is not difficult for water users to include in the technology of periodic
calculation of water supply modes with the same frequency calculations of the fore-
cast yield of rice and other agricultural crops, as well as the calculation of guaranteed
damage from the loss of crop production due to a shortage of irrigation water, the
choice of the optimal option becomes more economically justified and can be selected

Figure 7.
Trade-off scenario 149.The drawdown of the Krasnodar reservoir is 96% and the average deficit is 15% (the
smallest). Deficit for other water users is respectively: 0, 0, 22, 4, 26, 27, and 28%.

Figure 8.
Trade-off scenario 69.

220

Irrigation and Drainage - Recent Advances



as a compromise by the decision-maker, in the process of negotiations with interested
water users (Basin Council, rice irrigation systems departments).

Forecast calculations of the expected yield are performed according to weather
conditions and irrigation regimes for the past period of the growing season, which can
be restored based on actual data on water intakes based on materials from dispatching
services.

An example of such a calculation is the regression statistical model of rice yield
(Figure 9), built on the production data of the branches of “Kubanmeliovodkhoz” for
the last 10 years. Currently, field experimental research on this topic is actively
developing, in the direction of creating a domestic dynamic model of rice, due to the
need for a detailed description of the crop formation from natural and agrotechnical
factors with reference to the vegetation phase.

Thus, according to the Kalininsky branch data, in 2018, there was a failure of water
supply requirements in July, August, and September, which led to a decrease in rice
yield from the maximum by 5.8 centner/ha. The actual irrigation rate was 21.9 thou-
sand m3/ha, which exceeded the declared volume for watering 2 thousand m3/ha,
while the actual yield in the branch was 71.5 centner/ha against the forecast 77.2
centner/ha (the forecast error was 7.5%).

Information materials on the technical characteristics and farm irrigation network
state and the structure of the sown areas made it possible to detail the irrigation
regime, considering the assumption that irrigation water is used in the mode specified
by agricultural technology. The formulated restriction provides such an unambiguous
assessment as “guaranteed damage”—the least damage caused by violation of the
water regime under all other conditions being equal [13].

To perform such calculations, the system of optimal water distribution models
described above on an inter-farm irrigation system is suitable, in which the hydraulic
characteristics of the irrigation network are described by a small number of parame-
ters: the network structure, the characteristics of water supply elements (channel
length, discharge, efficiency, etc.). As previously stated, the model system allows you
to determine optimal irrigation schedules, optimal water supply modes in the field,
optimal irrigation standards, optimal operating modes of distributors with arbitrary

Figure 9.
Dependence of rice yield on irrigation rate and sum of average month temperature during vegetation period.
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water intake operation and to develop a number of compromise solutions considering
additional information about the forecast crop yields.

4. Conclusion

Water supply of rice irrigation systems in conditions of water scarcity is an
extremely difficult task that requires improving the management of the entire struc-
ture of water use and irrigation technologies. The main direction in solving this
problem is seen in the application of mathematical modeling and the latest digital
technologies of communication and monitoring systems for collecting and processing
information and integrating fundamental and applied disciplines.

The proposed approach to solving the problem of improving water supply and
water use for rice irrigation systems is based on the development of an integrated
system of tools for managing the distribution of water resources, considering the
efficiency of water use by agricultural producers. In practical terms, a centralized
water resources management system ensures high efficiency of their use in the imple-
mentation of the current scenario. On the other hand, the described approach makes it
possible to identify the weakest links in water use, differentiated for each irrigation
system, and to increase the efficiency of water use by agricultural producers. But the
full solution of this set of tasks is still very far away, and we are still only at the very
beginning of the planned path.

The performed studies have shown the possibility of studying the dynamics of
hydrological processes under the influence of reclamation factors, analyzing water use
in rice cultivation in detail, relying on models and calculation schemes. The main
arrays of subject information obtained using numerical experiments on production
data and standard hydrometeorological information were able to compensate for
direct field measurements of water flows in the first approximation and allowed us to
assess the state of water use in rice irrigation systems of the Lower Kuban.
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Chapter 13

Smart Irrigation for Climate 
Change Adaptation and Improved 
Food Security
Erion Bwambale, Felix K. Abagale and Geophrey K. Anornu

Abstract

The global consequences of climate change cannot be ignored. The agriculture 
industry, in particular, has been harmed, resulting in poor production as a result 
of floods and droughts. One in every three people in the world’s arid and semi-arid 
regions lacks access to healthy food and safe drinking water. Despite the fact that 
irrigation development is increasing in most developing nations, it still falls short of 
meeting current food demand, much alone predicted need by 2050. To feed the future 
population while combating climate change, agricultural practices must be precise. 
Scarce resources such as water, land, and energy will need to be exploited more 
efficiently in order to produce more with less. Smart irrigation is shaping up to bring 
answers to these twenty-first-century concerns. This chapter discusses improvements 
in smart irrigation monitoring and management systems that may be used to address 
climate, food, and population issues. It includes an overview of smart irrigation, 
smart irrigation monitoring, and smart irrigation management, as well as challenges 
and prospects related to climate change and food security. Smart irrigation may boost 
water savings and agricultural production, thereby improving food security.

Keywords: smart irrigation, water use efficiency, climate change adaptation, precision 
water management

1. Introduction

The world presently faces challenges ranging from extreme effects of climate 
change i.e. droughts and floods, to a rising population [1]. This has a huge impact 
on the present and future food security. Presently, 1.3 billion people are residents in 
water-stressed areas of the world, rendering water for agricultural production insuf-
ficient as competition from other sectors of the economy increases [2]. In countries 
with significant amounts of fresh and groundwater resources, irrigation has substan-
tially contributed to sustainable food production all year round [3]. Presently only 
24.1% of the total agricultural area is under irrigation, yielding about 40% of the total 
world food and fiber. Despite the benefits of irrigation reported so far, it has been 
regarded as a sector that uses a lot of water depriving other sectors of the economy. 
The FAO state of the food report posits that of the 70% freshwater abstracted for 
irrigation, only 50% is beneficial to plants [4]. The pressure on freshwater and 
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groundwater resources due to the growing food and fiber demand will further exacer-
bate as agricultural production will need to expand by 1.7 times by 2050. This neces-
sitates a 15% increase in freshwater withdrawals [3]. Agriculture will be required to 
re-allocate a fair share of the water abstracted to meet a 25–40% increase in future 
water demand from higher productive and employing sectors of the economy [5–7].

Given that irrigated agriculture has proven to deliver up to two-fold more food 
than rainfed agriculture [8], the demand for irrigation water will inevitably continue 
to increase as more land is secured for irrigation. Efficient land utilization with 
irrigation leads to crop diversification, which later buffers against climate variability. 
Climate change has already impacted agriculture to the extent that water for irriga-
tion is becoming scarce in arid and semi-arid lands. Therefore, sustainable irrigation 
should aim at reducing water losses, meeting crop water requirements, and maintain-
ing ecological flows in rivers and aquifers. However, improving water management in 
agriculture is typically constrained by inadequate policies, major institutional under-
performance, lack of technology deployment, and financing limitations [9].

Sustainable smart irrigation is an essential step towards improving the state of 
food security and achieving sustainable development goal number 2. Smart irrigation 
ensures timely, real-time water application to the plant root zone, reducing losses 
associated with traditional irrigation systems like evaporation, seepage, and deep 
percolation [10]. With effective monitoring and control in smart irrigation, water, 
energy and labour are saved. As the notion of more crop per drop gains attention, 
smart irrigation is a potential climate change adaptation strategy and an effective way 
to ensure sustainable food supply all year round.

2. Current status of irrigation water application methods

In the past 50 years, irrigation has undergone tremendous changes driven by 
increased drought indices. From 1970 to 1985, automatic control of irrigation systems 
emerged in the United States of America as water scarcity became prevalent [11]. As 
a result, researchers were interested in developing ways of optimizing irrigation to 
achieve maximum yields. The advent of the Internet in 1989 spiked another interest 
in internet-based control of irrigation systems like data storage on the web became 
possible. And over the years, wireless sensor networks, sensors for monitoring and 
control, have since been developed to facilitate precision irrigation today. Figure 1 
depicts the evolution of irrigation from 1970 to 2020.

Figure 1. 
Trends in irrigation since 1970s.
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Eisenhauer and Martin [12] classified irrigation methods, as shown in Figure 2, 
ranging from micro-irrigation (surface drip irrigation, sub-surface drip irrigation, 
micro-spray tube irrigation, bubbler irrigation), sprinkler irrigation (solid-set sys-
tem, portable sprinkler system, rain gun system, centre pivot system), surface irriga-
tion (flood irrigation, furrow irrigation, check irrigation, border irrigation). Over the 
years, research has helped develop several tools and techniques for various production 
systems and ecologies that help save water and improve water productivity in agricul-
ture. The advent of the Internet of Things (IoT) and wireless sensor networks has led 
to developing tools like soil, weather, and plant sensors that have improved monitor-
ing that informs data-driven irrigation scheduling [13]. As depicted in Figure 3, the 
water use efficiency in these irrigation systems increases with the level of automation 
employed in the system.

2.1 Micro-irrigation

Water is delivered at low pressure through emitters by a distribution system 
located on the soil surface, beneath the surface, or suspended above the ground in 
micro-irrigation systems [12]. Irrigation water droplets are directed to the plant root 
zone via emitters, sprayers, or porous pipes, where it then infiltrates by gravity or 
capillary rise. The applicator’s design reduces the water pressure within the delivery 
lines, resulting in a low discharge.

Micro-irrigation has received a lot of attention from agriculturalists, especially for 
high-value crops like vegetables, fruits, and nut trees. When determining whether 
to invest in a costly micro-irrigation system, a producer must consider whether the 
increase in crop production will be sufficient to pay for the system. The other con-
cern is, can the system be built to filter the irrigation water to avoid the emitters from 
clogging? Another crucial choice is selecting emitters from the broad array available 
are suited for the specified function. Solving these difficulties will give an excellent 
irrigation system for decades. Micro-irrigation is defined by water being applied: 
at low rates, over longer durations, near the root zone of the plants, and at constant 
flow rate.

Figure 2. 
Irrigation methods [12].
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Precision water application with micro-irrigation systems has been reported 
to save up to 35–65% more water than standard flood irrigation systems, with a 
commensurate increase in the production of crops. Scholars [15–19] have all found 
consistent results confirming water savings and increased yields with micro-irrigation 
devices.

2.2 Sprinkler irrigation

Sprinkler irrigation is a system where water is uniformly applied over the crop 
canopy or soil surface identical to rainfall. With a sprinkler irrigation system, water is 
pumped and conveyed through high-density polyethylene (HDPE) pipes eliminating 
water losses through seepage and evaporation as in the case of surface canals under 
surface irrigation. Compared to conventional flood irrigation, sprinkler irrigation 
is more efficient, with irrigation efficiency of up to 80–90%. The performance of a 
sprinkler irrigation system solely depends on the design and selection of sprinklers. 
In irrigation design, it is recommended to select a sprinkler whose application rate is 
lower than the soil infiltration rate to prevent surface ponding and runoff.

The implementation of intelligent sprinkler irrigation systems involves high 
control precision, high intelligence, good dependability, simple operation, wired or 
wireless sensor network technology, and crop water demand data collection devices 
[20]. Fuzzy control logic, neural networks, and expert systems and machine learning, 
control technologies can be built for sprinkler irrigation [21]. Furthermore, intelligent 
precision irrigation systems are being built with remote transmission, monitoring, 
decision, and control functions. Therefore, it is vital to build automatic sprinkler 

Figure 3. 
Water use efficiency and level of automation Adapted from [14].
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irrigation equipment, encompassing flow meters, solenoid valves, precision control 
equipment, and robotic equipment.

2.3 Surface irrigation

Surface irrigation is the oldest irrigation application method in the world. It 
involves the application of water over the surface of the land to supply moisture to the 
plant. Surface Irrigation includes furrow, border, basin and, check irrigation. Surface 
irrigation requires less pressure than sprinkler or micro-irrigation systems. Under sur-
face irrigation, irrigation water is applied at the inlet end, and the water subsequently 
flows to the downstream end. A part of the water infiltrates as it progresses over 
the field. Water is frequently applied by gated pipelines, siphons, or gates. Surface 
irrigation may be an effective application technique provided the soils and fields are 
well adapted to this approach. But, it may be exceedingly inefficient if the soils and 
other elements are not carefully addressed while constructing and administering the 
system. The soil infiltration rate is very crucial in the proper functioning of surface 
irrigation systems. If the soil’s infiltration rate is excessively high, the depth of water 
that infiltrates at the entrance will be significantly bigger than the downstream end. 
The land slope and its regularity also considerably effect surface irrigation. Slopes 
that are overly steep create undue runoff and erosion. Acceptable slopes are usually 
less than 2%. The regularity of the slope is also crucial so that water does not gather in 
depressions on the surface.

To improve smart irrigation scheduling in surface irrigation systems, Supervisory 
Control and Data Acquisition (SCADA) software has been deployed in surface irriga-
tion systems to improve the programming, monitoring and operation of an entire 
scheme from a central point [22]. Composed of field equipment, programmable logic 
controller (PLCs) and/or remote terminal units (RTUs) communication networks, 
SCADA host software and, third party systems, these components are connected 
to minimize human intervention but also ensure convenient operation and delivery 
of irrigation water with just a click of a button. SCADA systems provide real-time 
monitoring, remote supervisory or automatic control, troubleshooting, and automatic 
data reporting and archiving capabilities [22].

3. Smart irrigation scheduling approaches

Irrigation scheduling is a systematic process of determining when and how much 
to irrigate. This depends on various factors, including daily crop water requirement, 
the effective root zone, and the available soil moisture. Irrigation scheduling can 
be done using one or all of the following approaches: Plant-based, soil-based, and 
weather-based irrigation scheduling approaches. Each of these is shown in Figure 4.

3.1 Plant-based irrigation scheduling

Plant-based irrigation scheduling is based on the physiological and phenological 
status of the plant [16]. The physiological condition depicts the water stress level, 
which is estimated from canopy temperature depression relative to air temperature 
measured by infrared thermometry. The calculation of the cumulative stress degree 
days and crop water stress index can be used for scheduling irrigation. Phenological 
stages can also be used to determine when to irrigate. For example, in wheat 
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cultivation, crown root initiation (CRI), tillering, jointing, flowering, and the grain-
filling stage are critical stages of growth that need irrigation [16]. Failure to supply 
irrigation water at these critical stages of growth leads to low yields as water stress 
becomes severe. The cumulative effect of water stress is determined with this method, 
making it effective as a water stress indicator. This helps to capture the moisture 
reduction in the soil through evapotranspiration [23]. Direct and indirect measure-
ment techniques are used to determine plant water status. Direct plant water stress 
detection methods include using sap flow sensors, xylem sensors, leaf sensors, and 
others. On the other hand, indirect methods involve thermal sensing, near-infrared 
spectroscopy, and aerial imagery [24].

Several authors have used plant-based approaches for irrigation scheduling  
[23, 25–27]. For example, King et al. [27] used data-driven models for canopy 
temperature-based irrigation scheduling of sugar beet and winegrape. The data-
driven models developed by the authors estimated reference temperatures enabling 
automatic calculation of the crop water stress index for crop water stress assessment. 
Similarly, Meeks et al. [25] used leaf water potential monitoring system for irrigation 
scheduling of winter rye cover crop. The authors reported significant water savings 
and an improvement in crop yields.

3.2 Soil moisture-based irrigation scheduling

Soil moisture-based irrigation scheduling involves determining the soil moisture 
status within the root zone, and knowing the permanent wilting point [28]. Soil 
moisture measurements are compared to moisture thresholds to trigger irrigation. 
Soil moisture monitoring is done by time-domain transmission sensors, neutron 
probes, capacitance sensors, or granular matrix sensors. Soil moisture-based irriga-
tion scheduling allows variable rate irrigation scheduling due to its ability to measure 
spatiotemporal variability in the field.

The use of soil moisture-based irrigation scheduling has been reported in the 
literature. For example, Pramanik et al. [28] developed an automated basin irrigation 
system based on soil moisture sensors for irrigation scheduling. The authors high-
lighted that the ideal position of sensors for shutting the system would be at 37.5 cm 
depth put at 25% length from the intake in larger soil moisture deficit situations and 
at 7.5 cm depth set at 75% length in low moisture deficit conditions. Consequently, the 
irrigation application efficiency was enhanced up to 86.6% using automation.

Advances in geospatial technologies like remote sensing and geographical posi-
tioning systems have made it possible to determine soil moisture from space over 
large land areas. Satellites in space are able to predict soil moisture by taking images 

Figure 4. 
Smart irrigation scheduling approaches. (a) soil sensors for irrigation scheduling, (b) plant sensor for detecting 
sap flow in plant stems, (c) ATMOS 41 for weather monitoring.
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and using inbuilt algorithms to assess the soil moisture deficit. This is then used 
to inform irrigation scheduling. Recently, Kisekka et al. [29] compared in-situ soil 
moisture measurements and remotely sensed measurements. The authors concluded 
that remotely sensed soil moisture presents an effective means of soil-moisture-based 
irrigation scheduling in large agricultural fields.

3.3 Weather-based irrigation scheduling

Weather-based irrigation scheduling involves the use of weather sensors to moni-
tor and measure the parameters that affect evapotranspiration. Automatic weather 
stations with temperature, humidity, wind speed, rainfall, and air pressure sensors 
are installed in the field to collect field data around the plant. The data from the 
weather sensors are then used to estimate water demand using evapotranspiration 
models. The Penman-Monteith evapotranspiration model is used to determine the 
daily water demand [30]. Irrigation is scheduled after a pre-determined amount of 
evapotranspiration has occurred and this threshold varies with soil type, crop type, 
and stage of growth.

4. Enabling technologies for smart irrigation

4.1 Communication technologies

4.1.1 Wireless sensor networks (WSN)

The advent of the industrial revolution and recent advances in electronics and 
wireless communications have led to the development of smart sensors with low 
power and cost solutions [31]. WSN provides a high spatio-temporal resolution for 
monitoring soil and crop parameters via wirelessly-connected sensor nodes installed 
across the field [32]. Table 1 presents some of the common wireless sensor communi-
cation technologies used in smart irrigation.

WSNs allow the surveillance of plants and soil and may enhance production, 
efficiency, and profitability. Effective monitoring and communication helps to reduce 
risks due to climate aberrations, water shortages, insect infestation, and other fac-
tors unfriendly to agricultural growth and development. WSNs are helping to attain 
improved reaction times owing to real-time sensing and communication in agricul-
tural contexts. There are numerous techniques for irrigation scheduling utilizing 
wireless sensors. Depending on the threshold levels of temperature and soil water 
content, the gateway permits automatic activation of the irrigation system. However, 
some of the sensors, modules, and valves that are commercially available for installa-
tion in an irrigation network are very sophisticated and costly to be implemented for 
managing stationary irrigation systems reference.

4.1.2 Internet of Things (IoT)

The IoT technology is the evolutionary phase of the Internet that builds a global 
infrastructure uniting devices and people [46]. IoT has its origins in numerous previ-
ous technologies: ubiquitous information systems, sensor networks, and embedded 
computers. Adelodun et al. [47] identified IoT as an interesting paradigm with seamless 
integration of smart capabilities into physical devices for context-oriented services. It 



Irrigation and Drainage - Recent Advances

232

has previously been effectively utilized in agricultural systems to monitor and man-
age environmental variables [48–51]. The Internet of Things provides a platform for 
precision farming, digitally integrating several soil sensing devices and, context-aware 
sensors, custom devices. Data analytical implementations enhance farmers’ ability to 
resolve intricate agricultural issues such as soil preparation, water feed estimation, yield 
prediction, etc., throughout the whole growing and harvesting cycle. Several mechanis-
tic irrigation scheduling systems have been presented employing most key farmed land 
parameters-soil moisture content and climatic data to predict the amount of water at 
certain time intervals. Campos et al. [51] built an IoT framework (Figure 5) to provide 
services for smart irrigation, such as data monitoring, pre-processing, fusion, synchro-
nizing, storing, and irrigation management augmented by predicting soil moisture.

Technology Description References

Wi-Fi Wi-Fi technology enables the wireless connection to a local area 
network through the Internet.

[33, 34]

ZigBee Zigbee is an IEEE 802.15.4 standard-based wireless technology 
developed to enable personal wireless networks with low power radio 
signals

[35, 36]

Bluetooth Bluetooth is a short-range wireless communication technology of 
standard IEEE 802.15.1 used to exchange data based on radiofrequency.

[37]

LoRa LoRa is a long-range wireless technology that delivers low power 
and secure data transfer for machine-to-machine and Internet of 
Things applications. Founded by Semtech in 2012, LoRa is based 
on chirp spread spectrum (CSS) modulation, which has low power 
characteristics. LoRa supports the wireless connectivity of sensors, 
gateways, machines, devices, animals, humans etc., to the cloud across 
a range of 2–10 km.

[38, 39]

General Packet 
Radio Service 
(GPRS)

GPRS is a unique non-voice, rapid, packet-switching technology for 
worldwide system for mobile communications (GSM) networks. It 
permits the transmission of brief bursts and huge amounts of data, 
such as email and web surfing, via a mobile telephone network.

[39]

Ethernet Ethernet technology allows devices to connect via a local or wide area 
network. It lets devices to interact with one other through a protocol, 
which is a set of rules or common network language.

[40, 41]

Fifth-generation 
wireless (5G)

5G is a fresh generation of cellular technology meant to speed up the 
responsiveness of wireless networks. It has the capacity to transport 
data at multigigabit rates hitting up to 20 Gb/s. 5G is effective in 
applications that demand real-time monitoring and control like 
precision irrigation.

[42]

Low-Power 
Wireless Personal 
Area Networks. 
(6LoWPAN)

6LoWPAN is a communication technology that offers a strategy for 
routing Internet Protocol version 6 (IPv6) across low-power wireless 
networks. It is created and supported by the Engineering Task Force 
(IETF), responsible for Internet standards.

[43, 44]

Message Queuing 
Telemetry 
Transport 
(MQTT)

MQTT is a lightweight, publish-subscribe network protocol for 
exchanging data between devices. It uses TCP/IP, although any 
network protocol that allows for ordered, lossless, bidirectional 
communications may support MQTT.

[45]

Table 1. 
Most utilized communication technologies in smart irrigation.
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4.2 Decision support systems

A decision support system for smart irrigation provides a framework for 
incorporating various tools and techniques for site-specific irrigation decisions. 
Commercial precision irrigation systems will thrive with improvement in robust 
and optimal decision support systems [52]. Decision support systems for irrigation 
scheduling/control can be categorized into two, namely: open-loop irrigation and 
closed-loop irrigation [14, 20].

4.2.1 Open-loop irrigation control

A couple of irrigation decision support systems schedule irrigation at predefined 
intervals and apply predefined irrigation volumes [52]. These decisions are not based 
on any sensor feedback on plant status, soil moisture status, or weather parameters. 
The decision to initiate an irrigation action is largely dependent on historical data 
and heuristics. This irrigation control strategy is inefficient which may lead to over or 
under irrigation, thereby wasting valuable water and fertilizer.

4.2.2 Closed-loop irrigation control

Closed-loop irrigation control is a control strategy where a mathematical model 
is used to make predictions about the future output. This is aided by real-time 
feedback from sensors that monitor the process. The model of the plant can either be 
a physics-based or a data-driven model. Whereas physics-based models are derived 
from the laws of physics, such as (conservation of mass, gravity, etc.), data-driven 

Figure 5. 
IoT system for smart irrigation Adapted from [51].
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models are derived from the real-time dynamics of a system. A combination of 
physics-based and data-driven models is a gray-box model. Here a mechanistic 
model is developed from physics and during operation data from the system is used 
to update the model depending on the dynamics in the plant environment. Under 
closed-loop irrigation, irrigation scheduling decisions are made by micro-controllers 
by comparing a current state with the desired state. A closed-loop control algorithm 
helps to initiate an action of the actuators. Figure 6 is a schematic presentation of a 
closed-loop control system.

Closed-loop control is further divided into intelligent, optimal, and linear 
control strategies. With advances in computing power, smart irrigation systems are 
able to make decisions in real-time, depending on the prevailing environment of the 
plant. A detailed explanation of closed-loop irrigation strategies can be found in  
[14, 20, 53, 54].

4.3 Cloud platforms

Monitoring for smart irrigation results in enormous amounts of data that needs 
to be stored for processing. Data is generated by weather, soil, and plant sensors in 
real-time at every time step. This data is transferred to a cloud-based platform for 
storage and processing. Some of the common cloud platforms used in smart irriga-
tion studies include Thinkspeak (Figure 7), (MATLAB), FIWARE, Dynamo, and 
MongoDB, among others [49]. Thinkspeak is a cloud-based data platform for storage, 
visualization, and retrieving of sensor data. A microcontroller can be connected to 
this platform for processing.

5. Smart irrigation and climate-risks

Deploying smart irrigation system may lower the overall irrigation water volume 
necessary to cultivate field crops in two ways. First, producers may eliminate non-
cropped or marginal regions from water application, and second, producers can limit 
application rates in low-lying areas or soils with high water-holding capacity. Field 

Figure 6. 
Closed-loop control system.
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installation of smart irrigation systems has demonstrated typical savings in irrigation 
water consumption of 8–20% [56] compared to uniform irrigation application. Using 
an intelligent irrigation system may assist minimize irrigation withdrawals while still 
maintaining a well-watered crop. This allows effective water usage and may lessen 
the likelihood of transient well failures during droughts. Having the machinery and 
availability to water for irrigation makes irrigated croplands less exposed to climate-
related threats than their dryland equivalents. Smart irrigation decreases this danger 
by enhancing irrigation water-use efficiency and minimizing freshwater withdrawals 
to allow for more predictable water supply.

6. Smart irrigation and food security

Several studies carried out in different production systems and geographical areas 
worldwide have demonstrated the tangible benefits of smart irrigation systems over 
conventional irrigation practices. In the mild climatic conditions of Prince Edward 
Island, Afzaal et al. [57] measured crop productivity and water saving in potato 
production. The authors reported on the performance of a smart fertigation system 
and found significantly higher irrigation efficiency of the automated fertigation 
(1.42 kg/m3) than for the traditional drip irrigation control system (1.19 kg/m3). Thus, 
an automated drip irrigation system provides up to 26% water saving and high crop 
productivity compared to the conventional water application methods. Another study 
[58] compared a soil moisture sensor-based automated drip irrigation system with 
a non-automated drip irrigation system for nectarine that was irrigated when soil 

Figure 7. 
Thinkspeak clould platform, Source [55].
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moisture content reached 70% of field capacity; the authors reported 43% more pro-
duction compared to conventional irrigation methods. Belayneh et al. [59] reported 
increased yields and more water savings using a sensor-based irrigation scheduling 
approach compared to a time-based approach for old dogwood and redmaple trees.

7. Conclusion

Smart irrigation has gained significant attention as the need to improve water 
use efficiency increases. Smart irrigation involves data acquisition, interpretation, 
analysis, and control. Monitoring and control require sensors to collect real-time 
information for irrigation scheduling decisions. An irrigation control strategy has to 
be adopted for irrigation decisions. Closed-loop irrigation strategies with feedback 
from sensors are widely used for real-time irrigation decisions. Smart irrigation can 
save irrigation water and improve yield at the farm level, consequently leading to 
improved food security for the global population. In all the irrigation systems, it is 
possible to implement smart strategies that can help in saving irrigation water and 
improve yields.
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Abstract

Climate change scenarios in Mediterranean basin point to a decrease in the amount 
of annual rainfall and the increased frequency of drought. In this framework of 
greater water scarcity, an increase in irrigation costs is expected, so its rational and 
efficient use is an unavoidable issue in modern irrigated agriculture. In the last 60 
years in Portugal, it had a great increase in the efficiency of water use in agriculture, 
accompanied by a great increase in energy consumption, and the variation was 15,000 
to 6000 m3/ha.year and 200 to 1500 kWh/ha, respectively. The rational application of 
fertilizers is a priority, to prevent the contamination of superficial and subterraneous 
waters, and the process of soil salinization in semi-arid conditions. The pressure of 
water demand by agriculture implies the use of other water sources. For example, in 
2010, the volume of unconventional water resources in Spain rose to 4.540 hm3/year. 
Of the total used in agriculture, 450 hm3 of water comes from the reuse of treated 
water, and 690 hm3 comes from desalination. The use of modern/smart technologies 
in irrigated agriculture, like information and communication technologies, allows 
the rapid share of information between all the system components and can promote 
optimized answers at different scales.

Keywords: resilience of irrigated agriculture, Mediterranean climate change, water 
scarcity, water-efficient use

1. Introduction

Agriculture plays a vital economic role in the Mediterranean region. It employs 
more than a fifth of the population in 50% of the countries and contributes >10% 
of Gross Domestic Product (GDP) in eight countries alone [1]. The Mediterranean 
region in this study refers to the 21 countries surrounding the Mediterranean Sea 
in addition to Portugal. Mild winter temperatures and long hot dry summers that 
are characteristic of this region make it ideal for growing a diverse range of crops 
including olives, citrus, vineyards, and cereals, as well as high-value horticulture. 
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As precipitation across the region is subject to high inter-annual and seasonal vari-
ability, irrigation is an essential component of production for many farmers as it 
supports crop diversification, helps assure yield and quality, and helps to stabilize 
food supplies [2]. Water scarcity and droughts are frequent, widespread phenomena 
that affect more than 100 million people and around a third of the European territory. 
Global change (climate change and change in land use) is expected to aggravate this 
situation, especially in Mediterranean countries, such as Spain and Portugal [3].

Climate change is a diffuse and gradual phenomenon. Several factors intervene 
in it, although we can synthesize it in two in particular: that referred to the natural 
variability of the climate itself (with recurring events throughout history, famines 
with droughts due to temperature rises and a decrease in rainfall) and the actions 
of man who affect it (anthropic effects). Along these lines, the United Nations 
Framework Convention on Climate Change (UNFCCC) defines it as “a climate 
change attributed directly or indirectly to human activity that alters the composition 
of the global atmosphere and that is added to the natural variability of the climate 
observed during periods comparable time periods [4]. Another aspect of climate 
change that particularly affects irrigation is the increase in the frequency of extreme 
events: torrential rainfall and droughts. The recent DANAs (Isolated Depression in 
High Levels) have caused important floods in the Spanish Mediterranean in recent 
dates (like 2019), and in the Ebro, with social, economic, and environmental losses. 
At the same time, periods of drought have occurred with excessive frequency in both 
countries. Both phenomena entail significant social and economic costs to deal with 
them. Crops are essential to mitigate desertification and temper climate change. 
They contribute to avoiding or at least cushioning the succession of extreme phe-
nomena. The concentration of CO2 eq (CO2 equivalent) in the atmosphere has not 
stopped increasing, since in 1880 it was about 280 ppm and today it reaches 408 ppm 
[5]. Irrigated crops are in a greater proportion than rainfed crops as they produce 
more biomass.

Agriculture defends itself from drought by improving the efficiency of water 
application in irrigation and with improved management. Obviously, irrigation 
requires significant energy consumption in most cases. For this reason, water stress 
reduces the productivity of crops, and avoiding water stress is the reason for the 
practice of irrigation, as old as agriculture itself [6].

Spanish irrigation has already begun to take measures to adapt to and mitigate 
climate change. The first of these has been related to the improvement of irrigation 
efficiency through the modernization processes of irrigated areas. This has meant that 
in the period 2002–2016 there have been significant savings both in total consumption 
(112.5%) and in unit consumption 118.24%). The installation of control networks 
has also contributed to this through the installation of agrometeorological stations, 
(e.g. SIARI Network to determine ETo values), such as that of irrigation water quality 
control networks (for example RECAREX in Extremadura to estimate the degree 
to which irrigation pollutes water masses). Irrigation is regarded as one of the main 
adaptations to support crop production in response to climate change and population 
growth [2]. However, any increase in irrigation demand will correspondingly impact 
energy consumption and greenhouse gas emissions suggesting potential conflicts in 
terms of mitigation and adaptation policies [7].

The availability and reliability of water resources is a limiting factor for economic 
development in many water-stressed countries. The Mediterranean region is one of 
the most water-scarce regions globally. Water is particularly scarce in Southern and 
Eastern countries and in some catchments in the North, such as Southeast Spain and 
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the Ebro Depression, where the expansion of irrigated production, coupled with 
tourism and urbanization has created significant water supply challenges [8]. The 
improvement of agricultural water management, through irrigation systems modern-
ization and application of information and communication technologies to increase 
crop productivity and reduce the influence of drought and promoting water conser-
vation is one of the main objectives of current irrigated agriculture in Mediterranean 
countries [9]. Another challenge in intensive agricultural systems, such as irrigated 
agriculture, is the necessary compatibility of soil and water as natural resource and as 
well production factors [10].

2. Approaching the problem from a technical perspective

One of the most important problems brought by climate change in irrigated 
agriculture, particularly in Mediterranean basin, is the increased variability of 
weather patterns and a higher frequency of extreme weather events [11]. For the 
management of water resources, Water Authorities (WAs) have to make decisions 
before knowing the weather conditions they are going to face. So, every year, due 
Water Authorities are less able to make decisions consistent with the weather pattern 
of the following season due to the decreased predictability of events and the less rel-
evant use of past records to make future decisions. As a consequence, current water 
management decisions are often a compromise between the outcome determined by 
all the weather states that could emerge. On the other hand, considering the neces-
sary effort to reach convenient water use and management, the rehabilitation of 
the irrigation project structures, and the modernization of irrigation systems are a 
priority [12].

2.1 Modernization of the irrigation systems

In the first third of the 20th century, an ambitious plan of agricultural develop-
ment works began in Portugal and Spain, which included some public irrigation 
schemes of considerable area, and which still are in operation as a result of adaptation 
and rehabilitation works of their infrastructures [13]. It should be noted that most 
of these irrigation schemes never had high levels of adherence, for various reasons, 
namely the incentive to farmers for the new reality of land use. The high cost of agri-
cultural production factors (including fuel and electricity costs), combined with the 
volatility of agricultural product sales prices, has been a disincentive to investment in 
agricultural activity, in particular in irrigation. In recent years, we have witnessed a 
resurgence of interest on the part of farmers, mostly young people, in irrigated agri-
culture, greatly encouraged by the country’s new irrigation schemes aided by modern 
technologies. In the last half-century, we can see a significant increase in efficiency in 
the use of water in agriculture, from 15.000 m3/ha.year in 1960 to 6.600 m3/ha.year in 
2014 (Figure 1) [14], mainly due to the modernization of irrigation systems. This has 
corresponded to the replacement of traditional irrigation systems with water distribu-
tion by gravity, by automated systems equipped with pumping systems that require 
energy for their operation. Thus, energy consumption has increased sharply in the 
same period, from 200 kW.h/ha in 1960 to 1.534 kW.h/ha in 2014 (Figure 1) [14]. On 
the other hand, the economic productivity of irrigation water (Gross Added Value/m3 
of water, calculated at constant 2006 prices) has increased in the last decade by more 
than 30% [15].
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It is foreseeable that in the coming years the efficiency of water use in irrigation 
will continue to increase, driven by operational programs, financial incentives, and 
the use of innovative technologies [16]. As mentioned above, irrigation farming is 
unavoidable in the summer months in most of the Iberian Peninsula, especially in the 
south of this territory, where there are climatic conditions to enhance the produc-
tive capacity of the crops. The climatic variables that influence evapotranspiration 
(solar radiation, temperature, relative humidity, and wind) reach comparatively 
more favorable values in the south of the Iberian Peninsula, which determine high 
rates of that indicator of the physiological activity of plants [17]. It is evident that 
the productive potential of the crops is not only expressed through the convenient 
supply of water but also through other cropping practices allowed to obtain good 
production, such as adequate levels of fertilization, the effective fight against pests 
and diseases, among others [9]. In the context of climate change, in many aspects 
already confirmed, the Intergovernmental Panel on Climate Change (IPCC) has been 
alerting to the scenario of a drier climate determining less available water resources, 
less production of hydropower energy and losses of 25% of volume water intended for 
agriculture activity [18]. In this context of greater water scarcity, the greater pressure 
in its demand for irrigation and other activities should lead to an increase in the costs 
of irrigated agriculture [19].

2.2 Information and communications technologies

Adaptation and mitigation are the two pillars facing climate change. In this 
regard, weather and climate services can help decision-makers in making informed 
decisions to improve adaptation capacity by assessing and forecasting existing and 
emerging risks. Since all adaptation actions depend on the availability of adequate 
information, the rapid diffusion of Information and Communication Technologies 
(ICTs), such as mobile phones and the internet, poses new opportunities to face 
climate change by improving access to information and consequently by improving 

Figure 1. 
Evolution of water consumption and energy in Portugal, in irrigated agriculture (Adapted of [14]).
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the information environment under which water suppliers and water users operate 
[20]. The availability of ICTs might contribute to mitigating the moving-target 
problem by providing timely information on future climate and weather condi-
tions, thereby reducing uncertainty before and during the irrigating season. 
Overall, the ICT-informed decision process of water management could help irri-
gated agriculture by reducing losses from climate shocks and taking advantage of 
favorable years. The potentialities of ICTs for the management of water resources 
in agriculture motivate many studies normally with the objective of quantitatively 
estimating economic benefits from the ICT-informed decision process of water 
management in agriculture at the Water Authorities (WAs) level. Some authors 
developed theoretical models based on insights from the Bayesian Decision Theory 
[21–23]. It assesses the economic benefits brought by new pieces of information, 
influencing WA’s perception of uncertain events with direct consequences on its 
strategic decisions.

Background in agriculture, some models using ICT investigate the role played by 
information in supporting WAs to rationalize the management of water resources 
and the prevention of extreme weather event impacts. Because decisions on 
land and water allocation are sequential across the season and influenced by one 
another, the methodology accounts for the passing of time in the decision process 
to assess how the time of information provision affects its usability [21]. Great 
potential is found for such technologies in contributing to food security and climate 
change adaptation in the agricultural sector. Qualitative studies showed their 
benefits for both developed and developing countries. Among these, [24] identified 
the following: (i) promoting economic performance, (ii) raising efficiency, and 
(iii) fostering innovation. Nevertheless, reference [25] suggested that ICTs impacts 
on decision outcomes are highly variable. One reason for this variability lies in the 
findings of the authors in [26]; according to them, ICTs are successful only when 
key information needs are addressed. In addition, many ICTs projects do not reach 
the expected success because developers take useful information for granted. As a 
consequence, ICTs developers tend to poorly consult end users on their informa-
tion requirements and the resulting ICTs may turn out to be inapplicable in their 
decision process.

The elements characterizing information and determining its value are: (a) 
content of information: the WA must be able to implement the additional informa-
tion in the decision process; if the WA is not able to act upon information, it has no 
value for it; (b) accuracy of information: the more accurate the information is, the 
smaller the risk of failures and the higher the VOI (Value of Information); impre-
cise information is not capable of inducing any change in WA beliefs; (c) timing 
of information provision: information must be provided at the right time in the 
decision process; late messages have no value. The timing factor (c) plays a key role 
in influencing the accuracy of information (b). Usually, information provided well 
in advance of the occurrence of an event might condition strategic decisions but it 
will not be so accurate. If information is provided in a short advance, the decisions 
influenced by the information will not be so strategic, but the information will be 
likely more accurate. This is typically the case with emerging information, such as 
weather forecasts.

Developing and applying a method to assess the economic value of ICTs seems 
to be an interesting topic for agricultural and resource economists. Moreover, con-
sidering the growing societal demand for climate services, together with the limited 
budget available, this topic is of high policy relevance.
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3.  Approaching the problem from policy, economic and institutional 
perspective

Since antiquity, the use of water in agriculture has been a basic element for the 
survival and economic and social progress of humanity. This explains why, since 
then, the irrigated area of the world has not ceased to grow [27], making irrigation 
a key element for feeding the planet. All over the world, Asia is irrigating 41% of the 
total cultivated surface, America 13%, Europe covering 9%, Oceania is irrigating 
the 7%, and Africa the 5%. The authors in [28] estimate a total irrigation potential 
of some 402 million hectares in developing countries, of which half is currently in 
use. In this way today, although the extension of global irrigation is limited since it 
represents only 7% of the world’s useful agricultural area, this type of agriculture 
is a key element for feeding the planet [29]. Irrigation contributes exceptionally to 
social cohesion and stability since it generates a strong demand for labor and favors 
the commercial exchange of products and supplies, with the consequent economic 
flows (of consumption and savings) [30]. From north to south (Mediterranean area) 
the natural scarcity increases, being greater in the area of the Region of Murcia and 
Almería (Andalusia). They are the most productive irrigation but also the most defi-
cient. In addition, this famine is aggravated by recurrent extreme events (droughts 
and floods) [31], that force us to think about management measures to prevent their 
effects and consequences [32]. Climate change projects a decrease for the year 2027 
between 2 and 11% in the average contributions of the peninsular basins, whose 
effects will be greater in the most limiting or sensitive areas. The need for irrigation 
and its efficiency is indisputable [33].

3.1 Politic, economic and institutional aspects

The role of water in the economy covers various aspects from the analysis of the 
uses of water and its impact on the different economic sectors to economic instru-
ments in the planning and management of water resources. In the first approach, 
the economics of water advocates determining the volume that is used, the forecast 
of future demand, its elasticity in relation to variations in other parameters, and 
the productivity of the different uses. The second focuses on the instruments of 
economic content that public authorities use in the planning and management of 
water resources. The National Agrarian Accounting Network of Spain indicates that 
for the year 2017 [34] the annual value of the production of an average hectare of 
irrigated land in Spain is 5.4 times higher than one of rainfed land (€5.576 compared 
to €1.030). Irrigation, in addition to promoting higher income, also makes it more 
secure by favoring the diversification of production and not depending on rainfall. 
In line with the greater profitability of the irrigation activity is the land value of the 
irrigated land. The transformation into irrigation on average multiplies by three the 
value of the land. In fact, in 2018 the average price of rainfed land for the whole of 
Spain stood at €9.447/ha, while irrigated land reached €28.444/ha [34]. Irrigated 
agriculture contributes more than half (64%, 16,000 million euros) to the value of 
the Spanish Final Agricultural Production, using less than a quarter (22.5%) of the 
national cultivated area (Table 1). The profitability and economic productivity of 
water are also different depending on the type of crop. 80% of irrigation water has 
returned between 0.02 and 0.60 €/m3. It stands out that 19% of the volume used in 
irrigation is used for crops with very low profitability (less than €0.02/m3. And only 
1% for crops with returns greater than €3.00/m3 [36].
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In Spain and Portugal, an important part of irrigation is supplied by surface water, 
coming from the reservoirs of the great Iberian rivers. Therefore, it is from these river 
valleys, both those that flow into the Mediterranean and, mainly, those that flow into 
the Atlantic, that supply three-quarters of the Iberian irrigation. Irrigation is associ-
ated with high energy consumption. This makes irrigation communities especially 
vulnerable to energy prices with consequences on their economic situation [37–39]. 
Some prices are appraised and have a political component. Until a few years ago, there 
was a subsidized electricity rate for irrigation in Spain. For example, in the Segura 
Hydrographic Confederation for 2018, the different prices paid by the final user of 
water for irrigation are barely €0.033/m3 for river water, €0.10/m3 when water comes 
from the transfer (between river valleys), or €0.5/m3 if it comes from a water treat-
ment plant [40]. In Portugal, great variability is also observed in the form of water 
pricing. The cost of water in most irrigation communities is based on area, and soil 
quality, because in some areas the hydrants do not have water meters; the most mod-
ern irrigable areas already have them and in these cases the water will be paid for the 
volume spent. Among those communities that charge water considering the irrigation 
area, they also differentiate their price considering the crops, and supposedly the 
water will be more expensive for the most profitable crops and with better soils. Thus, 
for example, the cost can vary between €77.5/ha (Cova da Beira Irrigation District) 
and €556.8/ha (Alqueva Irrigation District) on land cultivated with corn [41]. These 
prices include utilization fees and maintenance fees.

Special mention in Spain requires the cost of the Tajo Segura Transfer water. It is 
an aqueduct that transfers water from the Tagus River in an amount of 421 hm3 per 
year to the Segura River and therefore allows to reduce the scarcity of water in the 
Spanish southeast, where it is used with great efficiency. As a note to indicate that a 
few years the agreed total has been transferred and the transferred water covers not 
only irrigation needs but also other uses (urban). For some provinces of the Spanish 
southeast, the impact of the transfer is very high. It is enough, for example, to indicate 
that 62% of the agricultural area of the province of Alicante corresponds to areas that 
can be irrigated by transfer, while in Murcia it is 55% [42]. Transfers, like any other 
water policy measure, present economic costs, as well as environmental ones, which 
must be compensated. The total invoiced for the transfer represents 20% of all the 
income from fees and tariffs that are produced in all the Hydrographic Confederations 
of Spain, despite the fact that the transferred water is only 3% of the total water used 

Contribution of irrigation in Spain Irrigated crops Rainfed crops

Economic contribution

Production value (€/ha) 5.576 1.030

Agriculture net income (€/ha) 2.328 484

Land value (€/ha) 28.444 9.447

Aid CAP/Agriculture net income (%) 24.2% 47.3%

Final Agricultural Production Contribution (%) 64% 36%

Social contribution

Employment generation (Agricultural Work Unit (AWU/ha) 0.109 0.024

Net Value Added/AWU (€/AWU) 31.782 25.516

Table 1. 
Economic and social contribution of irrigation in Spain (year 2017) [35].
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for irrigation in Spain [43]. As of 2017, a modification has been introduced in the rate 
that obliges water users to cover the construction costs, as well as the fixed costs of 
the infrastructure (of the entire infrastructure despite not transferring all the water 
agreed), increasing average costs.

3.2 Unconventional waters use

The scarcity of water determines and even forces the search for other non-conven-
tional alternatives such as desalinated water or water treatment effluents so that water 
from treatment plants or desalination plants is used for irrigation, mainly mixed with 
well or surface water. Agriculture is the main user of reclaimed water and is reported 
to be used for this purpose in around 50 countries, on 10% of all irrigated land [44]. 
The main difficulty lies in the price, too high to be supported by farmers, and in the 
characteristics of the water obtained, due to the excess of salts, with the problems 
involved by the aquifers and soils. However, improving the quality of effluents is 
essential for their subsequent use, since water is a reusable resource that can have an 
almost unlimited life if it’s well managed [45].

In 2010, the volume of unconventional resources in Spain rose to 4.540 hm3/
year, of which, those with effective use would add 450 hm3 of water coming from 
the reuse of treated water and 690 hm3 coming from desalination [46]. This amount 
has only grown and there are currently some 1.000 desalination plants in Spain with 
an installed capacity of 1.205 hm3/year and 2.530 treatment plants that treat a flow 
of 3.375 hm3/year, although their capacity is 30% higher [3]. Reclaimed water is one 
more resource within water management, and although it cannot be considered a 
conventional resource, it does have a key role in comprehensive water planning [47]. 
Despite this, its importance, at a quantitative level, is still very low, representing 
around 3% of the total available water resources. Although in practice it’s found that 
the use of treated water is limited in agriculture basically because of its price ranges 
between €0.6/m3 and €0.8/m3.

4. Approaching the problem from an environmental perspective

The rational use of water should imply its moderate and efficient consumption, 
and the conservation of its quality after use and release back into the water environ-
ment. This idea is a fundamental concern in the Water Framework Directive (Directive 
2000/60/EC of October 23rd, 2000). Several authors point out that improving water 
management at the fields level is the most effective tool in reducing the impacts of 
irrigation on the environment [48, 49], is the achievement of this objective, insepa-
rable from convenient management of water resources at the scale of irrigation district 
[16, 50]. Agricultural and livestock activity is one of the primary sources of non-point 
source pollution, occurring in extensive areas and highly dependent on its hydrologi-
cal behavior, which leads to the water bodies substances previously deposited in the 
soil (fertilizers, phytosanitary products, organic matter) [51]. For this reason, the 
focus on controlling this type of pollution has been more on indirect instruments 
such as codes of good agricultural practice embodied in agri-environmental measures 
complemented with monetary incentives to farmers [52]. In the climatic scenario of 
water scarcity, a considerable increase in irrigation costs is expected due to the pres-
sure of water demand, so its rational and efficient use, combined with environmental 
concerns, is an unavoidable issue in modern irrigated agriculture.
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4.1 Rational application of fertilizers

The amount of nitrogen fertilizers incorporated into the soil should be in propor-
tion to its removal by the crops, safeguarding unnecessary spending with excess 
fertilizer and situations of contamination of soil, water, and atmosphere [53], since, 
in more oxidized forms, nitrogen is very soluble and mobile, presenting itself as one 
of the most problematic substances in water pollution [54]. However, this desid-
eratum has not been achieved in recent years in Portugal, and there has even been 
an increase in the excess of nitrogen fertilizers between 2000 and 2017 from 144.7 
to 153.1 thousand tons, corresponding to an increase of 5.8% (Figure 2). It should 
also be noted the importance of gaseous nitrogen emissions from the application of 
fertilizers in agricultural activity, which in 2017 amounted to 36.3 thousand tons, 
with a considerable impact on air quality and the water cycle. Nitrogen losses to the 
atmosphere are volatilized in the form of elemental nitrogen, ammonia ammonium 
ion, and nitrous oxide, the latter having a very harmful influence on the greenhouse 
effect in the atmosphere [56].

Concerning the nutrient phosphorus, the amounts applied in fertilizations are 
much lower, and its mobility in the soil is lower than that of nitrogen and is prefer-
entially loaded outside of agricultural fields together with sediments [57, 58]. Even 
considering the improvements that have been seen in the characteristics of fertilizers, 
particularly in the efficiency of absorption of this nutrient by plants, the excess phos-
phorus applied still has a very high value, contributing to the progressive saturation 
of the soil with this element. We can verify by reading the graph in Figure 2 that the 
phosphorus balance had a significant decrease between 2000 and 2017 (35%), passing 
the surplus amount of this element from 36.6 to 238 thousand tonnes. In the same 
period, the situation regarding the nitrogen balance presents an opposite trend.

4.2 Irrigation water quality and the problem of salinization

The high concentration of salts in the various compartments of its cycle, depending 
on its nature, may cause inconveniences to economic, environmental, and social order. 
This problem usually occurs under particular climatic conditions, being typical in 
irrigated areas where water with high salinity is used [59], frequently by downstream 
reuse of water that has already been used once or several times in irrigation [60, 61]. In 
a given agricultural system, the balance of salts is considered adequate when the level of 
soil salinization is compatible with the expected crop yield [62]. In a scenario of climate 

Figure 2. 
Gross balance (incorporation – Removal by plants) of nitrogen and phosphorus from fertilizers applied in 
agricultural activity in Portugal (Adapted of [55]).
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change for Portugal and Spain, where an increase in temperature is predicted, with 
a greater incidence of drought phenomena, and a decrease in total annual precipita-
tion, especially in the south of the Iberian Peninsula, the problem of salinization may 
become an agro-environmental problem with some acuity, due to the decrease in the 
washing of salts from the soil and its evapoconcentration in the plant root zone [41]. 
Of particular concern are the areas of more intensive agriculture, with massive applica-
tions of fertilizers, namely the areas of irrigation perimeters in southern Portugal and 
Spain, and, for similitude of climatic conditions, the southern European countries [63]. 
In Portugal the estuarine zones of some rivers and other coastal areas, and in Spain, 
especially in the Ebro River valley and large areas between Almeria and Valencia, the 
soils are potentially affected by salinization. A significant problem is the particular case 
of salinization called sodization, currently affecting more than 50% of areas near the 
coast of Cadiz in Spain. Areas near the coast may be affected by the advancement of the 
seawater interface due to the intensification of groundwater abstractions [64].

In addition to the excessive application of fertilizers to crops, especially irrigated 
crops, the quality of the water derived for irrigated areas is also a determining factor 
in inducing salinity in soils [65]. This aspect is crucial when the water abstracted for 
an irrigation district already has return flows enriched with nutrients (salts) from 
several irrigation zones and portends a deteriorated quality [66]. If the irrigation 
water has of good quality, it is usually not degraded after being used and returned 
to the natural drainage network. To exemplify this idea, the results of two irriga-
tion seasons observed in an experimental basin located at the Irrigation District of 
Campina da Idanha, in the center-eastern region of Portugal, are presented below. 
Indeed, it is possible to verify the low mineralization of the irrigation water derived 
from a distribution channel, whose quality refers to a category of excellent, and slight 
variation throughout the irrigation season, rarely exceeding the limit of 100 S/cm 
(Figure 3). On the other hand, the return fluxes from this basin also present a good 
quality regarding this parameter, not compromising its use downstream [68].

Once the problem of soil salinization is installed, some corrective measures can be 
adopted to improve crop yields, such as (i) adoption of rotations that include crops 
more tolerant to salinity and that ensure acceptable yields for farmers; (ii) paying 
particular attention to the crops tolerance to salinity in the emergence phase, practicing 

Figure 3. 
Evolution of water quality (electrical conductivity) in a distribution channel of Idanha Irrigation District 
(Portugal), and the return fluxes of an irrigated small basin, in irrigation seasons 2004 (a) and 2005 (b), and the 
maximum recommended value (MRV) of irrigation water quality in Portugal (Adapted of [67]).
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one or more irrigations to decrease the osmotic potential in the soil; (iii) more frequent 
irrigations than contemplate an adequate leaching fraction for the maintenance of an 
acceptable salinity level; (iv) adoption of localized irrigation systems, allowing to have 
high moisture contents in the humidified soil volume mitigating the salinity effect [67].

5. Conclusions

The edaphoclimatic particularities of the Mediterranean basin, namely in the 
Iberian Peninsula, determine that irrigated agriculture is unavoidable to guarantee the 
quality of agricultural products and levels of production to the necessary economic 
viability. However, this goal implies strong challenges, like the compatibility between 
agricultural activity and the conservation of natural resources.

The great increase in the efficiency of water use in agriculture was accompanied by 
a great increase in energy consumption, due the modernization of irrigation systems. 
In the last 60 years in Portugal, the variation was 15,000 to 6000 m3/ha.year, and 200 
to 1500 kWh/ha, respectively. The use of modern/smart technologies in irrigated agri-
culture, increasingly widespread in the last time, like Information and Communication 
Technologies, allow the rapid share of information between all the system components, 
according to the actual or forecasted situation, and using models and artificial intel-
ligence, can promote optimized answers at different scales (irrigation systems in field, 
distribution water network in the irrigation project, water storage).

The alternative/unconventional sources of water to supply the necessity in agricul-
ture, already quite contribute to the resilience of this activity in Spain. For example, in 
2010, the volume of unconventional water resources in Spain rose to 4.540 hm3/year. 
Of the total used in agriculture, 450 hm3 of water comes from the reuse of treated 
water, and 690 hm3 comes from desalination.

Nevertheless, the main difficulty lies in the price, too high to be supported by 
farmers, and, many times, in the characteristics of the water obtained. Special men-
tion must be referred about the water transfer between regions under rules of equity, 
and periodically reviewed. An example in Spain is the water transfer from the Tagus 
River in a volume of 421 hm3/year to the Segura River.

The rational application of fertilizers, in line with the crops needs, is a priority, to 
prevent the contamination of superficial and subterraneous waters, and to prevent 
the gradual process of soil salinization in semi-arid regions. Equally important is the 
evaluation of the water quality to irrigation and accounting the amount of nutrients 
that already contain.
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Chapter 15

Seed Soaking Times and Irrigation 
Frequencies Affected the Nutrient 
Quality and Growth Parameters of 
Hordeum vulgare L. Cultivated in 
Hydroponics
Ryan Anthony Smith, Muhali Olaide Jimoh  
and Charles Petrus Laubscher

Abstract

The choice of hydroponic systems for fodder production is of great importance to 
Sub-Saharan Africa and specifically South Africa, considering the current water cri-
sis. This study investigated the impacts of seed soaking times and irrigation frequency 
on the vegetative and nutritive properties of Hordeum vulgare grown in a hydroponic 
room. H. vulgare seeds were weighed and soaked in sterile containers filled with 
500 mL solution of 20% solution of sodium hypochlorite for 1, 3, 8, 16 and 24 h at 
room temperature. Once soaked, the seeds were transferred to a hydroponic system 
and irrigated using flood irrigation. After the 8-day growing period, growth param-
eters were measured, and samples were oven-dried, pulverized and then subjected to 
nitrogen and protein analysis. It was observed that shorter soaking time with varied 
irrigation frequencies had the highest impact on the weight, and nutrient yield of H. 
vulgare although other growth parameters investigated such as leaf length and root 
map expansion deviated from this trend under different soaking times and irrigation 
frequencies. This study revealed that a 1-h pre-soaked treatment was the best for 
cultivating barley hydroponically. This treatment is recommended for the cultivation 
of barley as it proved to be beneficial to the farmer in terms of quality yield.

Keywords: barley, fodder feed, forage crop, organic fodder, subsistence farming

1. Introduction

Hordeum vulgare (barley) was one of the first crops to be domesticated for human 
consumption and is still one of the most important cereal crops grown worldwide 
[1, 2]. Due to its high nutritional value and palatability, barley is the fourth-largest 
cereal in terms of grain production worldwide, with nearly 60% used as animal feed, 
around 30% used for malt production, 7% used for seed production, and only 3% 
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used for human food [3]. The South African Department of Agriculture, Forestry, and 
Fisheries reported 421,800 tons of barley production in 2018. According to the report, 
the country’s high maize production hampers the feed market for barley, so barley is 
grown specifically for malting. Furthermore, because barley production is limited to 
winter rainfall areas, there is a need to optimize cultivation techniques so that it can be 
produced year-round [4].

Globally, the demand for feeds and forage has increased due to the increase in 
the livestock population [5]. Hydroponically sprouted cultivars are used as a dietary 
supplement for animals in South Africa, the United Kingdom, the United States of 
America, Australia, and other parts of the world due to their ease of germination 
and growth [6, 7]. Besides, various authors have reported different harvesting and 
growth cycles for a barley fodder mat, ranging from a 6-day harvest cycle to a 10-day 
harvest cycle, implying that hydroponically produced fodder has a short growth 
period [8, 9]. The quality and quantity of fodder produced by hydroponics are also 
of interest. Farmers in India, for example, discovered that feeding their dairy cattle 
hydroponically grown barley increased milk yield from 0.5 to 2.5 l/day. They discov-
ered an improvement in animal health as well as the fat content of their cow’s milk in 
addition to the increased yield [10].

Climate change is affecting agriculture and natural water resources all over the 
world, which has an impact on the sustainability of food and water resources [11]. 
Because water and agriculture are inextricably linked and vital to most societies’ 
economies and security, hydroponic cultivation ensures year-round production while 
consuming less water [9, 12], as opposed to run-to-waste systems in field production 
[13]. It was reported earlier that hydroponic production used only about 2% of the 
water required for field production of the same crop [14] thus, the introduction of 
hydroponic systems for fodder production can help overcome the challenges encoun-
tered in conventional production.

Previous research has shown that soaking barley seed before sowing increases 
the rate of germination, softens the seed coat, and breaks seed dormancy, though 
the number of hours recommended for soaking barley seed ranged from 3 to 28 h 
[15–18]. Similarly, the importance of using clean seeds for cultivation and seed steril-
ization during the soaking procedure cannot be overstated [9, 19]. Soaking seeds in a 
solution of 20% (bleach) for 30 min was recommended to prevent the formation of 
any fungal contamination [20, 21]. However, [22] using Mercuric chloride to prevent 
the proliferation of fungal contaminants while [23] tested both the effects of sodium 
hypochlorite (NaOCl) and Mercuric chloride (HgCl2) on a range of pathogens and 
proposed that surface sterilization of the seed is important to remove unwanted 
fungal growth.

Although earlier studies showed a wide range of water types, including both 
mist and flood irrigation [14, 24, 25], there is a scarcity of data on the amount and 
frequency of water/irrigation used in a hydroponic chamber to germinate barley seed. 
This was necessary to address the challenges of nutrient imbalance in hydroponic 
systems, soil quality and productivity, and soil-based ecosystem services [26–28] 
affecting barley biomass production. In this study, an 8-day harvest cycle was used in 
conjunction with post-germination irrigation frequency to determine the most effec-
tive method to break seed dormancy, cause germination, and grow into a seedling 
mat and see the impacts of these treatments on the nitrogen value, protein content, 
fresh weight, and dry weight of the seedling forage mat post-harvest compared to 
the original untreated seeds. Because soil-based farming is facing serious challenges 
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in South Africa and other developing countries, fodder crop producers can use the 
study’s findings to obtain critical information that will aid in the optimization of 
inputs and the efficient utilization of resources in hydroponic fodder production.

2. Materials and methods

2.1 Source of seeds

Viable seeds of H. vulgare sv13 were obtained from Kaap Agri Bedryf Ltd. located 
in Malmsbury, Western Cape. The seeds used originated from the Swartland District 
of the Western Cape. The seeds were first weighed on a balance that measures in 100 g 
increments.

2.2 Experimental design and hydroponic setup

The experiment was carried out in the plant tissue culture laboratory at the Cape 
Peninsula University of Technology’s Bellville Campus. A 230 cm × 450 cm growing 
room was used to control light and temperature and determine the best growing 
conditions. Shelving units measuring 200 cm in height, 127 cm in length, and 40 cm 
in depth were installed in the growing room. The shelving unit had six shelves that 
were 37 cm apart and measured 120 cm × 40 cm. Two fluorescent light bulbs were 
installed on each shelf. For drainage, a corrugated fiberglass sheet was cut to the size 
of the shelf below and positioned at a 55-degree angle. The front, bottom end was 
fitted with a D-shaped gutter. This was used to collect the runoff from the fiberglass 
sheets. The run-off was then directed back to a sump via the gutter, resulting in an 
ebb and flow closed watering system. After cleaning and soaking the seeds, they were 
placed in perforated aluminum containers measuring 10 cm × 20 cm. The perfora-
tions were evenly spaced across the tray’s bottom surface, with approximately 2 cm 
between each perforation. There was no need for a medium because the seeds germi-
nated and formed a root mat that held the seedlings in place. The seed trays were then 
placed on the fiberglass sheeting, and each tray was fitted with an irrigation tube. 
Irrigation water was delivered to the seeds in their respective trays using a pump (HJ 
1542 submersible), which delivered 622.5 mL/min to each tray for 2 min, for a total of 
1245 mL. The pump was linked to a timer (MajorTech model MTD7), which con-
trolled the amount of water delivered to each tray [29, 30]. Before the treated seeds 
were placed in the growing system, the entire setup, including the sump, Perspex 
shelves, and seed containers, was thoroughly cleaned and disinfected. The sump was 
filled with deionized water containing a 20% sodium hypochlorite solution, and the 
system was flushed to disinfect all surfaces [13].

The temperature of the room was kept at 23°C, as it was found that a temperature 
range of 20–30°C did not have a significant impact on growth [25, 31]. Two Samsung 
Smart InverterTM air conditioners were used to regulate the temperature. Fresh air 
was brought into the growing chamber through heap filters from outside the building. 
Lighting was provided with fluorescent tubes [32, 33]. The fluorescent bulbs used 
were Osram (L36/640) cool white fluorescent tubes with a light output of 5.96 kilo 
lux. The ExTech—Heavy Duty Digital Light Meter, model number HD 400, was used 
to measure the intensity of the light. A Panasonic TB178K timer control unit was used 
to set the lighting system to provide a photoperiod of 16 h day/8 h night [34, 35].
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2.3 Treatment preparation

There were 25 treatments, each with 10 repetitions. Each treatment included a pre-
soaking period followed by a post-soaking irrigation period (Table 1). Each repetition 
began with 100 g of viable seeds placed in a sterile plastic container containing 500 mL 
of distilled water containing a 20% solution of sodium hypochlorite (bleach) at room 
temperature [8, 14]. It was decided to test a range of seed soaking times, namely: 1, 
3, 8, 16 and 24 h, which was compared against the control of 16 h. After the allotted 
soaking time, the seeds were washed in running, deionized water and placed in their 
respective growing trays without being exposed to darkness. Each tray was 10 cm × 
20 cm in size. This ensured that the washed seeds had a depth of 1 cm. After that, the 
containers were placed in the hydroponic system to germinate (Figures 1 and 2). The 
seeds were allowed to germinate and grow into a forage mat for 8 days at 23°C under a 
photoperiod of 16-h day/8-h darkness.

Drip irrigation tubes were used to flood each seed tray with 1245 mL of water, 
with the excess running off through drainage holes in the seed container. The runoff 
was collected and channeled back into the sump of the hydroponic system for reuse. 
When necessary, the sump was refilled with distilled water mixed with a 20% bleach 
solution to ensure disinfection. The five previously mentioned treatments were sub-
jected to five different irrigation intervals, each with 10 repetitions. Flood irrigation 
was used to fill each seed tray with water every 2; 4; 8; 10; and 12 h, with the control 
being a 2 hourly water interval [24, 36].

2.4 Data collection

Before removing the seedlings from their trays at the end of the 8-day growing 
cycle, a grid of 2 cm × 2 cm blocks was placed over the surface of the container, 
dividing the space into 50 blocks. This was used to determine the average leaf height 
per block by measuring the height of each leaf in the respective 2 cm × 2 cm block. 
The average leaf height of the sample plants for each block was then measured to 
determine the container’s overall average leaf height. The longest leaf in each tray was 

Figure 1. 
Photograph showing the hydroponic setup and irrigation supplied to each tray.
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also measured and recorded. Thereafter the seedling mat was removed from its tray 
and the depth of the root mat was recorded to determine whether the initial 1 cm of 
soaked seed had expanded over the 8-day growing period.

For nutrient analysis, the trays were removed from the experiment and all excess 
remaining surface water was allowed to drain away after the allotted growth period 
of 8 days. The seedlings in their respective trays (Figures 1 and 2) were then weighed 
using a Kern KB 360-3 N scale that measures up to 0.01 g to determine their fresh 
weight. The weight of the seedling mat was calculated by subtracting the weight of 
the container from this measurement. Once the fresh weight of the plant material was 
determined, the seedling mat was removed from its tray and placed in brown paper 
bags before being dried in an oven (Labtech LDO-150F) at 60–70°C for 36–48 h. The 
plant material was weighed again after it had completely dried to determine its dry 
weight. Using a Culatti Typ MFC CZ13 mill, the dried plant material was ground and 
sieved after being weighed. Following that, samples of dried plant material were sent 
to the Agrifood Technology Station for protein and nitrogen analysis [37].

2.5 Statistical analysis

Data collected were analyzed using a two-way analysis of variance (ANOVA). 
The analysis was performed using Minitab 19.2.0/October 2, 2019, a stable release 
developed at the Pennsylvania State University, USA by Minitab LLC. Where F-value 
was found to be significant (P ≤ 0.05), Tukey honest significant difference (HSD) 
was used to compare the interaction between soaking time and irrigation interval at 
P ≤ 0.05 level of significance [38].

3. Results

3.1 Average leaf length and root mat expansion

When comparing all soak treatments in conjunction with all irrigation intervals on 
average leaf length, Treatment 20 with 16-h soaking time and 12-h irrigation duration 

Figure 2. 
Photograph of barley seedlings at harvest (photo by R.A. Smith).
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produced the longest leaf of 14.33 0.9 cm, while Treatment 9 produced the shortest 
leaf (6.23 0.40 cm) when compared to the control treatment. Both the independent 
and combined effects of soaking time and irrigation interval on leaf length were 
significant at P ≤ 0.05 (Figure 3). Additionally, the root mat expansion was most 

Figure 3. 
Effect of soaking time and irrigation interval on average leaf length of H. vulgare. Means that do not share the 
same letters are significantly different.

Figure 4. 
Effect of soaking time and irrigation interval on root mat expansion of H. vulgare. Means that do not share the 
same letters are significantly different.
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significant in Treatment 12 (8 h soak–4 h irrigation) and less significant in Treatment 
25 (24 h soak–12 h irrigation) at a 95% confidence limit (Figure 4).

3.2 Nitrogen, protein, fresh weight and dry weight analyses

The highest nitrogen yield was obtained from seeds that had been soaked for 1 
h and irrigated for 12 h (Treatment 5), while the lowest yield was obtained from 
Treatment 17 (Figure 5). Similarly, the protein content of the samples follows the 
same pattern, with the highest and lowest nitrogen yields recorded in Treatments 5 
and 17, respectively (Figure 6). Furthermore, the freshly harvested H. vulgare sample 

Figure 6. 
Effect of soaking time and irrigation interval on the protein content of H. vulgare. Means that do not share the 
same letters are significantly different.

Figure 5. 
Effect of soaking time and irrigation interval on the nitrogen content of H. vulgare. Tukey pairwise comparisons 
was used to compare means of combined effects of soaking time and irrigation interval at P ≤ 0.05. Means that do 
not share the same letters are significantly different.
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weighed the most in Treatment 2 (1 h soak–4 h irrigation) and the least in Treatment 
24 (Figure 7). The dry weight of H. vulgare, on the other hand, was highest in 
Treatments 4 and 14, and lowest in Treatment 1 (Figure 8).

Furthermore, the two-way ANOVA revealed that soaking time and irrigation 
interval had no independent effect on nitrogen and protein yield of H. vulgare, as well 

Figure 7. 
Effect of soaking time and irrigation interval on fresh weight of H. vulgare. Means that do not share the same 
letters are significantly different.

Figure 8. 
Effect of soaking time and irrigation interval on the dry weight of H. vulgare. Means that do not share the same 
letters are significantly different.
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as the interaction of the two factors. Similarly, the fresh weight was not significantly 
affected by the two factors independently, but soaking time significantly affected 
the dry weight of the harvested plant samples. The interaction of the two factors had 
a significant effect on the dry weight of the sample, although the irrigation interval 
indicated otherwise.

4. Discussion

Findings from this study suggest that the seeds of H. vulgare responded more 
favorably to a shorter soaking time for a longer period of irrigation. The average 
leaf height increases as the irrigation period lengthens, with mean average heights 
ranging from 8 to 12 cm. For example, Treatment 6 with a 3-h soaking time and a 2-h 
irrigation interval had the greatest effect on average leaf height. Treatments 1 and 3 
(Figures 3–5) were of slightly less significance because they both had a 1-h soaking 
treatment but were subjected to 2 hourly and 8 hourly irrigation intervals. These 
treatments differed greatly from the soaking control of 16 h as reported in [33, 39] but 
in agreement with [24] with an irrigation control of 2 h. Although Treatment 20 had 
the highest mean length value of 14.33 cm, it appeared that the seedlings and their 
corresponding lengths responded more to the increased irrigation frequency of 2 h, 
confirming the irrigation control used in this study (Figure 4). This was consistent 
with the soak control of 16 h, but it differed significantly from the irrigation control 
of 2 h [33, 40]. Also, the average height of barley recorded in this experiment differed 
significantly from previous studies where heights of 14.0 cm and 6.2 cm were respec-
tively recorded by [20, 41].

Treatment 12 (8-h soak with 4 hourly irrigation) had the highest mean root 
expansion (3.07 cm) after the 8-day growing cycle, which was significantly differ-
ent from the control. Treatment 2 followed with a mean of 3.03 cm (1-h soak with a 
4-hourly irrigation interval; Figure 5), which was less significant than Treatment 12 
due to a marginal difference of 0.04 cm, which is significant. Treatment 2 would thus 
allow the cultivator to reduce soaking time again to achieve similar results, with both 
treatments having the greatest effect with an irrigation frequency of 4 h, though other 
researchers have reported that transient exposure of H. vulgare roots to heavy metals 
may also have an adverse effect on root mat expansion [35, 42]. It would be interesting 
to see if changing the irrigation type, from drip to spray, or the mineral/trace metals 
composition of the irrigation water, would improve seedling root expansion, and if 
adding liquid fertilizer would do the same.

Furthermore, the highest nitrogen and protein concentrations were obtained in 
Treatment 5 with a 1-h soaking treatment and a 12-h irrigation interval (Figures 6 
and 7). These results did not agree with the controls of 16 h of soaking and 2 hourly 
irrigation intervals. This indicated that the seed requires a shorter soaking treat-
ment (1 h) as well as a longer (12 h) irrigation interval to achieve the highest level of 
nutrients in the seedling at harvest time. However, as discovered during the growth 
experiment, a 12-h irrigation interval is not beneficial to seedling growth. It was inter-
esting to note that the next highest statistical mean belonged to treatment 1 (1-h soak 
with a 2-h irrigation interval), which was only marginally less than the highest mean 
achieved in treatment 5, which also had a 1-h soak time but a 12-h irrigation interval. 
This was consistent with the control and resulted in seedlings that were stronger 
and healthier. The shorter soaking time benefits the grower by reducing the time 
spent pre-soaking the seed, but it does not help with water conservation because it is 
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irrigated every 2 h. However, as the salinity of the hydroponic medium changes, this 
may change. However, this might change as the salinity of the hydroponic medium 
changes [43, 44]. Only crude nitrogen and protein were tested in this experiment, 
and further research into trace element levels would be required to determine the 
seedlings’ full nutrient spectrum post-harvest. Other studies found that shortening 
the growing period from 8 to 4 days resulted in higher nutrient levels, which could be 
investigated further.

Furthermore, all of the highest dry weight means were obtained using a 10-h irri-
gation interval. The most significant results were obtained with soaking treatments 
lasting 1 and 3 h, as shown in Treatments 4 and 9, respectively. Although less signifi-
cant, Treatment 14 with an 8-h soaking time was only 0.24 g lighter than treatments 
4 and 9. This indicated that the seed pre-soaking time before germination could be 
reduced to 1 h. Under a 10 hourly irrigation interval, all three treatments (Treatments 
4, 9, and 13) produced the highest dry weight. The highest fresh weight recorded 
came from that of Treatment 12, with a soaking time of 8 h and an irrigation interval 
of 4 h. It can be deduced that the seedlings benefitted from longer pre-soaking treat-
ment. They still required moderate watering as the irrigation interval was every 4 h. 
Neither of the treatments agreed with the controls for soaking nor irrigation. The sec-
ond highest mean value was achieved with Treatment 2 with a 1-h soak and 4 hourly 
irrigations. This proved that the pre-soaking time could be reduced without it affect-
ing the total weight of the seedling post-harvest, however, the water consumption 
required to enable growth remained relatively high. Therefore, the disparity recorded 
in the weight of fresh samples compared to dry samples agrees with the results of the 
previous study as reported by Emam [20]. An investigation into the use of a nutrient 
solution to the irrigation water would be required to establish if this would improve 
overall fresh weight, post-harvest and if the introduction of a nutrient solution would 
allow the irrigation interval to be decreased thereby saving water.

5. Conclusion

This study reveals that a 1-h pre-soaked treatment, under 4 or 12 hourly irrigation 
intervals (T2 and T5) was the best treatment for cultivating barley hydroponically to 
achieve better yield for optimal fresh fodder production. For dry fodder weight, the 
highest yields were obtained with irrigation intervals of 10–12 h. Even though other 
growth parameters investigated such as length and root map expansion deviated 
from this trend, shorter soaking time at increased irrigation frequencies, proved to be 
beneficial to the farmer in terms of weight, nutrient yield, and height of H. vulgare. In 
the future, it would be helpful to ascertain if a change in irrigation type, from drip to 
spray, or increasing the mineral/trace metals composition of irrigation water would 
improve the root expansion of the seedling or bring about a marked decrease in irriga-
tion water, thereby saving water.
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