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Abstract

Climate change has become a major constraint to the development of rain-fed agriculture due to the decline of
rainfall. Therefore, irrigated agriculture is an alternative allowing farmers to have more access to water in order
to meet crop water requirements. However, irrigated agriculture faces a major constraint related to the
accessibility of energy sources used in pumping water. In general, the most common energy sources used in
pumping water for irrigation are fuel and electricity. Nevertheless, they are very expensive, are not always
accessible particularly in rural areas in Africa and have a negative impact on the environment; hence the need
to find alternatives to solve this problem. This review focuses on the technical and economic feasibility of solar
irrigation pumps and the impact of their use on the environment. Several aspects related to solar pumping have
been discussed, namely the components of the solar pumping system, the energy source used, the principle of
operation of the system, the technical, economic, and environmental feasibility. Reviews show that the use of
solar irrigation pumps is a technically and economically feasible alternative in several areas with less
environmental impact.
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1. Introduction

The world is currently subject to a very important rapid population growth [1]. In 1960, the world's population
was estimated at three billion people. This population is expected to range from 8.5 to 8.6 billion, 9.4 to 10.1
billion, and 9.4 to 12.7 billion in 2030, 2050, and 2100, respectively [2]. In addition, Africa is one of the world's
regions with the highest population number. It occupies second largest population behind Asia [3]. While
several challenges including the high growth in food requirements are resulting from rapid population growth
[4]. According to [5], population growth is one of the major factors driving the need to effectively increase and
improve food supply. Therefore, agriculture is considered as the key sector to achieve food security, sustainable
development, and to reduce poverty. Moreover, world production is expected to rise by 60% between 2005 and
2050 [6]. This increase is necessary to satisfy the world population demand in 2050 [7]. The rise in agricultural
productivity leads to an increase in farmer’s income and decrease of poverty [8]. In fact, agriculture is the major
source of income for 90% of the rural population in Africa [9]. An increase of 1% in crop productivity reduces
the number of poor people by 0.72% in this continent [9]. Also, agriculture accounts for a large part of Africa’s
world trade [10] and employs 70% of the population as smallholder farmers [11].

However, several factors jeopardize the development of agriculture [11]. These constraints are generally
related to water scarcity, climate change, land degradation, and pests [12]. Agriculture is predicted to be affected
by the effects of climate change, particularly for smallholders with a low ability of adaptation [13]. Climate
change is expected to affect water resources in different ways, including changes in the amount and pattern of
precipitation and droughts. These changes in precipitation can highly affect agricultural production in all regions
of the world. Changes in precipitation patterns are also likely to reduce surface water quantity and groundwater
recharge rates [14].

For this purpose, irrigation can be seen as an alternative. It could improve land productivity, enhance the
resilience of farms, stabilize and increase farmers' incomes, reinforce food security and nutritional diversity,
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and create jobs [15]. In fact, the development of irrigation faces many constraints. Among them, the cost of
energy is one of the most recurrent and important. The cost of energy is very high, especially for smallholder
farmers who are using pumps in irrigation. According to Sands et al. [16], large amounts of energy are consumed
during agricultural production, in which the highest part is used in irrigation [17]. As a result, energy costs have
a particular impact on agricultural production costs. The energy sources used to power pumps are mainly diesel
and grid. However, the cost related to these energy sources is very high and is not always accessible to farmers,
and they negatively impact the environment. These conventional energies are non-renewable and are combined
with climate change risks due to CO, emissions [17]. Indeed, the world's population demand for energy is
increasing due to the high population growth. As a result, the use of energy from fossil fuels is increasing,
leading to a scarcity of fossil fuel resources, increased pollution caused by greenhouse gas generation, and
permanent variations in fuel prices [18]. Moreover, according to Calvet and Marical [19], an increase of more
than 30% in fuel prices has occurred between 1990 and 2006. In addition, regarding electricity accessibility,
1.4 billion of the world's population do not have electricity, and 85% of them reside in rural areas [18]. Energy
supply is considered for this reason as an inhibiting factor in the development of irrigation. Consequently,
alternative energy sources such as solar energy have to be explored to help farmers to sustainably extract water
from the source. Solar pumping is a technique in which radiation is converted by solar panels to produce
hydraulic energy. This system is a way for energy cost and pollution reduction [20], hence the importance of
further study on solar pump use in irrigation. In addition, according to [21], the investment cost and the levelized
cost of electricity with regard to the use of solar energy is dropping over the years as shown in Figure 1. This
decrease in price confirms that solar energy may be considered as alternative to the use of traditional energy.
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Figure 1: Decrease in installation cost and in levelized cost of electricity regarding solar energy used between
2010 and 2017 [21].

The objective of this study is to acquire more knowledge on the use of solar irrigation pumps in irrigation.
This study provides information on the components of a solar pumping system, the operating principle, the
technico-economic feasibility, as well as the impact of the use of these pumps on the environment.

Several authors performed reviews on the solar pumping system: [22], [23], [24], [25], [26]. Some of those
studies are specific to a given area, others are more focused on the designing of solar irrigation pumps. This
study is a complement to those first ones. It is not specific to a given area and gives an idea on the technical and
economic feasibility as well as on the impact of the use of solar pumps on the environment. The very recent
literature used, which dates from 2003 to 2020, gives an idea of the actual situation of the use of solar irrigation
pumps in the world.

This review is based on 131papers with various sources: journal articles, review articles, reports, theses,
conference reports and websites. They are published at different levels namely Renewable Energy, Renewable
and Sustainable Energy Review, International Journal of Agricultural Engineering, Spanish Journal of
Agricultural Research, International Journal of Computer Applications International Journal of Current
Microbiology and Applied Sciences, International Journal of Innovative Research in Science, Engineering and
Technology, International Journal of Civil and Structural Engineering Research, International Journal of
Engineering Research and Technology, among others.
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2. Generality on source of energy for irrigation pumps

Irrigated agriculture provides 40% of world food production [27]. It is expected that access to irrigation will
increase opportunities for farmers' production [28]. Groundwater will remain the principal freshwater source
for irrigation for large areas of agricultural production beyond the depletion of surface water sources [29]. The
world's irrigated area is estimated at 301 million hectares, of which 38% is irrigated from groundwater [30]. In
addition, one-fifth of food provided worldwide comes from groundwater-irrigated agriculture [31] making
necessary the need to find ways to extract groundwater. Pumping is mainly used for groundwater extraction.
According to Scherer [32], pump is the fundamental element of most irrigation systems. However, energy
requirements for pumping water for irrigation are considerable [33]. Therefore, the management of energy used
for irrigation is an important element in the development of agriculture. On a worldwide scale, about 7% of
total world energy consumption is used for water supply [34]. Also, the high energy consumption of water in
South Asia is significantly related to irrigated agriculture [34]. Different sources of energy (human energy,
animal energy, wind energy, solar energy, fuels energy like diesel in the case of smaller generators, and
hydropower) are always used by people in the process of extracting water [23]. Hand pumps, submersible
electric pump equipped with diesel fuel generator, diesel direct drive drilling engine, and submersible solar
pumps are highly common types of engines used in remote communities [24]. In fact, the choice between the
different energy sources depends on economic and technical aspects in relation to the water source used, the
environment where pump is used and other instructional and social parameters [35]. Nevertheless, the main
energy sources used in the world today are oil, coal, gas, hydropower, nuclear, wind, and solar. However,
despite the profitably of using renewables energy such as solar from the economic and environmental point of
view, the use of these energy sources is far below compared to those of oil, coal, and gas. Thus, from 2010,
solar energy utilization began to increase. However, it is still far behind of the use of oil, coal, and gas as shown
in Figure 2.
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Figure 2: Main energy sources used in the world [36].

According to USDA [37], electric motors and internal combustion engines are the most common types of
engines used in most irrigation pumping systems. However, fuel cost is increasing [38]. Also, Linn and Ya [39]
estimated that more than 70% of Myanmar's rural population for example, still has difficulty accessing
electricity. In fact, the high electricity and diesel prices and frequently deficit of reliable energy supply have an
impact on the pumping needs for small and large farmers' irrigation. Electricity is not available or is only
occasionally available in many rural areas [40]. Thus, Linn and Ya [39] concluded that solar and wind energy
are the most appropriate sources of energy in rural areas. Indeed, the more intensive use of renewable energies,
namely wind and solar energy, and the reduction in diesel fuel consumption will positively affect the
development of the use of clean energy. They have also the possibility to reduce polluting emissions into the
environment and will improve the living standards of people in rural areas. Given these challenges, they attested
that wind and solar potential should be used to provide electricity to rural residents. In addition, according to
SELF [38], rural areas are at the end of the fuel supply chain due to their poverty, which often means that they
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are not able to obtain fuel in the first place. Consequently, the use of energy from the sun for pumping system
is a potentially viable alternative to the use of conventional (diesel and electricity) [40].

Therefore, solar energy is increasingly used. In fact, photovoltaic (PV) solar generators are an interesting
alternative to reduce the cost of electricity consumption because they can be sized on-site, allow autonomous
operation and have a low environmental footprint. In addition, they are economically competitive since
photovoltaic panel prices started to fall in 2010 and have been reduced to less than half in just 5 years [32]. In
addition, pumps and controllers’ prices decrease. However, this drop in prices is lower compared to panels and
is estimated at 30% between 2009 and 2017 [40]. Moreover, according to GIZ [42], Solar panel is subject to an
important decrease from 2007 to 2017, based on solar PV price index as shown in Figure 3, which reflect the
high decrease in panels’ price.
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Figure 3: Solar PV price index for installed roof-mounted systems of up to 10-kilowatt peak without tax [41].
2.1 Use of solar irrigation pump

The use photovoltaic solar cells for pumping irrigation water in 1977 in Nebraska was among the earliest
experimental uses of PV solar cells. Within the last decennium, the use of solar irrigation pumps has expanded
in both China and India [42]. More lately, it is observed an increase in the use of solar pumps in Africa [42].
Solar irrigation solutions are attracting increasing interest worldwide, as evidenced by the increasing
demand from agricultural institutions in developing countries for installation, financing, and training [39]. Solar
systems are one of the sustainable alternatives to conventional systems, receiving significant consideration [43].
Sustainable solar energy by using solar cells (PV) when pumping water for irrigation is a recent and successful
technic. Photovoltaic systems are being used to provide energy in many developing countries, especially in
isolated regions [44]. The increase in the use of solar pumps in India shown in Figure 4 is an illustrative example.
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Figure 4: Evolution of the use of solar pump in India [45].
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2.2 Solar irrigation pumping system components

A solar powered system for irrigation pumping is composed of generator (set of panels), electronic components
(inverters and pump controllers), pump, support structure, cables, and pipes [23], [46], [47], as shown in Figure
5.

3. Controller
| 3. Controller

7. Imigation Head
8. Fertigation System

5. Iigation Sstem

Figure 5: Main components of solar irrigation pump [48]. a) Solar irrigation system without reservoir and b)

Solar irrigation system with reservoir.

2.2.1  Photovoltaic generator

A photovoltaic generator is a set of interconnected photovoltaic panels [48]. It is made up of a set of PV
(Photovoltaic) solar array interconnected in parallel or/and in series to provide the direct current (DC) as well
as the voltage desired [49]. The photovoltaic solar generator is a "non-linear" electrical energy source that
provides a variable voltage and current value depending on lighting and temperature conditions [49]. It is an
electricity generator that absorbs sunlight and transforms it into usable electricity. More than 80% are
constituted of solar crystalline silicon cells which can be classified as monocrystalline or polycrystalline silicon,
amorphous, or hybrid as shown in Figure 6. The efficiency of solar cells differs depending on the type of crystals
they contain. This efficiency is estimated at 17% for monocrystalline crystals, 15% for polycrystalline crystals,
and 7% for amorphous crystals [50].
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Figure 6: Solar modules types [51].
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In addition, panels are in series configuration to ensure the appropriate operational voltage of the selected
inverter: it is "a string or a branch". However, to obtain the necessary current (power), the modules are connected
in parallel [49].

Solar Cell Solar Panel

Solar Module
PV System

Figure 7: Photovoltaic generator [52].
2.2.2  Solar pump inverters and controllers

The controller and inverter are combined in one device and together represent the link between the pump and
the PV generator as shown in Figure 8.
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Figure 8: Controller and Inverter [41].

An inverter is an electronic power device. In general, a direct current (DC) is supplied by the solar panels
while the pump can be of the DC or AC type. Thus, direct current of the solar panels must be converted from
direct current to alternating current for an AC (Alternative current) pump [53]. This transformation is carried
out using an inverter. In fact, the inverter is used in the process of conversion of DC current into low or high
DC current or to convert DC current into AC current which result in two types of inverters: DC-DC converter
and DC-AC inverter [54]. Inverters for solar photovoltaic systems are often subjected to extreme conditions,
due to their operation during many hours of sunlight, combined with the use of temperatures above 40°C. The
life of the inverter is estimated at more than 20 years with appropriate design [54]. In addition, it is in charge of
controlling engine speed and maximum power point tacking (MPPT) [55].

The pump also needs a controller that can adapt the power directed to the pump with the power supplied
by the energy source. Generally, the controller is equipped with a voltage protection capability. This protection
capacity allows the pump to be switched off if the supply voltage is insufficient or very high [56]. The controller
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protects panels against polarity reversal and switches off pump during overload. It also protects the pump by
turning off the pump in case of lack of water in the well and allows the pump to operate 20 minutes after raising
of the water level [56].

CNUNDFOS (IV\

Figure 9: Solar pump controller and inverter [41].

2.2.3  Solar pumps

There are direct connections from the pumps to the solar network. This connection is made by the continuous
current generated by solar panels. Various PV pump capacities are provided depending on the water demands
[23, 46, 47]. Submersible pump is mainly used in area where water is extracted from groundwater. For example,
89% of groundwater used in India is allocated to irrigation, hence promoting the development of using solar
submersible pumping technology is becoming important [57]. Either surface water or deep well water can be
abstracted using submersible pumps. Submersible pumps are higher in cost. However, they are more durable
and are more accurate compared to surface pumps [58]. According to USDA [59], it is recommended to use
submersible pumps when water is pumped from more than 3.7 or 4.6 m to avoid troubles with suction lift.
Submersible pumps are classified into three main types: centrifugal pumps, helical rotor pumps, and diaphragm
pumps.

Centrifugal pump is normally a surface pump and is suitable for use where the water level is 7 m above
the ground [59]. In fact, the overall dynamic height in the pumping system consists of 14 m with a maximum
estimated suction head of 7 m. Thus, centrifugal pump is unable to operate if the groundwater table is below 7
m deep. However, an increase in the discharge head is possible below 7 m suction height, which allows water
to be pumped also in deeper wells by implementing an internal pump known as "cut-down" [59]. However, they
are often submerged [60]. Centrifugal pumps have high flow rates while providing a lower head (discharge
pressure) in comparison to the other categories. These centrifugal pumps with variable frequency AC or DC
engines were the first generations of solar pumps. They had a hydraulic efficiency ranging from 25 to 35% [61].
Centrifugal pumps use fast velocity rotation for water drawing across pump orifice. The centrifugal impeller is
used by most AC pumps [62]. It can be used when pumping water from relatively short boreholes, lake,
channels, open wells, tanks [59].

In addition, helical rotor pumps, on the other hand, are "positive displacement” pumps with higher
pressures. The flow rate is lower than that of centrifugal pumps, but they can provide an adequate flow rate to
meet most requirements. These pumps are characterized by their low photovoltaic power estimated on average
at 250 Wp, and their water efficiency of that is able to reach 70 %, and their lower capital of investment [62].
In addition, the positive displacement pump is presently utilized in several solar pumping networks. Water is
conveyed by this pump in a cavity and drive with a piston or a helical screw for the rising [63]. In addition,
submersible diaphragm pumps are a positive displacement pump with the ability to pump up to about 20
Liter/minute from shallow wells of less than 30 meters deep and smaller volumes of water from wells depths
up to about 70 meters [61]. Currently, centrifugal and positive displacement pumps have hydraulic efficiencies
of more than 90% [62].
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Figure 10: Solar irrigation pump [63].

2.2.4  Support structure and monitoring mechanism

The stability and protection of the installed solar panels against theft and natural damage are provided by the
support structure shown in Figure 11. A manually tracking system attached to the support structure is able to
ensure maximum water flow. In fact, Tracking increases water flow as it enables modules facing sunlight when
shifting across the sky [23, 46, 47].

Figure 11: Solar support structure [64].
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2.2.5  Other components

Other elements are essential for the installation of a solar pumping system. These are the foundations for holding
support structures and pumps, the electrical interconnections, which consist of cables, junction boxes,
connectors, and switches; the grounding kit that provides protection in the event of lighting or short circuits, as
well as pipes and fittings for connection during installation [23,46, 47].
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Figure 12: Solar junction boxes, connectors, and cable [65].
2.3 Solar system operating principle

Pumping water through PV technology is the process in which solar energy is converted to electricity in solar
modules for water pump operation that is powered DC or AC motor [23].

2.3.1  Solar energy

Energy used by photovoltaic modules is generated from the sun. But only part of solar energy produced by the
sun is absorbed by the panels. The whole amount of solar radiation produced cannot reach the ground. This
quantity decreases as it moves through the atmosphere. A quantity is lost by the uptake of sunlight by the various
atmosphere’s molecules and also by the reflectance and by backscattering of sunlight due to dust, air particles,
water vapor, etc. Itis estimated at about 83%, the radiation that reaches the ground on clear days [66]. However,
solar radiation absorbed or scattered by the atmosphere in cloudy weather is 70% or less of global solar radiation
[67]. In fact, the solar energy that reaches a PV solar field on the surface of the earth is composed of the direct
radiation within the main beam and from the diffuse irradiance. The diffuse irradiance is made up of the
incoming solar radiation subjected to atmospheric absorbance and the indirect irradiance [68]. In fact, energy
irradiance corresponds to the global quantity of solar radiation incident on a horizontal surface. This energy
results both from scattered and direct sunlight. It represents the horizontal global irradiance (GHI). GHI
represents a critical parameter for solar PV applications [69]. However, the solar radiation that hits the Earth's
outer atmospheric layers is characterized by a specific spectral configuration. The highest intensity between
wavelengths is situated between 0.3 um and 4 pum (visible wavelengths) [70]. The energy intensity of the
extraterrestrial spectrum is estimated at 7%, 47%, and 46%, for ultraviolet wavelengths, visible, and infrared
wavelengths, respectively [71].

The GHI changes considerably depending on geographical location [54]. Thus, the orientation and tilt
angle of the solar panel are crucial to photovoltaic energy production [69]. Various angles are possible from the
solar radiation insulation provided on Earth. These angles fluctuate in response to the orientation of the sun. In
fact, since the Earth revolves around the Sun, the position of the Sun changes according to the longitude and
latitude of the concerned site. As a result, the solar angles will be different for several places over the same
period. The angle of inclination is a critical parameter for PV panel installation, as the operating efficiency of
the PV panel varies with sunlight exposure [72]. The amount of incident radiation is maximum on the equatorial
line due to the angle of incidence equal to zero which leads to sunlight intersecting the minimum distance
through the atmosphere [73]. Therefore, photovoltaic panels in the northern hemisphere have to face south, and
north when the site is located in the southern hemisphere [74], [74]. By convention, the best angle of inclination
is equivalent to the latitude of the location where solar panels are installed. Thus, the local atmospheric
conditions, the altitude of the area, the movement of the sun, etc. characterize the optimal angle of inclination
of solar panels in a given area [69].
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2.3.2  Solar panel operating principle

The production of electricity in a solar system occurs at the level of the solar photovoltaic cells [75].
Photovoltaic cells contain a semiconductor material that enables the conversion of sunlight into electricity [76].
The movement of electrons between the silica layers causes a voltage difference in the circuit, which allows the
generation of electricity [52]. Indeed, when sunlight (photons) strikes a photovoltaic cell stimulation of
negatively charged electrons occurs in the cell layers. This stimulation allows the movement of electrons from
one layer to another, which results in the production of electric current. Thus, the electric current can then be
used to provide energy in a given system by connecting the cells to an external charge [76].

The direct current produced by solar photovoltaic cells is a function of the total incident solar irradiation.
There is a typical relationship between the sunlight striking the photovoltaic cells and the output current and
voltage. In addition, the orientation of the system, shading, and sunlight of the location strongly influences the
electrical energy produced. PV power generation is also a function of the operating temperature of the PV cells.
The output power decreases with increasing temperature [77]. The performance of silicon photovoltaic cells
may achieve 24.1% with monocrystalline panels [78]. Indeed, solar cells are characterized by four parameters
which consist of " fill factor (FF), open-circuit voltage (VOC), short-circuit current (ISC), and peak power
(Pmax)". They are considered as factors for evaluating photovoltaic cell efficiency. From a theoretical point of
view, the current moves in the circuit when the panels are in the short-circuited state. Thus, the maximum output
current produced corresponds to the ISC state. ISC is proportionally dependent on solar radiation and the size
of solar cells [54].

2.3.3  Solar pump operating principle

Photovoltaic panels are associated with an AC or DC engine in which the electricity produced by the panel is
transformed in mechanical energy, which in turn is changed into hydraulic energy within the pump [22]. Energy
of the sun's rays translated into electrical energy through photovoltaic cells is the basic principle underlying the
solar water pumping system. The electricity produced by the solar cells is used to operate the pump to raise
water from the ground level or deep well. During the operation of the pumping system, solar energy can be
stored in batteries in the form of chemical energy allowing the pumping system to operate at night in the absence
of solar radiation. This is because the intensity of solar radiation is the most significant factor that limits the
effectiveness of the solar water pump [51].

The ability to pump water from solar pump stations are based on three major variables. These are flow
rate, pressure, and pump power [22], [79]. Pressure can be referred to the work that a pump must do to raise a
specific amount of water [22]. The work that a pump must undertake is based on the difference in elevation
from the water source to reservoir. Pump will extract as much water as the photovoltaic installation will provide
much power [22]. In addition, according to Callahan and Waterman [79], the factors affecting the pressure
required to flow the water are the altitude variation from the source of water and its final destination, the
topography, the diameter of the pipe, and the water flow. Additionally, the water flow rate is the water quantity
moved by a system during a specific period of time. Flow rate declines in proportion to the increase in pressure.
The pump power is the quantity of energy consumed based on the pressure that must be produced to supply
water. It is essential to provide the amount of energy necessary to move the water when dimensioning a
photovoltaic panel by adding more PV than necessary. This allows the pump to operate early and later during
the day or in low light conditions but having additional PV power may not boost water flow during high sunlight
conditions. In addition, solar pump operating principle is variable from one pump type to another.

2.4 Technical and economic feasibility of solar irrigation pump

There was considerable growth in studies on the technological feasibility and economic sustainability of solar
pump irrigation in several world regions between the 1980s and 1990s. However, it was not until the beginning
of the 2000s that solar pumps became the focus of political interest in accordance with the growing discussion
regarding alternatives clean energy [42].

2.4.1  Technical feasibility of solar pumping for irrigation

Various factors are taking into account for solar irrigation pumping system implementation. The technical
feasibility of solar irrigation pumps depends on the maximum power required for irrigation, which in turn
depends on the type of crop and the geographical location of the region for which the solar pumping device for
irrigation will be implemented [80]. In fact, many factors must be taken into account for the optimal design of
a Photovoltaic system in order to provide the maximum accuracy for a specific location. These factors can be
arranged into three groups of variables, which are: “(i) physical variables, including plant and soil type,
irrigation system specifications, PV system size, site attributes, (ii) climate, such as solar radiation, atmospheric
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temperature, relative humidity, wind speed, precipitation and (iii) management (irrigation schedule) to achieve
the necessary reliability of the PV system” [23], [81]. A photovoltaic pumping system can be installed in several
environments that meet a number of conditions. This refers to the existence of sufficient solar radiation and
adequate areas of land that are not shaded for PV panels and infrastructure for water supply like reservoirs, in
addition to sufficient water for crop irrigation [82]. Chandel et al. [22] found that solar pumping capacity is
affected by factors including the head (m) that raises pumped water (m3), pump energy (kWh), the efficiency
of the system (%), and the daily change in pressure caused by radiation and fluctuations in pressure in the pump,
crop water demand, reservoir size, and the technological efficiency of the photovoltaic panels. In addition, the
length of pipes and flow rate are decisive in determining the pumping capacity required for irrigation. The
higher insolation rate leads to a larger rate of water evaporation. Furthermore, the higher the water evaporation
rate, the higher the capacity of irrigation due to the increase in pumping hours. At the same time, the higher the
energy irradiance rate, the more energy photovoltaic panels will produce. Consequently, the peak power
requested for irrigation is correlated with the peak solar energy available [44]. The area covered by the solar
panels increases considerably with the depth of the wells and the daily water requirements of the crops in regions
with low amounts of sunshine [83], [82].

For this purpose, based on solar radiation required for solar irrigation system operation, it emerges that
solar pumping system is feasible technically in regions where the mean daily sunshine is between 4 kWh/m2-
day and 5 kwWh/m2-day in the summer period. In principle, daily mean irradiation intensity which is a minimum
of 4.0 kWh/m2/day and more than 3.5 kWh/m2/day in the lowest month of sunlight is necessary for a solar
pumping system to be feasible [83]. Solar energy usage in irrigation is efficient and very suitable for African
regions, particularly in North and Sub-Saharan Africa. The solar pumping network provided up to 20 m3/day in
Nigeria, which was considered satisfactory for the population [25]. Photovoltaic pumps provided sufficient
water to the small agricultural plot of less than 2 ha in Algeria [25]. In addition, the use of this energy technology
when pumping water is very suitable in semi-arid and arid regions because of their enormous potential for solar
energy. It is estimated at 3900 hours of sunshine per year in the Sahara and at 2263 kWh/m?/year of energy
radiation in the southern part of the country. In addition, these areas have low groundwater recharge potential
and irrigation water demand is at its peak in hot, dry weather coinciding with the time when the maximum solar
energy is recorded [84]. Additionally, most of South Asia, Africa, South-East Asia, and South America
countries have significant solar energy potential, however, the availability and depth of water resources vary
considerably [85]. Rahman and Bhatt [86] conducted a study on the scope of solar energy in groundwater
pumping in eastern India. The study showed that the nominal power of the network varied between 1.8 and 2.5
kW from 9:30 am to 2:30 pm. Also, they showed that a 3 hp (horsepower) pump can be operational for 5 hours
with solar energy of 3000 Wp (Wp is watt peak; it is the power under controlled conditions of sunlight and
temperature) in this area. At the end of this study, they concluded that a 1000 Wp network is required for the
operation of a 1 hp underground pump in the eastern part of India. Maurya et al. [23] add that 1,300 to 2,600
liters of water per hour can be a move by a pump of 12 volt which is powered by a 50-watt photovoltaic solar
panel. A considerable improvement in the pumping capacity of solar systems has been observed between 2010
and 2018. Solar pumps can deliver water to depths up to 500 meters below the water table with a flow rate of
500 m3/day, thus competing with polluting pumps operating with conventional energies [85].

Concerning solar irrigation pumping system design, Hadidi and Yaichi [84] show that for the proper
functioning of the solar pumping system, it is important to make a good determination of the total daily monthly
irradiation kwWh/m2/day in relation to the latitude of the work area, to choose the pump according to the flow
rate and the total head, to choose an inverter according to the voltage and power of the pump, to determine the
maximum photovoltaic generator power and the module's number, as well as the number of panels implemented
in series and/or parallel required for the operation of the pump. The electrical, design, and orientation
characteristics, as well as the environmental factors, must be considered when designing a solar pumping system
because the irradiation converted by the panels is strongly dependent on these factors. Proper voltage and
current are produced when the insolation has remained constant over a long period of time. However, the current
decreases when there is a change in insolation while the terminal voltage remains constant. Indeed, the net
voltage output of the modules is the sum of the single voltages and the resulting current output remains constant,
when implementing solar modules in series. However, when they are arranged in parallel, the terminal voltage
remains unchanged, while the net output current will be the added sum of the current of each panel. The net
power delivery by the solar panels must be the result of the total output voltage and the current produced [87].
Several PV panels together may be coupled in series or in parallel to obtain the requested grid current and
voltage through the effect of solar radiation. The optimal PV panel configuration is 2 x 2 panels and 2 x 1 panel
for a 300 W and 130 W pump respectively. The efficiency is 12.5 % and 12 % for the 300 W and 130 W pump
respectively in this case [43]. Also, different PV panel configurations allow optimizing the solar powered helical
pump efficiency which supplies a flow estimated at 22 m3/day. Some test findings suggested an optimal
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arrangement of the 8x3 and 6x4 modules. A software algorithm for the estimation of the solar PV pump capacity
was developed for various photovoltaic arrangements [43]. Results showed the most appropriate 7x3 and 7x4
panel settings to operate a 750 W solar pump with 30-35% efficiency of the PV field implemented in Algeria
[43]. Also, Benghanem et al. [88] investigated the optimal configuration of a photovoltaic grid to power a helical
pump using an optimal energy amount in Saudi Arabia. Test was carried out on four configurations. The
configurations were carried out as follows: (i) 6 seriesx3 parallels, (ii) 6 seriesx4 parallels, (iii) 8 seriesx3
parallels and (iv) 12 seriesx 2 parallels. The results obtained following the study showed that the 6 series x 4
paralleled and 8 series x 3 paralleled configurations provided the best performance, corresponding to a
maximum daily average water volume of 22 m3/day.

In addition, it is important to find a way to satisfy irrigation water requirement during the period of low
sunshine. In fact, pumping hours are most often insufficient or even non-existent during certain periods in areas
where there is a low number of hours of sunshine and very frequent cloud cover. For example, it is important
to use a reservoir to meet irrigation water needs when climatic conditions are not favorable for solar pumping
[88] [42],[89]. According to Wazed et al. [25], it is recommended for low flow pumps to use diaphragm pumps
with direct current motor, while it is preferable to use centrifugal pumps with tilting motor for high flow pumps.
Also, for delivery heads above 50-150 m, helical pumps can be used. Also, the photovoltaic system can be used
in conjunction with an existing electricity grid. It can also be used in conjunction with batteries that store usable
energy during periods of low sunlight. The photovoltaic system connected to an electrical grid can be equipped
with batteries to operate the system when the electrical grid is down [90].

Additionally, an important factor in PV system operation is the degradation factors. In fact, the low
irradiation conditions represent a major problem for the conversion of electrical energy by photovoltaic panels.
Also, the amount of electrical energy generated by the photovoltaic field undergoes a continuous change with
the weather conditions [50]. Environmental factors such as high temperature, dust, snow, and falls are a major
problem for the operation of solar panels. These factors can negatively affect the effectiveness of the panels.
Thus, an appropriate location of the panels is essential when installing the solar pumping system [87]. According
to Chandel et al. [22], temperature, humidity, system polarization effects, and solar radiation play a major role
in the degradation of photovoltaic modules. In fact, Schnetzer and Pluschke [82] showed that the optimal
performance of photovoltaic panels decreases by 45% for each 1°C increase in temperature over 28°C. In
addition, several other factors have a negative effect on the performance of a solar photovoltaic system. Indeed,
a maximum 35% decrease in efficiency is reported for a network layout that includes two shaded panels in each
line. PV panel performance is also deteriorated due to extended PV system operation. For example, it is reported
that about 45% of the solar pumping systems in Thailand have failed due to continuous operation [43]. Also,
the degradation of the photovoltaic modules negatively impacts on the efficiency of solar pumping device. It
has been estimated that the degradation rate of monocrystalline modules in India is about 1.4% per year.
However, even after 28 years of operation, the solar system was able to generate enough energy to extract water
with an average flow rate estimated at 829 I/h [91]. In addition, polycrystalline silicon panels have a lower
deterioration rate than single-crystalline silicon panels [22].

According to the UNICEF [92] report on the scale-up of solar-powered water supply systems, the solar
pumping system is very sustainable. Indeed, solar pumping systems can last up to 10 years when properly placed
and installed. The pump itself has a life span of between 5 and 15, the solar panels have a life span of about 25
to 30 years and the control panels generally have an average life span of about 7 years. In addition, solar
pumping systems require little maintenance.

2.4.2  Economic feasibility of pump for irrigation

Economic is the most important factor that influenced the expansion of the large-scale PV pump irrigation
system. It is also the key indicator that mainly concerns stakeholders. Different factors are using to evaluate the
economic feasibility of solar pumping system. These factors are related to the investment cost, the Net Present
Value (NPV), the Benefit Cost Ratio (BCR), the Internal Rate of Return (IRR), the Payback Period (PBP), and
the Life Cycle Cost (LCC).

Concerning the investment cost, Gao et al. [93] showed that the investment cost of the diesel powered
system was actually lower than that of the PV pump irrigation system. Nevertheless, the cost regarding operation
of the PV irrigation pumping system (900 CNY (Chinese Yuan)/year) was much lower compared to cost of
operation in the case using of diesel pump (7900 CNY/year). The solar powered pump system's cost for
irrigation depends on the required photovoltaic capacity, import taxes for photovoltaic solar energy and related
equipment, and the requirements and dimensions of water storage or battery storage facilities [82]. Niajalili et
al. [44] investigated the cost regarding PVP and traditional pumping systems during their lifetime in Iran. They
found that the Investment capital of PVP is approximately 7 times higher than that of a traditional pump
implementation. This represents the biggest obstacle to the use of PVPs (Photovoltaic pumps). However, it is
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also noted that the total costs of both PVC and traditional systems are equal over about 9 years of operation.
They also showed that the life cycle costs of PV pumps are 1.56 times lower than those of traditional pumps
after 25 years operation period. Consequently, using photovoltaic pumps is both economically feasible and
reasonable. Das and Toppo [94] conducted a feasibility study on a nano-solar pump with a gravity drip irrigation
system for vegetable cultivation in Krishi Vigyan Kendra Gajapati in India. The study showed that the initial
investment of a solar nano pump was high compared to other systems. The cost of the solar nano pump with an
average life of 15 years was estimated at 18,000 rupees. Thus, it was recommended to grow crops such as onion,
capsicum, and broccoli, which have a recovery period of nearly 5, for a faster return on the initial investment
[94]. In the United States of America, the investment cost of photovoltaic panels is estimated at between 2500
and 3000 USD/KW, while it varies between 500 and 800 USD/KW for fuel pumps, which reflects the high
investment cost [82]. In 2012, the investment cost of a photovoltaic solar power plant composed by the PV
module, grid connection inverter, cabling, and settings was estimated at USD 3400/kW in Turkey [95], [96]. In
fact, the implementation price of solar PV pump changes according to the depth of the wells, the productivity
of the pumping system, the energy demand, and the piping [90]. According to Anoop and Reema [87], the
investment price regarding the solar irrigation pump is more expensive. However, the cost of maintenance and
operation is much cheaper. In addition, the cost related to the investment when implementing photovoltaic water
pumping system was approximately 2.41 larger than the investment cost of diesel pump. However, the operation
and maintenance costs and the total life cycle cost were respectively 7.25 times and 16% smaller than those of
diesel pump. In addition, Curtis [90] estimated at 0.89% of the investment cost, the annual maintenance, and at
30 years lifetime of the photovoltaic panel. Nerveless, the high cost of the initial investment is a constraint to
its adoption, particularly in rural areas. However, it is likely that the profitability of the photovoltaic pumping
system will increase in the future due to lower photovoltaic panel prices and higher oil prices.

According to Hossain et al. [97], in Bangladesh, the cost of modules is more important (45%) when
considering the solar pumping system, followed by the implementation, the whole pump, and other accessories
costs, representing 18%, motor 26% and 4% of the total cost, respectively. They demonstrate that the cost of
fuel pumps is under the cost of solar over a five (5) year period in Bangladesh. However, the cost diesel pump
has increased and was higher from five years until the end of the lifespan of solar pump. The high cost of panels
considering the investment cost show that an optimal panel sizing is important for the system to be economically
viable. Thus, selection of a pump with a subsystem efficiency of about 70% can lead to a reduction in panel
size, also leading to a reduction in cost [42]. In fact, between 1998 and 2014, an average decrease of 6% to 12%
in the prices of PV systems was estimated per year in Turkey. Also, Photovoltaic system prices have fallen by
about 10% on average from 2014 to 2015 [98]. Also, in recent years, there has been a decrease in the cost of
solar energy as fuel costs rise from day to day. It has been predicted that over the next four years, the cost of
solar energy will be half the cost of fuel used in pumping [46]. A 75% drop in the price of photovoltaic panels
is expected in 2020 in reference to panel prices in 2010 in the United States [99]. According to Garg [100], the
use of the solar pumping system has proven to be very advantageous from an economic point of view. However,
constraints such as expensive investment capital, low post-implementation support, and limited awareness of
these benefits are limitation to its adoption in India. The trend of declining module prices is seen as a tool that
can reduce dependence on conventional pumps that are expensive for producers. It is estimated that in India the
cost of energy used for irrigation is 18 million rupees, supplying a network of nine hundred thousand tube wells.
However, this high cost of electricity can be reduced with the use of solar energy. Indeed, solar energy reduces
the energy used per year by 5 million kWh, corresponding to 27 million rupees saved per year. This amount
saved corresponds to 40% of the investment cost of solar irrigation pumps, which makes it possible to recover
the total investment of solar irrigation pump cost in less than 2 years, which is quite high. Thus, it is possible to
economize up to 4.8 million kWh of energy annually through the use of solar energy for irrigation, which can
be fed into network through small adjustments and improvements in the system, thus increasing the farmer's
income [101]. Also, a saving equivalent to 760 MW electrical energy and 8 billion liters of diesel fuel per year
is possible in Bangladesh's rice fields through the use of solar irrigation pumps [102]. Replacing one million
solar pumping systems with traditional pumping system results in $300 million less in diesel fuel imports
annually, saving $4.5 billion over the life of the pumps [103].

Based on Mekhilef et al. [104], a comparative study of solar, electric, and fuel pumping systems showed
that the electric pumping system has a higher investment and operating and maintenance cost. After 10 years
of operation, it has been shown that electric and solar irrigation systems are more profitable because the fuel
pumping system requires more change. Use of solar pump in irrigation is considered as better alternative for
isolated rural areas at an affordable price when considering a life cycle of 25 years. In India, the number of
farmers earning more than 100,000 rupees has increased from 26% to 58% through the use of solar irrigation
pumps. As well, 45% of farmers had an increase of more than 50% in their annual income and 70% began to
earn 25% more. In addition, the cost of water paid by producers for irrigation ranged from Rs. 7,000 to Rs.
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80,000, depending on the capacity of the pump, the district, and the procurement program through the existence
of generalized subsidies. This cost was lower than the annual cost of irrigation water from the direct purchase
or installation of a diesel pump [11].

Indeed, invest in solar pumping system is more profitable because BCR, NPV, and IRR were higher
compared to those of conventional pumps. Nikzad et al [105] investigated the economic, technical and
environmental modeling of a solar irrigation pump for rice production in Iran. The results showed that the cost
related to the investment when implementing photovoltaic water pumping system was approximately 2.41
larger than the investment cost of diesel pump. However, operating and maintenance expenses and total life
cycle cost (LCC) were 8.7 times and 29.9% lower than those of conventional pumps, respectively. Also,
Copeland [106] conducted a study on solar irrigation pumps in Zambia in Shamiyoyo. Results indicated that
using solar pumps in irrigation is economically advantageous in Shamiyoyo. Indeed, the leveled cost of energy
(LCOE) for solar energy was lower than that for gasoline. The LCOE for small-scale solar energy was
$0.15/kWh compared to $0.20/kWh for an alternative gasoline engine. Although the difference was not
significant, it was considered economically massive for low-income communities [106]. Also, Narale et al.
[107] carried out a technical and economic assessment of a solar pumping system in India. It emerged from this
study that PV water pumps are more costly than fuel pumps based on the capital investment. However, a
decrease in the recurrent PV system cost was observed for a period of 20 years because of the lowest operating
and maintenance expenses and its longer service life. Thus, it was estimated at €35, 117.47 and €8, 649, 669.00
LCC for PV pump and diesel engine over a 20-year period. In addition, NPV, IRR, and PBP was evaluated at
€ 209366.79, 29.64 and 2.17, respectively over a 20-year period when using solar pump. EL-Shimy et al [50]
demonstrated that solar energy usage when pumping water for irrigation water is more economical than the use
of conventional energy in Egypt. Indeed, the LCOE varied between 0.071 and 0.067 ($/kWh) in the case of
solar pump use. However, it varied between 0.220 and 0.210 ($/kWh) for the diesel pump and is estimated at
0.190 ($/kWh) with the electric pumps. In Senegal, the cost of operating and maintaining solar irrigation pumps
is very low. It is estimated at 2% of the initial investment, whereas it represents 10% of the initial investment
in the case of diesel-powered pumps. Also, the use of solar irrigation pumps can reduce LCOE by 30%
compared to the diesel pumping system [108]. According to Hammad and Ebaid [109], solar pumping system
is more cost-effective in economic terms. Life cycle costs over 25 years were US$ 0.136, 0.140, 0.144, 0.185,
and 0.239/kWh for PV, PV-grid, grid, PV-genset, and genset respectively.

Ali [110] conducted a study on the reliability of using solar pumps for irrigation in Sudan. The study
consisted to compare a "parabolic trough pump" (PTP), a "flat concentrator pump" (CDP) and a "photovoltaic
pump"” (PVP). Results showed that the photovoltaic pump was more cost effective. It was estimated at
$1351/kW, $4072/kW, and $4884/kW the unit hydraulic power price of a PVP, CDP and PTP, respectively. A
study by Bakhsh et al [111] on solar powered tube wells and their agricultural applications showed the recovery
period regarding the investment was 2.2 years and the internal rate of return (IRR) reached 41% over 10 years
life. Also, BCR for was estimated at 2.77, 2.55, 2.36 and 2.19 for discount rates of 2, 4, 6 and 8% respectively
and NPV was also evaluated at 1.39, 1.19, 1.03 and 0.88 million rupees for discount rates of 2, 4, 6 and 8%
respectively when using solar tube wells. As a result, the solar-powered tube well is a viable option. The
operating cost of solar systems is significantly smaller than that of diesel-powered irrigation systems over a
five-year period. Thus, it is possible to save 50% of the water costs per m3 by using the solar pump for irrigation
with a return on investment in only 3 years [112]. Lorenzo et al. [113] presented an economic evaluation of
large-power solar systems (ranging in few dozen to a few hundred kWp) in ECOWAS zone, taking into account
the necessary investments relative to the implementation. Results show that the Net Present Values is between
$0.33.5x10° and $41.5x10°. The Internal Rate of return founded are superior to the internal discount rate which
is between 8 and 47%. The Payback period ranges from 2.1-10 years with a lifetime of 25 years of the system.
In addition, the Levelized Cost of Electricity values is the cheapest for solar pump varying from $4.5 to 17.4
cents/kWh, indicating a very large amount saving of between 30 and 84%, compared to conventional pumping
systems. In Senegal, the payback period for solar pumps is estimated at between 2 and 2.5 years in the belt
between Dakar and Saint-Louis (3 horticultural crops per year for urban markets, 1 ha of irrigation, 15% interest
on the equipment) [39]. In addition, Abric [15] conducted a study on solar irrigation in the Niaye region in
Senegal. The results showed that the solar irrigation solutions (manual drilling, solar pumping, and water
application) tested were profitable for vegetable production. In fact, low water production costs have resulted
in a very rapid return on investment (about 2 to 3 campaigns). However, the initial acquisition cost remained
high (1.5 to 2.5 million CFA / 2585 to 4374 USD). Also, the study showed that the replacement of the pump
represents around 20% of the cost of the solar solution, whose lifetime will be less than or equal to 4 years
depending on the conditions (pumping time, water quality). It was concluded that it is important to encourage
farmers to finance their renewal and to keep the cost of the pump as low as possible. In fact, this study
demonstrated that solar pumps made in China, which are three times cheaper than their European competitors,
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are of particular interest to small producers because of its low cost. The cost of a solar pump without financial
support, based on a lifespan of 10 years, represents 64.2% of diesel pump prices in India. In addition, Chandel
et al. [22] demonstrate that use of solar pump in India is more cost-effective compared to irrigation and water
supply systems using electricity or diesel in rural, urban and remote areas. He estimated PBP for some solar
water pumping to be achieved after 4 to 6 years. Some authors have pointed out that if the tracking device is
capable of providing better efficiency, the fixed-sensor device is usually more cost effective. On the opposite,
it has been reported that it is possible to achieve a cost reduction of 19% with the tracking system and 48% with
the concentration system as opposed to a fixed sensor system. In addition, it is also indicated that the use of
Vtrough concentrators is the most cost-effective method when the solar pump is used. This could reduce the
cost by 48% [43].

In addition, Bolafios et al. [114] also investigated solar feasibility when using various techniques to irrigate
in Colombia. Their results showed that there are no significant differences in cash flow results for sprinkler
irrigation, and drip irrigation systems. However, they demonstrated that the cash flow of surface irrigation by
solar pumping was very high in this case, the higher pumping costs are caused by a larger size of the PV
installation. Furthermore, Hossain et al. [115] performed research in Bangladesh using a solar pump with drip,
furrow and flood techniques for growing brinjal, tomato, wheat and boro rice. The results showed that the water
savings in the case of drip to irrigate brinjal was estimated at 53.25% and that of tomato was equal to 56.16%.
About 430 mm of water was required to grow wheat and yield of 3.00 t/ha resulted from this. The water
requirement for growing boro rice in Magura and Barisal amounted to 1024 mm and 1481 mm respectively.
The solar irrigated wheat, tomato and brinjal crops have been cost-effective, in the opposite of boro rice because
of the large amount of water required.

2.5 Environmental impacts of solar irrigation pump

Photovoltaic solar power units (PVPS) represent an ecological, economical, and low-maintenance alternative
to pumping units that run on electricity or diesel [23]. From an ecological point of view, it is much more
environmentally friendly than any generators using conventional energy sources. The PV pump is an ecological
and non-polluting irrigation technology that reduces CO2 emissions [97][100]. Photovoltaic solar energy is a
possible alternative to reducing the irrigation sector's energy dependence on diesel and grid electricity [116].

In 2010, energy use in the agricultural sector was responsible for the emission of 785 million tons of CO2
into the atmosphere, corresponding to almost one-fifth of total global CO2 emissions. Because of the
environmental damage caused by the use of conventional energy, renewable energy is being promoted as a new,
proper and reliable auxiliary energy source in the agricultural sector [117]. In India, there was a potential
reduction in GHG emissions in 2000. This reduction was induced by the substitution pumps using traditional
energy for pumping groundwater with photovoltaic pumps. Annual carbon emissions have been estimated to be
in the range of 59 to 92 Mt CO2e, representing 4 to 6% of total national CO2 emissions in 2000 in India [82].
Also, 5.2 and 4 tons of CO2 are emitted each year by diesel and electric pumps with a capacity of 5 HP and
operating 1250 hours per year respectively. A reduction of 26 million tons of CO2 per year is possible in India
by replacing 5 million diesel pumps with solar pumps, representing 1.2% of global amount of CO2 released in
India during the year 2010 [42]. Aliyu et al [43] have shown that solar photovoltaic energy is a possibility of
mitigating climate change and water savings. An economic life cycle was conducted to determine the quantity
of CO2 releases directly or indirectly by solar pumps. Approximately 3,744 kg of CO2 is produced by the diesel
pumps. The functioning of diesel engine is very noisy and contaminates the environment. But the PV powered
engine is an environmentally friendly and non-polluting pumping system. Also, the number of irrigation pumps
increased between 1990 and 2012, from 0.33 million to 1.81 million. At the same time, CO2 emissions
generated by irrigation pumps accounted for 1.43 million tones and 6.73 million tonne in 1990 and 2012,
respectively. These results allowed them to assume that diesel irrigation pumps pollute the environment while
solar pumps are environmentally friendly [115].

SPIS provides a significant greenhouse gas (GHG) emission mitigation capability. Water pump
functioning in the SPIS is exempt from GHG releases. GHG emissions sources when using solar irrigation
pump are recorded when manufacturing and destroying the photovoltaic panels. The assessment of gas
emissions over the life cycle of solar systems indicates a potential reduction of 95 to 97% in the amount GHG
released for each energy unit consumed to pump water (CO2-eq/kWh) when compared with pumps running on
grid electricity. In addition, the decrease in the quantity of GHG emitted from each unit of energy utilized
compared to diesel pumps is estimated at 97 to 98% [82]. Thus, renewable energy resources are very
advantageous from an environmental point of view.

They reduce dependence on fossil fuels and GHG emissions to the atmosphere [118]. Also, he shows that
solar irrigation pumps reduce greenhouse gas emissions by 70.5%. Paulsen [119] add that solar pumping
systems have made a significant contribution to reducing air pollution by reducing the use of fuels in pumping
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that cause GHG emissions. They also conserve groundwater by reducing water consumption. This reduction is
due to slower groundwater use over a given period of time, compared to pumping with fuel. Solar water pumps
reduce emissions of environmentally harmful particles, prevent diesel leaks from crops and water, prevent noise
pollution, and contribute to more efficient water use. The replacement of renewable energies by fuels reduces
CO2 emissions by 2.5 kg per liter of diesel [120]. The use of solar pumping technology reduces the use of
conventional energy and therefore reduces the impact of global warming and mitigates the negative effects of
conventional energy use on air quality [81]. In the climate change context, SIPs provide the potential to mitigate
greenhouse gas emissions and increase farmers' resilience to irregular precipitation that it induced [42]. The
CO2 rate emitted by solar pumps is 13 and 3 times lower (in Morocco and Portugal) than the emissions caused
by pumps powered by conventional energy. Indeed, the primary energy stored in the solar pumping system was
1284 MJ/kWp and 1317 MJ/kWp in the case of Moroccan and Portuguese implementations, respectively.
Quantities of GHGs emitted by Moroccan and Portuguese installations were 78.8 and 81.6 kg CO2e per kWp
respectively. The manufacture of photovoltaic modules accounted for 75% of the total energy incorporated. The
implementation of the HPVIS system resulted in energy conservation estimated at about 41% in Morocco and
67% in Portugal, and avoided natural resource consumption and release of large amounts of GHGs into the
atmosphere [121]. In addition, it is evaluated at 0.6 kg of CO2/kW h the annual reduction of CO2 emission due
to photovoltaic systems [122]. Emissions of 0.4 billion and 0.03 billion tons of CO2 can be avoided by replacing
1 million solar pumps with diesel or electric pumps respectively [123]. A saving of 9.4 billion liters of diesel
fuel, resulting in a reduction in CO2 emissions of 25.3 million tons, can be achieved by substituting one million
diesel pumps with solar pumps [124]. In Bangladesh, the government planned to implement 10,000 solar pumps
for irrigation in 2016 to expand the area of irrigated land. This initiative aimed to optimize US$1 billion over
20 years in combustible subsidies and reduce emissions by 126,000 tons of CO2 per year [125]. In Bangladesh,
the installation of 2,000 solar PV irrigation pumps can eliminate 796,875 liters of diesel. This can result in a
reduction of 2,160 tonnes of CO2 emissions per year, or 43,200 tonnes of CO2 over a 20-year lifetime. Indeed,
producing 5,054 MWh/year of electricity with 5 HP and 7.5 HP systems can result in additional emission
savings estimated at 3,791 tons of CO2 per year or 75,810 tons of CO2 over a 20-year lifetime. These results
are obtained using a conservative emission factor of 0.75 tonnes of CO2 per MWh 107 [126].

According to Kaya and Kose [99], replacing conventional energy with renewable energy in water pumping
significantly reduces greenhouse gas emissions. In Turkey, it is estimated at 70%, the electrical energy produced
by natural gases and coal, while CO2 emissions from the combustion of coal and natural gas are respectively
about 820 and 490 gCO2eq/kWh. Also, 1.2 tons CO2 equivalent released can be avoided in Spain by switching
the electricity grid to a photovoltaic system with a maximum power evaluated at 15.4 kW during the whole
irrigation campaign covering 602.3 hours [117]. The use of a combined solar, wind and hydraulic when making
system for water extraction can reduce CO2 emissions by 1030 Mg [130, 43]. In addition, it is reported that the
release of 4.2 tons CO2 /year could be avoided by using 1000 photovoltaic systems of 1 kW pumps power [93],
[43]. In India, it is estimated that saving 23 billion kwWh of grid energy, or 10 billion liters of fuel consumption
is possible through the implementation of 5 million PV pumps. This is equivalent to a decrease in 26 million
tons in CO2 release. In addition, '450 million liters of diesel fuel and 1 million tons CO2/year can be avoided
through the establishment of 50,000 Photovoltaic pumping system in Bangladesh' [127].

Todde et al. [126] investigated the capacity of hybrid solar pumping systems in Mediterranean olive
orchards. This study was carried out in Portugal and Morocco. The results showed that the Moroccan
implementation accounted for about 236-ton COeq, whereas in Portugal the system amounted to about 285-
ton COzeq. The larger quantity of CO2 emission regarding Portuguese implementation is principally caused by
the insufficient usage of the irrigation network in unfavorable climatic conditions, cropping patterns, etc., and
because of the necessity of using the diesel generator for irrigation at night and in other critical periods. In
addition, Garcia et al. [116] carried out an environmental comparison and economic effect of solar energy using
on-grid and off-grid with conventional sources of energy for irrigation in farming systems. This study was
carried out in Spain. The results showed that the life of the pump can have a positive impact on the environment.
The environmental impact of the photovoltaic system has gradually decreased from 5 to 30 years, as the
installation is the main source of negative environmental impacts. However, the magnitude of the environmental
impact of the diesel generator and electricity grid, per kWh, has not changed significantly over the years, due
to the fact that most of the impacts are related to the operating time. Also, the study showed that the addition of
a grid connection to a photovoltaic installation allowed the use of the residual 80% of the electricity generated
by the photovoltaic installation. Thus, in spite of the extra effect of cable and poles on the environment, a 54-
77% reduction in environmental impact per kWh was observed. This reduction was possible by keeping a
relatively close distance between the PV plant and the grid. A case study was also conducted in China's Inner
Mongolia using a 3.4 kWp solar system with a 20 year expected lifetime. Analysis results revealed an amount
of CO2 released of 20,060 kg including 43.5% of the photovoltaic panels' emissions, in which 89% is caused
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by panel's manufacturing process. Also, it emerges from this study that CO2 emissions reduction from the use
of solar pump is about 129 Mg CO2/ha [128].

Armanuos et al. [129] add that the impact of photovoltaic systems on the environment is not as significant
as that of diesel systems. The estimated impact of diesel systems for water extraction on natural resources,
climate change, public health, and on the quality of ecosystems is 70%, 10%, 18%, and 2% respectively. In
contrast, it is estimated at 3%, 2%, and 0.5% the impact on human health and natural resources and ecosystem
quality, respectively, when using solar pump.

3. Conclusion

Solar energy is considered a promising alternative energy source to conventional energy sources. Conventional
energy sources such as fuel and electricity can be considered as inhibiting factors to the development of
irrigation. These energy sources are most often used for water pumping. However, they are very expensive, and
electricity is not always accessible, especially in rural areas. Various factors impact on the operation of solar
pumps, among them the most important is solar irradiation. The different works carried out on solar pumping
show that they can be used in many places in the world. The use of solar irrigation pumps is economically
feasible, despite the high investment cost, perceived as a limiting factor to its adoption. In addition, the various
studies show that the investment cost decreases over time due to the significant decrease in the cost of the panels
and even the pump which promotes the use of solar energy for water pumping. A special feature of solar
irrigation pumps is related to their low environmental impact. In general, the CO2 emissions related to solar
pumps occur during the manufacturing and destroying of the solar panels. However solar pump don’t have
environmental impact during operation in contrast to diesel or electrical pumps. In addition, more in-depth
studies can be carried out on solar pumping. In addition, more in-depth studies can be carried out on solar
pumping. These studies can focus on the:

e degradation of solar pumping systems under the effect of high temperature.

o effect of dust on the efficiency of the solar pumping system.

e comparison between the efficiency of monocrystalline and polycrystalline solar panels in areas with

high sunlight.
e economic feasibility of using solar pumping systems combined with battery for small farms in rural
areas.
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