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Abstract. Solar water pumping systems are fundamental entities for water transmission and storage purposes
whether it is has been used in irrigation or residential applications. The use of photovoltaic (PV) panels to
support the electrical requirements of these pumping systems has been executed globally for a long time.
However, introducing optimization sizing techniques to such systems can beneﬁt the end-user by saving money,
energy, and time. This paper proposed solar water pumping systems optimum design for Oman. The design, and
evaluation have been carried out through intuitive, and numerical methods. Based on hourly meteorological
data, the simulation used both HOMER software and numerical method using MATLAB code to ﬁnd the
optimum design. The selected location ambient temperature variance from 12.8 °C to 44.5 °C over the year and
maximum insolation is 7.45 kWh/m2/day, respectively. The simulation results found the average energy
generated, annual yield factor, and a capacity factor of the proposed system is 2.9 kWh, 2016.66 kWh/kWp, and
22.97%, respectively, for a 0.81 kW water pump, which is encouraging compared with similar studied systems.
The capital cost of the system is worth it, and the cost of energy has compared with other systems in the
literature. The comparison shows the cost of energy to be in favor of the MATLAB simulation results with
around 0.24 USD/kWh. The results show successful operation and performance parameters, along with cost
evaluation, which proves that PV water pumping systems are promising in Oman.

1 Introduction
The enormous population growth and corresponding
industrialized world growth have brought up many
challenges and issues such as lack of drinking water, food,
and inability to access electricity, etc. One of the main
issues associated with growth in human activity is its effect
on the environment. Human behavior leading to the
emission of CO2 and other pollutants led to the rise of
global warming and climate change [1]. The fossil fuel
industry has been a massive emitter of carbon dioxide and
the primary source of energy in the world. These
international treaties have provided a boost to ﬁnding
alternative clean sources of energy, like renewable energy,
which are considered the perfect candidates to replace/
have a share of fossil fuels in the future as they are clean and
sustainable [2]. Solar energy technologies have received a
great deal of research and development to enhance their
efﬁciency and reduce its costs. The two leading technologies in solar energy are photovoltaics and solar thermal
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collectors [3]. Photovoltaic (PV) or solar cells is a device use
to converts solar energy into electricity, while solar thermal
collectors harvest the thermal energy of the solar
irradiation, either for use in a thermal application or it
is converted into electricity. A more innovative method of
capitalizing on solar energy is to establish a hybrid
“Photovoltaic/Thermal (PV/T)” collector, which produces
both electrical and thermal energy at once [4].
The applications of PV have expanded to cover a broad
spectrum of electrical appliances from spacecraft, airplanes, trafﬁc lights, weather stations, and even small
calculators [5]. One of the essential applications of PV is
water pumping systems. This application due to the
importance of water transmitting and storage for irrigation
or drinking purposes. Research in optimizing solar water
pumping systems (SWPS) has accelerated over the past
decade, mainly due to its crucial need in developing
countries that suffer from lack of water.
Benghanem et al. [6], determined the optimum design of
solar water pumping system in Madinah-Kingdom of Saudi
Arabia (Longitude = 39.62 °E and Latitude = 24.46 °N).
The main variables in the optimum designed system were
the water head (ﬁve different heads used) and solar
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irradiance. Intuitive methods have been used to design the
proposed systems and the results validated by outdoor
experiments. However, for more accurate design a more
sophisticated methods and more variables must be used.
In Nagpur-India (Longitude 79.0900 °E and Latitude
21.1500 °N), Tiwari and Kalamkar, investigated the optimum
design of solar water pumping system in term of water head
pressure (four different values used) and solar irradiance.
Also, intuitive method has been used for optimization and
experimental validation is presented. The study is a technical
optimization and evaluation. However, economic assessment
has not been included in this study.
Setiawan et al. [7] experimentally investigated solar
water pumping system in Purwodadi-Indonesia (Longitude
110.9134° E and Latitude 7.0872 °S). The study was
experimental technical evaluation of SWPS. However, the
system is installed by contractor and usually they use
intuitive methods in their calculations.
Based on the literature it is found that some studies
used optimization to design SWPS and others directly
installed the system. Also, some references used intuitive
methods, which is simple and less accurate method, for
optimization with limited parameters. Furthermore,
economic evaluation has not been conducted in many
studies, which minimize the full picture. It is essential to
conduct optimization study considering the technical and
economic aspects.
Ghoneim [8] designed and investigated SWPS in
Kuwait (Longitude 47.4818 °E and Latitude 29.3117 °N)
using computer simulation program based on intuitive
method. The proposed SWPS components has been
selected and different performance parameters was investigated such as water ﬂow, head, efﬁciency, and water
volume. The author claimed that the proposed system is
viable to be used in Kuwait. However, more sophisticated
simulation program is recommended to ﬁnd optimum
design in term of technical and economic parameters.
Kala et al. [9] intuitively designed and installed SWPS
in Laramie, United State (Longitude 105.5911 °W and
Latitude 41.3114 °N). The study discussed the intuitive
design steps, experimental installation, and performance
assessment. Three scenarios proposed such as one, ﬁve- and
ﬁfteen-years assessments. However, evaluation of many
essential performance parameters was missed in this study
such as water head and volume, impact of solar radiation,
etc. Furthermore, the economic impact and feasibility was
not investigated in this paper.
Rakhi et al. [10] simulated and evaluated an optimum
design of SWPS using PVsyst 5.52 software. The study
conducted for Karansar, Jaipur-India (Longitude 75.4403 °E
and Latitude 27.1064 °N). Intuitive method used to ﬁnd the
system component rating. After that, numerical method by
PVsyst software used to evaluate the proposed system
performance. It is found that the overall system efﬁciency is
82.50%. Also, the authors claimed that using numerical
methods for optimum design help to increase the accuracy,
ﬁnd the optimum system components, evaluate more
performance parameters, and save time.
Caton [11] designed and evaluated SWPS in Ying
village, Africa (Longitude 0.8403 °W and Latitude
0.8064 °N). Intuitive method was used for the proposed

designed system and different conﬁguration adopted for
comparison purpose. Single and dual tracking was
considered in the design and NASA data used for solar
irradiance. The study focusses more on the effect of
tracking, seasonal and yearly evaluation of the system.
However, economic was missed in this study.
Solar photovoltaic used for water pumping systems in
Oman. Some theoretical design [12] and experimental
evaluation [13] has been conducted to explore the
possibility of using such systems. However, the high
relatively temperature in Oman reduce the photovoltaic
efﬁciency so that using photovoltaic/thermal system to
cool the PV and irrigation application is suitable choice for
SWPS [14]. Furthermore, the water could be used to clean
the PV to improve the energy production, and increase the
efﬁciency [15].
This paper aims to provide a techno-economic evaluation of SWPS to conclude its technical and cost-effectiveness to highlight the criteria for creating optimum designs.
The study was conducted northern Oman. The contribution of this study is to ﬁnd the optimum design using two
numerical methods (HOMER software and proposed
NATLAB code). The resulted optimum design is compared
in term of technical and economic aspects. Also, the system
results compared with similar systems in literature.
The coordinates of the selected location are 24.1539° N,
and 56.8648° E for latitude and longitude, respectively. The
average ambient temperature, humidity, and wind speed
of the studied location are 31 °C, 66%, and 10 km/h,
respectively. The measured solar irradiation data is shown
in Figure 1. The solar irradiation in Saham is various
throughout the day average 4.062 kWh/m2/day and in
average ambient temperature is 38.89 °C, with high
clearing index.

2 Materials and methodology
2.1 Sizing of water pumping system
PV systems are categorized into two categories: gridconnected and standalone. Gird-connected systems
inject electricity directly to the utility grid
while standalone PV systems serve for free uses.
Standalone conﬁgurations are more suitable for rural
and remote communities, which suffer from a lack of
electricity due to dependence on diesel generators instead
of the electricity grid. Standalone designs are also very
useful in urban areas. PV systems are commonly
comprised of a PV panel or array that generates DC
electricity, which is then inverted into AC electricity and
fed to an AC load. PV systems could be linked with other
renewable or non-renewable energy sources like wind and
diesel, respectively. The previous combination is known
as hybrid PV systems. The addition of storage units
(batteries) allows for later use of the PV panel. This
should be accompanied by a charger controller. The
implementation of battery units remains an option
whether to directly supply electricity to the water pump,
to avoid the battery’s capital and maintenance costs, or
to implement batteries if it is necessary to use the
pumping system at night [6,16].
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Fig. 1. Daily solar energy proﬁle in Saham-Oman.

SWPS is considered to be cost-effective, in general, in
rural, isolated, and desert areas. In addition to having PV
panel/array provide energy to the water pumping
system, it also reduces the carbon footprint of the
system as appose to the diesel generator powered water
pumping system. Most common applications of SWPS
are irrigation, livestock watering, and village water
supply.
The intuitive method is presented, in this section, for
hydraulic and PV sizing of SWPS. The input data required
for the hydraulic sizing are pumping head, daily water
volume, pipe material and length, and pump pressure and
efﬁciency. Equation (1) is used to calculate the pumping
power [17], while equation (2) calculates the required
hydraulic energy in kWh/day.
rgðh þ DHÞQ
hb :he

ð1Þ

Eh ¼ hs :EP V ¼ rghV hs

ð2Þ

P pump ¼

As for the PV system sizing the needed values for the
calculation are daily solar irradiance, PV area and
efﬁciency, inverter efﬁciency and wire efﬁciency. The
energy produced by PV array in kWh is calculated using
equation (3) [18], with area of PV power calculated using
equation (4).
EP V ¼ AP V  GT  hmodule  hinv  hwire
AP V ¼

rg hV
GT hP V hS

ð3Þ
ð4Þ

Based on equations (3) and (4), the needed power of the
PV array is:
P PV ¼

Eh
GT ⋅F ⋅E

ð5Þ

Finally, the overall proposed system efﬁciency is,
hsystem ¼

Ph
rghV
¼
GT AP V
P PV

ð6Þ

2.2 Proposed system components
The SWPS design to contain number of PV modules and how
they are connected, wires and protection devices, DC charger
controller, AC inverter, storage battery banks, and accessories such as sensors etc. Also, the electrical load (centrifugal
pump), which selected based on many parameters such as the
well height, needed water, etc. The proposed system
schematic diagram is shown in Figure 2. The selected well
depth is 15 m, dynamic water level is 6.96 m, static water
level 5.9 m, design criteria is 4.4 m3/day, well productivity is
7.87 m3/h, and pump head is 17 m.
The required PV system components were estimated
based on equations in Section 2. The energy and power
needed to supply the proposed pump was calculated using
equations (2) and (5) and found to be 2.286 kWh/day,
and 0.81 kW, respectively. However, the voltage, power
and frequency of the electrical load was 230 V, 810 W and
50 Hz, respectively. It is important to mention that the
pump works on peak hours. A 120 Wp PV modules with
maximum voltage 18.5 V, were proposed for the system
simulation are 120 W with an estimated capital and
replacement costs of USD 1.50/W and USD 1.02/W,
respectively. These costs are relatively high due to
services included such as installation and commissioning,
protection, and control system. These PV panels have a
lifetime expectancy of 25 year and a derating factor of
90%. The tilt angle of the PV array should be similar to
the latitude of the location of its setup, 27° as claimed by
[19]. The charger controller and inverter are extremely
important parts of the system, providing protection,
regulation, and inversion of DC current to AC current.
Converter lifetime as available commercially is up to
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Fig. 2. SWPS schematic diagram.

ﬁfteen years with efﬁciency around 90.5–94.5% and
estimated price of an inverter is USD 0.5/W. Finally,
the batteries should be selected depending on their state
of charge and discharge. In this study, the batteries
proposed have 12 V, 200-Ah capacity, each. The lifetime
of each battery is 12 years.

CoE ¼ LCC=

n
X
EP V annual

ð11Þ

1

Finally
P BP ¼ C capital ðUSDÞ=
½EP V annual ðkW h=yearÞCoEðUSD=kW hÞRP W 

2.3 Optimum design and assessment of PVWPS

ð12Þ

Four criteria have been used to assess the system feasibility
in term of technically and economic aspects. There are two
technical criteria “Capacity Factor (CF)” and “Yield Factor
(YF)”, and two economic criteria “Payback Period (PBP)”
and “Cost of Energy (CoE)”. CF and YF used to evaluate
the SWPS productivity and PBP and CoE evaluate
economic feasibility. Firstly, the capacity factor, which
represents “a ratio of a PV’s actual energy output to its
potential energy output if it ran 24 hours per day for a year
at full rated power (Pr)”, is calculated using equation (7).
Secondly, the “annual net AC energy output of the system
divided by peak power of installed PV at standard testing
conditions” or else known as yield factor, is calculated using
equation (8) [20].
CF ¼ Y F =8760 ¼ EP V annual =ðP R  8760Þ

ð7Þ

Y F ¼ EP V ðkW h=yearÞ=P V WP ðkW p Þ

ð8Þ

The economic criteria use equations (9)–(12) which
provides the life cycle cost (LCC), present net worth
(RPW), cost of energy (COE) and payback period (PBP),
respectively [21].
n
X
C O&M ⋅RP W
LCC ¼ C capital þ
1
n
X
þ C replacement ⋅RP W  C salvage ⋅RP W

3 Results and discussion
ð9Þ

1

RP W ¼ F m =ð1 þ IÞ

N

The SWPS is intended to be use for irrigation purposes
in Saham, Oman with a 0.81 kW water pump. Hence no
mention of water puriﬁcation system. The feasibility of the
design is examined using HOMER software and a
MATLAB code written to ﬁnd the optimum system
component. Both programs allow modeling the different
elements in the system in terms of physical behaviour and
life-cycle cost. Based on techno-economic merits, the
optimum system components have been selected. Figure 3a
displays the schematic diagram window of HOMER
software for the proposed system. The strategy for the
system is to utilize the sunshine and peak hours of solar
radiation to generate electricity to supply water pump to
transfer water to the tank. Table 1 and Figure 3b provide
the speciﬁcation of PV module, and economic assumptions.
An 18.5 Vmax, 120 Wp PV module was suggested for the
simulation of the optimum system. These capacities ranged
use for the simulation ranged between 1 and 10 modules.
The battery suggested for the system was a 12 V, 200 Ah
with estimated cost of 130 USD. Sensitivity analysis was
also introduced with a range of 1–5 battery banks.
Moreover, 94.5% inverter efﬁciency was assumed for all
considered sizes with an estimated cost of 0.5 USD/W, and
lifetime 15 years. For analysis consideration, the inverter
range selected was 0.8–1.2 kW.

ð10Þ

HOMER simulation run and 688 feasible solutions found in
term of technical and economic aspects. The best yielded
feasible solutions for the entered parameters and sensitivity
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Fig. 3. (a) SWPS HOMER schematic diagram, (b) SWPS economic assumption.

Table 1. Photovoltaic module speciﬁcation.
Rated power
Maximum voltage
Maximum current
Open circuit voltage
Short circuit current
Efﬁciency
Temperature coefﬁcient of Vo.c
Temperature coefﬁcient of Is.c
Size

120 Watt
18.5 Volts
5.98 Amperes
22.5 Volts
6.49 Amperes
14%
−0.36 %/k
0.06 %/k
1020  670  35 mm

analysis found that six PV modules and four batteries are
needed. The top three best solution which are judged
based on their net present cost (NPC), cost of energy
(COE) and ability to supply the demand, are presented in
Table 2.
From Table 2, the optimal system conﬁguration is
composed of 0.84 kW, and 0.8 kW PV and inverter,
respectively. The optimum solution was found to have
3190 USD, 62 USD/year, and 0.309 USD/kWh for total
NPC, operating cost, and CoE, respectively. As for the
results obtained from the MATLAB code, it is found that
the optimum system conﬁguration is composed of 0.81 kW
PV array, three batteries, and 0.81 kW inverter. Furthermore, MATLAB optimum solution found, the total NPC is
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Fig. 4. SWPS performance and optimization results. (a) PV hourly energy production for one year (12 hours/day). (b) Monthly
energy production. (c) Optimum inverter.
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Table 2. SWPS optimum solutions  HOMER.
PV
(kW)

6FM200D

Conv.
(kW)

Initial
capital

Operating
cost ($/yr)

Total
NPC

COE
($/kWh)

Ren.
frac.

Capacity
shortage

0.84
0.83
0.71

4
4
5

0.8
0.8
0.9

$2400
$2460
$2350

62
65
74

$3190
$3275
$3279

0.309
0.316
0.317

1.00
1.00
1.00

0.00
0.00
0.00

Fig. 5. System performance for complete year.

1880 USD with an operating cost of 32 USD/year and the
cost of energy equals to 0.18 USD/kWh. The energy
generation of the proposed system in MATLAB are
shown in Figure 4. The availability of the proposed PV
system is the percentage of time the PV meets the load
demand, which is found to be 98%. The optimum system
availability achieved by the MATLAB code is superior to
the systems proposed by HOMER and the intuitive
method. The proposed system yearly performance is
shown in Figure 5. It is observed form the performance
that solar energy covered most of the needed electrical
load. Also, the battery in used intensively throughout the
year, as Oman is nouned sometime to have dusty
weather. Finally, the system annual yield factor and
capacity factor are 2016.66 kWh/kWp and 22.97%,
which is promising since the typical, is 21%. Also, it is
worth mentioning that the polluted emission saved
because of using PV system is illustrated in Figure 6 is
equivalent diesel generator used.
A comparison in terms of cost of energy between the
proposed systems in this study and other systems in the
literature is shown in Figure 7 [22–29]. The cost of the
proposed system seems to be acceptable, relative to the
comparison. However, it is difﬁcult to determine which is
more suitable as various parameters affect the selection of
optimum conﬁguration such as type of PV, location of

pumping system, pumping head, weather parameters, and
system conﬁgurations. Different circumstances for each
study make it difﬁcult to compare the systems.

4 Conclusions
The solar water pumping system was designed and
optimized in term of technical and economic aspects in
this study. Two methods have been used to optimally
design the system using HOMER software and numerical
method using MATLAB. The optimum system equipment
was found to be 0.81 kW and consume 2.22 kWh/day.
However, it is found that the CoE found to be 0.309 USD/
kWh, and 0.180 USD/kWh using HOMER and MATLAB,
respectively. Also, the system annual yield factor and
capacity factor are 2016.66 kWh/kWp and 22.97%, which
is promising. CoE compared with similar studies for Oman,
and it was found that MATLAB proposed system shows
the lowest cost. Moreover, using SWPS to replace diesel
generator will protect the environment from emitted
polluted gas such as 897 kg/year of Carbon dioxide,
2.17 kg/year of Carbon monoxide, 0.236 kg/year of Unburned hydrocarbons, 0.169 kg/year of Particulate matter,
1.79 kg/year of Sulfur dioxide, and 21.3 kg/year of Nitrogen
oxides.
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Fig. 6. Polluted emissions produced by equivalent diesel generator.

Fig. 7. Cost of energy of different systems.

Nomenclature
Ac
APV
Ccapital
CO&M
Creplacement
Csalvage
CF
CoE

The collector area (m2)
Area of the PV array in m2
The capital cost of a project
The yearly operation and maintenance costs
The cost of all equipment replacement and
repair
The net worth of the system at the ﬁnal year
of project lifetime
Capacity Factor
Cost of Energy

E
EAC
EPV
EPVannual
F
Fm
g
GT
h
ISC
LCCA

Daily subsystem efﬁciency 0.2–0.6 typically
Alternating current energy
PV energy (Wh)
Annual energy production of the PV system
Mismatch factor which is in the range 0.85–
0.90
Future sum of money
Acceleration due to gravity m/s2
Daily solar radiation in kWh/m2
Total pumping head in m
Short Circuit Current
Life Cycle Cost Analysis
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MC
MCor
MCr
PV
PBP
Pin(t)
PInv
Ploss(t)
PPV
Ppeak
PR
RCk
STC
V
VOC
YF
DH
r
hb
he
hs
hPV
hinv
hwire

The system total maintenance cost
The maintenance cost of the rth component in
the ﬁrst year (USD)
The maintenance cost (USD)
Photovoltaic
Payback period
The instantaneous input power
The inverter power
The instantaneous power losses
The PV module power
The PV peak power
Rated power
The replacement cost of the kth component
(USD)
Standard test conditions
Volume required in m3/day
Open Circuit Voltage
The yield factor
Hydraulic losses in m
Water density kg/m3
Pump efﬁciency
Electric motor efﬁciency
Subsystem efﬁciency
PV module efﬁciency
Inverter efﬁciency
Wires efﬁciency
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