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Abstract

In this research paper, a well-performing solar pump at the minimum cost of project
life is designed and installed. Initially, the capacity of submersible pumps and dis-
charge have been determined based on the water requirement of the crop and the
size of the field. The total number of solar panels, inverter size, and motor pump sys-
tem have been designed based on the law of conservation of energy. The two optimi-
zation techniques genetic algorithm (GA) and response surface methodology (RSM)
have been used for analyzing the pump performance parameters and total cost. The
GA tool has been used to determine the optimum tilt angle on which responses
namely solar flux, solar panel efficiency, exergy, and pump efficiency should be maxi-
mum. Moreover, the performance of the solar pump at the optimum tilt angle has
been compared with the 28° fixed tilt angle (latitute of location). For the experimen-
tal study solar pump experimental setup of 5 hp power has been installed in Faculty
of Engineering and Technology, MJP Rohilkhand University at 28.36°N, 79.43°E. The
total cost of the solar pump has been optimized with the help of RSM based on
the discharge and head of the solar pump. The new optimization approach reduced
the levelized cost of electricity (LCOE) from 0.041 to 0.035 $/kWh and the payback
period is reduced from 4 to 3 years. The annual increment in average solar flux and
overall efficiency has been recorded to be from 606 to 697 W/m? and 11% to 14%

respectively.
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but due to drastically reduction of solar panel costs from 1970 to

2013 was 76.7 to 0.74 $,* which is very economical to the farmers.

The photovoltaic water pumping system would give the right path in
agriculture to improve the revenues of the farmers by reducing the
cost of irrigation. In the future, people will be considered agriculture
as an opportunity for employment due to increased profit due to the
use of solar pumps operated by photovoltaic (PV) modules. The PV
modules included 80% cost of the initial investment in the solar pump

Power production by PV modules is very popular in recent times due
to its multiple benefits. A floating PV module technology reduced the
85% levelized cost of the energy (LCOE) and reduces the evaporation
of water in rivers.? The simulation of the solar pump at maximum
power point tracking (MPPT) with a vanadium redox flow battery

(VRFB) gives the smooth characteristic curve of current, voltage, and
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torque.® The two sensors controller has tracked the Sun energy in a
very efficient way.* The daily discharge of the solar pump has been
optimized by maximizing the solar pump efficiency at full day, for that
MPPT system is used in between the PV module and the inverter min-
imizes the mechanical and electrical losses by operating the system on
the field control.®
The head developed by the solar pump has been maximized by
increasing input energy supplied by solar panels in two locations in
Croatia and Osijek.® The economic feasibility of the PV and diesel-
operated pump have been checked and model comparison was done
based on power capacity at different locations and different condi-
tions of the environment.” The solar panel and diesel generator
reduced the considerable amount of LCOE.® The solar water pumping
system and the existing system run by conventional energy sources
have been economically tested in the Faculty of Engineering and
Technology (FET) in Jamia Milia and concluded that the total cost of
the solar photovoltaic (SPV) system is around 10 lac that will return in
4 years payback period. However, the total life of the pump was
20 years then it will supply the water for up to 16 years without
spending any cost. It will also save the cost of 3 lac per year which
was an early spend for running the conventional diesel-operated
pump.’ The economic feasibility of three PV arrays of size (1040,
1400, and 1750 W) with conventional diesel engines have been com-
pared in remote areas of Sahara Africa. The average yearly flow rate
and cost of PV array sizes were 60 m®/day and 0.04 $/m3.1°
The experimentation on a 610 Wp, PV generator under different
environmental conditions has been performed in which a total of 10%
electrical losses have been reduced.!? A financial study on the solar
pump operated by a photovoltaic module has been carried out for
knowing the effect of financial factors (initial investment, internal rate
of return, cost of water discharge, depreciation with time, and the
income tax benefit) in the economic analyses. The evaluation results
concluded that the higher-cost solar pump is not viable for potential
India.? The 130 types of solar pumps have been installed and studied
in eight states of Mexico which were of few kW to 2 kW. This study
provides big data for the financial study of solar pump technology and
gives a comparison between PV technology with the traditionally used
methods of irrigation.?® Solar pump technology has been used in place
of diesel engines for calculating annual savings in fuel costs. They
found a reduction in the amount of CO, and cost due to the installa-
tion of the solar photovoltaic pump in India. They concluded that if
the daily solar flux supplied was 5.5 kWh/m? for a 1.8 kW solar pho-
tovoltaic pump then the total cost saving will be 405.06 $/ton as

1.1* The experimental and simulation results on

compared to diesel fue
solar photovoltaic pumps have been compared with 5% accuracy.'®

A solar pump has been designed according to the size of the land
to be irrigated and crop water evapotranspiration. They used dynamic
simulation for determining the demand and supply of water.?® The
crop evapotrspiration is an important factor in agriculture. In this
paper, the experimental and numerical results of seasonal groundwa-
ter were validated with a lysimeter a tool for measuring groundwater
evapotrspiration.r” The simulation results have been validated eco-

nomically with the experimental results on the selected site by several

mathematical models.*® A hybrid power station operated by wind and
solar energy was experimentally validated with the simulation
results.’? A method has been developed for performance prediction
of a solar pump located in the St. Catherine area, South Sinai, and
Egypt's climatic conditions. The design of the system was based on a
minimum supply of discharge per day of 8 m® and 30-40 m head to
be developed by the pump. For performance prediction computer
simulation was used. He finally concluded that the efficiencies of PV
array in winter and summer were 13.86% and 13.91%, respectively.?°
Based on available data, the empirical relationship has been devel-
oped. This empirical relation is further used for getting the beam, dif-
fuse, reflected radiation on the horizontal and inclined surface.?* A
case study has been presented on the use of solar pumps in agricul-
ture and livelihood as compared to conventional fuels like diesel and
gasoline.?? A standard frequency converter (FC) has been used in
place of the inverter on the solar pump system due to cost savings.?

They numerically and experimentally examine the effect of nano-
fluid concentration and mass flow rate on the reduction of temperature
and efficiency of solar cells.?* The worst month of the year approach
has been used for singing the solar pump and its components. The theo-
retical results were validated with experimental results on the site aqui-
fer.2> The hybrid optimization multiple energy source (HOMER) tools
for simulation has been used on solar pump for a cost comparison. They
compared the total net present cost (TNPC) and LCOE on the basis of
optimum tilt angle and 45¢° tilt angle. Finally, they concluded that the
TNPC and LCOE values were 32,953 $ and 0.21 $/kWh. The total
reduction in TNPC values at the annual optimum tilt angle was
recorded to be 15.96% with respect to the 45° tilt angle.2

A heat exchanger mounted at the base of the solar plate has been
used for improving the performance of the solar plate. The different
types of fluids are used for determining the effect of cooling in heat
exchangers. The computational fluid dynamics (CFD) tools were used
for determining the temperature profile on the solar plate at the vary-
ing mass flow rates, solar flux, and ambient temperature conditions.
Finally, they concluded that the maximum enhancement in the effi-
ciency of solar panels was recorded to be 17.12% at 1000 W/m? solar
irradiance, 45°C ambient temperature, and 0.5 m/s water velocity.?”
The solar panel cooling very much affected the performance of the
solar panel. A study has been conducted for knowing the performance
of solar panels at varying mass flow rates.?%,?° The exergy of SPWPS
has been tested at varying solar flux and ambient temperature and it
was only 3.56% at 16 Sx 2P connections of solar panels.°

A standalone SPWPS system has been designed and constructed
for irrigating palm trees. The subsystem efficiency was found to be
41% with automatic control of the motor. The system LCOE was
0.141 $/kWh showing the cost-effectiveness.®! The various combina-
tion of hybrid energy sources like PV, battery, and diesel engines were
studied with load-shifting mechanisms. It was concluded that the best
hybrid energy system combination proved to be PV/battery/diesel
generator. The cost of energy reduction was recorded to be around
10.70% by the use of a load-shifting mechanism.>2 The solar photo-
voltaic water pumping system (SPWPS) system is very popular in the

reason of rainfall having an intensity of 300-400 mm. Moreover, the
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TABLE 1 Arecent study on the solar pump.

& SUSTAINABLE ENERGY

Year of

S. No. Author's details Description publication

1 [35] Multiobjective optimization performed by RSM for hybrid energy source (wind and PV module) with 2023
four input variables.

2 [36] The solar pump performance has been optimized by four important input variables namely power 2023
output, head, solar flux, and tilt angle.

3 [37] Minimizing the number of solar panels by use of an optimization algorithm by adjusting the pump 2023
required energy as per the available solar energy.

4 [38] The PV Syst and Sosit simulation tools have been used for the analysis of solar pumps. The 2023
performance of the solar pump is calculated at various tilt angles and finds the optimum tilt angle.

5 [39] A transformer-less standalone DC/AC converter powered by solar panels. It consists of a cascade 2023
boost converter joined with five level inverter. The Cascade Boost converter work on Maximum
Power Point Tracking (MPPT) using a fuzzy logic controller.

6 [40] The study focused on technical and economic surveys in Sub-Sahara Africa. For optimization purposes, 2023
HOMER software has been used, and the simulation results determined the LCOE and life cycle cost.
The results clearly showed that the diesel-operated pump is not economically sustainable.

7 [41] The solar pump study was conducted in five different scenarios and these scenarios were classified 2023

based on the penalties. The optimum scenario has been selected based on the minimum penalty.

diesel-operated pump has a 300% higher pumping cost as compared
to PV operated solar pump.>® The performance also depends on the
elevation since at higher altitudes the atmospheric temperature is
lower than the ground level. To prove the worthiness of this state-
ment experiments was performed in Indonesia's high land and low
region. Finally, it was concluded that at 1100 meters in height, the
pump performed 115% more than the lowland region.>*

The above literature review shows that the discharge and total
power of the pump depend on the crop water demand and the
total head of the pump. Therefore, the size of the SPVWPS depends
on the crop of the pump and the head of the pump. in this research
paper, the total investment of cost in 2nd order polynomial in terms
of discharge and head is developed and represented in the form of
contour and surface plots for better clarity. Table 1 represents some

recent studies on optimization.

1.1 | Novelty and industrial relevance

The SPWPS system is very much used for supplying water for daily
use, irrigation, and in industries, for various purposes. The above litera-
ture review shows that the SPWPS performance mainly depends on
the three important parameters namely tilt angle, discharge, and head
required by the pump. The tilt angle controls the available solar energy
at the end of the solar panels and the discharge and head control the
performance of the submersible pump. From previous literature, it was
also seen that the tilt angle, discharge, and head are the three important
parameters on which the overall cost of solar pumps depends. Taking
these truths in mind, in this research, a solar pump monthly, seasonal,
annual, and three times in a day tilt angle is determined by the genetic
algorithm (GA), and the head and discharge are optimized by the
response surface methodology (RSM) for minimizing the total cost. This

work is novel since the cost function has been determined in terms of

the head and discharge due to that the total cost of the pump can be

easily determined by knowing the discharge and head.

2 | METHODOLOGY ADOPTED

The solar panels and submersible pump are the main components of the
solar pump. These components contribute 80% of the total cost of the solar
pump. For the optimum design of the solar pump, it is necessary to design
both components separately. The design of the solar panels is based on
solar flux available at that location, tilt angle, and the amount of total power
generated.?? The total power generated by solar panels depends on the
capacity of the pump, inverter, and pump efficiency. The pump capacity
depends on the water required by the crop, the size of the field, and the
head required to be developed by the pump.® So the following methodol-
ogy is adopted for designing the solar pump presented in Figure 1.

Figure 1 shows the pictorial view of the designing process of all
the components of the SPWPS. Initially, with the help of the crop
evapotranspiration equation, the discharge or the water required by
the pump is determined. In the next step, the pump size has been cal-
culated by the formula P=pgQh. The motor size has been calculated
by considering the mechanical losses. The inverter size has been cal-
culated by considering the inverter efficiency. Now the number of
solar panels have been calculated by applying the law of conservation
of energy, the power at the end of the solar panels must be equal to

the input power of the inverter.

3 | OPTIMIZATION APPROACH
AND DESCRIPTION OF THE MODEL

The two-optimization approach is used to design and estimate the

solar pump's performance and cost. The first approach is the GA. GA
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P=pgQh/nmni P=pgQh/nm

Submersible Pump  Crop Evapotranspiration

ETy = x(0.46T,, + 8) m/day

Qr = AfETr m3/day

FIGURE 1

Design process of the solar pump.

is used for selecting the number of solar panels based on the
maximum solar flux obtained at the optimum tilt angle. As a second
approach, the RSM has been adopted to minimize the solar

pump cost.

3.1 | Genetic algorithm

GA is used for solving the uncertainty in models for performance pre-
diction.*?> The GA is based on the natural process of genetics. In this
process, in each step algorithm select the parents and produce the
child, the selection of parents is based on the constrained equations
of the objective function. Finally, the solution is optimized as per the
objective function and constrained limit.*®

The objective function in the MATLAB GA tool must be minimiza-
tion type and have less than equality constraints.** It can solve
the optimization problem of single and multi-objective functions.
Figure 2a,b represent the process of working of GA. Figure 2a shows
the steps of working of the GA and Figure 2b shows the more elabo-
rated binary form conversion of various stages in GA. The first step of
GA to generate the total population or chromosomes depends on the
number of iterations. Second step is to divide and scale the population
in the group for crossover and mutation.*> The third step is the evalu-
ation of the offspring based on the fitness function or objective func-
tion. The next step selects the parents based on fitness function and
rejects others to make the population size constant. In this research,
the description of the number of parameters used in GA has been pre-
sented in Table 2.

The solar irradiation equation is the fitness function that
depends on the latitude, hour angle, declination angle, and tilt angle
of the solar panel. The latitude of the Bareilly is 28.73° N and for
particular days, the declination angle is constant. Therefore, solar
irradiation in a day depends on the time of the day and the tilt
angle of the solar panel. In this research, our purpose is to find the
optimum values of the tilt angle for a particular time of the day to

maximize solar irradiation. The other performance parameters like

solar panel efficiency, exergy efficiency, power output, and the effi-
ciency of the pump have been determined at the optimum values of

the tilt angle and solar flux.

3.2 | Response surface methodology

RSM is used for the optimization of experimental setup by mathemati-
cal regression analysis; it converts the response variables in the form
of model equations in terms of input variables. George E. P. Box and
Wilson used this method first time in 1951.4¢,4”

The solar pump's total cost mainly depends on the discharge
required by the crops and the head required to be developed by the
pump. So, in this study, the total cost of the solar pump has been opti-
mized based on the head and discharge of the solar pump. The optimi-
zation work has been done in MINITAB-17 software by RSM. The
RSM performs the analysis of variance (ANOVA\) for regression analy-
sis. Table 2 represents the ANOVA table, which converts the experi-
mental data in the form of statistical model equations of responses in
terms of input variables by regression analysis. Based on input vari-
ables, the total number of the runis 13.

Total number of runsare 22 +2 x 2+ 5=13.

After conducting the experiments, the results are analyzed by
MINITAB-17 optimization software. Based on inputs and output vari-
ables, the second order polynomial of total cost in terms of input vari-
ables (discharge and head) has been presented in Equation (1). The
model equation generated after regression analyses is given below.

Cr($)=-0.0126+0.00152(Q) — 0.00019(H) + 12.5542QH, (1)

where Q is the discharge, H is the head, and Cy is the total cost. The
acceptability of the model has been determined based on the S, R?,
and R? (adj) values of the experimental output responses. The S,
R?, and R? (adj) values for Ct are 17.25, 98.12%, and 89.45%. These
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(b) Binary form conversion in various stages of GA

obtained values are considerable with good accuracy. Further, the
ANOVA accuracy analysis has been calculated based on the F and
P value test. The test results of the F value and P value have shown in
Table 3 which shows all values of the P test less than 1 that is accept-
able. The F values corresponding to the output response parameters
are less than 55, so our prediction model based on experimental

results is acceptable at a 99% confidence level.

Figure 3 shows the various stages of RSM. In RSM, the first step
is to define the input variables and their ranges. These input variables
are known as the controlling variables since the responses depend on
them. In the 2nd step, define the design of experiments (DoE) matrix
which generated the total number of runs at various settings of input
variables. Further, with the help of the model equations and experi-

mental work, the responses have been determined. In the next step,
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TABLE 2 Genetic algorithm variable.

Population size 150

Algorithm GA

Cross over rate 70%

Selector Crowded tournament
Mutation rate 10%

Number of generations 300

TABLE 3  Analysis of variance (ANOVA) for models.

Solar flux

Source df Adj. SS Adj. MS F value p values
Model 5 21.3 228 24.65 0.000
Linear 2 16.8 18.9 23.25 0.000
Square 2 15.2 16.5 5212 0.000
Interaction 1 3.2 3.0 7.24 0.040
Discharge 1 1.9 1.89 24.29 0.001
Head (m) 1 1.7 1.7 5.2 0.000
Q*H 1 1.65 1.8 3.2 0.0001

ANOVA performs regression analysis and generates the values of P, F,
S, R?, and ade2 values. Based on these parameters model accuracy
has been tested and then the surface and contour graphs have been
plotted.

4 | MODELEQUATIONS FOR SOLAR
PHOTOVOLTAIC WATER PUMPING SYSTEM

The dynamic simulation of the solar photovoltaic water pumping (SPWP)
system required the mathematical modeling of solar panels, inverter,
pump, crop water demand, and total cost. The PV plate model is based
on the law of conservation of energy. The total solar energy available on
a solar module is absorbed, converted into electricity, and remains
wasted in the atmosphere. The DC power generated by the solar panels
is controlled and supplied for the submersible pump with the help of an
inverter. The crop water demand model is required to fulfill the water
demand of the crop as well as be used for designing the submersible
pump. The submersible pump model depends on the optimum discharge
and head required to be developed. The cost model is based on net pre-
sent value (NPV) and LCOE. It is used for the calculation of the payback

period and cost of production of one unit of electricity.

41 | PV module

The work of PV modules is to convert solar energy into electric power.
The electric energy generated by PV modules depends on the angle of
tilt, surface azimuth angle, and the size of the solar panels. The radia-
tion reached on the surface of the PV module is the contribution of

three parts: beam radiation, diffuse radiation, and reflected radiation.

<>

I Define input variables I

|
—

| Perform DoE

!

Perform Experimental work and
determine the values of responses

Perform the RSM Regression
Analysis

Perform the ANOVA

If
P F, S, R? adjR?
Values in Ranges

Find the optinmm Results

FIGURE 3 Flow diagram of working of response surface
methodology (RSM).

The total radiation on a tilted surface is given by the following
equation represented in Reference [48].

He (., Ho\, . Hp

where H; monthly average daily global radiation on a tilted surface
(KWh/m? day), Hg monthly average daily global radiation on a horizon-
tal surface (kWh/m?day), Hp total diffuse radiation and Ry, Ry, and R,
are the beam, diffuse, and reflected radiation factors. The value of ':,—fs’

is further calculated by an equation represented in Reference [48].

Ho He
H—g_1.41171.696(%>, (3)

where Ho monthly average daily extra-terrestrial radiation on a hori-

zontal surface (kWh/m2day). The value of ,:'—i is determined by

equation.*’
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A :a+b< 5 ) (4)

Mg
HO smax

where a, and b are the constants depending on the location of the
place described in Reference [49] and S, Sinax is the day length, maxi-
mum day length depends on the sunrise and sunset angle. The tilt fac-
tors are depending on the solar geometry and inclination of the panel
from horizontal. Beam tilt factors equations are presented in
Reference [21].

_ Wt sin(6) sin(¢ — p) + cos(5) cos(¢ — f) sin(wst)

Ro wssin(¢)sin(8) + cos(¢) cos(8) sin(ws)

: ©)

_ 14 cos(p)

fo=—>% ©)
Ri=p {1*%5@} : 7)

The first law and second efficiency models are also required for
the thermal analysis of solar panels. The first law efficiency of the

solar panel is given by Reference [21].

Vil
v =TA

(8)

where Vp,, I, are the maximum voltage and current generated by solar
panels, I; is the insolation received on solar panels (W/m?) and A is
the area of the solar panels (m?).

The exergy balance equation for the solar panel is given by the

equation
EX‘»,, - EXou( = Egestruction, (9)

where Ex_ is the exergy supply to the solar panel, Ex_, is the exergy
leaving the solar panel and Egestruction 1S €xergy destroyed due to irre-
versibility present in the system.

The Ex,, is given by Reference [13].

4/ T, ) 1( T )4
Ex =Al|1—= +5 , 10
o f[ ()3 (2 1o

where Tg, Tsun is the atmospheric and sun temperature in Kelvin (K).

The exergy Ex,,, is the combination of two parts one is the electri-
cal exergy and 2nd is the exergy loss in the atmosphere due to high

temperature.

EXD.A = Exel + Exatm. (11)

The E, is the electrical work and given by

Exel = Vimlm. (12)

The E,atm is given by Reference [14]

& SUSTAINABLE ENERGY

Ta
Euam = (e +h AT~ Ta) (1-72), (13)

m

where h. is the convection heat transfer coefficient (W/m?2K).2¢

he=2.843y, (14)

where v is the velocity of air flowing over the solar PV module. h, is

the radiation heat transfer coefficient.?%

he :SJ(TSky +Th) <T§ky +T§1). (15)

The energetic efficiency calculation gives the real perfor-
mance of the solar panel system. The exergetic efficiency is the
ratio of the exergy recovered to the exergy supplied. The exergy
recovered is the electricity generated by the solar panel and the
exergy supplied is the total exergy reached on the solar panels.
So exergetic efficiency is represented by the equation shown

below.

Vinlm

Al {1 ~% (TZ) +1 (Tgnﬂ .

W=

Figures 4 and 5 represent the theoretical calculation of power

output from the solar panels and the exergy calculation.

4.2 | Inverter-pump model equations
Figure 6 shows the different heads in the submersible pump. The total
dynamic head against which the pump is worked is given by the fol-

lowing equation.

HTo'(al = Hg + HStatic + HDrawdown + Hfrictionv (17)

where Hg is the height of the water tank from the ground level, Hstatic
is the height difference between the ground and the water level when
the pump is not operating, Hprawdown iS the head difference between
the water level and head reduction due to the operation of the pump
and Hsriction is the frictional head loss.

The frictional head loss is given by the following equation

L+ K)V?

S (18)

H friction =

where f is the friction factor, L is the pie length, D is the pipe diameter,
g is the gravitational acceleration and > K is the sum of minor head
loss factor and V is the velocity of the water.

Now pumping power required to pump the water
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FIGURE 4 Pictorial view of theoretical calculation of power out from solar panels.
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So, the pump efficiency

p
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m

Pictorial view of theoretical analysis of exergy calculation.

Exergy Supplied

(19) —_—
Storage Tank
Ground Level

Static Water Level

where Py, is the motor's electric power supply. Now the overall effi-

ciency of the system given by

Mo = NmMp-

The borehole drawdown is a very important parameter. |

I Water Level at the Time of Pumping

(21)

Pump inlet Level

tis calcu-

lated by the following equation in the PV-SYST software modeling.

H _ QHTotaIref
Total =—~
Qref

(22) FIGURE 6

—]

-H Maximum

Different heads in submersible pump.
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where % is considered as the specific drawdown having a unit of
(m/m3/h), the specific drawdown depends on the discharge of the
pump. The high discharge represents the high drawdown and required
more power for pumping the water. if the drawdown rate is higher
than the refilling time of the borehole results in borehole dry-up. So
following equation represented, the refilling time. Where A, is the

cross-sectional area of the borehole.

HTotaIref>
t=An|—— . 23
" < Qref ( )

4.3 | Equations for cost estimation

The first step before investing in any project is to calculate the net
present value throughout the life cycle of the project. So-NPV is the
difference between the present value of revenue from the project and
the net investment in the project. If the value of NPV is positive then
the investment in the project is justified otherwise the investment in
the project is at risk. It is calculated by the formula given

in Reference [26].

. CF,
NPV = <Z(1+r)nl>, (24)

1

where CF = cash flow, r = rate of return, n is the number of years of
working on a project and | is the investment.

The second factor decides how much cost is incurred for the pro-
duction of one unit of energy. it is measured by the LCOE.

LCOE is the ratio of the total investment up to project life ($) to
the total energy produced by the project (kWh).2
The total investment considers the initial investment, mainte-

nance and operation, and fuel cost.

Temperature

FIGURE 7

& SUSTAINABLE ENERGY

n(
. N It + Mg +F,
Total investment up to project life = § e+ Mi+Fo)

o aer

e e u E
Total energy produced by the project inits life tlme:Z( t )

= \(1+n)"
(26)
O MR
; (14:r)"
Now finally LCOE = - ———, (27)
55)
5 (1+r)

where [; is the initial investment, M; is the maintenance & operation
cost, F; is the fuel cost, r is the discount rate, n is the number of years
and E; is the energy produced in project life. The unit of LCOE is
the $/kWh, which shows the cost of production of one unit of
energy. it is mainly used for comparison of the different project's
economic viability, the project which has the least value of LCOE
will be preferred.

5 | EXPERIMENTAL SET-UP OF A SOLAR
PUMP LOCATED AT 28.36°N AND 79°E
ININDIA

Figure 7 represents the full schematic diagram of the solar pump setup
located at 28.36°N and 79.43°E, at FET, MJP Rohilkhand University,
Bareilly. A total of 15 modules have been used in the system and all
modules are connected in series as represented in Figure 8. The solar
panels, controller, submersible pump, suction, and delivery pipe are the
main components of the SPWPS. The solar panel converts the solar
energy into the direct current (DC) and the controller converts the DC

into an alternating current (AC). The controller is the essential part of

Discharge

\

Controller

d AAIPQ

adi

Speed Motor

Submersible Pump

Schematic diagram of solar photovoltaic water pumping system (SPWPS).
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Pump Controller

the solar pump, which is provided with a liquid crystal display (LCD) dis-
play. The display shows the reading of the current, voltage, and temper-
ature of the solar panes as well as the pump discharge, speed of the
motor, and head developed by the pump. All components of the solar
pump, the specification of the PV module, the specification of the con-
troller, the specification of measuring instruments, and the accuracy of
the device are given in Reference [50].

For increasing the revenue of farmers, the solar pump project is
used for supplying the water of a 0.25 ha farm for irrigation, and the
remaining time is used for supplying power to the grid. The 5 hp pump
used for irrigation of a 0.25 ha farm, the 3 days' time will be spent for
one-time irrigation in a month and the remaining time of the month
solar panels will be used for supplying the electricity to the grid. The
total time of growing to maturity of the wheat is 120 days of which
every month one-time water is required for irrigation. In a year pump
remain busy for 36 days for supplying the water and the remaining
353 days will supply the electricity to the grid.

6 | RESULTS AND DISCUSSION

The optimization of the solar pump is completed on the MATLAB GA
and RSM tools that give optimized results in terms of tilt angle, maxi-
mum solar flux, and minimum cost. The performance of the 5 hp sub-
mersible is compared at an optimum tilt angle with a 28° fixed tilt

angle (Latitude of the place).

6.1 | Optimized results
6.1.1 | Seasonal optimum tilt angle and annual
optimum tilt angle

Figure 9 represents the seasonal variation of the optimum tilt
angle with the time of the day. The simulation is completed for
four seasons of the year. In the winter season, the optimum tilt
angle is 57° which is around two times the latitude of the place. It
is observed through the graph the optimum tilt angle is near 90°

after 4 p.m.-6 p.m. in the winter season. In the spring season, the

FIGURE 8 Photovoltaic (PV) array structure.
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FIGURE 9 Seasonal variation of optimum tilt angle with the time
of day.

tilt angle is (¢ + 9)° and varied from 34 to 60° from 9 to 6 p.m. In
monsoon season, the average optimum tilt angle is very near to
the latitude (¢) of the place. It varies from 11° to 40° from 9 a.-
m. to 6 p.m. In the summer season of May and June, the optimum
tilt angle is very less it varies from 2° to 0° from 9 a.m. to 6 p.m.,
and the average optimum tilt angle throughout the day is
around 4°.

Figure 10 represents the annual variation of the optimum tilt angle
with the time of the day. From the results, it is identified that the aver-
age optimum tilt angle throughout the year maintained is very near to
(¢ + 5)° and varies from 27° to 51° from 9 a.m. to 5 p.m. The automatic
tracking with the help of the Ordino device?” maintains the optimum tilt
angle of the solar PV module so that the sun rays are always perpendic-
ular to the surface of the solar plate. The total cost of the automatic
tracking system is 30% more than the manual-operated solar pump.

The seasonal variation of tilt angle three times a day is shown in
Figure 11. The seasonal and annual variation of solar tilt angle from
9 a.m. to 6 p.m. by solar tracking system has been seen in Refer-

ence [26]. The solar tracking on the single and dual-axis are very costly
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FIGURE 10 Annual variation of optimum tilt angle with the time
of day.
70
=
and also has a longer payback period. it will increase the initial cost of 60 - - _/,l
investment and the maintenance and replacement cost of the solar .-._
pump. In this paper, an economical solar pumping system has been 50 u
designed which has simple and feasible manual tracking on a single-axis p " a
© 40 -
at three times of the day in various seasons of the year. The manual En
tracking is used three times a day at 9 am.-11 a.m,, 12 p.m.-2 p.m.,, f 30 \ "
and 3 p.m.-6 p.m. in four seasons of the year (Summer, spring, mon- = I
soon, and winter) as shown in Figure 11. In manual tracking, in a single 20
day, the solar panels are operated three times a day. 10 . .
The three times in a day one axis manual tracking solar pump is ‘- i
very effective for absorbing the maximum amount of solar radiation at 0- -
a low cost as presented in Figure 11. In the summer season, the opti- T T T T T T T T T T T T
mum tilt angle should keep 6° from 9 a.m. to 3 p.m. and after 3 p.m. % % %, o, % % % % % % B %

the plate should be kept horizontal. In monsoon season the optimum
tilt angle should be kept at 21°, 23°, and 35° from 9 a.m. to 11 a.m.,
12 p.m. to 3 p.m., and after 3 p.m., respectively. In the spring season,
the optimum tilt angle should be kept at 37°, 33°, and 34° at 9 am.,
12 p.m., and 3 p.m. respectively.

Figure 12 shows the optimum tilt angle variation annually with
the months of the year. The annual tilt angle can be simply changed
by mounting the solar panels on the manual tracking stand with rota-
tion about a single axis. The annual manual tracking system has
increased the solar flux to 14% as compared to an existing system
operated at a 28° tilt angle. it is very simple to operate and its cost is

30% less than the automatic tracking.

6.1.2 | Day and month wise variation of solar flux
Figure 13 shows the variation of solar flux on a daily basis. The overall
14% hike in solar flux is obtained if the system is operated on the
optimum tilt angle.

Figure 14 shows the variation of average daily radiation in every
month of the year for the 28° tilt angle and the optimum tilt angle.

Month of the Year

FIGURE 12
the year.

Annual variation of tilt angle based on months of

Finally, it is concluded that the daily energy received on the solar
panel is higher when the panels are tilted at the optimum angle. The
results at the optimum tilt angle show the best performance in
October, November, December, January, and February as compared
to the 28° tilt angle. The annual increment in the average daily radia-
tion is around 17% due to this new optimization technique.

For the effective working of solar panels, it is necessary to main-
tain the optimum temperature of solar panels within the nominal
operating cell temperature (NOCT).

6.13 |
variation

Cell temperature and solar panel efficiency

As per Figure 15 in May and June, the maximum temperature of the
cell is more than 50°C and the NOCT as per Table 2 is 47°C.
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FIGURE 13 Variation of solar flux daily.
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FIGURE 15 Cell temperature based on months of the year.

The higher temperature in May and June reduced the efficiency of
solar panels and in other months of the year, the maximum tempera-
ture of solar cells is less than 47°C. The optimized results show a little
bit higher cell temperature than a 28° tilt angle. It is finally concluded
that the optimized system with effective cooling will increase the effi-
ciency of solar panels several times than the 28° tilt angle.

Figure 16 represents the annual average solar panels effi-
ciency to the time of the day. The maximum efficiency of solar
panels at a 28° tilt angle is 16% and the maximum efficiency of
the solar panel with the optimum tilt angle is 18%. The efficiency
of solar panels is minimum at noon and maximum in the morning
and evening when the temperature of the solar panel is at the
optimum limit.

7 | SOLARPUMP MODEL VALIDATION

The performance characteristics of the submersible pump have been
determined by conducting the test on the pump in the well at the dif-
ferent static heads as shown in Figure 17. At the time of the perfor-
mance check the discharge of the pump varies from O to 15 m®/h, the
static head from 15 to 40 m, and the speed of the motor from 30 to
55 Hz. It is observed at the time of experimentation that the system
head is continuously increasing and the developed head is continu-
ously reducing with the discharge. Figure 14 shows that it is very diffi-
cult for the pump to maintain the developed head at the pump greater
than the system head at high discharge (13 m®/h). In such a situation
pump will be overloaded and fail. Therefore, it is best for the pump

that it will work below the operating point.

At the operating point
HRequired = HDeveIoped . (28)

16 4 Py

| .
14 N ® e

1 b .

12 . . [} ‘

4 '-~ °

10 ~ N
LN

Panel Efficiency(%
o
|

4 —m— 28° Tilt angle
b ® Optimum Tilt angle

2 . @
i "-
0_
71 T T v 1 Y T v 1 T T T T T T T T T
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Time of the Day
FIGURE 16 Efficiency of solar panel based on months of
the year.
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FIGURE 17 The performance curve of a submersible pump
operated by an electric supply.

Below the operating point, the developed head by the pump is
always greater than the system head (Head required). Figure 17 shows
that when the static head varies from 15 to 40 m and the speed of the
motor is 30-55 Hz the operating point lies between 10 and 12.5 m%/
h. If the discharge in the actual case is in between the given range then
pump performance is considered to be the best performance.

The existing solar pump fitted in the borehole has a static head of
35 m and speed variation between 30 and 45 Hz and from Figure 18

the optimum discharge is noted to be 8 m3/h.

7.1 | Pump characteristics curve head
and discharge variation in a day operated
by PV module

Figure 18 shows the head and discharge variation with the time of
the day. The pump will discharge water when the head developed
by the pump is greater than the head required by the pump. It is
represented in Figure 18 that the exiting pump at a 28° tilt angle
will discharge the water up to three 3 p.m. and the optimized pump
will discharge the water up to 5 p.m. The optimized system gives
better head development and discharges as compared to the exist-
ing pump at a tilt angle of 28°. In the optimized system and existing
system, the discharge up to 1 p.m. is 10 m®/h, it is within the range
as explained in Figure 17.

Figure 19 represents that if the power supplied to the motor is
less than 890 W, then the pump will not discharge water.3® The aver-
age discharge given by the optimized pump is 9%-11% more than at a
28° tilt angle. The maximum discharge supplied by the optimized
pump is 12 m3/h and the 28° tilt angle is 10 m%/h since at the opti-
mum tilt angle PV modules produces more power and the discharge is
directly proportional to the power produced by PV modules.”® At a
low power supply, the difference in the discharge of the optimized
system and the existing system running at a 28° tilt angle is very less

but at higher power, the difference is high.

T T T T T T T T T
10 AM11 AM12PM 1 PM 2PM 3PM 4PM 5PM 6 PM
Time of the Day

FIGURE 18 Variation of head and discharge throughout the day.

12 ——28° Tilt angle
—— Optimum Tilt angle
10
£,
> 4
13
)
& ©7
<
[5]
R
0O 44
2 4
0 T T T T T T T T T
500 1000 1500 2000 2500 3000
Power Input (W)
FIGURE 19 Discharge of pump versus power input to motor.

8 | EXERGY ANALYSIS

8.1 | Exergy entering the system

The insolation and exergy received by the solar panel both are maxi-
mum at the time of noon as in Figure 20. The optimized system gives
the maximum exergy of 22.18 kW at an optimum tilt angle as com-
pared to 20.80 kW at a 28° tilt angle. So exergy received by the opti-

mized system is increased by 7%.

8.2 | Exergy destruction

The exergy destruction as per Equation (9) depends on the tempera-
ture difference between the module and the atmosphere. The exergy
destruction is increasing in the afternoon and reached a maximum

level between 2 p.m. and 3 p.m. in Figure 21.
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8.3 | Cost model validation

Figure 22 shows the variation of the cost of the solar pump to the
angle of tilt. it is identified if the solar pump runs at the annual
optimum tilt angle (varies from 27° to 51°) then the total annual
cost-saving is 90,000/— on the initial investment as compared to
the existing system operating at a 28° tilt angle. Figure 19 repre-
sents that the total cost of a solar pump is increasing when the
pump operates at less than a 10° tilt angle. So, if the tilt angle will
be maintained to be more than 10° then it is beneficial to the

farmers.

8.4 | NPV validation

Figure 23 shows the total earnings at the end of the year up

to the project life (25 years). If the system will work at the

optimized tilt angle then a net 16% earning will increase in pro-
ject life as compared to the 28° tilt angle. The NPV of the opti-
mized system is 8456 $ and in the existing system, 6635 $ which
is operating at a 28° tilt angle. The sudden change in NPV after
8 and 16 years is due to the replacement of the submersible

pump and inverter.

8.5 | LCOE and payback period

The LCOE is the money spend in dollars for production of the one unit
of electricity, Its unit is $/kWh. This is a good method of comparison
of different ways of production of electricity by different energy
sources. If the solar pump runs at the optimum tilt angle then LCOE is
reduced from 0.041 to 0.035 $/kWh in Figure 24. So, a total of 14%
cost is reduced due to maintaining the optimum tilt angle on the solar
PV module.
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The payback period of the optimized system is 3 years and for
the existing system run at a 28° tilt angle is 4 years. So overall 33%
reduction in the payback period has been achieved due to this new
optimization technique. In the case of a 5 hp pump for (0.25 ha), the
farmer will recover his investment only in 3 years, and the remaining

22 years of project life can earn 8456 $.

8.6 | Total cost variation

Figure 25 represents the Pareto chart, which shows the standardized
effect of the discharge and head on the total cost of the pump. The
value of coefficient o is 0.05, which shows the uncertainty of

the results. The results are accurate with 95% accuracy. The

0.035/KWh

LCOE PAYBACK PERIOD

# Optimum tilt angle = 28° tilt angle

FIGURE 24 Levelized cost of energy and payback period.

& SUSTAINABLE ENERGY

standardized effect of discharge and head are equal in magnitude. The
similar standardized effect means the head and discharge are equally
responsible for the cost of the solar pump.

Figure 26 shows the 3D representation of the solar pump cost
with discharge and head. It is seen that if the pump head and dis-
charge increase, solar pump cost will increase. The cost is directly pro-
portional to the head and the discharge of the solar pump.

Figure 27 shows the contour plot of the total cost of the
solar pump with the discharge and head. Figure 27 dark green
region shows that if the discharge is higher than 16 m®/h and the
head of the pump is higher than 40 m the pump cost will be
higher than 8000 $. The domestic water pump discharge is lower
than 8 m3/h due to that its cost is less than 2000 $ as shown in
Figure 27.

B B Cost (INR)

- 1.928E+05

— 1.851E+05
- 1.774E+05
— 1.696E+05
- 1.619E+05
 1.542E+05
~ 1.465E+05
 1.388E+05
- 1.310E+05

- 1.233E+05

- 1.156E+05
oy

FIGURE 26 Surface plot of the total cost.
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FIGURE 27 Contour plot of the total cost.

9 | CONCLUSION

The new methodology for designing the solar pump based on crop
water demand at minimum cost and maximum solar flux give the fol-
lowing concluding points.

1. It is concluded that the optimized system has increased the aver-
age solar flux annually from 606 to 697 W/m?. The total 15% hike
in solar flux is due to running the solar pump at the optimum tilt
angle as compared to the 28° tilt angle.

2. The LCOE has been reduced from 0.041 to 0.035 $/kWh. A total
17% reduction has been recorded in LCOE due to the implementa-
tion of this new optimization technique. The reduction in LCOE
shows the validity of this new optimization technique. The pay-
back period has been reduced from 4 to 3 years, so after 3 years
the project will be the source of income for the farmers. A total of
8456 $ profit has occurred in the project's lifetime.

3. Atotal of 15 solar panels have been selected due to the use of this
new optimization technique. It will supply the optimum discharge
at the required head throughout the year. Based on crop water
demand and the size of the field (0.25 ha) the capacity of the
selected solar pump is 5 hp.

4. The new optimization technique will give the average module tem-
perature within the NOCT (47°C) of the solar panel material
throughout the year except for May and June.

5. The above method of designing the solar pump is used only for
0.25 ha. In future work, the same methodology can be used up to
5 ha or more in the size of the field. The main drawback with the
solar pump is that due to the increasing size of the field, the size of
the solar panels is also increased. So for reducing the size of the
solar panels, the solar flux and efficiency of solar panels must be
increased, but if the solar flux reached the solar panel enhanced

then due to the increase of PV module temperature its efficiency

is reduced. So if an efficient cooling system installed with solar
tracking on two axes may improve the solar flux and efficiency of
solar panels simultaneously.

6. The total cost of the solar pump in Equation (1) is represented in
the form of head and discharge. The discharge and head both are
equally responsible for increasing the cost of the solar pump. The
total cost model equation has been best fitted with S, R%, and
R? (adj) values of 17.25, 98.12%, and 89.45%.

7. In the ANOVA analysis, the probability of a null hypothesis is 0.05
which shows the statistical data is validated with 95% accuracy.

VARIABLES

ab constants

ETr reference evapotrspiration (mm/day)

EXp exergy destruction due to irreversibility in the system (W)

EXin exergy entering in the solar panel (W)

EXo exergy leakage in the atmosphere (W)

hy radiation heat transfer coefficient W/(m?K)

hc heat transfer coefficient W/(m?2K)

Hq monthly average daily diffuse radiation on the horizontal
surface (KWh/m?)

Hg monthly average daily global radiation on the horizontal
surface (kWh/m?)

Ho monthly average daily extra-terrestrial radiation on the
horizontal surface (kWh/m?)

Hr monthly average daily radiation on the tilted surface
(kWh/m?)

Im maximum current

|- diode diode current (A)

Iy short circuit current (A)

lo reverse saturation current (A)

I-pv total current (A)

K crop factor

Rs series resistance (Q)

S monthly average of the sunshine hours per day at loca-
tion (h)

Smaximum  Monthly average of the maximum possible sunshine hours

per day at location (h)

Toky sky temperature (K)

Tsun sun temperature (K)

Tq atmospheric temperature (K)

Tm module temperature (K)

\% velocity of airflow over the solar plate (m/s).

Vin maximum voltage

Voc open circuit voltage (V)

X mean daily percentage of annual daytime hours (%)

Greek symbols

p density of water (kg/m?3)

¢  exegetic efficiency (%)

o  Stefan Boltz's man constant (5.67 x 10~8 W/m? K%

e  emissivity of solar panel material
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k  Boltzmann constant (1.38064852 x 10~ m? kg s 2 K™ %)
n efficiency (%)

Acronyms

AC alternating current

DC direct current

GA genetic algorithm

HOMER  hybrid optimization multiple energy source
LCD liquid crystal display

LCOE levelized cost of energy

NOCT nominal operating cell technology

NPV net present value

PSH peak sun hour

PV photovoltaic

RSM response surface methodology

SPV solar photovoltaic

SPWPS solar photovoltaic water pumping system
TNPC total net present cost
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