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Abstract: In this paper, optimal sizing of a photovoltaic (PV) pumping system with a water storage
tank (WST) is developed to meet the water demand to minimize the life cycle cost (LCC) and satisfy
the probability of interrupted water (pw) constraint considering real region data. The component
sizing, including the PV resources and the WST, is determined optimally based on LCC and pw
using a new meta-heuristic method named enhanced artificial rabbits optimization (EARO) via a
nonlinear inertia weight reduction strategy to overcome the premature convergence of its conven-
tional algorithm. The WST is sized optimally regarding the lack of irradiation and inaccessibility of
the pumping system so that it is able to improve the water supply reliability. The LCC for water
extraction heights of 5 and 10 m is obtained at 0.2955 M$ and 0.2993 M$, respectively, and the pw
in these two scenarios is calculated as zero, which means the complete and reliable supply of the
water demand of the customers using the proposed methodology based on the EARO. Also, the
results demonstrated the superior performance of EARO in comparison with artificial rabbits opti-
mization (ARO) and particle swarm optimization (PSO); these methods have supplied customers’
water demands with higher costs and lower reliability than the proposed EARO method. Also, dur-
ing the sensitivity analysis, the results showed that changes in the irradiance and height of the water
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1. Introduction

Today, the use of clean energy resources as distributed generation generators is of
great interest [1]. One of the most common renewable resources is photovoltaic (PV) en-
ergy, which has been widely used in various energy production applications [2]. One of
its applications is in water-pumping systems to extract customers’ drinking water and
also in the agricultural industry for irrigation [3], in such a way that the electricity required
by electrical motor pumps is supplied by PV arrays. The water pumps generally depend
on electricity or diesel generators to provide electricity. The pumped water is stored in the
tanks for use by customers during the day, at night, or in the absence of radiation. The
tank operates as a storage system, and the battery is generally not used to store PV power;
however, it can be used reliably for specific needs. The use of diesel has a high fuel cost
and also increases environmental pollution. PV water pump systems are not environmen-
tally friendly and have low maintenance costs. Optimal design and optimal sizing of a
water-pumping system are desirable features. To supply water to customers based on a
system to minimize the cost, the size of the components must be determined optimally
[4,5]. In recent years, many studies have been performed on the use of new energy sources
and their optimization based on intelligent optimization methods [6-9]. The main reason
for the acceptance of new energy sources is the available energy of this type of resource.
On the other hand, the use of these resources is very useful for feeding electric pumps in
places far from electricity networks. Studies have been conducted in the field of designing
PV water-pumping systems to supply the water demand of customers. In the economic
index, the cost of energy production of the system is considered, which is related to the
cost of purchasing, maintaining, and replacing the cost of components. In the technical
index, the water supply is also incorporated. In [10], a design method is presented for the
sizing of photovoltaic panels to feed the pumping system in Spain. In [11], an optimization
method is used for determining the size of PV resources for Turkish weather conditions,
and the optimal size of PV energy components and the optimal electrical structure of the
system components are identified. In [12], the sizing of a PV water-pumping system using
a storage tank is performed with reference to the loss of energy probability and consider-
ing lifetime cost for Algeria. In [13], the load loss probability method is applied to optimize
the size of PV water-pumping systems. In [14], the sizing of a PV water pump system with
daily radiation profiles is presented, and the results show that the proposed method re-
duces the capital cost and removes battery storage dependency. In [15], a method is pro-
posed for sizing a PV water-pumping system based on optimal control with the aim of
daily pumped water maximization by optimizing motor efficiency. In [16], the sizing of a
PV water-pumping system integrated with a battery storage system is presented, consid-
ering net present cost minimization and satisfying constraints regarding shortage of
power supply probability. In [17], a framework for sizing a PV water-pumping system
with battery storage is proposed to minimize the cost of energy considering the loss of
power probability. In [18], the optimal size of a reliable PV water-pumping system inte-
grated with a diesel generator is presented to minimize the cost of energy. In [19], the
effectiveness of a PV water-pumping system integrated with battery storage is presented
with peak-shaving minimization. In [20], an algorithm is proposed for sizing a photovol-
taic water-pumping system with a diesel generator to minimize the LCC. In [21], the sizing
of a photovoltaic pumping system with battery storage and diesel backup is developed to
minimize the cost of energy. In [22], the net present cost is minimized in designing a pho-
tovoltaic water-pumping system integrated with battery storage. In [23], PV and wind
arrays are applied to supply a water-pumping system with electricity. The goal of system
sizing is considered to determine the size of the system components to minimize the costs
of the system and satisfy the LPSP. In [24], PV resources and storage systems are applied
to meet the demand of an electric water-pumping system for power. Excess photovoltaic
energy that is not consumed by the electric pump is stored in a battery.

Due to the lack of grid power in remote areas, PV water-pumping systems are one of
the most cost-effective methods to supply the drinking water of customers. Using a PV
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water-pumping system has become popular due to the importance of available electricity
and rising diesel costs. In these systems, the amount of extracted water depends on the
available PV radiation and sizing the system optimally. The literature review found that
in the sizing studies of PV water-pumping systems, battery storage or fuel cells are ap-
plied to compensate for the shortage of power due to oscillation of the irradiance and
especially the lack of radiation at night, while the use of these storage devices increases
the system cost significantly. Moreover, the literature review found that using optimiza-
tion methods with high convergence rates and accuracy helped to identify the compo-
nents’ sizing optimally and reduce the water extraction costs. Given that the optimization
methods work well in some optimization problems but may not be suited for implemen-
tation in other problems’ solutions, today there is still a need to use more powerful opti-
mization methods [25,26]. A summary of the literature review is presented in Table 1.

Table 1. Summary of literature review.

Ref. Configuration Objective Function Reliability Enhanced Optimizer
[11] PV+MP+WST+Battery Energy efficiency X X
[12] PV+MP+WST LCC X X
[13] PV+MP+Battery Net present cost v X
[14] PV+MP+Battery Environmental impacts X X
[15] PV+MP System efficiency X v
[16] PV+MP+Battery Net present cost v X
[17] PV+MP+Battery Levelized Cost of Energy v X
[18] PV+MP+Diesel Cost of Energy X X
[19] PV+MP+Battery Peak shaving X X
[20] PV+MP+Diesel LCC v/ X
[21] PV+MP+Battery+Diesel Cost of Energy X X
[22] PV+MP+Battery Net present cost v X
[23] PV+WT+Battery Cost of Energy v X

* MP: Motor pump, WT: Wind turbine, Xrefers to not included and v refers to included.

In this paper, the sizing of a PV water-pumping system with a water storage tank
(WST) is performed to minimize the life cycle cost (LCC) and satisfying a reliability con-
straint regarding the probability of interrupted water (pIW) for remote area application
considering real regional data. Decision variables include the number of PV arrays and
WSTs, and these variables are determined using an enhanced artificial rabbits optimiza-
tion (EARO) method. The PV arrays are used to supply the electrical energy needed by
the motor pump. The required electrical power of the motor pump is optimized. The con-
ventional ARO [27] is enhanced with a nonlinear inertia weight reduction strategy [28] to
remove premature convergence and enhance the ARO by preventing local optimum trap-
ping. The capability of EARO to solve the problem is compared with those of traditional
ARO and PSO. The impact of several important factors on the system design has also been
investigated. Highlights of the research are as follows:

e  Sizing of a photovoltaic water-pumping system for the Gorgan region in Iran;

e  Sizing framework considering reliability/cost assessment;

e  Using a new enhanced artificial rabbits optimization (EARO) method with a nonlin-
ear inertia weight reduction strategy;

e  Considerable effect of changes in irradiance and water extraction height of the system
sizing;

e  Superior performance of EARO compared with conventional ARO and PSO.
The PV water pump system is mathematically modeled in Section 2. Section 3 de-

scribes the method of determining the system size considering economic and technical

indices. In Section 4, the EARO method and its processes for solving the problem are
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demonstrated. Section 5 presents the simulation results of sizing the PV pumping system
and the sensitivity analysis results, and finally, Section 6 concludes the research findings.

2. Modeling of PV Pumping System

Electrical water pumps for drinking applications represent an important field of re-
liable PV systems. As shown in Figure 1, these systems typically include a PV generator,
a water tank, and a DC pump.

‘Water storage tank

—

E—
For customers consumption

Pump

Figure 1. Schematic of the PV water-pumping system.

In the studied system, a water storage tank (WST) is used instead of a battery bank.
In systems involving batteries, a lack of power for the electric pump is counteracted by
discharging the battery, while in a PV pump system equipped with a WST, the tank plays
the role of a battery through the management of water consumption. The operation of the
proposed system is as follows:

e  If the amount of pumped water is more than the required water at that hour, the
excess water is saved in the WST, and the new state is determined when the tank is
full. In this case, the amount of remaining water is not stored.

e If the amount of water demanded per hour is less than the amount of pumped water,
the WST is applied to fully satisfy the water demand. The new charge status of the
WST is determined. If the WST is depleted, the shortage is expressed as the probabil-
ity of interrupted water.

2.1. PV Model
The PV module and array power based on solar radiation and temperature is com-
puted by [7,11]:

t
P (1) = Poy rusea X Myippr X QL()X (I+ux(&, ()~ gref ) (1)

PV Ref

20

_ A~
S ()= g, () + (T T Xy (1) @
Ppy (1) =N py Xppy (1) 3)

where, p,, (t) is the PV module-generated power at time t, P

PV Rated 1S the nominal

power of the PV module, 77,,,, is the efficiency of the PV maximum power point
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tracking (98.83%), &y, (t) and €, g, are the instantaneous irradiance at time t and so-
lar radiation in standard condition (1000 W/m?), respectively, 4 is the temperature coef-
ficient of the PV system (-3.7 X 10-3 (1/°C)), fref indicates the temperature of the module

attime t (°C), & os refers to the reference temperature of the PV system, Y is the nominal

operating cell temperature (°C), N, refers to the PV module number, and P, (t) is the
power of the PV array.

MPPT of PV System

In this study, the maximum power point tracking (MPPT) of the PV system is based
on a meta-heuristic algorithm to maximize the output power of the PV system and max-
imize PPV (d) by optimizing the duty cycle (d) of the DC/DC converter. The duty cycle
range of the converter is dmin <d < dmax, Where dmin and dmax respectively represent the
minimum and maximum values of the duty cycle, i.e., 0 and 1. The EARO method is used
as a direct control method to optimally adjust the duty cycle of the DC/DC converter of
the PV system and reduce the steady-state fluctuations of the system. First, the EARO
algorithm information is entered, including the number of the population (here 10) and
the maximum iterations (here 100), and the minimum and maximum duty cycle intervals
are also applied. For each population, the duty cycle algorithm is randomly selected in its
allowed range by the EARO method, and voltage, current, and, as a result, PV power are
calculated for it. The member of the population corresponding to the previously obtained
best photovoltaic power is selected as the best result of the algorithm. Then, the popula-
tion set of the algorithm is updated. For the updated population (selection of new cycles),
the objective function, i.e., photovoltaic power, is calculated. The best member of the pop-
ulation with the maximum previously obtained power is selected as the representative of
the population. If the solution is better compared to the previous value, it will be replaced.
If the convergence condition is estimated, which is to achieve the maximum power and
execute the maximum iterations of the EARO algorithm, by determining the optimal duty
cycle, the algorithm is stopped; otherwise, the above steps are repeated until the optimal
work cycle is determined. In this study, the tracking efficiency of the photovoltaic system
is 98.83%.

2.2. Pump Model

The below model is considered for the water flow Q against the input power P of
pumping system and the height h [10-12]:

P(Q.h)=a(h)xQ’+ B(h)xQ* + Q(h)xQ + §(h) 4)

where the coefficients depend on the water height and are defined as follows [12]:

a(h)=0o,+0o,xh+o,xh’+o,xh’ (5)
B(h) =B, + B xh+ B, xh*+ B, xh’ (6)
Qh)=Q,+Q, xh+Q, xh> +Q,xh’ @)

dh)=¢+@Xh+d Xh* + @, xh’ 8)

The Q corresponding to the P is determined by Equation (9), with ¥ > P(Q). In the
iteration k, Q can be presented as [12]:

_ 3@,

0, =0, S'(Qk—l)

)

where
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3(Qk—1):axQ3k—1+IBXQ2k—1+5XQk—1+7_P(Qk—1) (10)
S0,.) 30,.)

where is derived from

2.3. WST Model

The size of the WST is found to meet the water requirement for a period when there
is no energy source; this period is called system adequacy. Depending on the production
of the PV array and the total load demand, the water charge state (WCHS) can be com-
puted as follows [7,11]:

o Charge of WST

WCHS (t)=WCHS (t =)+ (P, t)=F,,(t) /1, ) XAt X1, (11)
e Discharge of WST
WCHS (t)=WCHS (t =1)—(B,,(t)/n,, — P, (t))xAt (12)

where WCHS (t) and WCHS (¢t — 1) refer to the charge condition of the WST (Wh) at
time t and (t - 1), respectively; Prv(t) refers to the power generated using the PV array (W);
Pwo(t) refers to the hydraulic demand at t (W); and 7}, is the tank efficiency in the

charge state (equal to 1). Also, WCHS (t) = N ;¢ XV OL,, ¢ is considered for water stor-
age demanded, in which N ;¢ is the WST number, and V'OL,,,; shows the WST vol-

ume (m?). Each WST can transmit 1 m?® to customers in one hour. The charge state of the
WST is limited by

0 <WCHS (t)<WCHS, (13)

3. Sizing Methodology

For determination of the optimal component size, the system is optimized to meet
the water demand and evaluated with economic and technological indices. In this study,
the proposed approach to system evaluation is based on the two concepts of project life-
time cost for economic evaluation (LCC) and a reliability index called the probability of
interrupted water (pw). Combining the system with the lowest LCC and the best pw is
the optimal combination and provides the desired reliability.

Currently, excessive consumption of non-renewable energies such as coal, gas, and
oil for the traditional production of electrical energy has caused serious environmental
threats, including climate change and increased air pollution. For this reason, adopting an
approach towards using energy sources that are compatible with the environment’s
health is necessary. After that, it is necessary to pay attention to the environmental costs
of electricity production, which can have destructive effects on natural resources. In the
energy sector, external costs that are imposed on society and the environment cause water
and air pollution, reduction of freshwater resources, etc. By employing new and renewa-
ble energies, we can help reduce these costs. Among the mentioned renewable energies,
solar energy can be mentioned as an endless source of energy that solves many problems
in the field of energy and environment. A circular economy is a closed-loop system in
which a product is not thrown away after use. Thus, there will be no waste at the end of
the production cycle, making it more efficient in the long run. By implementing circular
economy models, it is possible to significantly reduce the amount of production waste and
increase economic growth by creating new industries around better management of pro-
duction waste. In this research, instead of using energy sources based on fossil fuels with
waste, photovoltaic renewable energy sources have been used to supply the required
power of the water pump system to minimize the environmental effects and waste
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resulting from it, reduce the cost of the energy project over its lifetime, and reduce CO:
emissions by using a circular economy.

3.1. Objective Function

LCC includes the costs of components such as PV arrays, motor pump sets, tanks,
and inverters. According to the system under study, the cost of LCC is expressed as the

investment cost (C ), the maintenance cost (C 4, ), and the cost of interrupted water (

cap
C)yrw )- It should be noted that the LCC only considers the costs incurred during the pro-

ject’s lifetime, and the impact of end-of-life system components’ value (considering circu-
lar economy) has not been considered. Therefore, LCC is defined as follows [1,5,10-12]:

Minimize LCC :Ccap +CO&M +C1W +CVWRW (14)

o Initial Investment Cost

The component capital cost includes the cost of components, the cost of construction,
and the cost of installation of the components. The construction and installation costs are
considered equal to 40% of the PV array cost and equal to 20% of the cost of the motor
pump set. The capital cost (Ccap) is expressed as follows:

Ceap =N py Cunie pv +* Nwst Conie st

15
+N +N i, Ch.y (15)

pump 'CUm’t ,pump

where Nrvand Cunitpv refer to the PV number and the PV unit cost, respectively. Nwsr and
Cunit,wst are the tank number and the tank unit cost, respectively. Npunp and Cunitpump are the
pump motor number and the unit cost, respectively, and N and Cio are the inverter
number and unit cost, respectively.
e Operation and Maintenance Cost

The cost of operation and maintenance (Cosnm) is defined by [11-13]

C(O&M)1 X|: 1+Tl :|X|:1_1+Tl:| , for V#T
-1 l-y

Coamy, XK, for y=r1,

Cosn = (16)

where 7, is the inflation rate, i/ refers to the annual interest rate, and X indicates the

system lifetime. Cioemp indicates Coem in the first year, which can be defined in terms of
d as part of the capital cost (Ceap). Ciosmy is computed as follows:

C(O&M n 0 XCcap (17)

- Cost of Water Reliability Weakness

The water reliability weakness of customers is equal to the amount of water not sup-
plied by the system multiplied by the cost per liter of water, which is defined as follows:

T

Corw = Z(PWD O)Xpy XCyy ) (18)

t=1

where p,, is the probability of interrupted water, and C;, is the cost of not supplying

each liter of water demanded by customers in terms of U.S. dollars.
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3.2. Reliability Constraint

The p,, indexis atechnical index for finding the size of PV water-pumping system

components for a system equipped with a water tank. When the pumped water amount
is more than the amount of water consumed by the customers, the excess water is saved
in the WST, and the amount of water stored in hour t is obtained from Equation (11). In
case that the amount of water required by the customers is more than the amount of
pumped water, the water shortage of the customers will be compensated by the discharge
of the WST, in which case the amount of water in the tank at hour t is defined by Equation
(12). However, if the amount of water in the reservoir is not able to fully meet the water
demand of the customers, then the amount of interrupted water per hour (IW (t)) is de-
fined as follows [5,7,9]:

IW (t)=PB,,(t)XAt —(P,, (t)xAt +WCHS (t —1)) (19)

T
DIV (t)
Pw =% - (20)

2B (®)

where the value of p,,, is between 0 and 1. A value of 0 means that all the water custom-

ers demand has been supplied, and a value of 1 means that the total water demand has
not been supplied.

3.3. Proposed Optimizer (EARO)
The sizing of the PV pump system with the aim of minimizing LCC and p,, satis-

faction using enhanced artificial rabbits optimization (EARO) is presented. The optimiza-
tion variables include the PV array number and the WST number determined using the
EARO method.

3.3.1. Inspiration

The ARO algorithm is modeled based on the survival strategies of rabbits in the wild
[27]. The ARO algorithm uses strategies of foraging and hiding and reduces their energy
to exchange among these strategies to solve an optimization problem.

3.3.2. Searching for Shortcut Food (Exploration)

Rabbits tend to look for food far away, so they are not interested in looking for food
in nearby places; in other words, they are not satisfied with the grass in their area and
search far away, which is called detour foraging. In the ARO algorithm, each rabbit has a
number d of hiding places in its own area. Rabbits randomly consider the position of other
rabbits to search for food. In this way, rabbits may gather around a food source to obtain
enough food while searching for food. So, detour foraging means that each searcher is
interested in updating its position towards each other searcher by adding a disturbance.
The detour foraging model is presented as follows [27]:
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Vit +1) =x () + R.(X:(t) =X (£)) + round (0.5.(0.05+r,)).n,, 1)
i,j=lL.,nand j#i

R=Lc (22)
L=(e—-e'T").sin27r,) (23)
c(k):{1 if k=g(), k=1,..dand | =1,..[r,d ] (24)

0 else

g =rand perm(d) (25)
n,~N (0,1) (26)

where v ; (f +1) represents the ith candidate rabbit position at time t+1, x ; (¢) refers to
the ith rabbit position at time t, n represents a rabbit population size, d is the number of

dimensions of the problem, and T represents the maximum iterations number, |_—| indi-

cates the ceiling function, rand perm represents the random order of integers 1 to d, r1 to 13
represents three random numbers in the range (1, 0), L is the length of the run, and n1 is
bound to the normal distribution.

3.3.3. Random Hiding (Exploitation)

In each iteration, a rabbit generates a number of hiding places (d) around each di-
mension of the search space and considers one of those hiding places to hide. In this way,
it reduces the possibility of being hunted. The jth hiding place of the ith rabbit is defined
as follows [27]:

biyt)=x:i(t)+H.gx:(),i=,onand j=1,...d 27)
_ (28)
H =TTt—|_1.r4
2
n, ~N (0,1) @)
1 if k=j, k=1,..d (30)

0 else

g(k)={

During each dimension, d number of hiding places is produced in the neighborhood
of a rabbit. H represents the hidden parameter, which goes from 1 to 1/T based on a ran-
dom disturbance during the repetitions in a linear way.

In order to hide from hunters and not be hunted, rabbits are not interested in choos-
ing one of the hiding places randomly. Random hiding behavior is defined as follows [27]:

Vit + ) =x, () +R(ry b, () =x (), i =1,..m (31)
1 if k :f’%ﬂq: k=1,.,d
g (k)=
{O else (32)
Ei,r(t)Z;i(t)+H.gr.;i(f) (33)
where P17 refers to a hideout considered randomly to hide in from d number of

hideouts, and r+ and rs represent numbers between 0 and 1, randomly selected. According
to the above equations, the i-th searching person tries to update his position with respect
to a random hideout considered from the d available hideouts.
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The position of the i-th rabbit is updated as follows [27]:

Ceeno T O JEOS/E0HD) »

VE+) SO @) >f 0@ +1)

3.3.4. Energy Reduction (Transition from Exploration to Exploitation)

In the ARO algorithm, rabbits tend to engage in detour foraging behavior repeatedly,
while they engage in random hiding behavior in the later stage of iterations. Therefore,
over time, a rabbit’s energy decreases. Therefore, the energy factor is presented as follows
[27]:

A@)=401-yml (35)
T r

where r represents a number between 0 and 1. When A(t) > 1, the rabbit is subject to ran-
dom exploration, and detour foraging occurs. When A(t) < 1, the rabbit is not interested
in randomly using its hiding places, and in this condition random hiding occurs. The
search structure according to factor A is shown in Figure 2.

Figure 2. Search structure according to factor A.

Therefore, the ARO algorithm randomly generates a population of rabbits as candi-
date answers in the search space. In each iteration, a rabbit updates its position relative to
a random rabbit from the population or a random rabbit taken from the hiding places. As
the repetitions increase, factor A goes through a decreasing process, so that each rabbit in
the population is forced to perform a transfer operation. The algorithm is updated until it
reaches the convergence criterion of the algorithm to obtain the best response. The
pseudo-code of the ARO algorithm is presented in Figure 3.
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Initiate a rabbits set Xi and calculate the fitness (Fiti) and Xbest
While the convergence criteria is not met do
For each individual Xi do
Compute the A operator via Eq. (35)
If A>1
Select a rabbit from individuals randomly
Compute R via Egs. (23)-(26)
Implement detour foraging using Eq. (21)
Compute the Fiti
Update the present individual position via Eq. (34)
Else
Produce d burrows and pick hiding randomly via Eq. (33)
Implement the hiding randomly via Eq. (31)
Compute the Fiti
Update the individual position via Eq. (34)
End If
Update the best solution determined Xbest
End For
End While
Return Xoest

Figure 3. Pseudo-code of ARO.

3.3.5. Overview of EARO

In the optimization process, the optimal selection of the inertia weight is very effec-
tive in solving the problem. A big value of the inertia weight makes the algorithm perform
better in global search. However, a small value of the inertia weight makes the algorithm
perform better in local search. In the ARO algorithm, the value of the inertia weight is
chosen as equal to one. Therefore, to strengthen the performance of the algorithm in pre-
venting premature convergence, it is better to consider the inertia weight dynamics to
accelerate the achievement of the global optimum. In solving the optimization problem
based on the ARO algorithm, to improve the convergence and prevent premature conver-
gence, the nonlinear inertia weight reduction method [28] is applied as follows:

W (t)=1W, +(0.5(1+ cos(%)))‘” (W, —1W,) (36)

where /W, and IW, refer to lower and upper amounts of /W , respectively (¥ =10
[28]).

According to Equation (36), Equations (34) and (31) are updated:
W (O)x,@)  f ([ )Sf @ +D)
v+l f(x,@)>f v, @ +1)

Vit +D)=IW (£).x () +R(rb, ()= IW (£)x (1)), i =L,on (38)

X, (t+1)= (37)

3.3.6. The EARO Implementation

The PV water pump system sizing is developed using the EARO method. The opti-
mization variables are optimally determined by EARO. The algorithm iterations number
is considered to be 100, and the population number is selected as 50 according to the trial-
and-error method and the authors’ experience. The flowchart of the EARO to implement
the problem is depicted in Figure 4. The steps of EARO performing sizing solving are
presented as follows:
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Step 1) Insert the data related to the irradiance and temperature considering real re-
gional data and produce the initial population for x = [N v oIV 1k ] as a decision vari-

ables vector.

Step 2) The variables set are identified randomly after considering the search space
for members of the population.

Step 3) The LCC is calculated for each variable set via ARO, and the corresponding
lowest LCC is determined as the best member of the population.

Step 4) The population position is updated, and then the LCC is computed for the
new population. If the member corresponding to the best value of the cost is better than
the LCC gained in Step 4, it replaces the older value.

Step 5) In the enhanced ARO phase, the algorithm position is updated with a non-
linear inertia weight reduction strategy, and then the OF is computed for the updated
population.

Step 6) The optimal variable set is replaced by the best set obtained in Step 5 if it has
better results than the cost achieved in Step 4.

Step 7) The convergence criteria are evaluated. If these criteria are met, go to Step §;
otherwise, return to Step 4.

Step 8) Stop the EARO and print the best variables.

Initiate the irradiance, temperature and load data, EARO
algorithm parameters and technical data of components

!

Random selection of decision variables based on EARO

population members

v

Evaluate the LCC for each EARO population member

and verify the constraints

v

Determination of best solution with minimum LCC

v

Update the EARO population

v

Random selection of decision variables for updated

A 4

population members

!

Computation of LCC for new population, and verify

the constraints and find the best solution with

minimum LCC

!

Replace the new best solution with old solution with
lower LCC

Is convergence criteria
met?

Optimal variables are found

Figure 4. Flowchart of the EARO implementation for sizing problem solving.
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4. Simulation Results

In this paper, the sizing of the PV water pump system is performed by considering
the possibility of water supply to the customers using EARO considering real regional
data. The simulation of the studied system is performed in different scenarios of water
height. The simulation results include the optimal components capacity and system cost
for the full supply of customer demand. It should be noted that in order to confirm the
efficiency of the EARO method, the problems with traditional ARO and PSO, which have
shown their ability in recent years to optimize power engineering problems, have been
evaluated, and the results are compared. Finally, the effect of some system parameters on
optimization is evaluated.

4.1. Sizing Parameters

The proposed framework is applied for sizing the PV water pump system separate
from the network with the aim of providing drinking water to customers. The cost data
of the system are presented in Table 2. The efficiency of the inverter is considered to be
95% [11-13]. The technical data of the PV array and pump motor are given in Tables 3 and
4, respectively.

Table 2. The cost data of the system [11-13].

Component Capital Cost (U.S. Maintenance Cost (U.S. 7, (%) v (%) K (yr)
Dollars) Dollars)
PV Array 29491 2.95 4 8 25
Pump Motor 210 2.1 4 8 10
Water Tank 42,000 420 4 8 25
Inverter 50.057 0.5 -- -- 10
Table 3. Technical data of PV array [12,13].
Pmax (W) q k n Rs In Vnoc Isc Vmax Imax
55 1.6 x10®  138x102 15 0012 65 217 34 174 3.16
Table 4. Technical characteristics of motor pump [12,13].
Motor Type Nominal Power (W) Voltage Range (V) Maximum Current (A)
DC 400 0-48 13

The amount of water consumed in each hour during a 24 h period is equal to 24.10
cubic meters. Each water tank has a maximum capacity of 1 m?, and the capacity of each
at the beginning of the program is considered 0.25 m3. The values of the coefficients of
Equations (4)—(8) are given in Table 5. The changes in radiation as well as temperature for
a full day and night are shown in Figures 5 and 6. The solar radiation and temperature are
of the Gorgan area (latitude 37°24" and longitude 55°15) in Iran.

Table 5. Coefficients value of motor pump [12,13].

Coefficient Value Coefficient Value

ao=-214.42 Qo=-152.82

a1=108.43 Q1=72.369
a(h ) az2=-9.9276 Q(h) Qr=-6.5469
as=0.2201 €2=0.1499

Po=470.5 Do=16.79
B(h) Bi=-157.19 o(h) ®1=-2.8140
p2=15.038 @,=0.7072
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ps=-0.339 D3=-0.0158

1000
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Irradiance (W/mz)
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Time (hour)

Figure 5. Irradiance during a day for Gorgan region.

Temperature (°c)

0 5 10 15 20 25
Time (hour)

Figure 6. Ambient temperature during a day for Gorgan region.

The cost of the photovoltaic array from the investment point of view is USD 249.91
per kilowatt, and the cost from the maintenance point of view is 1% of that, equal to USD
2.49 per hour. The purchase cost of each water tank is USD 42,000, and the maintenance
cost is USD 420 [12,13]. The sizing of the PV water pump system is considered using

EARO, taking into account the possibility of non-supply of water to p,,, customers. Sys-

tem costs are presented as an economic index, and p,, as a technical index for the sys-

tem’s ability to supply water to customers. The simulations are implemented in two sce-
narios as follows:

Scenario #1) Sizing of a PV water pump system for a water extraction height of 5 m
with LCC minimization and satisfying the p,, constraint;

Scenario #2) Sizing of a PV water pump system for a water extraction height of 10 m
with LCC minimization and satisfying the p,, constraint.

4.2. Simulation Results of the First Scenario

Based on Scenario 1, the solar pumping system is designed considering a water
height of 5 m. The convergence process of the different algorithms is shown in Figure 7.
This figure shows that the system costs using the EARO method are lower than for other
methods. In Table 6, the results are given. Based on Scenario 1, the PV array and water
tank numbers are set to 5 and 7, respectively. The system cost is 0.2955 M$. Using EARO,
the LCC is lower than for the ARO and PSO methods, and the system was able to fully
supply the water consumed by the customers. However, when using the ARO and PSO
methods, system costs were equal to 3119 and 0.3078 M$, respectively, and on the other
hand, these methods did not provide 4.18 and 4.16% of the water required by customers,



Mathematics 2023, 11, 463 15 of 22

respectively. Therefore, the obtained results confirm the better capability of EARO in
terms of achieving the lowest cost and the highest reliability of water supply to customers.

«10° Scenario#1
6 T T T T T T T T T
EARO
65F% | e ARO |-
% —=—=:PSO

5r % 1

25 . . . L L L L . .
0 10 20 30 40 50 60 70 80 90 100

Iteration

Figure 7. The EARO, ARO, and PSO convergence curves in the first scenario.

Table 6. System optimization results in the first scenario.

Method/Parameter Nev Nwst LCC (M$) P (%)
EARO 5 7 0.2955 0
ARO 5 6 0.3119 4.18
PSO 4 6 0.3078 4.16

Table 7 shows the sensitivity of pw compared to the number of PV arrays based on
the EARO method; in other words, it can be seen that with the increase in the PV number,
unsupplied water for customers decreases, and they are supplied with higher reliability.

Table7. p,, sensitivity to the number of PV arrays in the first scenario.

PV Number 1 2 3 4 5
P (%) 54.16 29.16 16.66 4.16

o

Figure 8 illustrates the variations in pw compared to the PV number; with the in-
crease in the PV number, the water demand of the customers is met with a higher level of

reliability.
60 Scenario#1
54.16
50
—~ 40
X
A 20 16
E 30 16
=
20 16.66
10
4.16 0
0 & -
1 2 3 4 5
Number of PV

Figure 8. Change compared to PV number in Scenario 1.
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4.3. Results of Scenario 2

The results Scenario 2, with height of 10 m, are given in Table 8. Figure 9 shows the
convergence process of the different algorithms and demonstrates that EAROs obtain the
optimal component sizing with lowest LCC.

%10° Scenario#2
5 T T T T T T T T T
EEOA
S EOA
451 : —===PSO |

LCC ($)

25 | 1 | | | 1 | | 1
0 10 20 30 40 50 60 70 80 90 100

Iteration
Figure 9. The EARO, ARO, and PSO convergence curves in the second scenario.

Table 8. System optimization results in the second scenario.

Method/Parameter Nrv Nwst LCC (M9) Dy (%)
EARO 6 7 0.2993 0
ARO 6 6 0.3157 4.47
PSO 6 6 0.3134 4.23

In the second scenario, the PV array number and tank number of the EARO method
are 6 and 7, respectively. The LCC obtained using EARO is 0.2993 M$. For ARO and PSO,
Nrv and Nwsr are equal to 6. Using ARO and PSO, the LCC is 0.3157 M$ and 0.3134 M$,
respectively. Therefore, according to the results, it can be said that the EARO method has
optimized the system at a lower cost and also has provided the total water demanded by
customers with p,,, equal to zero. On the other hand, the ARO and PSO methods did
not provide 4.47 and 4.23% of the total water required by the customers, respectively,
which increased the cost by imposing the cost of WNS by these methods. Therefore, the
proposed method of EARO is a cost-effective and reliable method compared to other
methods.

In Table 9 and Figure 10, the variations in p,, compared to the PV array number

are plotted; it is clear that the p,, value decreases as the PV array number increases.

Table 9. Sensitivity to the number of PV arrays in the second scenario.

Nrv 1 2 3 4 5 6
D (%) 83.33 45.83 29.16 20.83 8.33 0
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83.33

45.83

pIW (%)
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20 20.83
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Figure 10. Changes relative to PV number in the Scenario 2.

4.4. Comparison of Scenario Results

The results of Scenarios 1 and 2 obtained via EARO are compared with each other.
The required power of the motor pump is supplied by photovoltaic sources, and the re-
quired power of the motor pump is optimized. When the height of water extraction in-
creases, in this case, the motor pump needs more power to extract the same volume of
water in the base state (base height of 5 m). Based on Table 10, it is clear that with the
increase of water height from 5 to 10 m and thus the increase in the height of water extrac-
tion, the optimization program has considered more photovoltaic panels or more photo-
voltaic power to supply the required power of the motor pump. On the other hand, the
optimization program has guaranteed the complete and reliable supply of 100% (with piw
=0) of the water demand of the customers under the conditions of changing the height of
water extraction, satisfying the water reliability index. As a result, it can be seen that the
LCC of the system has increased with the increase in the height of water extraction due to
the increase in photovoltaic power required by the motor pump.

Table 10. Results of Scenarios 1 and 2.

Method/Parameter Nev Nwst LCC (M$) D (%)
Scenario #1 5 7 0.2955 0
Scenario #2 6 7 0.2993 0

In the following, the effects of some effective technical parameters such as changes in
the intensity of PV radiation and changes in temperature and the water demand of cus-
tomers on system optimization—in other words, on the optimal capacity of components
and system costs—have been evaluated. It should be noted that the simulations in this
section have been performed at a height of 10 m.

4.5. Sensitivity Analysis

4.5.1. Effect of Height Changes

In Table 11 and Figure 11, the effect of increasing the height of water extraction on
the number of photovoltaic panels is evaluated. With the increase in the height of water
extraction, the required power of the motor pump has increased the number of photovol-
taic panels used.
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Table 11. Changes in the number of PV arrays relative to water extraction height.

Height (m) 5 10 15
Nprv 5 6 7
7
6
> 5 _\
A
S 4 _\
p RN
£ 3 —\
=
Z 2 -
1 A _\
0 - _\
5

5 10 1
Hight (m)

Figure 11. Curve of changes in the number of PV arrays relative to water extraction height.

4.5.2. Effect of Changes in the Number of Tanks

The results of changes in the number of water storage tanks in relation to the height
are presented in Table 12. In a 24 h period, the water demand of the customers is com-
pletely satisfied. Therefore, the optimization program under the conditions of changes in
the height of water extraction has tried to fully supply the same volume of water required
by the customers as in the base height scenario by increasing the required power of the
motor pump. So, with the increase in the height of water extraction, the number of water
tanks required by the customers has remained unchanged.

Table 12. Results of scenarios 1 and 2.

Height (m) 5 10 15
Nprv 7 7 7

4.5.3. Effect of Changes in Irradiance

The irradiance is decreased by 25% and increased by 25%, and the results are com-
pared with a height of 10 m. The results of irradiance changes are presented in Table 13.
As we know, with the increase of irradiance (compared to the basic state), the output
power of a photovoltaic panel increases. Therefore, in conditions of increased irradiance,
the amount of extracted power is higher. As can be seen, with the 25% increase in irradi-
ance, the number of photovoltaic panels has decreased from seven to five. In other words,
the optimization program considers the power produced by five photovoltaic panels in
the condition of a 25% increase in irradiance equivalent to the power produced by six
photovoltaic panels in the basic irradiance condition. Also, the optimization program has
selected the power produced by nine photovoltaic panels in the conditions of 25% reduc-
tion of irradiance, equivalent to the power generated by six photovoltaic panels in the
basic irradiance. On the other hand, it is clear that with the increase (decrease) of the num-
ber of photovoltaic panels in the conditions of 25% reduction (increase) of irradiance, the
cost of the system has increased (decreased). Also, the results show that the decrease in
irradiance has weakened the reliability of the customers’ water supply.
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Table 13. Effect of changes in PV radiation intensity on system optimization.

Irradiance/Parameter Nrv Nwst LCC (M$) D (%)
25% decrease 9 7 0.3326 2.67
Nominal 6 7 0.2993 0
25% increase 5 7 0.2922 0

4.5.4. Effect of Temperature Changes

The effect of temperature variations (10% decrease and increase compared to the
baseline) on the optimal capacity of system components and the cost to meet the total
water demand is presented in Table 14. An increase in temperature causes very small
changes in the output power of photovoltaic panels. This effect is mostly considered in
low-power applications of photovoltaic modules, and it is ignored in high-power appli-
cations. Based on the obtained results, it is clear that 10% changes in temperature did not
affect the production of photovoltaic power and ultimately the cost and water supply of
the customers.

Table 14. Effect of temperature changes on system optimization.

Temperature/Parameter Nev Nwst LCC (M$) D (%)
10% decrease 6 7 0.2993 0
Nominal 6 7 0.2993 0
10% increase 6 7 0.2993 0

4.5.5. Effect of Water Demand Changes

The effect of changes in the percentage of water consumed by customers on system
optimization has been evaluated in this section. The results are given in Table 15. As the
water demand of the customers increases, the pump motor needs more power to extract
more water and vice versa. Therefore, more photovoltaic panels are needed to supply the
required power for the motor pump. Therefore, the increase in the water demand of the
customers increases the cost. Similarly, reducing the water demand of the customers will
reduce the number of photovoltaic panels and reduce the cost. On the other hand, in the
conditions of increased water needs, the optimization program may not be able to fully
meet the needs of the customers.

Table 15. Optimization results from water demand changes.

Water Demand/Parameter Nev Nwst LCC (M$) P (%)
20% decrease 4 7 0.2937 0
Nominal 6 7 0.2993 0
20% increase 8 7 0.3289 3.4

4.5.6. Effect of Considering Replacement Cost

In this section, the effect of considering the replacement cost of system components
according to the project lifetime of the system (25 years) and operation period of the equip-
ment is presented in the solutions of Scenarios 1 and 2 according to Table 16. In this con-
dition the replacement cost considered for the motor pump and also inverter is added to
Equation (14). So, the replacement cost is defined as Cy =C, , XSFF(i,y ), and

rep
SFF =i /(1+1i)" =1 (C,,, is the replacement cost of a motor pump and inverter (U.S.
dollars), i is the annual real interest rate, and y ,, is the lifetime of the motor pump and

inverter). In this case, based on Table 2, the lifespan of the project is considered to be 25
years according to the lifespan of the photovoltaic sources and the water tank, and the
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useful lifespan of the pump motor and inverter is also considered to be 10 years. In this
situation, the cost of replacing the equipment is considered similar to the investment cost
of each piece of equipment, which is naturally included in the cost function (LCC) of Equa-
tion (14) based on the annual operating period of this study, and the simulation results
using the EARO optimization method are presented in Table 16. The LCC for Scenario 1
and Scenario 2 is obtained 0.3073 M$ and 0.3111 M$, respectively.

Table 16. Results of effect of considering replacement cost for Scenarios 1 and 2.

Method/Parameter Nrv Nwst LCC (M$) P (%)
. Scenario #1 5 ” 03073 0
With replacement cost
Scenario #2 6 7 03111 0

With replacement cost

5. Comparison of the Results

In battery-based water-pumping systems, the water demand is met online. By receiv-
ing radiation, PV resources supply the electrical energy of the motor pump. In other
words, the water-related electricity needed by customers to extract water is delivered to
the pump motor, and the extra PV power is saved in the batteries for hours without PV
radiation and thus without PV electricity. The battery is discharged, and the pump motor
is provided with power for the extraction of water for delivery to customers. In other
words, the warehouse is electric. In a tank-based photovoltaic water pump, the battery is
deleted, and the water tank replaces it. For the method of EARO, according to the annual
cost of the system for 10 m of irrigation equal to 0.3073 M$ and the consumption of 10 m?
of water by the customers every day, the cost of the water supplied to subscribers per liter
(CWS) is equal to USD 0.0841. The numerical comparison of the CWS is given in Table 17.
It can be seen that the EARO method with the PV pump system based on the water storage
tank has obtained a lower cost per liter compared to other methods based on the battery
storage system [29,30]. The configuration provided along with the proposed methodology
is simpler compared to other methods, the life of the storage system based on the water
storage tank is longer, and the cost of the water supplied to the subscribers is lower.

Table 17. Comparison of the EARO performance with previous studies.

Algorithm System CWS ($)
EARO PV/Pump/WST 0.0841
[29] PV/Pump/Battery 0.375
[30] PV/Pump/Diesel 0.261

6. Conclusions

In this paper, the sizes of PV pumping system components are determined to meet
the water demand of customers to minimize LCC and satisfy a reliability constraint, opti-
mally for the Gorgan region. The sizes of components such as PV arrays and the number
of water storage tanks are calculated optimally via EARO. Also, the capability of EARO is
compared with those of the traditional ARO and PSO. The LCC values for water extraction
heights of 5 m and 10 m are 0.3073 M$ and 0.3111 M$, respectively, using EARO. The
results demonstrated that the water-pumping system can supply the customers’ demand
fully based on continuous provision. The results showed that EARO, in designing the PV
water pump system compared to the ARO and PSO methods, has a lower cost with higher
reliability. The effect of some important factors on system design is also evaluated. As PV
energy size increases, system reliability and cost increase. As the water extraction depth
increases, the PV energy required to supply the pump motor as well as the system cost
increase. As the irradiance increases, the PV number and consequently the system cost
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decrease, and vice versa. The results also demonstrated that increasing the temperature
does not have a significant effect on system optimization, optimal component sizes, or the
reliability index. Also, the proposed method performance was confirmed, compared to
the previous methods, to have a lower cost of water extraction per liter. Assessing the
uncertainty of PV power generation and water consumption of customers in designing a
PV water pump system is suggested for future work.
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