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ABSTRACT 

A sizing algorithm for a photovoltaic water pumping 

installation composed of photovoltaic panels, battery’ bank, 

DC/AC converters and a water pump is presented. 

Considering criteria related to the battery’ bank safe 

operation, fulfilling the water volume needed by the crops and 

ensuring a continuous operation of the pump, the algorithm 

decides the size of the installation’ components. The 

installation’ cost using the presented and the basic algorithms 

are compared. Obtained results confirm that the water demand 

is covered during the crops’ vegetative cycle with a minimum 

use of the battery’ bank and minimum cost. 
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1. INTRODUCTION 
The need to save water and energy is a serious issue that has 

increased in importance over the last years and will become 

more important in the near future [1]. The low price of fuel is 

the reason why renewable energy sources are not used in 

several applications, including water pumping. So, pumping 

systems based on renewable energies are still scarce, even 

though it has clear advantages, namely, low generating costs, 

suitability for remote areas, and being environmentally 

friendly. Nowadays, the price of electric energy is rising 

constantly, and water and energy companies are investing in 

more efficient solutions [2]. 

Renewable Energies have been used in water pump 

applications, especially in remote agricultural areas, thanks to 

the potential of renewable energies. The renewable energies’ 

use depends on the user’s propensity to invest in renewable 

based pumping systems, his/her awareness and knowledge of 

the technology for water pumping, and also on the 

availability, reliability, and economics of conventional options 

[3]. Moreover, the evaluation of the groundwater volume 

required for irrigation and its availability in the area is also 

relevant in determining the profitability of using renewable 

energies. 

Some installations combine solar panels and wind turbines to 

compensate the solar radiation and the wind velocity 

fluctuations. These sources act in a complementary way, 

since, generally, when the solar radiation is high, the wind 

velocity is low. This combination may result in a more 

reliable but complex water pumping, since electric power 

generated by wind turbines is highly erratic and may affect 

both the power quality and the planning of power systems [4]. 

Hence, there is a multitude of systems based on renewable 

energies. However, the choice of the energy source for the 

pump’ supply depends essentially on the site characteristics 

and the water needed by the crops. As Tunisia’s climate is 

considered semi-arid and it is good insolated country [5], the 

use of a photovoltaic autonomous installation for water 

pumping in remote areas is required. Thus, since the sizes of 

the photovoltaic installation components affect its autonomy 

[6, 7], it is necessary to define some adequate values for the 

components’ parameters, such as the photovoltaic panel 

surface and the number of batteries [8, 9]. 

In this sense, researchers have established various methods to 

optimize the components’ sizes of these installations, 

essentially the photovoltaic panels’ surface and the battery 

bank’ capacity [10]. For instance, some works have focused 

on developing analytic methods based on a simple calculation 

of the panels’ surface and battery bank capacity using the 

energetic balance [11-13]. Other works have concentrated on 

the cost versus reliability question [14]. Moreover, some 

researchers have proposed sizing algorithms based on the 

minimization of cost functions, using the Loss of Load 

Probability (LLP) concept [15]. This LLP approach has also 

been combined with artificial neuronal networks and genetic 

algorithms [14]. However, these methods may result in an 

oversized system for one location and an undersized one for 

another location [16]. The oversized case results in high 

installation costs. With an undersized case, the system is 

unable to supply the load with the energy needed. Moreover, 

the system’s lifetime is shorter, due to the excessive use of 

batteries. Hence, the component sizes must be carefully 

selected for each specific application and location [16]. 

Some tools have been designed to optimize the size of the PV 

installation components, by taking into account the energetic, 

economic and environmental aspects [17]. However, some 

softwares (such as COMPASS) does not include batteries. 

Hence, water pumping installations are limited to pumping 

over the sun. HOMER is a good tool for sizing. Despite it 

guarantees the installation’ autonomy, it may give an 

oversized sizing, since it concentrates in the system’ 

autonomy and it uses data base of 20 years of Nasa. RAPSim 

focuses on modeling alternative power supply options, using 

costs calculation throughout the lifespan [18]. RETscreen 

assists the user to determine the energy production, life-cycle 

costs and greenhouse gas emission reductions for various 

types of renewable energies [18], using statistical sizing [17]. 

Hence, these tools may give a good sizing for the installation’ 

autonomy. However, they may result in oversized 

components. In this context, this paper presents a 

development for a previous published work in which, an 

algorithm for the optimum sizing of the photovoltaic pumping 

installation destined to tomatoes’ irrigation is developed [19]. 

In fact, during the months that correspond to the crops’ 

vegetative cycle, the selected values must guarantee the water 

volume needed for the crops’ irrigation, the system’s 

autonomy and the battery bank’s safe operation [8]. Knowing 
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the water volume needed for tomatoes’ irrigating, the site 

characteristics, the solar radiation and the photovoltaic panel 

type, the proposed algorithm provides the optimum values of 

the panel surface and the number of batteries. Indeed, the idea 

consists in calculating the values that guarantee, on the one 

hand, the balance between the charged and discharged energy 

in the battery’ bank, and on the other hand, the pumping of the 

water volume needed. It is important to point out that the 

components size chosen must fulfill the irrigation 

requirements for all the months of the tomatoes’ vegetative 

cycle (March to July). In this paper, the algorithm is 

developed and validated using measured meteorological data. 

Moreover, an economic comparison between the proposed 

and the basic sizing methods is presented. The models used 

for the panels and the batteries are summarized in section 2. 

The sizing algorithm is proposed in section 3. The algorithm’ 

results are summarized in section 4. Finally, the conclusion is 

presented in section 5. 

2. SYSTEM COMPONENTS’ 

MODELING 
In order to size and control the system elements, an essential 

step consists in modeling the installation components. Hence, 

some models for the photovoltaic panels, the batteries and the 

pump are presented now. 

2.1 Photovoltaic Panel Model 
A yield based panel model is used to model the photovoltaic 

values (the temperature coefficient for the panel yield, the 

module [17, 20]. This yield is evaluated using the cell 

parameters panel yield at the reference temperature, etc.), and  

the cell temperature module, which depends on the Nominal 

Operating Cell Temperature (NOCT) and the clearness index 

[20]. This model is given by: 

( ) (1-  ( ( ) - ))pv r pv c reft T t T    (1) 

where: r  is the panel yield at the reference temperature, pv  

is the temperature coefficient for the panel yield ( 1C ), 

( )cT t is the cell temperature (ºC), refT  is the reference 

temperature (°C). 

The cell temperature ( )cT t  is calculated using [20]: 

 
- T

( ) ( ) ,
800

ref
c a t

NOCT
T t T t H t d   (2) 

where aT  is the ambient temperature (°C),  tH t,d  is the 

solar radiation on the tilted panel (W/ 2m ), NOCT is the 

Normal Operating Cell Temperature (ºC). 

The photovoltaic power is evaluated using [20]: 

   ( ) ,pv t pvP t S H t d t  (3) 

where S  is the panel surface ( 2m ). 

2.2 Battery Bank Model 
A non-linear model for modeling the lead- acid battery is used 

[66]. In addition to its simplicity, this model has the advantage 

of using the battery current to describe precisely the battery 

behavior when charging or discharging. Its performance is 

then evaluated from its capacity pC  and its depth of 

discharge dod . 

The stored charge in the battery RC  is described by [17]: 

-1 3600

p

( k ) ( k ) ( k )

k
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k
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   (4) 

where k  is the time between instant 1k  and k  and pk  is 

the Peukert. 

The depth of discharge dod  is given by [17, 20]: 
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Fig. 1. Scheme of the off-grid photovoltaic irrigation system 

where pC  is the Peukert capacity, considered constant (A.h). 

2.3 Pump 
As in most research related to water pumping, the motor 

pump adopted is an induction machine (IM), thanks to the 

simplicity of control and the encouraging price [17]. The total 

mechanical power on the shaft coupled to the pump LP  is 

[17]: 

h
L

p

V g H
P

t







 (6) 

where V  is the pumped water volume ( 3m ), g  is the gravity 

acceleration (m/ 2s ),   is the water density (Kg/ 3m ), hH  is 

the head height (m), p  is the pump efficiency, t  is the 

pumping duration (h). 
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3. ALGORITHM PROPOSAL 
A good sizing must fulfill that the installation provide the 

electrical demand of the load [17]. Hence, the proposed 

algorithm’s main objective is to ensure the load supply 

throughout the day, while protecting the battery’ bank against 

deep discharge or excessive charge and guaranteeing the 

water volume needed for the crops’ irrigation. The scheme of 

the proposed approach is presented in Fig. 2 [19]. The 

algorithm depends on: 

 the water volume needed, 

 the site characteristics, 

 the panel characteristics, 

The algorithm aims to find the optimum panels’ surface optS  

and the batteries’ number 
optbatn  that guarantee the 

installation’ autonomy when supplying the pump. Hence, the 

idea consists in searching the optimal components sizes that 

ensure the balance between the charged and the extracted 

energies cE  and eE , respectively. In fact, the battery bank 

supply the load when the panels do not generate the sufficient 

power, and is charged with the PV energy produced in excess 

(Fig. 3). The energy balance can be expressed by: 

c AM PME E E;  (7) 

The sizing algorithm is performed using two sub algorithms 

during the crops’ vegetative cycle (March to July): the first 

Algorithm 2.1 allows the size of the panel surface MS  and 

the number of batteries 
Mbatn  to be determined for each 

month M. Then, Algorithm 2.2 is performed to deduce the 

final system components’ sizes. Algorithm 2.1 is detailed now 

in steps following the approach presented in Fig. 4. 

a) Algorithm 2.1: Determination of MS  and 
Mbatn  

Step 1 Estimation of the diffused and direct radiation [19]. 

Step 2 Deduction of the solar radiation  tH t,d  in a tilted 

panel [19]. 

Step 3 Estimation of the cell temperature  cT t  using (2). 

Step 4 Deduction of the panel yield  pv t  using (1) [17]. 

Step 5 Calculation of the crops’ water needs V: The 

determination of the water volume needed for tomato 

growth is essential to define the amount of water to be 

pumped. The water volume depends essentially on the 

crop growth stage and the evapotranspiration [19]. In 

the literature, many models have been used to describe 

the evapotranspiration. For instance, [19] used the 

Penman Method, which depends essentially on the net 

radiation at the crop surface, the mean air temperature, 

and the wind speed. [19] presented some models to 

describe the evapotranspiration, such as the 

Thorenthwet method, which depends on the sunlight 

duration and the air temperature. The Blaney-Criddle 

method has also been used. 

 

 

Fig. 2. Planning of the proposed sizing algorithm 

Time (h)
 

 

P
o

w
er

 (
W

)

P
pv

P
pump

E
AM

E
PM

E
c

 

Fig. 3. Energy balance principle 
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This method includes the seasonal crop coefficient ck , in 

addition to the sunlight duration and the air temperature, which 

provides better patterns of the needed water volume. For this 

reason, the Blaney-Criddle method is used. 

The daily water volume, nV , required by the crop is given by 

[19]: 

n c ToV k E  (8) 

where ck  is the monthly crop growth coefficient, ToE  is the 

monthly reference evapotranspiration average, which depends 

on the ratio of the mean daily daytime hours for a given 

month to the total daytime hours in the year p  and the mean 

monthly air temperature T  for the corresponding month, is 

evaluated [19]: 

 0 46 8 13ToE K p . T .   (9) 

where K  is the correction factor, expressed by [19]: 

0 03 0 24K . T .   

To obtain the necessary gross water, it is essential to estimate 

the irrigation losses. For this, an additional water quantity 

must be provided for the irrigation to compensate for those 

losses. Thus, the final water volume is evaluated by [19]: 
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where: mr  is the the average monthly rain volume, if  is the 

leaching efficiency coefficient as a function of the irrigation 

water applied [19], RL  is the leaching fraction given by the 

humidity that remains in the soil, expressed by [19]: 

5 -

w
R

e w

EC
L

EC EC


 (11) 

wEC  is the electrical conductivity of the irrigation water (dS. 

-1m ) and eEC is the crop salt tolerance (dS. -1m ). 

Step 6 Calculation of the pumping duration t . In the 

application, the pump’s flux is constant. Thus, t  can 

be evaluated by (12): 

pumpP
t

Q
   (12) 

Step 7 Calculation of the minimum panel surface iS , maxS  

and the initial battery capacity iC  using equations (13), 

(14) and (15) respectively, based on the irrigation 

frequency [20]. 

For March and April, 
2

aut
pump

rech
i

pv bat l pv reg

d
P t

d
S

W    





 (13) 

For May, June and July,  

2
1

pump aut
i

rechpv bat l pv reg

P t d
S

dW    

  
  

 

 (14) 

d aut
i

bat max

E d
C

V dod



 (15) 

with pumpP is the pump power (W), t  is the water 

pumping duration (h), autd  is the days of autonomy, 

rechd  is the days needed to recharge the battery, pvW  

is the average daily radiation (Wh/ 2m / day), bat is 

the electrical efficiency of the battery bank, l  is the 

electrical efficiency of the installation, pv  is the 

efficiency of each photovoltaic panel, reg  is the 

regulator performance, dE  is the the daily 

consumption (W.h), batV  is the battery voltage (V), 

maxdod  is the the maximum dod  variation (%). 

Step 8 Calculation of pviP  corresponding to the minimum 

panel surface iS , using (16) [19]: 

pv i pv i tP S H  (16) 

where pvn is the panels’ yield (%), tH  is the solar 

radiation on a tilted panel (W/ 2m ), iS is the initial 

panel surface ( 2m ), 

Step 9 Calculation of the energies expected to be stored and 

extracted from the battery each day by evaluating the 

area cE  and eE , respectively, (Fig. 3). 

If the discharged energy is higher than the charged 

energy, the algorithm increases the panel surface by 

the minimum increment of the PVP size commercially 

available: the algorithm looks for the best 

configuration to guarantee the balance between the 

demanded and the produced energies, by ensuring the 

equality between the charged cE  and discharged 

energies eE  in the battery bank (7). 

Step 10 The balance between the accumulated and the extracted 

energies does not guarantee the system’s autonomy, 

due to the fluctuation in the solar radiation and the 

energy losses in the installation’ components. Thus, to 

ensure the system’s autonomy and protect the battery 

against deep discharges, the algorithm is performed by 

adopting an efficiency coefficient   that allows the 

dod to be less than maxdod  (  is equal to 1.14* 

error ). Thus, equation (7) becomes: 

 c AM PME E E ;  (17) 
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Fig. 4. Sizing Algorithm 2.1 for each month M 

Step 11  Deduction of 
Mbatn  [19]: 

M

c
bat

bat

E
n

C
  (18) 

where cE is the energy charged in the battery bank (Wh) and 

batC is the nominal capacity for one battery (Ah), 

b) Algorithm 2.2: Deduction of optS  and 
optbatn  

Using Algorithm 2.2, presented in Fig. 5, the final values of the 

panel surface optS  and the capacities number 
optbatn , are then 

deduced. optS  corresponds to the maximum value of the panel 

surface obtained during the months. The optimum batteries 

number is the corresponding value for optS , since it is the 

most critical month. 

 

4. APPLICATION TO A CASE STUDY 

 The proposed algorithm is tested during the months that 

correspond to the vegetative cycle of tomatoes (March to July), 

using data of the target area. Algorithm 2.1 is first evaluated. In 

fact, the solar radiation accumulated on a tilted panel is 

evaluated [19]. Then, the panel yield is calculated for each 

month using (1) (Table 1). In parallel, the water needed V is 

calculated, depending on the crops vegetative cycle and the site 

characteristics using (10). The initial values iS , and iC  are 

summarized in Table 2, and used to test the condition 

presented in (17). Indeed, if the charged energy is higher than 

the discharged energy, the panel surface is increased by the 

minimum panel available surface in the market ( the increment 

is 0.5
2m ), and vice versa. 

Site characteristics 

Step 1: Estimation of the diffused and the direct 

radiations dH  and bH , respectively 

using [19]. 

Step 2: Deduction of the solar radiation in a 

tilted panel tH using [19]. 

Step 3: Estimation of the temperature cT  using 

(2). 

Step 4: Deduction of the panel’ yield pv  using 

(1). 

Step 5: Calculation of the needed water volume V using 

(42) 

Step 6: Calculation of the pumping duration t  

using (44). 

pv  
tH  

Step 7: Calculation of the initial panel’ surface     and the initial battery’ bank capacity      using 

(13), (14) and (15) respectively and initialize          .  

Step 8: Calculation of the photovoltaic power pv iP  corresponding to the initial surface using 

(16). 

iS

 
iC  

iS S  

V  t  

pv iP  

Step 9: Calculation of the energies stored and extracted from the battery’ bank     ,             and         .   cE

 
AME  PME  
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For M=1:          , evaluate       

and          using Algorithm 2.1 
MS

Mbatn
maxM

 1 2opt maxS max S ,S ,..,S

opt Mbat bat opt Mn n when S S 

MM batS , n

 

Fig. 5. Sizing Algorithm 2.2 

Algorithm 2.1 results are summarized in Table 3 and Fig. 6-7. 

They show that the proposed algorithm always ensures the 

needed water volume, respects the battery bank’ depth of 

discharge limits and the energy balance. In fact, in Fig. 6 the 

proposed algorithm guarantees the needed water volume for 

the crops irrigation, since the pump is supplied by the panels 

and the battery bank. This has been proved for March to July 

(Fig. 7). Moreover, this algorithm ensures the energy balance 

for each month M. For example, in Table 3, the efficiency 

coefficient is around the fixed value ( 1 =1.26) throughout all 

the considered months. For this value, dod is guaranteed to 

be equal to 0.88. Thus, the extracted energy  eE  is almost 

equal to the accumulated energy ( cE ). For instance, in March, 

the generated photovoltaic power during the morning is used to 

supply the pump together with the battery bank during the 

pumping duration. Then, the photovoltaic power generated is 

used to charge the batteries for the rest of the day hours. The 

quotient between the cumulated and extracted energies is equal 

to 1.29, which is near to the value initially fixed in Algorithm 

2.1  1 26.  . For July, the error coefficient is fixed to be 

66.67 % 

Hence, the obtained panels’ surface optS  and the batteries 

number 
optbatn  satisfy the energy balance. In other terms, all 

the stored energy is consumed, thanks to the batteries number 

calculation, which is done by considering the same maximum 

maxdod  value for all the months ( maxdod = 0.88). Hence, 

the panels’ surface allows the load to be supplied during the 

pumping duration and provides the energy needed to charge 

the batteries (Fig. 8). 

 

Fig.6. Evaluation of Algorithm 2.1 for each month using 

mean climatic data values 

 

Fig.7. Daily energies using mean climatic data values for 

each month M using algorithm 2.1 

 

Table 1 Panel efficiency calculation and irrigation parameters estimation 

 March April May June July 

pvW (W.h)  8094.0 10254.0 11197.0 12974 12077 

pv (%)  12.37 12.21 11.90 11.50 11.17 

Water volume 
3 10m / ha   60.70 100.37 179.82 241.10 321.03 

Pumping duration 

t  (h)  
2.51 4.14 7.42 9.95 13.25 
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Table 2 Initial values of the panels’ surface and number of batteries 

 March April May June July 

Initial panel surface (
2m )  

11 27.5 92 108.5 156.5 

Initial batteries numbers 

iC   

11 5 9 12 16 

 

 

Table 3 Calculation of the minimum panel surface and the batteries’ number needed to fulfill the energy requests each month 

M 

 March April May June July 

error  (%) 90 90 90 90 66.67 

AM PME E (W.h) 11100.0 13606.0 11232.0 11511.0 15450.0 

cE (W.h) 14347 17882.0 14499.0 14572.0 26018.0 

pumpE (W.h) 11278 18648.0 33409.0 44796.0 59040.0 

PVE (W.h) 16034 25122 40488 52741 81822 

 2

MS m  17.5 23 31.5 40 68 

Mbatn  6 7 6 6 13 

1
c

AM PM

E

E E
 


 1.29 1.31 1.29 1.27 1.68 

 

 

To demonstrate the efficiency of the proposed algorithm from 

an economic point of view, a brief economic comparison is 

now presented. Hence, the installation’ cost (19) is evaluated, 

using the components sizes obtained by the proposed and the 

standard sizing methods [21] (table. 4): 

    
     

 

1

1 1 1

1
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chop chop chop chop chop y chop inv inv
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Cost n C n M n C y C n y M

n C y n M n y C y
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 (19) 

Table 4 Cost evaluation of the PV installation 

Sizing Standard 

method 

Proposed 

algorithm 

Cost (€) 74068 41916 

where 
pvn is the number of photovoltaic modules and batn  is 

the batteries number 

Results 
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pvW (W.h) (23) 
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Water volume 
3 10m / ha  (42) 

 

60.70 100.37 179.82 241.10 321.03 

Pumping duration 

t  (h) (44) 

 
2.51 4.14 7.42 9.95 13.25 
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Results 
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Fig.8. Evaluation of the algorithm 2.2 using measured data 

for July 

5. CONCLUSIONS 
An algorithm to decide on the components sizing of a pumping 

installation is proposed and tested for a 10 ha land surface in 

the Northern of Tunisia. The algorithm ensures the system’s 

autonomy, the batteries safe operation and the needed water 

volume for irrigation. A cost comparison between the basic 

and the proposed sizing methods proves that the proposed 

algorithm allows the installation’ cost to be decreased. 
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