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A B S T R A C T   

An algorithm to optimise the number of solar panels and battery size to meet the water demands of an instal-
lation has been developed. The algorithm adjusts for seasonal changes in energy use and production in a pres-
surized irrigation network and production in an off-grid solar panel system. By using this algorithm, we aim to 
create an efficient and sustainable irrigation system by reducing the infrastructure and reliance on the power 
grid. This method can enhance irrigation systems in far-off regions, strengthen their endurance, and promote 
sustainable energy in farming and water administration.   

1. Introduction 

Irrigation plays a significant role in the water consumption of 
Southern European countries, amounting to 70 % of the total [1,2]. The 
World Bank and FAO also affirm these statistics [3]. Using less water for 
irrigation helps the environment by reducing energy use and GHG 
emissions. To achieve a reduction in emissions, the European Union 
(EU) wants to reduce total energy demand by 20 %. The EU encourages 
using renewable energies like wind and solar, which have grown faster 
than other industries in the last decade. The Paris Agreement and the EU 
Green Deal [4] encourage the use of renewable energy. Both documents 
underline the progress of photovoltaics in the EU. The European Union 
takes on the legally binding target of reaching 27 % of its energy con-
sumption from renewable energy sources by 2030 [5]. In Spain, the 
government published a law (6 April, RD 244/2019) establishing new 
regulations for photovoltaic energy. Photovoltaic solar panel costs fell 
by 70 % in the last decade, helping the growth of the industry [6]. 
Another important factor is the high price of electricity. Energy costs in 
August 2022 were the highest in history, averaging 307.8 €/MWh. 
Likewise, the day with the most expensive average electricity price ever 
seen in Spain was March 8, 2022, with 544.98 €/MWh. The high price of 
energy caused inflation to reach a historical maximum of 10.8 % in July 
2022 and the Consumer Price Index stood at 5.7 % in December 2022 
[7]. 

Solar energy is popular in irrigation because it can help with energy 
and environmental issues [8,9]. Studies have investigated using solar 

power for irrigation systems [10–12]. The shift towards solar-powered 
irrigation setups offers promising advantages, notably in regions with 
limited access to traditional power grids. Using solar-powered pumping 
networks can save energy and sustain water supply for farmers and 
managers [13,14]. This method can improve irrigation by making it 
eco-friendly, which can help save resources and reduce the impact of 
climate change. 

In water-pressurized networks, compensation tanks serve a dual 
purpose by providing a means for storing both water and energy [15]. 
The tanks keep the hydraulic pressure steady to provide a dependable 
water supply. This solution stores water for irrigation when there is no 
sunlight or energy available, being called a virtual battery [16]. 
Numerous authors compared energy storage in batteries or tanks (off--
grid) [17,18]. There isn’t a single solution because several factors affect 
the outcome. A study in Alicante Province found that using a tank is the 
best option for a pressurized water network [19]. where the tank 
alternative resulted as the best choice. This option can limit if there is no 
compensation tank, or the terrain is too flat for installation. Finally, it 
appears a third strategy that involves the pumping system can be 
on-grid. So, this extra energy can be injected into the grid to get money 
from the electricity grid company. 

By integrating reverse osmosis desalination and pump storage sys-
tems with wind and photovoltaic energy, we address water and energy 
challenges holistically [20]. The study also put forth a range of intelli-
gent strategies to enhance the incorporation of renewable energy sour-
ces across multiple sectors [21]. This includes approaches like price 
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forecasting and scheduling in the market to reduce costs and enhance 
the local market operator’s flexibility [22], and boosting the adoption of 
renewable energy sources and capitalising on synergistic opportunities 
whenever feasible [23]. Photovoltaic systems are increasingly being 
utilised for desalination processes, reducing the values of unitary in-
vestment costs are 0.67–0.76 USD/m3 [24], or by 20 % [25]. 

A variety of research endeavours examined distinct aspects within 
the realm of solar-powered irrigation systems. One group focused on 
determining the optimal system size [26], while a separate set delved 
into the realm of autonomous irrigation scheduling [27]. Some ap-
proaches [28] found that certain systems can use up to 75 % of the 
energy from PV modules under certain irrigation conditions. Pumping 
PV irrigation works better than doing things separately because it uses 
less energy and allows for more irrigation time [14]. Finally, other 
methods improved renewable energy use [29] and lowered electricity 
costs [30]. 

Efficient water infrastructure requires managers to synchronise en-
ergy usage and production. In pressurized water distribution networks, 
managers can adjust water usage according to energy production. Pre-
vious research [31] successfully solved synchronisation and achieved a 
coordinated system. Irrigation managers can choose schedules that 
match both crop water needs and energy from PV panels. Using this 
approach can lead to sustainable water and energy management in 
agriculture. 

Batteries are important for using renewable energy at home. They 
give flexibility and let you use the energy you make [32]. Lithium-ion 
batteries are the best option for storing wind or solar energy power 
[33,34], and some studies help choose the best battery technology [35]. 
The proper size of a battery system plays an important role in the total 
minimisation of the system’s cost during its lifetime [36]. Researchers in 
Egypt [37] designed a solar system for irrigation. They found the best 
combination of solar panels and batteries based on the weather in the 
test area. The ideal configuration of a solar-powered sprinkler system is 
determined using data from a typical sunny day in the test area. To get 
the best results, we need to choose the right PV module and battery 
combination [26]. 

This study aims to create an algorithm that optimises the size of solar 
panels and batteries to meet the water needs of a pressurized irrigation 
system. The algorithm is made for irrigation networks that use solar 
panels. The study compared the optimisation algorithm results for the 
same installation in December and July. This approach balances 
resource use and efficiency to make irrigation sustainable and afford-
able. A case study was presented at the University of Alicante gardens on 
daily energy consumption using a specific flow distribution. 

The study is limited to off-grid pumps and solar panels used to power 
pressurized irrigation systems. To analyse the system, practitioners need 
data on pump characteristics, water usage per unit, and the number of 
pumps running together. To compare various scenarios, the study uses 
the same amount of water demanded by the crops. Only crop water 
needs to determine the amount of water volume, not how energy is 
made. To install it, you need to know which PV solar panel to use and 
some physical characteristics, such as latitude and longitude. 

This study delves deeper into the correlation between solar energy, 
its direct use in pumping machinery, and storage. Thus, it is crucial to 
address the irrigation needs of the crops while sizing the installation and 
the battery appropriately. Clearly, the goal is to minimise the reliance on 
such installations and enhance self-sufficiency through local solar en-
ergy. As a result, there is a strong impetus to develop off-grid strategies 
for several compelling motives. These include cost stability, reducing 
emissions, and optimising investments for off-grid operations. This 
research aims to overcome barriers to adding PV systems to Pressurized 
Irrigation Networks by involving PV system operators and stakeholders 
in the energy management process. 

The contributions of the paper can be summarised as.  

• First, this study introduces an optimisation algorithm aimed at 
scheduling water supply in irrigation networks. The algorithm ach-
ieves this by dynamically adjusting the energy demanded by irriga-
tion pumps to minimise the energy stored in batteries. This energy 
stored in batteries is calculated as the difference between the energy 
produced by solar photovoltaic panels and the energy consumed in 
the pumps.  

• Furthermore, the proposed algorithm reduces the size of PV panels 
and batteries needed by transforming a pumping system to function 
as a standalone system, recognising the energy-intensive nature of 
managing irrigation systems. This approach ensures that the instal-
lation is not oversized, optimising energy utilisation. As the batteries 
are considered in this approach, the solar power system is also 
reduced.  

• Lastly, the proposed algorithm shows computational efficiency and 
can be universally applied to any location. It adeptly addresses the 
seasonal variation in irradiance and water demand from crops, 
making it a versatile and effective solution for managing irrigation 
systems. 

This is a useful tool for managers and decision-makers who want to 
make their irrigation system autonomous using solar panels and batte-
ries. The paper is structured as follows. Section 2.1 explains the method 
for calculating PV module energy production, while section 2.2 delves 
into the power consumption aspects of water-pumping devices. Section 
2.3 segment expounds upon critical points for minimising battery re-
quirements, and section 2.4 introduces the algorithm alongside its 
pseudocode. A real-life case study is presented in section 3, detailing 
energy consumption and PV production data under sections 3.1 and 3.2 
respectively. Section 4 highlights the results and section 5 analyses the 
results and suggests future research. Section 6 presents the conclusions. 

2. Materials and method 

2.1. The energy generated by solar panels 

In this work, we will consider an installation composed of ns solar 
panels, which, for simplicity, are assumed to be of the same type with 
identical characteristics. Letting P1

gen(t) be the function that represents 
the generated power (irradiance) at each moment by one of these panels, 
the total power generated by the set of panels (ns) is given by Pns

gen(t) =

ns • P1
gen(t). The function P1

gen(t) is influenced by the panels as well as the 
geographical and climatic conditions specific to the installation’s 
location. 

Determining the irradiance produced by a panel is a complex prob-
lem for which there is abundant literature [38–40]. The problem can be 
decomposed into different parts, depending on the considerations 
incorporated into it. The ‘clear sky model’ assumes no factors like clouds 
that could decrease radiation on the panel. Thus, the direct irradiance P0 
on a ground-level panel can be modelled as a function of the solar zenith 
angle using equation (1): 

P0 =P0N • cos(θs) (1) 

Being P0N the irradiance on a normal surface, θs the solar zenith 
angle, related to the location latitude (φ), the solar declination (δ) and 
the solar hour angle (ω) measured from the local meridian to the sun’s 
position at each moment through equation (2): 

cos(θs)= sin(φ) • sin(δ) + cos(φ) • cos(δ) • cos(ω) (2) 

The solar hour angle can be replaced by the reduced time as t =
12
π • ω, taking values over the interval [− 12, 12], with t = 0 corre-

sponding to noon. 
If the solar panel is tilted at an angle β towards noon, the sun’s 

incidence can be determined by equation (3): 
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cos(i)= sin(Φ − β) • sin(δ) + c′s(Φ − β) • cos(δ) • cos(ω) (3) 

Introducing this expression into equation (1) allows us to obtain the 
power generated by the panel through equation (4): 

P1
gen(t)=A + B • cos

( π
12

• t
)

(4) 

The model can be expanded to include atmospheric attenuation and 
its impact on various wavelengths based on the air layer thickness. 
Similarly, there are other components, such as diffuse radiation (which 
comes from atmospheric scattering in various directions) and albedo 
(the portion of radiation reflected because ultimately impacts the solar 
panel from different directions). 

This work focuses on equation (4), estimating values for parameters 
A and B by comparing measured irradiance in July and December. These 
two parameters were calculated using Eqs. (5) and (6). 

A=
π
24

E1
panel • cos(ωs)

sin(ωs) − ωs • cos(ωs)
(5)  

B=
π
24

E1
panel

sin(ωs) − ωs • cos(ωs)
(6)  

2.2. Pump operation optimisation 

From another perspective, the water flow will be supplied by a set of 
pumps, which, for the sake of problem simplification, will be considered 
of the same type. These pumps will be characterized by their perfor-
mance curve P = F(Q). In general, when there are i pumps working 
together, the effective power used to deliver a flow Q is determined by 
the function denoted by P = Fi(Q). An example can be seen in Fig. 1 [28] 
where we examined a scenario involving the case of three pumps con-
nected in parallel “EVM 32 2-0F5/4.0". 

Given a flow rate Q = 5 l/s (Fig. 3 [28]), illustrates the various 
possibilities to meet this demand, depending on the number of pumps 
involved. These results can invert the curves P = Fi(Q), determining the 
maximum available flow Q for each power Q = F∗(P) = max

i
F− 1

i (P) (see 

Fig. 4). 
The number of pumps in operation is determined by the expression of 

F∗(P), and we can calculate it using the step function i =
[

F∗(P)
Qmax

]
+ 1, 

where [x] represents the floor function. Therefore, there is no need to 
include any index sign in the inverse function F∗(P). The efficiency of 
each operational combination (P, Q) corresponds to the slope of the 
straight line connecting the origin to the point (P, Q), η =

F∗(P)
P . When i 

pumps are operating in parallel, the optimal value of η corresponds to 

Fig. 1. Graphical representation of the problem: (a) with one pump operating, (b) with two pumps operating.  

Fig. 2. Solution based on micro-intervals.  

Fig. 3. Optimum installation size algorithm.  

M.A. Pardo and F.J. Navarro-González                                                                                                                                                                                                    



Renewable Energy 221 (2024) 119822

4

ηi = i•Qmax
Fi(i•Qmax)

. With a system of homogeneous pumps, the above expres-
sion simplifies since the points are integer multiples of (F1(Qmax),Qmax). 

2.3. Solar panel-battery system size optimisation 

For resolving the optimal system configuration planning problem, its 
general aspect can be considered, as shown in Fig. 3. As introduced in 
the previous section, P1

gen(t) corresponds to the irradiance curve for a 

standard panel, while Pred =
Ppumps

ns 
is the proportional part of the constant 

power consumed by a pump during its operation that must be supplied 
by a single panel. The critical points xc

1, TL
i and TR

i are the points of 
intersection between the reduced power curve and the start and stop 
intervals with i pumps working, respectively. 

The work plan determines which irrigation points and pumps are 
connected or disconnected in the network being studied. Each possible 
work plan involves a certain energy consumption associated with the 
pumps that supply the water required by the system. First, the balance 
between the energy consumed by a specific work plan and the energy 
generated by the solar panel installation can be considered. 

The consumed energy is the energy generated by the irradiance 
incident on the set of panels, and it is obtained as follows (Equation (7)): 

∑

j

∑np

i
πi •

(
δR

j − δL
j

)
• Tj

i = ns • Egen
1 , (7)  

where np is the number of pumps in operation, ns represents the number 
of solar panels, Egen

1 is the energy generated in a day by a single panel, 
(δR

j − δL
j ) • Tj

i accounts for the operating time of the combination of i 
pumps, and πi is the optimal operating power obtained from Fi. 

On the other hand, the water flow delivered during the complete 
operating period of the pumps must equal the total volume required by 
the system, according to equation (8): 

∑

j

∑np

i
Qi •

(
δR

j − δL
j

)
• Tj

i =VTOT , (8)  

where Qi is the flow obtained under the optimal operating conditions for 
i-connected pumps. These conditions were introduced in Figs. 1–3 and 
imply a relationship between the flow and the operating power, given by 
Qi = ηi • πi. By incorporating this expression into equation (8) and 
introducing the reduced power Pi

red = πi
ns

, the problem conditions can be 
written as follows (equation (9)): 

∑

j

∑np

i
Pi

red •
(

δR
j − δL

j

)
• Tj

i = Egen
1

∑

j

∑np

i
ηi • Pi

red •
(

δR
j − δL

j

)
• Tj

i =
VTOT

ns

(9)  

Where the pumps are identical, the problem of determining the optimal 
ns is simplified since η1 = ⋯ = ηnp

= η, which leads to equations (10) 
and (11): 

η • Egen
1 =

VTOT

ns
, (10)  

And it results in: 

n∗
s =

VTOT

η • Egen
1

(11) 

This number is the minimum number of panels required to meet the 
pumping system’s needs during the supply of the required volume. The 
power comes from the solar panels and the stored battery energy 
(equation (12)). 

P(t)= n∗
s • P1

gen(t) + Psaved(t) (12) 

Equation (13) defines an objective function to minimise energy 
storage needs during the process. 

Φ(P(t))=max
t

Psaved(t) =max
t

(
P(t) − n∗

s • P1
gen(t)

)
(13) 

The function Poptimal(t) that minimises Φ(P(t)) is called the energy 
consumption pattern and induces a corresponding pattern in the target 
flow through the equation 

Qoptimal(t)=F∗

(
Poptimal(t)

)
(14) 

Although micro-intervals can solve the issue, frequent pump con-
nections cause pressure instability, making them not practical. This so-
lution involves using brief intervals where energy is stored and 
immediately spent in the next interval, as seen in Fig. 2. 

To avoid frequently connecting/disconnecting pumps, we will 
examine solutions based on Fig. 1. The optimisation of the battery size 
associated with the system is resolved by considering different scenarios 

where several pumps are used between np = 1 and np =
[

P1
gen(12)
P1

red

]
+ 1. 

Once the optimal pattern for i pumps has been calculated, the surplus 
energies in each excess period of this optimal pattern are computed, 
determining the minimum storage capacity required for the batteries 
with the operating pattern of i+1 pumps. The goal is to minimise stored 
energy while still having enough for future deficits. To make these 
modifications, we reduce the operating time of some pumps and give 
more time to others. This process continues until any reorganisation 
results in an increase in the required storage in any of the excess periods. 

2.4. Optimal irrigation scheduling 

In the final stage of optimisation, we plan the flows for each irriga-
tion point to synchronise pump operation with optimal values. Using an 
additional objective function (equation (15)), we can solve the problem 
of calculating the difference between the optimal flow and the irrigation 
plan flow. 

Φ(Π)=
1
T
∑T

k=1
[Q(tk) − π(tk)]

2
, (15)  

where π(tk) is the flow allocated in the interval k, which at the beginning 
of the algorithm would be initialised to 0 for all tk, and Q(tk) is the 
available flow in tk. 

Considering an alternative plan Π′ that differs from the first one in 
the modification π′(ti) = π(ti)+ Λ, for arbitrary i, the change in the 
objective function can be obtained from equation (15), being the 
objective function as equation (16). 

Φ(Π′)=Φ(Π) + Λ • [Λ − 2 • (Q(ti) − π(ti))], (16) 

Since the aim is the minimisation of the functional Φ(Π) and Λ is a 
fixed value, the maximum decrement will be obtained by taking the 
largest of the differences in Q(ti) − π(ti) within the current program, 
provided that the conditions Q(ti) − π(ti) > 0 and Λ − 2 • (Q(ti) − π(ti))
< 0 are satisfied. 

Then, the steps to solve the problem can be resumed at the following 
points. 

1 Given the demand for water for the installation (Vtot), the charac-
teristics of the pumping system (through the values of Qmax and 
F1(Qmax)) and the solar panel power curves the size of the solar 
installation is determined using equation (9). Once the total power 
curve of the solar installation is available, Ptot

gen(t) = n∗
s • P1

gen(t), the 
pattern of power consumption is calculated using Algorithm 1. This 
algorithm also obtains the needs of energy saving for the system. The 
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first part of the algorithm determines the number of solar panels 
required to satisfy the irrigation needs of the installation under 
consideration. The pseudocode can be seen in Fig. 3:  

2 Using the function Q = F∗(P), the pattern of an objective flow Q∗(t) is 
obtained (see Algorithm 2; Fig. 4). The second task determines the 
optimal approach for arranging pump connection, aiming to mini-
mise storage needs for auxiliary battery systems, while ensuring we 
can meet all energy periods of energy deficit according to the 
selected planning (see Fig. 6): 

To obtain this optimum, it is necessary to use the auxiliary functions 
CreateLeftAlternative and CreateRightAlternative, which construct 
alternative consumption plans to the one selected at a time, so that the 
best among we choose them at each iteration (Figs. 5 and 6).  

3 From the function Q∗(t), the optimal irrigation plan is determined to 
minimise the difference between the flow served at each instant and 
the pattern Q∗(t), as can be seen in Algorithm 3. The concluding 
phase of the optimisation process involves establishing the ideal 
irrigation schedule, encompassing the arrangement of connections 
and disconnections at each PIN. The outcome aims to minimise the 
overall required volume by continuously minimising the disparity 
between the flow achievable through pumps powered by solar panels 

and the battery system, and the cumulative consumption at each PIN. 
The associated pseudo-code is depicted in Fig. 7: 

3. Case study 

3.1. Energy consumption data 

The PIN (Pressurized Irrigation Network) of the University of Ali-
cante (38◦23′4.06″ N, 0◦30′44.06″ W), in south-eastern Spain, is analysed 
as a case study of Spain (Fig. 8). The irrigation area of this garden has 
expanded over time, and the gardeners have introduced new species to 
the grass meadow, such as Festuca arundinacea and Poa annua. We 
subdivided the plot into hydro-zones, following the landscape coeffi-
cient method, which considers water requirements and crop evapo-
transpiration values. During the months with the highest water demand, 
the total water requirements range from 1.7 to 3.9 L per square milli-
meter per day, similar to the water consumption in the least and most 
exposed areas of the garden. A comprehensive description study can be 
found in the work by Ref. [28]. This garden has 891 pipes made of 
polyvinyl chloride and fibre cement. The irrigated area covers 0.67 km2 

and we set the roughness coefficients to 100. The total length of the 
pipes is 23 km, and their diameters are below 200 mm. There are 160 

Fig. 4. Optimum pump connection scheduling.  

Fig. 5. Auxiliar function CreateLeftAlternative.  

Fig. 6. Auxiliary function CreateRightAlternative.  
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consumption nodes equipped with valves to control the water delivery 
to each node. The water distribution to these consumption nodes must 

maintain a pressure above the threshold value of 
(

P
γ

)

th
= 25 m.w.c. 

We provide water to the pressurized irrigation network through the 
reservoir, which is near the university. However, it is possible to draw 
water from the drinking water supply network in San Vicente del Ras-
peig for irrigation as well. The irrigation system comprises a set of three 
identical pumps working in parallel (“EVM 32 2-0F5/4.0” of the “Ebara” 
company). The pump curve is H = − 0.2163Q2 + 0.3509Q+ 44.713. 
Based on the nominal values of the pumps, we find that the optimal 
working power is P = 3.337 kW, which corresponds to a flow rate of 
Q = 15 l/s. The pump can start anytime but must run for at least 15 min 
for the simulation. We can do only three starts per hour because of 
mechanical limitations. This prevents damage to the equipment and 
excessive power consumption. 

3.2. Energy production data 

To determine the energy produced by a single PV panel, we calculate 
irradiance from the Duffie and Beckman equations [41]. The parameters 
required to calculate the hourly energy produced by PV arrays were 
described in Ref. [28]. Under the conditions of equal sunset hour angle 
(ωs) and total day-generated energy (E1

panel,jul = 1990.71 W • h/day and 
E1

panel,dec = 779.17 W • h
day), the irradiance equation results in a Kas-

ten–Czeplak model, obtaining the parameters A and B of equation (4). 
The energy required by the pumps to serve the demanded volume of 
water Vweek = 3078.2 m3, or equivalently, the daily amount Vday =

493.74 m3 can be calculated by considering equation (17). 

Epumps =Ppumps • T =
Q
η • T =

Vday

η (17) 

We consider two different scenarios for December and July, denoted 
by the subscripts “dec” and “jul” in the respective variables. By com-
p"rin” the “upp"ied energy and the energy required for the pumps, it 
follows equation (18): 

ns =
Vday

η • E1
panel

(18)  

3.3. Results in December 

First, in December, the energy obtained in a single module is equal to 
E1

panel,dec = 779.17 Wh, the number of solar modules is equal to ns =

Vday
λ•E1

panel 
= 39.2 ∼ 40. The value of this reduced power is Pred,dec =

Ppumps
ns

=

83.425 W. When there is only one pump in operation, the required 
operating time to provide the total volume of water is given by equation 
(7)), resulting in TL

1 = 7.316 h and TR
1 = 16.66 h. This means that the 

pump would be turned on at 7:19:48 and turned off at 16:40:12 (Fig. 9). 
The energy stored during the period between xc

1 = 9:46 and 14:54 
(central zone) corresponds to P1

gen (t) = 157.05 Wh (Fig. 9). 

Fig. 7. Optimisation of PIN scheduling.  

Fig. 8. The university of alicante-irrigation system.  

Fig. 9. Power generated and consumed for the December scenario with one 
pump in operation. 
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By increasing the number of pumps to two, we create two new 
storage zones visible in in Fig. 1b, and we decrease the required ca-
pacity. Each surplus period should store enough energy to cover the 
following deficit period. Follow these steps to get the numerical solu-
tion: refer to Fig. 10 and transfer consumption to the central zone with 
two pumps. The optimum is the point where any additional modification 
results in an increase in the battery’s capacity system. The best solution 
is when each excess period stores enough energy to cover a deficit 
period. The result is depicted in Fig. 10 and the energy stored in Fig. 11, 
while the numerical results are shown in Table 1. 

Table 1 summarises the various configurations studied. 
In December, it’s important to optimise irrigation points to avoid 

excess flow depicted in Fig. 12. This surplus represents the volume of 
water that the system could deliver compared to what is required. As 
observed, this excess is nearly constant throughout all instances but is 
shifted away from the desirable target value of zero. 

In conclusion, we can effectively address the irrigation scheduling 
problem by employing the mean square error minimisation method 
outlined in Ref. [42] for the function, resulting in equation (19) spe-
cifically tailored for December. 

fDec(t)=Pred,Dec •
{

2 • H
(

TR
2,Dec

)
+H

(
TR

1,Dec

)
− H

(
TL

1,Dec

)
− 2 • H

(
TL

2,Dec

)}

(19) 

Being H(x) the Heaviside step function. 

3.4. Results in July 

The energy produced in a single module is equal to E1
panel,jul =

1990.71 Wh, the number of solar modules is equal to ns =
Vday

λ•E1
panel 

=

15.33 ∼ 16. The value of this reduced power is Pred,dec =
Ppumps

ns
=

208.56 W. Fig. 13 shows the corresponding powers and critical points 
(TL

1 = 7.216h; TR
1 = 16,76h): 

The stored energies in the first and second surplus periods are 174.62 
Wh and 121.82 Wh respectively. Adding another pump means 
increasing the size of surplus zone 1 and the batteries. Thus, in July, the 
optimal operating profile corresponds to connecting only one pump. The 
results can be seen in Table 2 

Fig. 10. Power generated and consumed in the optimal scenario for December.  

Fig. 11. Energy stored for the hour of the day.  

Table 1 
Numerical results for the key variables corresponding to December.  

One pump operating 

T =
Vday

λ•Pred 

9.34 h TL
1 / TR

1 7:19:48/16:40:12 

Period Energy stored Energy consumed Balance 

7.33 − 9.46 95.94 Wh 177.70 Wh − 81.76 Wh 
9.46 − 14.54 587.29 Wh 423.80 Wh 163.49 Wh 
14.54 − 16.67 95.94 Wh 177.70 Wh − 81.76 Wh  

Two pumps operating 

TL
1 / TR

1 8.37/15.63 TL
2 / TR

2 11.39/12.61 

Period Energy stored Energy consumed Balance 

7.33 − 8.37 26.16 Wh 0 Wh 26.16 Wh 
8.37 − 9.46 69.78 Wh 91.27 Wh − 21.48 Wh 
9.46 − 11.39 213.22 Wh 161.01 Wh − 81.76 Wh 
11.39 − 12.61 160.85 Wh 203.56 Wh − 81.76 Wh 
12.61 − 14.54 213.22 Wh 161.01 Wh 157.05 Wh 
14.54 − 15.63 69.78 Wh 91.27 Wh − 81.76 Wh 
15.63 − 16.67 26.16 Wh 0 Wh 26.16 Wh  

Fig. 12. Exceeding flows for the simulation period.  
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Analogously to December, we get equation (20) for July (and being 
H(x) the Heaviside step function). 

fJuly(t) =Pred,July •
{

H
(

TR
1,July

)
− H

(
TL

1,July

)}
, (20)  

4. Discussion 

Employing an off-grid system integrated with batteries offers a range 
of substantial advantages compared to an off-grid configuration devoid 
of battery storage. Batteries store energy from renewable sources like 
solar panels. This energy storage capacity ensures reliable power supply 
during low or varying renewable energy generation, reducing energy 
shortages and enhancing system reliability [27]. Additionally, batteries 
enable efficient load management, enabling users to optimise energy 
consumption patterns and reduce peak demand, leading to potential cost 
savings and reduced strain on the overall energy infrastructure. Batteries 
help off-grid systems adapt to sudden changes and unexpected events, 
making them more flexible and resilient. 

This research builds on the authors’ previous work and focuses on 
maximising energy use in isolated installations. To optimise the process, 
we look at every aspect of the problem, including solar panel installation 
and pump usage. Finally, the scheduling of irrigation in the PINs allows 
for optimising the performance obtained for each generated watt of 

energy in the system, minimising its waste. While there are studies on 
each problem individually, this paper offers a comprehensive analysis of 
them together. 

The authors have researched improving irrigation system perfor-
mance in different ways before. They have investigated the optimal 
sizing of solar panels to meet the energy demands of the pumps off-grid 
(Navarro-González et al., 2023). However, this approach did not ac-
count for batteries as a storage component. Previously, 435 panels were 
needed for this setup in December. Now, only 40 panels and a battery 
with a maximum storage capacity of 157 Wh (adjusted for safety to 240 
Wh, 220V, and 70000mAh) are required. This method yields a reduction 
of 395 panels while ensuring minimal utilisation of a battery energy 
storage system. In July, the abundance of high irradiance results in 
increased energy generation. Even though water use doubled from 
December, we only need 16 solar panels and a battery with a 149.8 Wh 
storage capacity thanks to good system management. Consequently, 
Electricity generation has a bigger impact than water and energy con-
sumption in this setup. Solar production is the more limiting factor, 
according to Ref. [19]. The system accommodates the entire year, 
entailing the installation of 40 panels (as derived from the December 
simulation). The University has excess energy in July that can be 
consumed or shared with the power grid. 

Some other approaches used an economical approach to find the best 
choice, finding that PV/diesel/battery was the best option [43]. Batte-
ries must be the right size for managing power in a microgrid during 
disruptions [44], and microgrid design and sizing are important to 
maintain stability during internal disturbances. In our approach, we 
have proposed the battery solution for a problem with peak power of 3.4 
KW (with one pump) or 6.8 KW (with two pumps), values higher than 3 
kW, the threshold in other works such as [8,9]. 

Batteries serve as energy reservoirs in photovoltaic systems [45], and 
a study explored the influence of PV technology on battery sizing for 
irrigation systems [46]. The findings underscored a noteworthy corre-
lation between PV technology and the maximum stored energy capacity 
of the battery. Small differences in panel efficiency because of weather 
can change energy flow from pumping to battery storage. 

Grid-connected and system-integrated solutions will lead the way in 
meeting future energy needs [47]. The advantages of such 
grid-connected solutions are manifold. They improve the stability and 
reliability of the power supply by seamlessly incorporating renewable 
energy sources into the grid. This can lead to a reduction in greenhouse 
gas emissions and a more sustainable energy mix [48,49]. Additionally, 
grid-connected photovoltaic systems enable the bi-directional flow of 
electricity, facilitating the storage of excess energy and its subsequent 
injection into the grid during periods of high demand or when the sun is 
not shining [50]. This optimises energy use in water networks and 
economic benefits both consumers (lower values for the cost of elec-
tricity as 0.18 US$/kWh [51]) and utility companies. 

Future research in photovoltaic energy production for irrigation, 
combined with batteries, offers exciting possibilities. One important 
area is improving battery technology to enhance storage capacity and 
efficiency, maximising surplus energy from solar systems. Exploring new 
battery materials and designs could lead to more sustainable and reliable 
energy storage solutions. Another avenue is combining energy storage 
with other renewables like wind creating hybrid systems for consistent 
and resilient irrigation energy. Research in this area could offer adapt-
able solutions for diverse agricultural needs. Investigating the economic 
viability and scalability of photovoltaic energy with battery storage is 
crucial. Analysing costs, potential subsidies, and long-term financial 
sustainability can guide policies and adoption. The research could 
transform agriculture by providing reliable and eco-friendly energy so-
lutions, which would benefit food security and environmental 
conservation. 

Furthermore, we will explore critical aspects, such as assessing the 
effects of irradiance curves under different climatic conditions. Addi-
tionally, the challenge of optimising energy efficiency while considering 

Fig. 13. Power generated and consumed for the July scenario with one pump 
in operation. 

Table 2 
Numerical results for the key variables corresponding to July.  

Case I: One pump operating 

T =
Vday

λ•Pred 

9.54 h TL
1 / TR

1 7:13:39/16:46:21 

Period Energy stored En. Consumed Balance 

4.75 − 7.22 87.31 Wh 0 Wh 87.31 Wh 
7.22 − 9.82 392.89 Wh 542.69 Wh − 149.80 Wh 
9.82 − 14.18 1030.30 Wh 908.48 Wh 121.82 Wh 
14.18 − 16.78 392.89 Wh 542.69 Wh − 149.80 Wh 
16.78 − 19.25 87.31 Wh 0 Wh 87.31 Wh  
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energy supply prices in grid-connected facilities will be addressed. These 
approaches are essential for advancing the management and optimal use 
of renewable energy in an ever-changing environment. 

5. Conclusions 

This research optimises solar array size and backup battery used to 
maximise energy. The pumps are required to operate at maximum effi-
ciency. After solving previous issues, we can focus on scheduling the 
irrigation plan that fits the pumping system’s flow. 

First, we proposed an optimisation algorithm for scheduling water 
delivery to crops. The energy management strategy’s primary goal is to 
minimise energy surplus during each time interval. It achieves this by 
reducing the disparity between the energy produced (by the solar 
photovoltaic panels) and the energy consumed (by the pumping 
equipment used for crop irrigation). We adjust the pumping equipment 
and valve controls to match the new irrigation schedule. 

This leads to adjustments in the operating points of the pumping 
equipment (start and stop times) and the automatic control of valve 
opening and closing times to align with the new irrigation schedule. 
Consequently, the cumulative demands arising from the irrigation valve 
openings result in a total flow and, overall energy supplied by the 
pumping system. 

Furthermore, by adhering to the suggested algorithm, the energy 
consumed by the pumps and the energy input or storage in the batteries 
is meticulously aligned with the energy generated by the solar photo-
voltaic modules. This method satisfies water needs and reduces the 
number of solar panels and battery size. To achieve this, a sum of 
squared error minimisation objective function has been introduced to 
assess the discrepancies between the desired flow rate and the actual 
flow rate injected into the system. This facilitates the optimisation of the 
entire energy management process, leading to an efficient and well- 
balanced irrigation system. 

Lastly, the algorithm efficiently returns as an output the irrigation 
scheduled plan to consume the highest energy available by solar PV 
modules. 

This method has been tested in the actual PIN in San Vicente 
Campus, the University of Alicante, Spain (while applying to any other 

location). Currently, this network can work seven days a week with less 
energy consumption and is based only on solar PV energy. The new al-
gorithm can save a lot of energy and reduce CO2 emissions, leading to 
economic and environmental benefits. 

We saved 90 % of solar panels and used a minimal battery energy 
storage system in the current method compared to the first study. In 
contrast, without batteries, off-grid systems are unstable and vulnerable 
to energy imbalances and supply disruptions. Thus, integrating batteries 
into an off-grid framework is a pivotal advancement that amplifies 
sustainability, reliability, adaptability, and efficiency. 
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7. Nomenclature 

A Parameter of the Kasten-Czeplak model (Eq. (4)) 
B Parameter of the Kasten-Czeplak model (Eq. 4) 
Egen

1 (Wh) daily energy generated by a single panel 
E1

panel(τ1, τ2) (Wh) the energy generated by a single panel between the instants τ1 and τ2 

F− 1
np 

a function used to invert the relationship flow vs power 
F1(Qmax) (Wh) power consumed when one pump is delivering the maximum flow 
H(x) Heaviside step function 
ns ( − ) number of solar modules 
n∗

s ( − ) minimum number of solar panels required to meet the needs 
np ( − ) number of pumps in operation 
P0 (W/m2) direct irradiance on a ground-level panel 
P0N (W/m2) irradiance on a normal surface 
P1

gen(t) (W) Power generated by a generic panel 
Pns

gen(t) (W) Power generated by using ns panels 
Psaved(t) (W) Power stored in batteries 
(

P
γ

)

th
(m.w.c.) Threshold pressure 

Q (tk) available flow at tk 
Qmax Maximum flow that can be delivered 
t (h) hour of the day 
tk (h) time 
tw (h) an arbitrary change in time 
T ( − ) the greatest value for the index w 
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TL
i (hour) starting operation time for the i pump 

TR
i (hour) stop operation time for the i pump 

ω (− ) the solar hour angle 
xc

1 the intersection between the reduced power curve and energy consumption of 1 pump 
Vtot (m3) water demanded by crops  

Greek Symbols 
δ (− ) the solar declination 
δL

j (h) start time for j pump 
δR

j (h) stop time for j pump 
γ
(
N/m3

)
the specific weight of water 

φ (− ) Latitude 
π (tk) flow assigned at slice k 
π′(tw) flow assigned at an arbitrary slice w considering a change in it 
πi (− ) optimal operating power obtained from Fi 
ηi ( − ) the i-th pump efficiency 
τi (h) Generic i instant of time 
θs ( − ) the solar zenith angle 
Φ(Π) (− ) objective function 
Λ (− ) maximum value of the difference Q(ti) − π(ti)

Acronyms 
EU European Union 
FAO Food and Agriculture Organization of the united nations 
GHG greenhouse gas emissions 
PIN pressurized irrigation network 
PV photovoltaic 

References 

[1] S. Siebert, J. Burke, J.-M. Faures, K. Frenken, J. Hoogeveen, P. Döll, F.T. Portmann, 
Groundwater use for irrigation–a global inventory, Hydrol. Earth Syst. Sci. 14 
(2010) 1863–1880. 

[2] Y. Wada, L.P.H. Van Beek, M.F.P. Bierkens, Nonsustainable groundwater sustaining 
irrigation: a global assessment, Water Resour. Res. 48 (2012). 

[3] FAO, The State of the World’s Land and Water Resources for Food and Agriculture 
2021 – Systems at Breaking Point, FAO, 2022, https://doi.org/10.4060/cb9910en. 

[4] E. Commission, D.-G. for R. and Innovation, European Green Deal : Research & 
Innovation Call, Publications Office of the European Union, 2021, https://doi.org/ 
10.2777/33415. 

[5] W.P. Pauw, R.J.T. Klein, K. Mbeva, A. Dzebo, D. Cassanmagnago, A. Rudloff, 
Beyond headline mitigation numbers: we need more transparent and comparable 
NDCs to achieve the Paris Agreement on climate change, Clim. Change 147 (2018) 
23–29, https://doi.org/10.1007/s10584-017-2122-x. 
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[19] M.Á. Pardo, H. Fernández, A. Jodar-Abellan, Converting a water pressurized 
network in a small town into a solar power water system, Energies 13 (2020), 
https://doi.org/10.3390/en13154013. 
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