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Abstract: In this study, an algorithm has been developed that manages photovoltaic solar energy in
such a manner that all generated power is delivered to the system formed by a pump and irrigation
network with compensated emitters. The algorithm is based on the daily work matrix that is updated
daily by considering water and energy balances. The algorithm determines an irrigation priority
for the sectors of irrigation of the farm based on programmed irrigation time and water deficits
in the soil and synchronises the energy produced with the energy requirement of the hydraulic
system according to the priority set for each day, obtaining the combinations of irrigation sectors
appropriate to the photovoltaic power available. It takes into account the increment/decrease in the
pressure of the water distribution network in response to increases/decreases in photovoltaic energy
by increasing/decreasing the rotational speed of the pump, thus increasing/decreasing the power
transferred to the system. The application to a real case of a 10-hectare farm divided into four sectors
implies an efficient use of the energy of 26.15% per year and savings in CO2 emissions of 6.29 tonnes
per year.

Keywords: photovoltaic pumping system; irrigation; modelling; multisector irrigation design;
photovoltaic energy use efficiency

1. Introduction

The transformation of irrigation systems on farms, using pressurised irrigation net-
works, has resulted in better water efficiency, but large amounts of energy are also required
for the extraction, transport and distribution of irrigation water [1]. In general, irrigation
networks use electrical energy from the electrical system. In isolated areas that the elec-
tricity grid does not reach, the main source of energy comes from a diesel engine. The
notable increase in the use of these energy sources has resulted in a notable increase in
CO2 emissions.

Solar energy for pumping irrigation water is a promising alternative to conventional
pumping systems that use diesel and electric power sources [2,3]. It consists of converting
solar energy into electrical energy, which is used to move the water pump that raises the
water to a reservoir or places pressure on the irrigation network. Photovoltaic pumping
technology is considered a sustainable and economical solution for providing water for
irrigation. The proper design and operation depend significantly on available solar irradi-
ance, the water demand of the crop, water resources and the profit corresponding to the
sale of the crop [4]. In addition, it is a sustainable solution that reduces greenhouse gas
(GHG) emissions.

The price of the flat solar panel has fallen in the last decade by 85% [5] reaching
EUR 0.5/Wp, and the rapid evolutions of electronic solutions that allow the conversion of
direct current into alternating current, at increasingly competitive prices, have been some
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of the factors that have made it possible for photovoltaic irrigation systems to be more
profitable [6].

One of the main problems faced by irrigation systems based on renewable energy
is the seasonal pattern of demand for crops [7] and the variability of renewable energy
production. The photovoltaic solar water pumping system is one of the best technologies
using solar energy to pump water from deep well underground sources and provides
drinking water [8].

Many researchers have studied water pumping systems using photovoltaic solar
energy as an energy source with and without storage systems in a battery and/or water
storage in a tank in order to match the demand to the supply of energy.

Battery coupling allows the storage of electrical energy that photovoltaic panels
convert from solar energy during the day. Batteries supply electrical power to the water lift
pump when required. The use of batteries ensures the pumping of water when radiation
is low, such as on cloudy days or even at night [9,10]. However, the use of batteries has
several disadvantages such as increased investment costs of the system, the space required
to store the batteries and environmental concerns related to their disposal [11].

Another possibility is to combine the production of renewable energy with the de-
mand for the irrigation of crops, storing pumped water in an elevated tank. The water
is distributed to the plants by gravity [12–14]. However, in many cases there is no place
with enough elevation to build a reservoir to take advantage of gravitational energy to
distribute irrigation water. In this case, a booster station is required to supply water with
the pressure required to be discharged through the emitters. In other cases, the elevated
locations may be relatively far away and the cost of building these elevated reservoirs may
be unaffordable.

Other authors, in order to guarantee the supply of electrical energy in a continuous
and stable manner, use hybrid systems that combine photovoltaic energy and other energy
sources such as wind or the electrical distribution network or diesel generator, even with
energy storage [15–22].

In order to avoid the disadvantages of energy storage, mentioned before, other au-
thors [11,23–29] proposed an independent direct pumping photovoltaic irrigation system,
which pumps water directly to the irrigation distribution network instead of elevating it to
an elevated reservoir. The system can only pump water when solar energy is sufficient to
drive the pump. It is a simple and low-cost system compared to energy storage.

Regarding modelling and the management of energy and the irrigation system [30–32],
Cuadros et al. [33] proposed a procedure for estimating the size of a photovoltaic installation
to feed a pumping system for drip irrigation of an olive grove in Southwestern Spain.
They affirm that the main stages are as follows: determine the irrigation requirements
of the specific farm, according to the characteristics of its soil type and the local climate;
hydraulic analysis of the pumping system according to the depth of the aquifer and the
height necessary to stabilize the pressure in the water distribution network; and determine
the maximum photovoltaic power required for the farm, taking into account the overall
performance of the photovoltaic-irrigation pump system.

Glasnovic and Margeta [25] analysed all the relevant elements of the system and
their characteristics of the photovoltaic water pumping system, the local climate, the well,
the cultivation and the irrigation method. With this, they defined the objective function,
including all the components of the system during the entire period in which the system
was operating (irrigation season).

Campana et al. [26] developed a dynamic modeling tool for the design of a photo-
voltaic water pumping system by combining the models of water demand, photovoltaic
solar energy and the pumping system, verifying the balance between the water require-
ments of the crop and the water obtained from the photovoltaic water pumping system.
They evaluated the demand for water for irrigation and solar energy in order to optimise
the size of the system. In [34], they proposed that the control unit has to interact between
water demand and water supply in order to pump only the amount required by the crop.
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This method is based on the availability and response of water resources. It aims to save
water and optimise energy use.

López-Luque et al. [11] proposed an autonomous direct pumping photovoltaic irriga-
tion system for the irrigation of olive trees. They developed a simulation system in order
to obtain an economically optimal design. The model is made up of different sub-models.
It simulates the balance of water and energy in the photovoltaic irrigation system, which
applies water by using non-compensated emitters; thus, the amount of water applied to
irrigation is variable and depends on the energy provided by the photovoltaic panels. For
this, a variable speed water pump was used depending on the power generated.

Reca et al. [28] developed a simulation system to analyse the viability of an au-
tonomous direct pumping photovoltaic system for irrigation in greenhouses. The model
followed is based on the of López-Luque et al. Reca et al. added the analysis of the effect of
the number of irrigation sectors with two management strategies: irrigate a single irrigation
sector simultaneously or irrigate with a variable number of sectors depending on the power
provided by the photovoltaic panels. They claim that the first option provides optimal
operation as it does not result in an increase in the investment in more pumps.

Mérida et al. [35] developed a model of a manager to synchronise the availability of
photovoltaic energy and the energy necessary to pump the water necessary for irrigation
of different irrigation sectors in which the farm has been divided. They integrated the main
management variables of the photovoltaic system, the irrigation system, including the
daily irrigation needs, the hydraulic behaviour of the irrigation network, the production
of instantaneous photovoltaic energy and the daily water balance of the soil into the
calculation modules. The lack of photovoltaic energy during the hours of any day of the
irrigation season is balanced by the water stored in the soil or the duration of irrigation
is prolonged in the following days when necessary. The authors defined the photovoltaic
threshold required to irrigate each sector and proposed prioritising the irrigation of the
sector with the lowest requirement to the one with the highest power requirement. Every
time the photovoltaic energy generated by the photovoltaic panels exceeds the energy needs
of that sector, irrigation can be applied. Once the sector has satisfied its irrigation needs,
the algorithm selects the sector with the next highest requirements, repeating the process.

Zavala et al. [36] proposed a new model aimed at optimising the operation of a
multisectorial direct pumping photovoltaic irrigation system. The model considers the
possibility of operating a variable number of irrigation sectors simultaneously and provides
an optimal irrigation operation that maximises the efficiency of the energy use of the system.
The proposed system consists of a photovoltaic matrix that provides electricity, a frequency
converter that changes the speed of an electric motor, a pump to raise the water and to
give pressure to the irrigation network and a set of solenoid valves that control irrigation
relative to the different sectors. The computer program developed enables the simulation
of the performance of photovoltaic irrigation with the mathematical models of each of
the components. In their conclusions, they affirm that the operation strategies affect the
hydraulic and agronomic design of the irrigation system.

After a review of the literature, the authors found that there is a lack of a model
that allows the integration of all the subsystems, and it can even be implemented in an
electronic device. Within this scope, the study presented in this paper proposes a new
management model for the photovoltaic energy generated, which is aimed at optimising
the operation of a multisectoral direct-pumped photovoltaic irrigation system. The model
considers all the intervening submodels, namely the following: the demand for crop water,
according to the agronomic study throughout the irrigation season; the local climate; the
irrigation water distribution network; the pump for lifting and loading the network, which
varies markedly depending on the number of sectors that are irrigated simultaneously;
the induction electric motor, considering the variation of its performance according to the
load regime; the variable speed drive, affected by its performance; and the electrical power
generated by the photovoltaic array at each simulation time instant. The drip irrigation
water emitters have been considered compensated, since the land is uneven on real farms.
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The operation of the system is known as constant flow and pressure. The novelty of the
management model lies in the use of a daily work matrix for which its data varies throughout
the day and collects information on the amount of irrigation water applied and the amount
remaining, the precipitation produced, the evapotranspiration of the crop and the priority
of irrigation of the sectors according to the criteria considered. These data are used to make
the algorithm’s decision on the order of irrigation of the sectors, taking into account the
water deficit of each sector, at the beginning of the day. The model has been applied to an
olive grove farm with drip irrigation, but we consider that it can be applied to other types
of crops.

2. Materials and Methods
2.1. General Description of the Photovoltaic Irrigation System

The photovoltaic irrigation system proposed in this work is known as independent
direct pumping in which the water is pumped directly to the irrigation distribution network
instead of raising it to a reservoir. The proposed system consists of a photovoltaic generator
that provides electrical energy to power a hydraulic pump at variable speed. The water is
applied to the crop through the distribution network and through compensated emitters
that keep the discharge flow constant within a range of working pressures. In this manner,
the flow of water pumped through the system is constant.

Since the power supplied by the photovoltaic generator is variable throughout the day
depending on the incident radiation, the power consumed by the pump can be modified by
varying the angular speed of the pump to match the power generated. Thus, the irradiance
variations in the PV generator are transmitted to the hydraulic system, producing pressure
variations in the network in the same direction, through the variation of the pump speed.

In addition, to make better use of the energy generated by the photovoltaic system, the
irrigation network is divided into sectors. In this manner, multiple sectors can be irrigated
depending on the balance between the power generated by the photovoltaic system and
the power demanded by the multisectoral irrigation system. A scheme of the proposed
system is illustrated in Figure 1 and is applied to an olive grove farm.

A set of computer tools has been developed that allow the simulation and analysis of
a photovoltaic irrigation system with the characteristics described. The simulation uses
mathematical models of the components of the system: photovoltaic generator, frequency
converter, electric motor, pump and irrigation network. These models are described in
Appendices A and B.

2.2. Crop Water Requirements

It is important to know the water requirements of the crop in order to carry out the
irrigation scheduling of the farm.

The FAO method is used to calculate crop water requirements [37]. According to this
methodology, the evapotranspiration of the crop, ETc, is calculated with Equation (1):

ETc = Kc ETo (1)

where Kc is a specific coefficient for the crop, which is the ratio between the evapotranspi-
ration of a specific crop to the evapotranspiration of the reference crop and depends on
various factors and the crop cycle [38,39]. ETo is the reference evapotranspiration, which
has been calculated by using the Penman–Monteith–FAO equation. The rooting zone of
the plant is considered as a reservoir that has water inlets and outlets. The water inputs to
the reservoir are the effective precipitation, Pef, defined as a part of the rainwater that is
effectively filtered and stored in the soil [40].

The net irrigation, Rn, which is calculated by applying an irrigation efficiency factor to
the gross value of the applied irrigation and possibly by capillary ascent from deeper layers,
is considered negligible. The water leaks from the tank are due to the evapotranspiration
of the crop, ETc and to water seepage to deeper layers, which are considered negligible.
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Figure 1. Scheme of the direct photovoltaic irrigation system.

Applying the principle of the conservation of mass, the difference between the water
inlets and outlets must be equal to the variation in the amount of water stored in the soil. If
this water balance is applied in periods of time of one day, j, it is expressed by the equation
of the soil water balance by Equation (2) [37].

Dj = Dj−1 + ETc,j − Pe f ,j − Rn,j (2)

The soil, in the root zone, has an upper limit of water storage called field capacity, FC,
which is the amount of water that the soil can retain against gravity after being abundantly
wet and after allowing it to drain. The lower limit is called the permanent wilting point,
PWP, which is the amount of water left in the soil when the plant permanently wilts
because it can no longer extract water from the soil. The amount of total water available in
the soil is stored between these two limits and is called the Available Moisture Interval,
TAW. In irrigation practice, only a percentage of the TAW is allowed to deplete, since the
plant begins to experience water stress. This percentage is called the allowable depletion
level, RAW [11,25].

Irrigation scheduling has been based on the assessment of water balance (Equation (2))
applied to each month of the calendar year and obtaining a weekly irrigation schedule for
the irrigation campaign.

2.3. Supply and Demand Management: Daily Work Matrix

The number of possible combinations of sectors that are being irrigated, C, corresponds
to the sum of the combinations without repetition of the s sectors into which the irrigation
network has been divided, taken into groups of 1, 2, 3, . . . and s sectors. Formula (3)
enables the calculation of the total number of combinations.

C = Cs
1 + Cs

2 + Cs
3 + · · ·+ Cs

s =

(
s
1

)
+

(
s
2

)
+

(
s
3

)
+ · · ·+

(
s
s

)
= 2s − 1 (3)
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If each combination is assigned a natural number from the set {1, 2, . . . , C}, the binary
number of each element represents the sectors that are in irrigation in each combination.
The number of bits matches the number of sectors, s.

For a farm, in which the irrigation network has been divided into s sectors, the pressure
and flow in the irrigation head and the power in the necessary pump axis are determined
so that the most unfavourable emitter maintains the minimum working pressure in each
of the possible combinations. For those pump shaft powers, Ps, a generated electrical
power, PG, is needed according to Equation (4). The calculated power steps determine the
minimum generated power levels necessary to maintain the considered combination of
sectors in irrigation (see Figure 2).

PG =
Ps

ηVFDηmotor
(4)
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These operating points correspond to the boundary values used by the management
algorithm to order irrigation to a greater or lesser number of sectors. Table 1 shows the
power demand matrix for s sectors.

Table 1. Power demand matrix of the irrigation system for s sectors.

1 2 3 4

Decimal
Binary Flow

Q
Height

H
Power

PGSs · · · S4 S3 S2 S1

01 0 · · · 0 0 0 1 Q1s H1s PG1s
02 0 · · · 0 0 1 0 Q1s H1s PG1s
03 0 · · · 0 0 1 1 Q2s H2s PG2s
04 0 · · · 0 1 0 0 Q1s H1s PG1s
05 0 · · · 0 1 0 1 Q2s H2s PG2s
06 0 · · · 0 1 1 0 Q2s H2s PG2s
07 0 · · · 0 1 1 1 Q3s H3s PG3s
08 0 · · · 1 0 0 0 Q1s H1s PG1s
09 0 · · · 1 0 0 1 Q2s H2s PG2s
10 0 · · · 1 0 1 0 Q2s H2s PG2s
11 0 · · · 1 0 1 1 Q3s H3s PG3s
12 0 · · · 1 1 0 0 Q2s H2s PG2s
13 0 · · · 1 1 0 1 Q3s H3s PG3s
14 0 · · · 1 1 1 0 Q3s H3s PG3s
15 0 · · · 1 1 1 1 Q4s H4s PG4s
...

...
...

...
...

...
...

...
...

...
C 1 · · · 1 1 1 1 QSs HSs PGSs
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In Table 1, Q1s and H1s are the necessary flow and pressure in the irrigation head for
when a single sector is irrigated, which will be the one with the highest irrigation priority;
PG1s is the electrical power required in the photovoltaic generator for the above conditions.
Similarly, Q2s and H2s are the necessary flow and pressure in the irrigation head for the
combination of the two sectors that present the highest irrigation priorities. Moreover, the
electrical power required to supply two irrigation sectors is PG2s (column 4 of Table 1).

Once the effective power supply of the photovoltaic generator, PG, and also the de-
mand powers of the variator-motor-pump-irrigation network system (PG1s, PG2s, PG3s, . . . )
are known, both powers are compared in order to perform the simulation of the irrigation
system and to comprehend the minutes of irrigation of each sector and the evolution of the
water deficit in the soil (D) in a period of time (in general the simulation is annual or per
irrigation campaign).

The distribution of supply power, PG, to each combination of sectors, at each moment
considered, is carried out according to the real irrigation needs presented by the soil,
which depends on the irrigation schedule carried out a priori, and the balance of water on
the ground.

In order to achieve this objective, a matrix of values is used called the daily work matrix,
which contains the relevant data for decision making in the sector or sectors with the
greatest irrigation needs and which, therefore, the power offered by the generation system
is destined to these sectors. In this matrix, other data of the system are written and vary
throughout the day, and it is interesting to note its evolution in the study period (applied
irrigation, D, . . . ) or to note what is necessary for making watering decisions the next day.

Row 1 (Table 2) of the daily work matrix contains the order numbers of the sectors. Row
2 stores the irrigation demand programmed for day ‘j’, the value of which is taken from
the irrigation calendar carried out for the study period. Watering scheduling is typically
performed in minutes. For this study, the programming has been conducted in multiples
of 15 min. In row 3, the pending irrigation time (not performed) of the previous day ‘j−1’
is copied. Row 4 records the irrigation time pending execution. At the beginning of day ‘j’,
it is the sum of rows 2 and 3, but as the day progresses, the irrigation times of each sector
are subtracted. Row 5 contains the soil water deficit (D) values at the beginning of day
‘j’, which is taken from daily work matrix of the previous day (row 7). Row 6 records the
risks that are applied to each sector in each time interval of the supply matrix, expressed
in mm of water. Row 7 contains the updated D values (row 5–row 6). At the end of
the day, the rainfall and evapotranspiration update for that day is carried out. Row 8
contains the irrigation order of each sector determined according to the water needs of
the sector. Row 9 reflects the combination of sectors for multisectoral irrigation, according
to the priority set in row 8. Row 10 contains the data of electrical power required by the
irrigation network to cover the irrigation needs of programs for that day, ‘j’, according
to the combination of sectors set in row 9. These data are updated as the programmed
irrigation times of each sector become completed. The data in this row ordered by the
priority of the sectors (priority 1 to priority s) provide the power demand curve or vector
of the irrigation network. Row 11 reflects the sectors that are in irrigation at each of the
instants of the time intervals of the supply matrix. It is indicated with a 0 if the sector is
not in irrigation and with 1 if the sector is receiving irrigation. When any sector reaches
zero value in row 4, this means that the sector has completed the programmed amount of
irrigation, and the power demand curve is updated.

The determination of the irrigation priority of a sector is carried out at the beginning of
each day and based on two criteria: (a) it gives a priority of one (first to irrigate) to the sector
with the longest programmed irrigation time. This time is the sum of the time programmed
for day ‘j’ and the pending irrigation time of the previous day, which corresponds to row
4 of the daily work matrix for day ‘j−1’. The other priority criterion (b) gives irrigation
preference to the sector that presents a greater deficit of water in the soil, registered in
row 5, at the beginning of the day. The total priority is the sum of the two priorities. The
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priority remains for the entire day. In the event of a tie, the sector that requires the longest
watering time has priority.

Table 2. Daily work matrix for day ‘j’. Both columns and sectors. The shaded rows have fixed values
for the entire day.

Row.
1 Number of the sector
2 Irrigation demand for day ‘j’
3 Irrigation deficit from the previous day
4 Total deficit, updated throughout the day
5 D, at the start of day ‘j’
6 Irrigation applied during day ‘j’
7 D updated
8 Priority of sectors for irrigation

9 Combination of sectors for multisectoral irrigation, according to the priority fixed
for row 8.

10 Power of demand for the priority of fixed sector
11 Sectors in irrigation (0 = without irrigation, 1 = irrigating)

If rainfall results in an overflow of the soil’s field capacity, the scheduled irrigation
is canceled.

For each day of the simulation period, at the beginning of this, the daily work matrix
described above is constructed (Table 3). For each instant in time of the photovoltaic
generator power supply matrix corresponding to day ‘j’, the demand vector is taken from
row 10 of the daily work matrix. This demand vector contains the necessary power steps to
achieve multisectoral irrigation according to the set combination of sectors.

Table 3. Data from the daily work matrix for power management. Rprg,j,s = Irrigation scheduled for
day j and sector s, in minutes. ΣRj,s = Sum of irrigation carried out on day j and sector s, in minutes.
ΣRnj,s = Sum of the net irrigation carried out on day j in sector s, in mm. Rtotal,j,s = Rprg,j,s + Rprg,j−1,s

− ΣRj−1,s. C(s,i) = Combination of the s sectors taken in groups of i sectors according to the order of
row 8. PGSs = Minimum demand power for the combination C(s,i), in W. The shaded rows have fixed
values for the entire day.

Row 1 s Number of sector, s

Row 2 Rprg,j,s
Irrigation programmed for day j and sector s
(in min)

Row 3 Rprg,j−1,s − ΣRj−1,s Irrigation pending the previous day j−1

Row 4 Rprg,j,s +(Rprg,j−1,s − ΣRj−1,s) − ΣRj,s
Updated value of irrigation pending on day j,
as f(t)

Row 5 Dj−1,s
D value that ended on day j−1
(in mm)

Row 6 ΣRnj,s
Updated value of irrigation of day j
(in mm)

Row 7 Dj,s = Dj−1,s − ΣRnj,s Updated value of D for day j

Row 8
Dj−1 = {Dj−1,1, Dj−1,2, . . . }

Rtotal,j = {Rtotal,j,1, Rtotal,j,2, . . . }
(Dj−1, ≥) ∪ (Rtotal,j, ≥)

Set of sectors ordered from highest to lowest
D and irrigation time

↓

Row 9 {C(s,i)} Set of combinations of sectors ordered
according to row 8

↓

Row 10 {PGSs ∀ C(s,i)} Set of the powers PGSs required for each
combination of row 9

Row 11 {0, 1} Irrigation status values for sector s
(0 = not irrigating, 1 = irrigating)
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Each datum of the supply matrix (PG) is compared with the demand vector ordered
from lowest to highest. If there is no need for irrigation in any sector (row 9 = 0 of daily work
matrix) or the supply power is less than the lower step of the demand vector, obviously, no
sector will enter into irrigation, and the solenoid valves will remain closed (state = 0). In
the opposite case, if the supply power is greater than the highest step of the demand vector,
all sectors that have irrigation assigned and, therefore, possess an order of priority other
than zero (row 8 6= 0) open the corresponding solenoid valve (state = 1). For the next steps
of the demand vector, with a power supply (PG) greater than or equal to the first element
of the demand vector and less than the second element, the sectors that open the solenoid
valves are those with assigned irrigation, and the irrigation priority order is less than two,
which corresponds to the first step of power with a single sector in irrigation; in the next
step, they irrigate the sectors that have assigned irrigation and their priority is less than
three, and so on until reaching the last step (Table 4).

Table 4. Distribution conditions of generated power to demand power. PG is the effective power of
the generator (supply matrix). PG1s, PG2s, PG3s and PG4s are the electrical powers demanded by the
variator–motor pump–irrigation network system (column 4 of Table 1).

Condition Sectors in Irrigation

If PG < PG1s No sector
If PG1s ≤ PG < PG2s One sector, the of major priority
If PG2s ≤ PG < PG3s Two sectors, both of major priority
If PG3s ≤ PG < PG4s Three sectors, all 3 of major priority
If PG4s ≤ PG < PG5s Four sectors, all 4 of major priority

If ...
...

If PGSs ≤ PG ‘s’ sectors (all the sectors)

In order to update the daily work matrix for the next instant of time, to each active
sector, in row 4 the irrigation time is subtracted (time difference with the previous data)
from row 6, which is the net irrigation carried out during that time, and in row 7 the net
irrigation is subtracted, thus updating the water deficit in the soil.

If any of the sectors reaches the end of the irrigation time, that sector is subtracted
from the rest of the sectors so that the priority of that sector is ‘0’, and the rest of the lower
priorities diminishes by one unit. This sector is assigned a combination (row 9) of value ‘0’
and a demand power of value ‘0’. Lower priority multi-sector irrigation combinations are
reduced by the decimal value of the sector that has finished its irrigation time (see Table 1).

At the end of day ‘j’, the water balance in the soil is made by subtracting in each sector,
in row 7, the value of the effective precipitation (Pef) and adding the evapotranspiration of
the crop for that day (ETc) (Equation (2)). Data on daily precipitation and evapotranspira-
tion of the daily crop are available. The programmed irrigation time is obtained from the
agronomic study of the farm.

Figure 3 shows a flowchart that summarises the developed methodology.
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3. Case Study

In order to test the methodology developed, a simulated case has been proposed on a
real estate of intensive olive groves (Olea Europea, var. Arbequina), with plants of 10 years
of age.

The farm on which this simulation has been carried out is located in the municipality
of Estepa, in the Sierra Sur region of Sevilla, located at 37◦26′ N, 4◦52′ W and 157 m above
sea level, in the Southern Spain (Figure 4). It has a subtropical Mediterranean climate
in which high summer temperatures and low rainfall prevail and are more abundant in
autumn and spring. The annual average temperature oscillates between 14 ◦C and 19 ◦C,
with the average temperature in the coldest month between 6 ◦C and 10 ◦C, and the average
temperature in the warmest month is between 21 ◦C and 30 ◦C. The months with the lowest
temperatures are December, January and February, coinciding with relatively high rainfall
mainly in November. In July and August, it reaches 36 ◦C.

The agronomic characteristics are indicated in Table 5.
The soil of the farm is a loamy-clay type soil, and its characteristics are shown in

Table 6.
Irrigation water needs were determined from real climatic data taken from the San-

taella agroclimatic station, which belongs to the network of agroclimatic stations of Junta
de Andalucía, which is close to the location of the farm. The station is located at 37◦31′ N
and 4◦53′ W and at 196 m above sea level. Average values have been taken from the years
2004 to 2018.
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Table 5. Agronomic characteristics of the olive plantation.

Variable Value

Distance between trees 1.5 m
Distance between rows 5 m
Tree density 1333 trees·ha−1

Volume of treetop 3.75 m3

Volume of treetop by area 0.5 m3/m2

Table 6. Characteristics of the soil of the farm under study.

Variable Value

Depth of rooting plants 1 m
Soil field capacity, FC 0.37 m3/m3

Permanent wilting point, PWP 0.17 m3/m3

Permissible depletion level, RAW 0.75 p.u.
Available humidity range TAW 0.2 m3/m3

Management allowable depletion, MAD 150 mm

The generator configuration is made up of 8 strings of 20 panels in series, inclined 15◦

and oriented to the south according to the previous study carried out, occupying an area
of approximately 364 m2. The support structure of the solar panels is on the ground. The
technical characteristics of the panels are presented in Table 7.

Table 7. Technical characteristics photovoltaic panel A-315M. Data from [41].

Variable Value

Peak power 315 Wp
Maximum power point current Impp 8.45 A
Maximum power point voltage Vmpp 37.3 V
Temperature coefficient of P (γ) −0.43%/◦C
Nominal operating temperature NOCT 47 ◦C

The irrigation system of this farm is divided into four sectors and eight irrigation units.
The compensated emitters are of constant 2.2 L/h, with working pressures between 1 and
3.5 bar. The side pipes are made of 16 mm diameter LDPE and incorporate an integrated
emitter every 0.5 m. The tertiary pipes are 75 mm LDPE. The secondary distribution pipe
network is made of PVC with diameters 110 mm and 90 mm. The main pipe is PVC of
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160 mm in diameter. The discharge and suction pipes are made of ductile iron with a
diameter of 125 mm.

Irrigation scheduling has been carried out with progressive depletion of the soil
water reserve (D) [42]. The crop evapotranspiration (ETc) values have been determined
by applying the crop coefficients (Kc) provided in [43] to the monthly mean ETo values
obtained from the Santaella meteorological station.

Figure 5 shows the annual evolution of the water reserve in the soil and the amounts
of irrigation water that have to be supplied during each month, according to the schedule
indicated above.
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Figure 5. Monthly values of crop evapotranspiration (ETc), effective precipitation (Pef ) and net
irrigation scheduling. Irrigation has been programmed so that in the May–September period the
reserve is gradually depleted in order to reach management allowable depletion soil water (MAD) at
the end of September.

From the monthly irrigation schedule, it has passed to the daily gross irrigation
schedule applied each week (Figure 6) during the irrigation season. Daily watering has
been set in multiples of 15 min to match the simulation intervals for the entire system.
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Irrigation water is taken directly from the river Genil by pumping it directly into the
irrigation network. The pump is a monoblock horizontal centrifugal from the NB [44]
series, model 65–250, with an impeller diameter of 251 mm.

The pump is driven by an asynchronous electric motor with a nominal power of
45 kW. For the study of this work, a standard motor with an efficiency of class IE3 has been
considered. The performance curve has been obtained from the manufacturer’s data [45].

The motor is driven at variable speed and is carried out with a frequency inverter
powered by the DC bus from the photovoltaic panel system. The drive is a 62.3 kVA
nominal power SD700SP series [46].

4. Results

The stochastic nature of solar energy and weather means that simulations must be
carried out with data from a wide period of years or that the simulations must use the
typical meteorological year. Figure 7 shows the evolution of the daily mean values of the
maximum and minimum temperature, radiation, precipitation and calculated reference
evapotranspiration, ETo, in the study area of this investigation obtained from the network
agroclimatic stations of Junta de Andalucía over a period of 15 years. These values have
been used to carry out the agronomic study of the farm and are also used to update the
daily work matrix in which the water balance in the soil is involved.
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The power supply matrix, in the case under study, has been obtained from the simula-
tion of equations and with the irradiance values obtained, in 15 min intervals, from the
data of the typical meteorological year of the solar radiation map of the Andalusian Energy
Agency [47]. Table 8 shows some of the 35,040 records in the PV generator supply matrix.

The demand matrix is obtained by considering the performances of the pump, the
electric motor and the frequency converter in the different operating regimes for the
combinations of sectors. The simulation of the model yields the data in Table 9. The last
column contains the values of the minimum electrical power required from the photovoltaic
generator for the corresponding combination of sectors. The height, H, corresponds to the
pressure values in the irrigation head. Q is the flow required by the sector or combination
of sectors considered. Ph is the hydraulic power driven by the pump to the irrigation water.
The efficiency of the pump, ηpump, has been obtained by suitably applying the laws of
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similarity of the pumps and by comprehending the working point (H−Q) of the pump (see
Figure A1 in Appendix A).

Table 8. Supply matrix for a generator configuration of 20 series panels and 8 strings.

Date and Hour Ta
(◦C)

Ib(t)
(W·m−2)

Id(t)
(W·m−2)

Ir(t)
(W·m−2)

I(t)
(W·m−2)

PPV
(W)

PG
(kW)

...
...

...
...

...
...

...
...

18-Aug 8:45 A.M. 24.44 466.290 200.633 1.977 668.899 30,865.38 26.54
18-Aug 9:00 A.M. 25.14 506.923 212.025 2.125 721.073 32,657.90 28.09
18-Aug 9:15 A.M. 25.85 546.188 222.695 2.268 771.151 34,288.46 29.49
18-Aug 9:30 A.M. 26.56 583.673 232.597 2.403 818.673 35,752.07 30.75
18-Aug 9:45 A.M. 27.29 618.977 241.688 2.530 863.195 37,046.49 31.86

18-Aug 10:00 A.M. 28.01 651.716 249.931 2.648 904.294 38,172.01 32.83
18-Aug 10:15 A.M. 28.72 681.531 257.289 2.754 941.573 39,131.00 33.65

...
...

...
...

...
...

...
...

Table 9. Demand matrix of the irrigation network for the combinations of 4 sectors.

1 2 3 4 5 6 7 8 9 10

Combination of
Sectors in Irrigation

(Decimal)

Sectors in
Irrigation (Binary) Q

(m3·h−1)
H

(m.c.a.)
Ph

(kW)
ηpump
(p.u.)

Ps
(kW)

fo
(Hz)

ηmotor
(p.u.)

Pelec
(kW)

ηVFD
(p.u.)

PG
(kW)

S4 S3 S2 S1

1 0 0 0 1 30.281 45.626 3.762 0.433 8.680 36.152 0.897 9.677 0.976 9.915
2 0 0 1 0 31.258 48.796 4.154 0.433 9.595 37.388 0.905 10.607 0.976 10.866
4 0 1 0 0 31.258 60.280 5.131 0.402 12.752 41.606 0.923 13.822 0.976 14.155
8 1 0 0 0 31.990 72.328 6.301 0.383 16.441 45.618 0.935 17.591 0.977 18.002
3 0 0 1 1 61.538 52.484 8.795 0.615 14.296 39.095 0.928 15.398 0.976 15.772
5 0 1 0 1 61.538 63.967 10.720 0.590 18.154 42.977 0.938 19.346 0.977 19.809
9 1 0 0 1 62.271 76.062 12.899 0.570 22.618 46.760 0.945 23.931 0.978 24.481
6 0 1 1 0 62.515 64.117 10.916 0.594 18.367 43.050 0.939 19.564 0.977 20.032
10 1 0 1 0 63.248 76.213 13.127 0.574 22.857 46.824 0.945 24.177 0.978 24.733
12 1 1 0 0 63.248 76.213 13.127 0.574 22.857 46.824 0.945 24.177 0.978 24.733
7 0 1 1 1 92.796 69.647 17.600 0.664 26.488 46.034 0.949 27.923 0.977 28.572
11 1 0 1 1 93.529 81.784 20.831 0.654 31.828 49.503 0.951 33.454 0.979 34.184
13 1 1 0 1 93.529 81.784 20.831 0.654 31.828 49.503 0.951 33.454 0.979 34.184
14 1 1 1 0 94.505 81.992 21.102 0.656 32.173 49.610 0.952 33.812 0.979 34.548
15 1 1 1 1 124.786 89.257 30.332 0.676 44.897 53.426 0.953 47.111 0.981 48.037

By using the polynomial function of the characteristic curves H−Q and Ps−Q of the
centrifugal pump and equations, the curves for different working frequencies of the variable
speed drive are obtained (Figures 8 and 9). The points marked C1 to C15 correspond to the
pump operating points according to Table 9.

The algorithm developed compares, for each moment considered, the supply matrix
and the demand matrix, and taking into account the power distribution conditions set in
Table 4, the distribution of the generated power is determined relative to the combination
of sectors that the matrix daily work sets (Table 3).

Figure 10 represents the evolution of the soil water deficit (D) throughout the year,
not reaching the management allowable depletion (MAD); thus, the irrigation objective is
met. In addition, the assigned irrigation is completed each day according to the agronomic
study of the farm (see Figure 5).

Table 10 shows the evolution of the daily work matrix for the 160th day of the year
(9 June) within the irrigation campaign.
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Table 10. Evolution of the daily work matrix for the 160th day of the year (in the irrigation season). The shaded rows have
fixed values for the entire day.

At Start of Day At 9:00 h Solar At End of Day

Day
160

1 2 3 4 1 2 3 4 1 2 3 4
1 1 2 3 4 1 1 2 3 4 1 1 2 3 4
2 210 210 210 210 2 210 210 210 210 2 210 210 210 210
3 0 0 0 0 3 0 0 0 0 3 0 0 0 0
4 210 210 210 210 4 210 45 120 210 4 0 0 0 0
5 34.80 34.80 34.80 34.80 5 34.80 34.80 34.80 34.80 5 34.80 34.80 34.80 34.80
6 0.00 0.00 0.00 0.00 6 0.00 2.18 1.19 0.00 6 2.77 2.77 2.77 2.77

7 34.80 34.80 34.80 34.80 7 34.80 32.62 33.61 34.80 7 35.42 35.42 35.42 35.42

8 4 1 2 3 8 4 1 2 3 8 0 0 0 0

9 15 2 6 14 9 15 2 6 14 9 0 0 0 0

10 48.04 10.87 20.03 34.55 10 48.04 10.87 20.03 34.55 10 0.00 0.00 0.00 0.00

11 0 0 0 0 11 0 1 1 0 11 0 0 0 0
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The application has been developed in MATLAB. MATLAB is a programming software
with its own language very suitable for simulation problems [48]. It allows knowing the
speed or frequency of operation of the variator of the electric motor of the pump in order
to transmit all the power generated to the hydraulic system. The graph in Figure 11
represents the power generated at each instant of the study and the minimum demand
power necessary to start watering the combination of sectors, according to the daily work
matrix, for the same day, 160. The difference in these powers is delivered to the irrigation
network by increasing the rotation speed of the pump and increasing the pressure in
the network.
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In order to represent the different irrigation combinations (C1 to C15), Figure 12 is
presented in which the length of the bars represents the number of hours irrigated with
each combination. The red line represents the relative frequency of each combination, and
the blue line represents the cumulative frequency. It can be observed that 83.6% of the
irrigation time is used in the combinations of sectors from 1 to 10 with a power of less
than 25 kW in the generator. All combinations are of one or two sectors, except the C7
combination which is of three sectors, that only represents 2%. Sixteen point four percent
of the time is used in combinations that exceed 30 kW (see graph in Figure 12).

Figure 12 shows that 65.6% of the combinations are formed by two sectors (sum of the
relative frequencies of the combinations of sectors 3, 5, 6, 9, 10 and 12); 22.9% by a single
sector (sum of the relative frequencies of the combinations of sectors 1, 2, 4 and 8); and
11.5% of the combination is made up of three sectors (sum of the relative frequencies of the
combinations of sectors 7, 11, 13 and 14). Irrigation to various sectors accounts for 77.1% of
the total, that is, 77.1% of the irrigation time is carried out in a multisectoral manner. The
combinations that require more power are irrigated in the central hours of the day, while
those that require less power (a single sector) are irrigated at the beginning of the day and
at the end of the irrigation day (see Figure 11).

In order to evaluate the efficiency of photovoltaic energy use, the energy use efficiency
index (EuE) is used, which considers the energy losses in the system including losses
in the frequency inverter, the motor, the pump and the water distribution network. It
is defined as the ratio between the maximum potential energy that the PV plant could
provide depending on the incoming solar radiation and the energy really supplied to the
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sectors. Low EuE values indicate that the potential PV energy is mainly wasted, while high
EuE values indicate an efficient use of energy. This index allows comparing different PV
irrigation systems [28,36].
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Figure 12. Frequency distribution of the combination of sectors of the daily work matrix simulation results for a configuration
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The efficiency of the use of the generated energy, in monthly values, is represented in
the graph of Figure 13. EuE annual is 26.15%.
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The use of photovoltaic energy in irrigation eliminates electricity costs and also reduces
CO2 emissions. The photovoltaic installation studied here with the irrigation network
considered in four sectors saved emissions of up to 6.29 tonnes of CO2 with respect to the
atmosphere for the simulated irrigation campaign. It has been considered that each kWh
of conventional electrical energy emits 0.27 kg of CO2 equivalent.

5. Conclusions

The use of solar energy to pump water for farm irrigation is an interesting alternative
from the point of view of reducing GHG emissions. It is not only interesting in places far
from the electricity distribution networks but also in areas where the electricity network is
present since the prices of electricity are increasing. The connection to the grid is of interest
for delivering the surplus energy generated that is not used by the farm’s irrigation system
and outside the irrigation campaign to the electrical system.

The direct pumped photovoltaic irrigation system is cheaper than those that use
batteries to accumulate electrical energy or those that require a water storage tank. The
division of the farm into irrigation sectors reduces the peak power required from the
photovoltaic generator.

The aim will always be to carry out an optimal design of the photovoltaic panels
and the irrigation water network, which minimises investment. The algorithm developed
allows analysis of the technical, economic and environmental feasibility of using a direct
photovoltaic irrigation system on a farm with the irrigation network divided into sectors.
It performs a simulation of the subsystems that makes up the photovoltaic irrigation
system, even in already designed systems. It is an essential tool for the optimal design of
the assembly.

This algorithm can be applied to farms with irrigation systems for crops with different
water needs, since energy management is independent for each sector. In addition, it
allows managing the energy generated by the photovoltaic panels in such a manner that all
electrical power is delivered to the system formed by the pump and the irrigation network,
increasing the pressure of the water distribution network by increasing the rotation speed
of the pump and, thus, increasing the power transferred to the system.

Daily data on the local climate, crop, flow, pressure and losses in the irrigation network
and the water balance of the soil are taken into account. The performance of all the compo-
nents of the system has been considered, with special attention given to the performance
of the pump, which varies notably according to the load regime that corresponds to the
combination of sectors under irrigation.

The management model developed has been able to distribute the electrical energy
generated to the different irrigation sectors, meeting the programmed water requirements
for the entire irrigation campaign. It has proven to be effective, since in the applied study
case the efficiency of energy use reached 26.15% per year, with CO2 emission savings of
6.29 tonnes per year.

It is observed that the photovoltaic energy management strategy affects the design of
the irrigation network and the number of sectors into which the farm is divided.

The authors consider that the developed algorithm is valid for technical, economic
and environmental analysis for direct PV irrigation systems. Prior to the technical project,
it was possible to render a simulation of the complete system, including all the devices
involved in the conversion of solar energy to hydraulic energy and considering the daily
water balance in the soil by means of the daily work matrix. Different simulations can be
carried out by varying the number of photovoltaic panels, pump size, pumps in parallel or
different configurations of the farm’s irrigation network. For all these reasons, we consider
these findings to be advances in the methodology of photovoltaic irrigation design.
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Appendix A. Mathematical Models of Components of the System

Mathematical models of the components of the photovoltaic irrigation system used in
this work.

Appendix A.1. Photovoltaic Generator Subsystem

Appendix A.1.1. The Solar Resource

The extraterrestrial radiation that reaches the Earth depends essentially on the Earth–
Sun distance [49]. This radiation is modified when passing through the atmosphere by the
interaction with the different components of the atmosphere. The result is that the solar
radiation that falls on a receiver located on the Earth’s surface is divided into three well
differentiated components: direct radiation, diffuse radiation and albedo radiation.

In this work, the global irradiance, I(t), is estimated as a function of time given by
Equation (A1). An isotropic distribution of the diffuse radiation is considered [49].

I(t) =
cos θ

cos θz
Ib(t) +

1 + cos ϕ

2
Id(t) + ε

1 + cos ϕ

2
[Ib(t) + Id(t)] (A1)

The direct and diffuse irradiance values are obtained from the model proposed by
Collares-Pereira and Rabl [50]. The values of the daily global radiation are taken from the
solar radiation map of the Andalusian Energy Agency [47].

Appendix A.1.2. The Photovoltaic Generator

In this work, it is considered that the photovoltaic modules work at the point of
maximum power; thus, the power generated by the set of modules that make up the
photovoltaic generator, PPV, can be expressed by Equation (A2).

PPV = Pmpp
I(t)
ISTC

[1− γ(Tcell − TSTC)] (A2)

The cell temperature can be estimated by applying Equation (A3).

Tcell = Ta +
NOCT − 20

800
I(t) (A3)

The effective power generated by the generator, PG, is given by the following expres-
sion (A4):

PG = PPV Fp (A4)

where Fp is the loss factor of the PV generator, which includes the losses due to spectral
variations, dispersion losses and losses in the cabling. It is considered constant and has a
value of 0.86.
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Appendix A.2. Frequency Variator Subsystem

The regulation of the speed of induction motors by voltage and frequency control
is based on applying a certain voltage/frequency ratio to the motor by using various
transformations that include a rectifier, a filter and an inverter with Pulse Width Modulation
(PWM), which are called variable frequency drives (VFD) [51]. Today, there are variable
speed drives that allow power supply through the DC bus and incorporate algorithms for
monitoring the maximum power point of the photovoltaic generator [46].

The energy losses that occur in a frequency inverter are, mainly, those coming from the
inverter conduction and commutation losses, rectifier conduction losses, input inductance
losses and cooling losses. Most manufacturers of these devices provide limited information
on the efficiency of the unit in addition to the maximum losses. The efficiency varies little
with the load rate and can be considered constant. In the UNE-EN 50598-2 [52] standard,
the losses are described by eight frequency-current points, obliging the device manufacturer
to provide in the documentation the losses of at least eight operating points. In this study,
the efficiency of the VFD, ηVFD, is obtained by interpolation or two-dimensional linear
extrapolation with the loss points neighbouring the operating point under study.

Appendix A.3. Variable Speed Induction Motor Subsystem

The efficiency of the induction motor varies depending on the mechanical load de-
livered to the shaft; however, the characteristics plate shows the value at full load. In
general, manufacturers provide performances in three or four load regimes for supply at
rated voltage and frequency. Many authors consider as constant the nominal efficiency for
different load and engine speed regimes [28]. However, some losses increase at low speed
ranges, and the efficiency is not constant either. Following the work of Alonso Abella and
others [53,54], in order to determine the performance of the motor, a corrected shaft power,
Pe,corr, is considered, since the motor output power is proportional to the frequency of the
electric current feeds the motor stator. Equation (A5) determines motor efficiency, ηmotor:

ηmotor =
Ps,corr

Pelec
(A5)

where Ps,corr is (A6) defined as follows:

Ps,corr = Ps
fn

fo
(A6)

with fn being the nominal frequency (generally 50 Hz).
Therefore, the electrical power, Pelec, necessary to move the pump at a given speed

(operating frequency, fo) is given by the following (A7).

Pelec =
Ps

ηmotor

fn

fo
(A7)

The efficiency of the motor at the operating point is obtained by interpolating the
points provided by the manufacturer of the motor.

Appendix A.4. Pumping Subsystem

Appendix A.4.1. Irrigation Network

The manometric height that the pump must supply is the sum of the elevation differ-
ence of the farmland, which only depends on the topography of the land; head losses in
the irrigation network, which depends on the design of the installed pipe network; and the
working pressure necessary for the emitters to work.

Head losses, hf, in a piping system depend on several factors and can be calculated, for
a given design (type of pipe, diameter and length), as a function of flow, Q [55]. Applying
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the Darcy–Weisbach, Blasius and Hazen-Williams equations for turbulent regimes, it can
be considered that it responds to Equation (A8).

h f = R f Qβ (A8)

Rf collects the friction coefficient of the pipeline and its accessories (elbows, valves, . . . )
and all the constant parameters of the distribution system, including the correction coeffi-
cients for pipes with multiple outlets [56].

The flow–pressure relationship of the emitters is characterised by Equation (A9) [57].

qe = ke hx
e (A9)

The compensated emitters have a value of x = 0. The discharge flow for an irrigation
sector, Qsi, is defined as follows (A10):

Qsi = ne,si qe (A10)

where ne,si is the total number of emitters of the irrigation sector i.
The flow, Q, of the main section of the distribution network is the sum of the flows of

the sectors it supplies, which can be expressed by Equation (A11), considering only the
sectors that are under irrigation.

Q =
i=s

∑
i=1

Qsi (A11)

The relationship between the pressure in the irrigation head, H, that the pump must
provide to supply the necessary flow through the irrigation sectors, Q, depends on the
pressure necessary for each irrigation sector or its combination and the pressure drop in
the main pipe of the irrigation network (A12).

H = ∆zp + R f p

[
i=s
∑

i=1
Qsi

]β

+ max(Hs1, Hs2, . . . Hsi)

Hs1 = ∆zs1 + R f s1 Qβ
s1 + he

Hs2 = ∆zs2 + R f s2 Qβ
s2 + he

...
Hsi = ∆zsi + R f si Qβ

si + he

(A12)

The H−Q load curve of the distribution network can be considered to be a vertical
segment for which its extremes correspond to the minimum (hem) and maximum working
pressure (heM) of the compensated emitters (see Figure A1).

Appendix A.4.2. Pumping System

The operating point of the pump, O, varies throughout the day and is the one corre-
sponding to the intersection of its curve H = f(Q) and the resistant curve of the irrigation
network (see Figure A1).

The laws of similarity for the same variable speed pump (point 1: Q1, H1, Ps1 and n1;
point 2: Q2, H2, Ps2 and n2) can be written as follows (A13).

Q2

Q1
=

n2

n1

H2

H1
=

(
n2

n1

)2 Ps2

Ps1
=

(
n2

n1

)3
(A13)
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Figure A1. Application of the laws of similarity to the characteristic curves of the centrifugal pump.
Operating point O. (a) H−Q diagram. In blue: continuous line H−Q at nominal conditions and
dashed line H−Q at operating point. In red: H−Q load curve. (b) Ps−Q diagram. In blue: continuous
line Ps−Q at nominal conditions and dashed line Ps−Q at operating point.

Taking into account that the angular speed of the electric motor is proportional to the
frequency of its supply voltage and considering that the operation in point 1 corresponds
to the curve provided by the pump manufacturer at the nominal rotational speed and
powers the electric motor with an AC source of fn (in Europe 50 Hz) and that point 2 is the
operating point in the new speed conditions at the operating frequency, fo, of the frequency
converter, the following relationships (A14) can be set.

Q2

Q1
=

fo

fn

H2

H1
=

(
fo

fn

)2 Ps2

Ps1
=

(
fo

fn

)3
(A14)

The mathematical model of the pump curves approximates a quadratic curve quite
well, as described as follows (A15) and (A16):

H = aQ2 + bQ + c (A15)

Ps = dQ2 + eQ + f (A16)

where a, b, c, d, e and f are the curve fit coefficients.
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By applying the similarity laws of Equation (A14) to curves (A15) and (A16), we have
the following curves H = f(Q) (Equation (A17)) and Ps = f(Q) (Equation (A18)) for other
operating frequencies, fo, that are different from the nominal, fn (see Figure A1).

H = aQ2 +
fo

fn
bQ +

(
fo

fn

)2
c (A17)

Ps =
fo

fn
dQ2 +

(
fo

fn

)2
eQ +

(
fo

fn

)3
f (A18)

Appendix B. Abbreviations, Terms and Its Description

C Number of possible combinations of sectors under irrigation
D Soil water deficit over a period of time (mm)
DWM Daily work matrix
ETc Crop evapotranspiration over a period of time (mm)
ETo Reference crop evapotranspiration (mm)
EuE Efficiency of the use of Energy
FC Soil field capacity (mm)
fn Electric motor rated frequency (50 Hz)
fo Electric motor operating frequency, inverter frequency (Hz)
Fp Generator loss factor (p.u.)
g Gravity acceleration (m·s−2)
GHG Greenhouse gas
H Water flow energy, manometric head, supplied pressure (m.c.a.)
he Emitter working pressure (m.c.a.)
heM Compensated emitter maximum working pressure (bar)
hem Compensated emitter minimum working pressure (bar)
hf Pressure loss due to friction in the water pipe (m)
HM Maximum pressure in the irrigation head so that heM is not exceeded (m.c.a.)

Hm
Minimum pressure in the irrigation head so that the most unfavourable emitter has hem
(m.c.a.)

HO Pressure required at the point of operation (m.c.a.)

Hsi
Necessary pressure at the origin of sector i to compensate for the pressure drop, the
height difference and to maintain emitter working pressure (m.c.a.)

HSs Pressure required in the irrigation head by the combination of sectors Ss (m.c.a.)
I(t) Global irradiance as a function of time t (W·m−2)
Ib(t) Direct solar irradiance as a function of time t (W·m−2)
Id(t) Diffuse solar irradiance as a function of time t (W·m−2)
INF Deep infiltration into the soil
Ir(t) Albedo solar irradiance as a function of time t (W·m−2)
ISCT Irradiance under standard conditions (1000 W·m−2)
j Julian day
Kc Crop coefficient, variable with the vegetative period
ke Characteristic factor of the emitter
MAD Management allowable depletion
n Rotational speed of the rotor of the electric motor or pump (rpm)
ne,si Total number of emitters of the irrigation sector i
NOCT Cell nominal operating temperature (◦C)
Pef Effective precipitation over a period of time (mm)
Pelec Electric power input to motor (W)
PG Effective generator power (W)
PGSs Effective generator power required by the combination of sectors Ss (W)
Ph Hydraulic power (W)
PhO Hydraulic power at operating point (W)
Pmpp Peak power of the photovoltaic generator under standard conditions (W)
PPV Photovoltaic generator power (W)
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Ps Mechanical power on the motor/pump shaft (W)
Ps,corr Mechanical power on the motor shaft corrected to the operating frequency, fo (W)
PsO Pump shaft power at operating point (W)
PWP Permanent wilting point (mm)
Q Water flow rate (m3·h−1)
qe Emitter flow (L·h−1)
QO Water flow rate at operating point (m3·h−1)
Qsi Flow required by the irrigation sector i (m3·h−1)
QSs Flow required by the combination of sectors Ss (m3·h−1)
RAW Permissible depletion level (p.u.)
Rf Coefficient of friction of the pipe and its accessories

Rfp
Coefficient of friction of the pipe and its accessories of the suction and discharge pipe of
the main section

Rfsi
Coefficient of friction of the pipeline and its pipe accessories and correction coefficients
of the sector network i

Rn Effective irrigation carried out in a period of time (mm)
s Number of sectors in which the farm has been divided
STC Standard measurement conditions
t Time
Ta Ambient temperature (◦C)
TAW Range of available moisture in the soil (mm)
Tcell Photovoltaic module cell temperature (◦C)
TSTC Cell temperature under standard conditions (25 ◦C)
β Exponent of the flow, Q, in the head loss of a pipe
∆z Elevation difference between water storage and the point of use (m)
∆zp Elevation difference between the water storage and the irrigation distributor (m)
∆zsi Elevation difference in the pipe network of each sector, i (m)
ε Soil reflectivity (albedo)
γ Coefficient of variation of cell performance due to cell temperature
ηmotor Motor performance (p.u.)
ηpump Pump performance (p.u.)
ηpump,O Pump performance at operating point (p.u.)
ηVFD Frequency inverter efficiency (p.u.)
ϕ Angle of inclination of the photovoltaic modules
θ Angle of incidence of direct solar radiation on the inclined plane of the solar panel
θz Angle of incidence of direct solar radiation on the horizontal plane
ρ Water density (kg·m−3)
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