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Summary
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The modernization process in irrigation has generated a higher demand for energy. Due to
this problem and the reduction in manufacturing costs of photovoltaic (PV) panels, there has
been an increased use of renewable energies, such as PV energy, to power the pumping
equipment involved in pressurized irrigation.
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On direct pumping when the available solar energy is lower than required by the pumping
units, the resulting stoppages can produce unwanted transient effects or even the evacuation
of the network.
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To avoid these phenomena and reduce the use of conventional energy, this methodology is
proposed whereby meteorological predictions, corrected with a Kalman filter, are used to
calculate the available PV power and irrigation needs. This methodology is then compared to
the traditional programming method that uses historical data and replaces the crop’s
evapotranspiration that occurs in a given time period.
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The methodology was applied to a real case study, where an irrigation campaign was
simulated using a weekly operative time frame. It was found that the use of meteorological
predictions allowed PV energy consumption to be improved from 68.7% to 79.3%, while the
use of available photovoltaic energy in the case study passed from 11.64% to 13.37%.
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Key words: Photovoltaic irrigation, predicting irrigation needs, precision irrigation, energy
availability, PVOL.
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Nomenclature

DD: Drainage in depth (mm).

ENR;: Annual irrigation time using conventional energy for each sector (h).
ETc: Crop evapotranspiration (mm).

ETc 2019: Evapotranspiration of the 2019 (mm).

ETch_l) : ETc calculated by measurements at meteorological stations (mm).

ETC predictea: Crop evapotranspiration predicted by meteorological predictions (mm).
ETC week (-1): Crop evapotranspiration predicted by ETc of the previous week (mm).

ETck : ETc prediction corrected with the Kalman filter for the next week (mm).
week(+1)
ETCKweek(—l) : ETc prediction corrected with the Kalman filter for the previous week (mm).

ETcy ) ETc calculated using weather station measurements from the previous week (mm).

week(-1

ETo: Reference evapotranspiration (mm).

FCi: Field capacity of each sector (mm).

femontn: Monthly correction factor of the ETc for citrus.

PV: Photovoltaic

Hm;: Manometric height required for each sector (m).

I: Irrigation of the previous day (mm).

Irrad,o19: Irradiance measured in the year 2019 (Wm)

Irradio.years: Predicted irradiance using mean data measured from the last 10 years (Wm™).
Irradpredictea: Irradiance predicted by meteorological predictions (Wm™).

IT: Irrigation time.

ITacu;: Weekly accumulated irrigation time of each sector (h).

ITyy(i): Hours of irrigation using renewable energy during one year by irrigation sector (h).
IT;: Irrigation hours necessary to meet the needs of the crops for a year by irrigation sector (h).
ITC:: Irrigation time using conventional energy (h).

ITmax;: Maximum daily irrigation time (h).

[Tmin: Minimum irrigation time (h).

ITsta: Watering time of the previous week (h).

ITPred_week: Irrigation time predicted by meteorological predictions (h).

Ksat: Hydraulic conductivity in saturated soil (mm).
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Kc: Culture coefficient.

IN: Irrigation needs (mm).

Ps: fraction of the FC of soil water
P,: Effective precipitation (mm).

Ppin,i: Minimum power required by the water pumps for each sector (kW).

Ppetan: Net power available for each day and hour produced by the photovoltaic generator (W).

Pp:is the peak power of the solar panel (W).

Prealqn: Power measured on a certain day at a certain hour (kW).
PVOI: Opportunity Photovoltaic Irrigation.

q : Specific flow per square meter and hour Ih"*m2,

Q; : Flow required for irrigation sector (m3s).

SAT: Saturation humidity (mm).

SI: Solar irradiance (Wm).

T: Temperature in (°C).

Tcel: Photovoltaic cell temperature (°C).

TONC: Nominal operating temperature of the photovoltaic cell (in this case 45 °C).
Werit, i : Critical soil moisture below which crops are damaged (mm).
W; 4 : Humidity for each day of the week (mm).

W a(-1): Soil moisture of the previous week (mm).

Ny Inverter efficiency.

Nm: Efficiency of the motor.

1;: Efficiency of the pumps for each sector.

y: Specific weight of water (Nm3).

ay,: Coefficient of variation of Pp with temperature (%/°C).
Subscripts

i: It refers to the different sectors.

d: Refers to a certain day.

h: Refers to the time of day.
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1. Introduction

The global increase in CO; emissions and climate change are making the scarcity of available
water self-evident; the decreasing rainfall and increasing temperature (Turral et al.,, 2011), are
thought to be reducing water resources between 30% and 50% (Milano et al., 2013). To
alleviate the compound effects of climate change, an increasing world population (UN DESA,
2019), and increasing water consumption different plans are being developed around the
world to modernize irrigation systems; Spain being a clear example of this (MAPAMA, 2002;
MARM, 2010). Modernization has led to an improvement in water efficiency, but with
considerable energy cost increases (Espinosa-Tason et al., 2020), especially in those facilities
where the reservoirs supplying the irrigation water do not have sufficient altitude to feed the
networks by gravity alone, and so require additional energy inputs. In addition to the
increasing energy requirements, the price of this energy has also increased, generating
problems of economic viability for many agricultural farms; the situation in Spain being a case
in point (Garcia Morillo et al., 2018). Furthermore, in regions such as the Valencian Community,
where pressurized irrigation is used on 68% of its irrigable land (mainly on citrus fruit
cultivations, making up 53%, and other fruit trees 15%), the use of renewable energies has
been incorporated as a central pivot in the proposed plans of the Regional Government
(Valencian Strategy on Irrigation (Generalitat Valenciana, 2020)). Photovoltaic energy is more
sustainable than conventional energy such as diesel (Glz, 2016) or other conventional supplies,
and with the fall in photovoltaic panel prices, traditional energies have been increasingly
replaced by this renewable energy in irrigation pumping.

In the bibliography you can find different articles where energy efficiency has been increased;
that is, the power required to supply the irrigation network is reduced by improving the
irrigation programming (Diaz et al., 2012; Fernandez Garcia et al., 2013; Gonzalez Perea et al., 2014;
Jiménez-Bello et al., 2010; Moreno et al., 2007). Other authors have studied hybrids between
renewable and traditional energies, or between different renewable energies, where the
feasibility of alternating them in order to satisfy certain energy requirements has been tested
(Adamsab et al., 2020; Caldera and Breyer, 2019; El-houari et al., 2020; Elkadeem et al., 2019; Li et al.,
2017; Lian et al., 2019; J. W. Powell et al., 2019; Janine W. Powell et al., 2019). Studies have also
been carried out that involve the installation of photovoltaic panels that provide the energy
to pump and store water in reservoirs at altitudes higher than that of the plantations (Bakelli
et al., 2011; Hamidat et al., 2003; Meah et al., 2008). However, this latter option has the problem
of the economic and environmental costs involved in the reservoir’s construction, as well as
in finding the space necessary, which might entail building the reservoir at some distance
from the land requiring the irrigation. For this reason, direct solar powered irrigation systems
are being implemented, where solar radiation is used to directly pump with energy
accumulation in batteries (Pardo et al., 2019) or without accumulating in batteries (Mérida
Garcia et al., 2018; Zavala et al., 2020), provided that the crops are resistant to water stress as
indicated by Mérida et al. (2018). Direct irrigation that is carried out only when there is
sufficient photovoltaic energy is called Photovoltaic Opportunity Irrigation (PVOI) and
presents users with the problem of uncertainty in irrigation time (IT), since it depends on the
solar irradiation available (Lépez-Luque et al., 2015).
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In irrigation networks that supply many hydrants, each possibly serving several outlets, it is

advisable to program the opening and closing of the solenoid valves that control these in
advance so that the networks operate properly, avoiding unwanted transient phenomena.
PVOI systems that solely depend on photovoltaic energy are exposed to an increase in
transient phenomena associated with the inappropriate start-up and stoppage of pumps, or
the inopportune opening and closing of outlets, at times when the radiation is not sufficiently
intense.

Therefore, this paper presents a proposal where the uncertainty of the PVOI is reduced
through the use of weather predictions which allow the estimation of the hours of irradiance
and the evapotranspiration reference (ETo) (Li et al., 2018; Santra et al., 2021) within a weekly
time frame. Thus, the intention is to know in advance both the available energy times and the
required irrigation needs, to suitably schedule irrigation time. In addition, a soil-plant-water
model has been incorporated which allows an evaluation of the state of the soil’s moisture
so as to establish the irrigation schedule within humidity thresholds that do not harm the
crops.

The objective of this study is to evaluate a PVOI programming methodology that uses climate
predictions instead of historical data. In this way, it seeks to maximize the use of the irradiance
available to the pumping units and to adjust the irrigation doses to the levels that are strictly
necessary. This methodology is applied to direct injection systems with multiple hydrants
where it is essential to know in advance the system’s operational programming.

2. Materials and methodology
2.1. Case study

The case study focused on the Cami Albalat irrigation network managed by the Massalet
Water Use Association. It is located in the municipality of Carlet (Valencia, 39°13'27.45"N,
0°30'8.83"W), in eastern Spain. The Association cultivates adult citrus fruit trees that are
irrigated by the waters flowing from the Jucar-Turia Canal. Here, surface irrigation using
channels to distribute the water has been replaced by a drip irrigation system. The minimum
pressure necessary in each hydrant is 28 m, so pumps powered by a photovoltaic (PV) system
have been set up and in addition, for those periods when the PV energy supply is less than
that required, they can also be run on conventional electricity. The soil is sandy loam with a
hydraulic conductivity (Ksat) of 800 mm day™, for the calculation of drainage capacity.

The hydraulic network is fed from a 50,000 m?3 reservoir, from which water is directed to two
pumping stations that respectively supply the areas of Cami Albalat with 681 ha and the Plaga
Massalet with 783 ha.

Irrigation has been organized into operational sectors; each sector consisting of hydrants that
irrigate at the same time. The criteria used to create each sector has been empirically
determined, trying to ensure that the flows and pressures required at the heads are
homogeneous.
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Fig. 1. which describes the layout of the network, shows that the water is collected and conducted via gravity to the pumping station. The
hydrants have been grouped according to the irrigation sector to which they belong.

The irrigation network fed by the Cami Albalat pumping station, is at a height of 42.6m and
has a total of 147 hydrants with base demand, 198 pipes with a total length of 41528.5m and
diameters ranging between DN-90 and DN-710, and a water propulsion system consisting of
3 pumps supplying 4 irrigation sectors. Each hectare has been installed with 4200 emitters of
4 1 h* which is equivalent to 1.68 Ih"m™2.
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Once the layout of the network, the diameters of the pipes, the demand hydrants and their
corresponding flows, together with the characteristic curves of the pumping units were
established, the hydraulic network model was constructed using the EPANET hydraulic
simulator. The flow in each sector was directly obtained from the pipework downstream of
the pumps, and the minimum pumping head (Hm) required for each hydrant, in order to have
the minimum service pressure of 28 m, was determined following the process explained by
(Diaz etal., 2012; Fernandez Garcia et al., 2013; Gonzdlez Perea et al., 2014, Jiménez-Bello et al., 2010).

The pumping equipment is arranged so that the sectors are irrigated by means of the 3 pumps
positioned in parallel, generating different minimum power requirements (Pmin;,W) in order
to put the pumps into operation. This calculation was attained using the following equation:

1
Prin; = oY Q; - Hm; €Y)

Where the characteristic equations of head-flow and flow performance of each pumping unit
are, with Q measured in m3 h'%;

H,, = 28,254 + 0,095-Q — 0,0002 - Q2
n(Q) = 0,3606-Q — 0,0004 - Q2

Where n; is the efficiency of the pumps for each sector, y is the specific weight of the water
(Nm3), Q; is the flow required for each irrigation sector (m3s) and Hm; is the head required
by each sector (m).

For the pumps to operate 100% under PV power it is necessary that the energy supplied by
the PV system is greater than the minimum energy required by the pumping system. For each
sector, the heads (m), flow rates (m3s!) and minimum power requirements (kW) were
calculated.

The PV system consists of 912 panels, each made up of 72 PV 6 inch cells of polycrystalline
material which together produce 325 W. The panels occupy an area of 1773 m? with the
capacity to generate 296.4 kW. In addition, the PV system is formed by 3 variable frequency
inverters.

The PV installation designed by the technicians of the water-use association is arranged in
such a way that the hours and energy produced by the PV panels are greater than the hours
and energy required by the pumps for most of the time. The ratio between the rated energy
capacity of the PV generator and the power needs of the sector with the highest Pmin;is 2.23.

Despite this design ratio, there may be weather conditions where the PV system does not
receive sufficient irradiance. When the irrigation needs cannot be supplied by PV energy, the
pumping station is supplied by conventional energy in order to complete the irrigation hours.
The annual IT using conventional energy for each sector (EIN;,h) was calculated using the
following equation:

EIN; =35 (IT; — ITpys) (2)
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Where IT; are the hours of irrigation necessary to provide for the needs of the crops during a
year as per irrigation sector, and ITpv(i) are the hours of irrigation provided by renewable
energy during a year per irrigation sector.

2.2. Description of the methodology

There was a clear intention to reduce the consumption of conventional electrical energy and
adjust the consumption of water to that which was strictly necessary by establishing in
advance the operation of the outlets and pumping equipment so as to ensure the correct
functioning of the PVOI system.

For these purposes, weather forecasts were used to estimate the irrigation needs and hourly
irradiance.

The estimated irrigation needs, temperature and irradiance were initially calculated using the
standard methodology described in section 2.3. Subsequently, the calculations of the
predicted irrigation needs, temperature and irradiance were determined using the
methodology based on weather predictions corrected with the Kalman Filter, to account for
micro-scale biases between the gross-scale predictions from meteorological data and the
actual sensor readings at the fields, as described in section 2.3.2.

Having estimated the irradiance and temperature, the energy that would be generated by the
PV system using the second method was determined.
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Kalman filter

v v

Weekly Etcpredicted Weekly Irradyredicted
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Relative humidity (%)
Wind speed (ms'l)
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v v

Weekly Irradig.years Weekly ETCyeek (1)

Irrigation scheduling

Fig. 2. Workflow chart of the proposed methodology to evaluate the use of weather forecast data and historical data for irrigation scheduling.

Finally, once the capacity of energy generation within a week, the cumulative irrigation time
needed for that week, and the energy required by the water pumps were known, the
programming of the irrigation sectors was determined in such a way that Eq. 2 was minimized
and the moisture in the soil did not produce crop stress, while avoiding drainage. To do this,
the representative Field Capacity of each sector (FCi) was obtained and the soil moisture was
calculated for each day of the week and sector (Wt,4). In addition, a simulation with 2019 data
is carried out to validate the methodologies.

This methodology was applied to sectored irrigation, as described in Section 2.1. Sectors can
operate with a constant setting pressure for all of them, determined by the most
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unfavourable sector, or a variable setting pressure is established for each sector. To simplify
the number of hypothesis, it was assumed that it was possible to establish a variable setting
pressure for each sector.

Before scheduling the irrigation, the FCi was determined. This term can also be replaced by
the target moisture to be maintained in the soil (Martinez-Gimeno et al., 2018), or the
humidity for each day of the week Wi,d. This humidity must not be less than the critical value
that may cause excessive stress to the crop (Wi,crit) as described in the section. 2.4. In the
same way, a minimum irrigation time period (ITmin) was determined during which the pumps
must be activated to avoid irrigations lasting only short durations, ensuring in this way that
where the system does manage to reach the steady state.

The determination of the irrigation schedule, that is, when each sector is irrigated each week,
was carried out as follows:

1. The weekly irrigation time was calculated for each of the sectors. In this case it was
the same irrigation time for each of the sectors (ITsta 0 ITPred week) (see Section
2.3.1).

2. For each sector, each day the accumulated irrigation time ITacu; was calculated,
which at the end of the week had to be equal to ITsi«q 0 ITPred week. This irrigation
time was carried out either with PV energy or with conventional energy.

3. The net hourly power Pnetp iy was determined for each of the hours and days of
the week (see Section 2.5).

The irrigation sectors were ordered according to the P,;, ; from highest to lowest.
Peak hours Pnet were assigned to sectors when Ppet2 Pmin;.

Starting from the sector with the greatest Pmin; a loop was formed running down
the hours of each day of the week.

7. The maximum daily irrigation time ITmax; was determined for each sector, as long
as Pnet> Pmin;, until it reached FCi; ITmax,i={ITstd ,ITPred week}. If ITmax; was positive,
or if Wid< Weriti, irrigation was carried out.

8. Forthesectors where irrigation was carried out, whether P,,,, ;< Pminjwas checked.
In the cases that it was affirmative, that hour was assigned until ITacui= ITmax, .
The consumed hours were ruled out for the following sectors. In the cases where
Pnet,i< Pmin; and Wi p < Wcit,i conventional energy was used.

9. Sectoridid not irrigate again until ITmax; was positive and higher than ITmin .

10. The loop repeated itself for each day of the week and for each sector.

At the end of the weekly programming ITacui < ITmaxi. It should be noted that ITacu;
may be less than ITmax; when the soil is in FCi or when ITmax;; < ITmin .

To evaluate the proposed methodology, Pmin; was compared with the actual net hourly
power that occurred during that hour and that day (Prealg,n).
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If Prealq,n> Pnetqn the system was assumed to be powered by PV and counted as ITpy.
In cases where Prealgn < Pnetgh it was assumed that the system was working with
conventional energy and the irrigation hours were counted as ITC;

This process was repeated for the entire 2019 irrigation campaign with a weekly frequency,
taking Monday as the day of reference.

This paper conducted a comparative analysis of the irrigation results obtained under different
scenarios, dependant on the irradiance and ETo computation methods chosen, in order to
find out which methods were better to maximize the use of PV energy and reduce water
consumption.

With regard to the computation of irradiance, a first and third scenarios based the ensuing
week’s irradiance on predictions arising from meteorological data (Irradpredicted) instead (SCE1
and SCE3), whereas a second scenario considered irradiance in the forthcoming week to be
equal to that week’s average radiation over the last 10 years (Irradio.years) (SCE2 and SCE4). In
relation to ETo estimations, two options were also considered: one considered ETo to be
equal to the value that was attained the previous week by this indicator (SCE3 and SCE4), and
the other used a predicted ETo value (SCE1 and SCE2). In summary, there are four possible
scenarios if all the options are considered, as depicted in Figure 3. See Section 2.3 for more
details.

Irradiance = Irradgredices | — | SCE1
Irrigation requirements = ETCpredicted <

Irradiance = Irradygyears | »| SCE2

Irradiance = Irradrediceds |—® | SCE3
Irrigation requirements = EtcCyeek(-1) <:

Irradiance = Irradigyears | —» | SCE4

Fig. 3. 4 Scenarios: 2 scenarios by ETo calculation methodology; by means of meteorological predictions, SCE1 and SCE2, and by ETo of the
previous week, SCE3 and SCE4 and 2 scenarios by type of predicted irradiance type, SCE1 and SCE3 by means of meteorological predictions
and by means of average data of the last 10 years, SCE2 and SC4.

Once the SCE1, SEC2, SCE3 and SEC4 scenarios were defined, a simulation of the evolution of
soil moisture is carried out, using an agrohydrological model which allows determining the
irrigation dose (volume of water supplied) and the drainage for each scenario. In addition, the
photovoltaic and conventional energy used for each scenario is studied through irrigation
scheduling. The results obtained are evaluated using the data observed in meteorological
stations in 2019 year (see figure 4).
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Comparison between proposed methodology and standard methodology
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Fig. 4. Comparison between proposed methodology and standard methodology

2.3. Calculation of Irrigation Needs (IN)

To determine the irrigation needs, Penman Monteith's methodology (Allen et al., 1998) was
used to calculate the ETo. Once the ETo was known the evapotranspiration needs of the crop
(ETc) could be determined, using for this purpose crop coefficients based on the percentages
of vegetation cover corrected by a monthly correction factor fcmonth (Castel, 2000) . It was
assumed that all the plots had a vegetation cover greater than 70%. Once the ETc was
calculated, this was offset by the effective precipitation (Pe). Hence, irrigation needs are the
difference between the crops' needs due to evapotranspiration and the precipitation value.

ETc = ETo - Kc - fCmontn (3)
IN = ETc — P,
The ETo was calculated using two methods:

a) The first method calculated the ETo using the weather predictions for the forthcoming
week (i.e. 7 days) in relation to the following respective variables: the average temperature
(°C), the relative humidity (%), the wind speed at the height of 2 meters (ms?), and the
observed descending shortwave solar radiation (Wm2), which is equivalent to the irradiance.

b) The second method calculated the irrigation needs for the following week using the ETo of
the previous week, based on the meteorological data obtained from the agroclimatic weather
stations belonging to the Agroclimatic Information System for Irrigation (SIAR, in Spanish
initials) (http://eportal.mapa.gob.es/websiar/Inicio.aspx). In the case study considered here,
this corresponded to the Carlet agroclimatic station located 3786m from the Cami Albalat
irrigation pumping station.
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2.3.1. Determination of the irradiance and irrigation time using
traditional methods

In this section, the irradiance of the week is calculated with the average radiation observed
during the same week of the last 10 years, which was measured in the horizontal plane using
a Pyranometer model CMP3 (Kipp & Zonen BV Delft, The Netherlands) and save the measured
data in the SIAR network, to program the irrigation of the next week.

The standard IT (ITswq) is traditionally determined by accepting the ETo of the previous week
(Lietal., 2018). However, in the actual study so that both methodologies could be comparable
it was decided to compensate the error in the ETo of the previous week, present in the
irrigation time taking place the following week, by means of the following equation:

ITstd = (ETCweek(+1) - (ETCweek(—l) - ETCMweek(_l)) - Peweek(—l)) ' q_l (4)

Where ETcyeek(+1) is the ETc prediction for the following week, ETcyeek(-1) is the ETc

prediction for the previous week, ETcy is the ETc calculated using weather station

eek(-1)

measurements from the previous week, P, is the effective precipitation during the

week(-1)
previous week and g are the lh'*m2,

If ITsta was less than 0 or if ITstg was less than [Tmin, No irrigation occurred.

2.3.2. Predictions of meteorological data and irrigation time using the
Kalman filter.

The IN of the crops was obtained using the weather forecasts (Carricondo-Anton et al., 2019; Li
et al., 2018; Lorite et al., 2015) emitted by the meteorological service, Global Forecast System
(GFS) of the National Centers for Environmental Prediction (NCEP), belonging to the USA
government. This service provides real-time weather forecasts four times a day, which
allowed future ETo to be predicted, and thus determine the irrigation scheduling. This service
is offered freely and permits the automatic daily download of predictions
(https://www.noaa.gov). However, the problem with the predictions is the uncertainty of the
estimates (Dorado and Ruiz, 2018; Evensen, 2003), which do not adapt themselves to the
particular casuistry found in each farm (microclimate, orientation, etc.). The horizontal
resolution of the grid used in the meteorological simulations is of 28 km and this makes, on
the one hand, the accuracy of the simulations decrease and, on the other hand, it means that
local phenomena that affect (broadly speaking) areas smaller than 50 km in diameter cannot
be simulated. In order to reduce the uncertainty between the predictive model and the
measurements taken in weather stations the study employed a Kalman Filter (Kalman, 1960)
which is used in meteorology at the surface level (Han et al., 2014; Hunt et al., 2007) and to
determine the ETo (Carricondo-Anton et al., 2019; Li et al., 2018).
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If we review the basic theory, the Kalman Filter makes predictions with a model x;, =
Axj_1 + Buy + wy_41 from which the measures z, = Hyx; + 13, are obtained, x being the
state (variables to be estimated), u the value of possible inputs known to the model, and wy,
and 1y, are "process" and "measurement" noise respectively, of a known variance-covariance
matrix, which will be denoted by Q and R. Our model tried to explain the difference between
the observed weather measurement zx and the weather prediction xx by means of a linear
transformation to the prediction (of slope 61 and offset 0,, thatis z = p,6; + 06, = [p 1]x)
whose coefficients can vary over time and were therefore incorporated into the vector x of
variables to be estimated and their value was adjusted using Kalman's equations as and when
"p" predictions and real measures were contrasted; the estimated values of these coefficients
were the components of the estimated X, , and the Bu component did not need to be part of
the model since there were no measurable exogenous u components that were additional to
the meteorological measurements z , leaving X, = AX;_,. The matrix A was the discrete
integrator model (the identity), because we assumed that 61 and 8, were constant (strictly
speaking, they follow a random movement —Brownian motion—excited by wy). The variance
Q parameterized the uncertainty in the aforementioned random motion, and allowed the rate
of variation to be encoded "a priori" in the times of the adjustable parameters. The matrix Hy
was formed with [pk1] as indicated above. The equations of this filter have two stages (Albertos
and Sala, 2004; Dorado and Ruiz, 2018). When a measure was available, the "corrector" step was
undertaken and given by:

Ky = PgH,"(H P H," + R)™* (5)
X = X + Ki(z,, — Hi X))

P, = (I-K.H, )P

Where P, is the state variance matrix, or the estimation error, Hx is the measurement matrix,
Kk is the Kalman gain, zx is the actual observation at instant k, x is the estimated initial state,
and R is the variance matrix of the measurement noise.

Once the corrected vector was obtained for the measures from the data and the past model,
the future prediction was determined by adjusting the model of the following days, using the
simulation equations (Albertos and Sala, 2004; Dorado and Ruiz, 2018), usually called the
"predictor" stage in the literature:

f,: = Afk—l (6)

Py = AP, AT +Q

Where Py is the state variance matrix or estimation error, X;_1 is the estimated state in the
previous iteration (or the initial conditions in the first iteration). If one wanted to simulate
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several steps in the future without intermediate observations, this is established in the
predictor (6) P, = Py, without carrying out the corrector equations (5).

Entering the data into the four Kalman filters, the two parameters of the correction were
obtained (recursively) for each of the variables of temperature, humidity, wind at 2m and
irradiance (van Mourik et al., 2019). The z, measures in the filter equations were the
observed values of each of these variables at the instant at which the prediction p; made
reference (evidently, the measurement was taken after the knowledge of the prediction,
updating the filter in due course once the measurement was available).

The one-week rain prediction was not used because the error that was produced in estimating
the amount was unacceptable and without any type of correlation.

With these adjustments we obtained the correction of the previous parameters, the latter
also being used to predict the irradiance that would occur the week after. By means of the 4
parameters, the ETo was calculated using the Penman Monteith methodology described in
(Allen et al., 1998). Once the IN was known, the predicted irrigation time ITPred week Was
determined, and corrected each week with the error of the previous week, using the following
equation:

ITPTedweek=(ETcKweek(+1) - (ETCKweek(—1) - ETCMweek(—l)) - Peweek(—l)) ' q_l (7)

Where ETCKweek(+1)
prediction for the previous week, ETcy

is the ETc prediction for the following week, ETCKweek(—1) is the ETc

cek(-1) is the ETc calculated using weather station

measurements from the previous week, P, is the effective precipitation from the

week(—1)
previous week and g are the Ih"'m that can be provided as irrigation flow.

If ITsta was less than O, or if ITsig was less than ITmin, no irrigation occurred.

2.4. Moisture in the soil

In this study it was important to know the moisture in the soil since the investigation expected
to improve water use as well as energy efficiency. By having PV panels, the consumption of
electricity based on conventional energies can be reduced. However, irrigation time must also
be adjusted to take into account soil moisture, and so avoid making these times excessive up
to the point of losing water through drainage.

The determination of soil moisture for each sector (W; ;) was established daily, using the
equation:

Wiq =W a1y — ETcy +1+ P, — DD (8)
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Where W; 4(_1) is the soil moisture from the previous day (mm), ETcy, is the ETc calculated
by means of measures taken at weather stations (mm), [ is the irrigation (mm), P, is the
effective precipitation (mm) and DD is the deep drainage (mm). This model was simplified by
not taking into account surface runoff, as it was a localized irrigation. It was assumed
that ET ¢y, and P, were the same for each sector.

The calculation of DD was performed when the soil moisture was between Saturation (SAT)
and Field Capacity (FC), the drainage being calculated using the following equation (Raes, 1982;
Raes et al., 2006, 1988).

DD = 0.0866 - Ksat®35 - (SAT — FC) (9)

Following the guidelines of (Allen et al., 1998), the fraction of the FC of the soil water (ps,%)
was used so that citrus crops with a coverage greater than 70% did not suffer stress. This
fraction limits the minimum amount of water (mm) that the soil should contain so that citrus
crops do not suffer stress. This was done according to the equation:

Wcrit,i =0.5+0.04 * (5 —DPs- ETC(mm-dia_l)) (10)

2.5. Photovoltaic system

The efficiency of the PV cells that make up a PV panel is affected by the temperature they can
reach when subjected to irradiance. To calculate the temperature of the cell (Tcel, °C) the
following formula was employed (Markvart and Castaner, 2003).

TONC-20)-SI
| (ToNc—20)s1
800

Tcel =T (11)

Where T is Temperature in (°C), TONC is the nominal operating temperature of the PV cell (in
this case 45 °C) and S/ is solar irradiance (Wm).

The calculation of the available net hourly PV power for each day of the week was determined
by the equation:

SI a
Pan =Py —oe- (142 (Tcel — 25)) (12)

Where Pp is the peak power of the PV plate, S/ is the mean hourly irradiance (Wm™), @, is the
coefficient of variation of Pp with temperature (%/°C) and Tcel is the temperature of the PV
cell. Finally, it should be taken into account that the net available power to the pumps for
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each hour and day of the week (Pnetqs) is affected by the efficiencies of the inverter and the
motor of the equipment.

Pretan = Pan;" Nee™ Ny (13)

Where 1. is the estimated efficiency of the inverter which is 0.9, and n,, is the estimated
efficiency of the motor which is 0.8.

During those weeks where the irrigation hours and energy required were greater than the
hours and energy supplied by the PV installation, irrigation occurred by means of conventional
electricity (Mérida Garcia et al., 2019).

3. Results and discussion

The results from the different scenarios are described in two sections. The first section
analyses the favourability of the predictions with regards to water needs, irradiance,
temperature and Pnet, while the second section analyses the network’s irrigation
programming using the meteorological predictions. The purpose is to assess whether the use
of predictions, and the errors committed with them, leads to an enhancement of the irrigation
programming and, in turn, to an improvement in the use of water and PV energy, while
reducing conventional energy consumption.

3.1. Evaluation of predictions

3.1.1. Assessment of irrigation needs

Firstly, to determine the flow rates and Pmin; of each of the four sectors making up the
network, each with different Hmiand Q;, a hydraulic analysis was performed. The results are
shown in Table 1.

Table 1.

Data by sector of Hm, Q and Pmin requirements for the three pumps operating in parallel.

Hm (m) Q (m3/h) 3 Pumps Pmin (KW)
Irrigation sector O 25,0 1491,0 128,6
Irrigation sector 1 25,6 1345,4 115,6
Irrigation sector 2 24,4 1314,0 107,6
Irrigation sector 3 28,0 1413,7 132,8

The irrigation needs have been obtained by means of the predictions comparing ETc predicted
and ETC week (-1) against ETcao19 (actual ETc in 2019), resulting in 720.9 mm year (SCE 1, SCE 2)
and 728.7 mm year? (SCE 3, SCE 4) and 715.5 mm year™ respectively. Figure 5 shows the
weekly irrigation time for the ETc predicted (SCE1, SCE2), the ETc week (-1) (SCE3, SCE4) and ETcz019.
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Having determined the volume of water required, the irrigation time were calculated, firstly,
by means of the weather predictions, resulting in 429.1 h sectoryear? of irrigation, and
secondly, using the ETc of the previous week (methodology traditionally used) obtaining
433.8h sectortyear?of irrigation. This represents a saving in IT and water volume of 1.1% per
year.

20 ~
——SCE1 and SCE2

18 -
16 - SCE3 and SCE4
14 4 ETc 2019
12 -

10 A

Irrigation hours per week

o N B~ OO
1

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53
Weeks of 2019 year

Fig. 5. Irrigation time with weekly ETc predicted by meteorological predictions (mm) (green), weekly ETc predicted by ETo of the previous
week (mm) (blue) and weekly ETc calculated by meteorological measurements (mm) (red).

The ETc was determined on a weekly basis each Monday for every week in 2019, both for the
ETC predicted (SCE1, SCE2) and the ETC week(-1) (SCE3, SCE4). As can be seen in Table 2, we analysed
the average weekly error of the ETC predicted and ETC week (-1) for the period of maximum IN (from
April 1st to September 30th), for the periods of minimum IN (from January 1st to March 31st
and from October 1st to December 31st), and the entire year 2019, as well as the maximum
and minimum relative errors and the percentage of standard deviation that occurred. The
relative error for uncompensated ETCpredicted Was 9.9% while for the uncompensated ETc week
(-1) (historical data) it increased to 24.8%. Once ETC predicted, and ETC week (-1) had been
compensated, as indicated in sections 2.3.1. and 2.3.2., the relative error for compensated
ETC predicted analysed amounted to 12.4%, while for the historical data the compensated ETc
week (-1) increased to 24.1%. Table 2 shows the relative errors for ETcC predicted and ETC week (-1).
The ETc compensated with the previous week’s error was greater than the error of the ETc
because compensating from the previous week can generate a greater difference relative to
the ETc of the week to be predicted. However, the convenience of using the compensated
ETc is due to the fact that throughout the year the same amount of mm is irrigated as the ETc
of that year.
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Table 2

Analysis of relative ETc prediction errors, both compensated and uncompensated for the error of the previous week (%) for the periods of

maximum IN, minimum IN and for the rest of the year.

Etc Compensated Etc
ETc Predicted ETc week (-1) ETc Predicted ETc week (-1)
SCE1y SCE2 | SCE3 y SCE4 | SCE1y SCE2 | SCE3 y SCE4

Relalt|ve square error in time of 63 15,2 10,5 16,5
maximum IN (%)
Re.Ia.t|ve sguare error in time of 13,3 341 14,2 314
minimum in (%)
Annual Square error (%) 9,9 24,8 12,4 24,1
Maximum error (%) 43,7 165,1 65,2 165,1
Minimum error (%) 0,4 1,0 0,0 0,0
Typical deviation (%) 10,5 29,7 14,2 31,8

From here it can be determined that the relative errors are lower for ETC predicted than for ETc
week (-1), SO it is advisable to use the former to determine the IN.

3.1.2. Evaluation of sectors according to soil moisture content

This section presents the soil moisture results achieved for the 4 scenarios SCE1, SCE2, SCE3
and SCE4. In the 4 graphs below the sectors requiring minimum and maximum power for the
pumps to operate are represented. As table 1 indicates the sector that required the most
energy was sector 3 and the sector that required the least energy was sector 2.

The effective precipitation and minimum soil moisture required so that plants would not
suffer stress have also been represented. In none of the 4 scenarios did the plants suffer stress
because there was a lower limit of humidity beyond which irrigation always took place, fixed
at 25% of the FCiwhich in this case was 82.5 mm. If this percentage is decreased, the number
of hours irrigated by PV energy is increased, but the crop approaches the threshold of water
stress.

It can be observed that the humidity in the sector of maximum power requirements for
pumping did not usually reach the minimum humidity established, this is because it was the
sector that first took advantage of the hours of available energy. In contrast, the sector with
the minimum power requirement for pumping did reach the minimum humidity established
because it was the last sector to be irrigated throughout the week and therefore this sector
was the one that required more electrical energy, due to the low humidity of the soil.
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3.1.3. Evaluation of irradiance, temperature and net power for
photovoltaic pumping

The highest monthly irradiance coincided with the highest irrigation needs (Mérida Garcia et
al., 2018; Zavala et al., 2020) as can be seen in Figure 10. Upon calculating the average monthly
irradiance in kWhm-2dia™! we observe that when comparing the Irradpredicted and the irradiance
measured in 2019 (Irradao19) there was an average relative error every month of 3.68%, and
when comparing the Irradio-years With respect to that measured in 2019 there was an average
relative error every month of 6.7%. This justifies the relevance of our proposal of
incorporating meteorological predictions in irrigation scheduling to reduce uncertainty.
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Fig.10. Irradioyears (blue), Irradpredicted (green) y Irradzois (red) monthly mean in kW m-2day, monthly ETo of the study area (mm) (yellow).

The irradiance and temperature, and with it the Pnetqn , were established every Monday of
2019, both for the parameters predicted by weather predictions (SCE1, SCE3), as for the
predictions made using the average data from the last 10 years (SCE2, SCE4). As can be seen
in Table 3, the daily relative errors of irradiance, temperature and Pnet were analysed for the
period of maximum IN (from April 1st to September 30th), for the periods of minimum IN
(from January 1st to March 31st and from October 1st to December 31st), and for the entire
year 2019, as well as the maximum and minimum relative error and the percentage standard
deviation produced.
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Table 3.

Analysis of daily temperature, irradiance and Pnet (%) errors for the periods of maximum IN, minimum IN and for the rest of the year.

Temperature Irradiance Pnet
Predicted | Historical |Predicted| Historical | Predicted | Historical

data data data data data data
Squa?re error at time of 51 73 285 55,0 26.3 50,0
maximum IN (%)
Square error at time of |, / 20,1 23,1 45,1 21,7 42,0
minimum IN (%)
Annual Square error (%) 7,8 13,7 25,8 50,0 24,0 46,0
Minimum error (%) 0,0 0,1 0,0 0,4 0,1 0,1
Typical deviation (%) 8,4 16,2 75,3 157,0 70,3 143,8

Upon conducting a study that compares the Pnet based on the average data from the last 10
years (SCE 2, SCE 4), and the Pnet calculated using weather predictions data (SCE 1, SCE 3)
respectively against the Pnet using actual data measured in the year 2019, the variation of
Pnet can be seen throughout 2019. The observed error was improved to 24% when using our
proposed methodology with the predicted values, as opposed to 42% when using the
historical data. Figure 11 shows the Pnet predicted using weather forecasts, after applying
the Kalman filter, the Pnet based on historical data and the Pnet calculated with data
measured in 2019.
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Fig.11. Pnet in kW day* of 2019 (red), Pnet predicted in kW day using the mean of 10-year data (blue) and Pnet predicted in kW day* using
meteorological predictions (green).
To demonstrate the importance of the configuration of the irrigation sectors, the 23™ June,
2019, a day without clouds, has been chosen. Figure 12 shows the Irradpredicted, Irrad1o-yearsand

Irrad2o19 for that day, as well as the minimum irradiance required to make the network
operate on PV power for each of the sectors that make up the network.
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It is observed that the sectors were only operational between the irradiances 265 and 330
Wm2, and did not make use of the energy that was less than 265 Wm™ or greater than 330
Wm2. Therefore, methodologies should be established in order to take advantage of all the
PV energy throughout the day such as that proposed by (Mérida Garcia et al., 2018; Zavala et al.,
2020) where the simultaneous operation of several irrigation sectors reduces the cost of the
PV system, making it advantageous in terms of Energy Use Efficiency. Another option is to
study the possibility of establishing dynamic sectors with different Pmin;that better adjust to
the irradiance available there by optimizing the use of PV energy.
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Fig. 12. Irradiance measured in 2019 (Wm) (red), mean predicted irradiance of the last 10 years (Wm2) (blue), irradiance predicted by
meteorological predictions (Wm2) (green) and irradiance minimum to reach the required power of each sector.

3.2. Evaluation of the programming of the operation of the irrigation
network

This section studies how irrigation programming based on predictions affected the differential
use of PV and conventional energy. The evaluation of the irrigation schedule for each sector
was carried out by analysing the following factors: the irrigation and drainage doses, the
irrigation hours carried out respectively by conventional energy and PV energy and the soil
moisture for the 4 sectors. ITmin Was set to 0.5 h to avoid excessive system start-ups and
shutdowns.

The target humidity was set at the FCi (110 mm) and the point of minimum humidity was
established as 25% lower than the FCi, that is, 82.5 mm. Drainage occurred when there was
precipitation, since the possibility that soil moisture exceeded the field capacity only existed
when there was rain, as described in equations 8 and 9.

To avoid the problem of drainage due to rainfall, in future works rainfall predictions should
be improved and implemented (An-Vo et al., 2019) especially using a wider temporal
framework.
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3.2.1. Evaluation of irrigation dose and drainage.

Each sector was irrigated depending on its proximity to the target humidity (i.e. FCi, or Wi,
of the ETc) determined for that week, the rainfall and the hours of available PV energy. As for
ITacui, this could be less than ITstg or ITPredweek Of the one already established, because it
would be lower if there were irrigations lower than ITmin, or if the CC; was exceeded. On the
contrary, a particular week's irrigation dose would increase if soil moisture fell below the
minimum set threshold, which was 25% of the FC,.

Fig 13 shows the annual irrigation dose for each sector depending on each of the scenarios.
The annual consumptions for the 4 sectors were 2853.6 mm, 2869 mm, 2877.2 mm and 2897
mm for scenarios SCE1, SCE2, SCE3 and SCE4 respectively, showing that the least amount of
irrigated water was achieved when using the combination of ETC predicted and Irradpredicted
(SCE1).

Drainage in the case study did not occur due to irrigation since the latter was halted once the
target humidity (FC)) was reached. However, in the periods when precipitation occurred,
drainage was dependent on the proximity of the target moisture to the soil moisture. In
periods of precipitation when the target moisture was reached, the drainage was equal to the
precipitation, while the closer the soil moisture was to the minimum moisture permitted the
more capacity the soil had to retain precipitated water.

Fig 13 shows the annual drainage for the 4 sectors depending on each of the scenarios. Annual
drainage was 700.6 mm, 716 mm, 721.3 mm and 719.2 mm for scenarios SCE 1, SCE2, SCE3
and SCE4 respectively, showing that the least amount of drainage water was obtained when
combining ETc predicted and Irradpredicted (SCE1).
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Fig. 13. mm of irrigation and mm of drainage per sector according to the different SEC1, SCE2, SCE3 and SCE4 scenarios.
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3.2.2. Evaluation of sectors

3.2.2.1. Evaluation of sectors for the use of photovoltaic energy

The total annual operating hours employed irrigating the 4 sectors were 1698.5h, 1707.7h,
1712.6 and 1710.2h for scenarios SCE 1, SCE2, SCE3 and SCE4 respectively, showing that the
least need for operating hours occurred when using the combination of ETc predicted and
Irradpredicted (SCEL).

Figure 14 shows the irrigation hours powered by PV energy and conventional energy
respectively in separate diagrams. The sum of the two is the total hours of irrigation that had
to be employed over the course of a year to cover the irrigation needs that had been
established.

The sector that required the fewest hours of conventional energy was the one with the
highest Pmin; and so on successively until reaching the sector with the lowest Pmin;.
Reciprocally, the sector which received the most hours of PV energy was also the one with
the highest Pminj, the other sectors following consecutively from highest to lowest Pmin;.

The annual PV hours supplying irrigation to the 4 sectors were 1322.6h, 1236h, 1257.1h and
1144.6h for scenarios SCE 1, SCE2, SCE3 and SCE4 respectively, showing that the highest use
of PV energy irrigation hours was when using the combination of ETc predicted and Irradpredicted
(SCE1). Alternatively, the annual hours using conventional energy to supply irrigation to the 4
sectors were 375.9h, 471.8h, 455.6h and 565.7h for scenarios SCE 1, SCE2, SCE3 and SCE4
respectively, showing that the lowest use of conventional energy irrigation hours happened
when combining ETC predicted and Irradpredicted (SCE1L).
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Fig. 14. Hours of irrigation by PV energy and hours of irrigation by conventional energy by sectors according to the different scenarios SEC1,
SCE2, SCE3 and SCE4. Percentage data appear in Table 4.

Conventional energy was connected on those occasions when the irradiance was not
sufficient to perform the irrigation already programmed by means of the predictions of both
Irradpredicted @and Irradioyears. On the other hand, conventional energy was also connected at
those times when the soil moisture was less than 25% of the target humidity (FCi) and there
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was no PV energy available to supply the system, as indicated in Figure 15. Here we can
observe that the hours of irrigation when conventional energy was used in the SCE1 and SCE2
scenarios was due to the fact that the humidity had dropped below 25% of the FCi. However,
for the SCE3 and SCE4 scenarios the use of conventional energy was mainly due to errors in
weather forecasting.
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Fig. 15. Hours of irrigation using conventional energy due to soil humidity being less than 25% of the FCi or due to errors in the irrigation
programming by sectors according to the different SEC1, SCE2, SCE3 and SCE4 scenarios.

Taking into account that the power system was a mixed one, where both PV and conventional
energies were used, an analysis of the absolute error made using the predictions of Irradio-
vears and Irradprediced COMpared to the Irradao1g respectively, was carried out. This was achieved
by analysing the differences between the average values of measured and predicted
irradiance for each hour of the day during the year of 2019. In this way, taking into account
the times when the greatest absolute positive error occurred between the measured and
predicted irradiance, the conventional electricity consumption could be estimated, since
these hours coincided on average with when the predicted irradiances were less than the
Irradao19 ones. However, the Pmin; would have to be guaranteed at least for the hours when
the equipment operated on PV energy, in the case of irradiance variation. When irrigation
took place in the event that the humidity dropped below 25% of the FC;, these irrigations
could be carried out in the off-peak hours of lowest cost.
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Fig. 16. Absolute error in kW for the irradiance predicted by meteorological data (green) and the irradiance predicted with mean data from
the last 10 years (blue), compared to the irradiance measured in 2019.

The percentages between the hours of irrigation performed using PV energy and the hours of
available energy are 13.37%, 12.52%, 12.74% and 11.64% for scenarios SCE1, SCE2, SCE3 and
SCE4 respectively. From this it can be observed that the greatest uses of PV energy occurred
in scenarios SCE1 and SCE3 where Irradpredictes Was used. Researchers in (Zavala et al., 2020)
managed to go from 15.4 % to 18.4 % through a process of combining the sectors. The
aforementioned scenarios used 79% and 75% of PV energy respectively compared to
scenarios SCE2 and SC4 which used 74% and 68% PV energy respectively.

In Table 4 the total number of irrigation hours for each scenario and for each sector are
described. In addition, the percentages of the total irrigation time conducted with renewable
energies for each of the sectors and scenarios are also indicated. The difference between the
total hours of irrigation and the hours irrigated by renewable energies allows us to obtain the
percentages of hours of irrigation supplied by conventional energy for each of the sectors and
scenarios.

Table 4 shows the percentage of hours irrigated with conventional energy for these two
situations.

Table 4.

Total hours of irrigation time (IT), total kWh, % of hours of irrigation by PV energy, % of hours of conventional energy and% of hours of
irrigation by conventional energy due to soil moisture or prediction error.

Total IT (h) Sector O | Sector1 Sector 2 Sector 3
SCE1 426,1 423,4 420,0 429,1
SCE2 426,7 426,9 426,1 427,9
SCE3 435,2 421,4 417,9 438,2
SCE4 431,1 425,2 416,4 437,5
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Total energy (kWh) Sector 0 |Sector1 |Sector2 |Sector3
SCE1 54.791,0 148.948,6 [45.192,4 |56.977,9
SCE2 54.879,2 149.349,8 [45.852,8 |56.830,8
SCE3 55.964,6 | 48.709,2 |44.970,4 |58.186,4
SCE4 55.439,1 149.151,5 |44.808,0 |58.104,3
IT with PV energy (%) Sector 0 |Sector1 |Sector2 |Sector3
SCE1 89,4 73,8 50,6 97,2
SCE2 82,3 69,4 40,9 96,7
SCE3 83,5 69,7 42,3 96,6
SCE4 76,2 60,9 32,9 96,0

IT with conventional energy (%) Sector 0 | Sector 1 Sector 2 Sector 3
SCE1 10,6 26,2 49,4 2,8

SCE2 17,7 30,6 59,1 3,3

SCE3 16,5 30,3 57,7 3,4

SCE4 23,8 39,1 67,1 4,0

IT conventional energy (%) due to 25% of FCi. Sector 0 |Sector1l |Sector2 |Sector3
SCE1 29,5 54,1 60,5 0,0

SCE2 40,4 57,7 66,0 0,0

SCE3 35,6 57,4 60,7 0,0

SCE4 23,3 27,6 25,0 0,0

IT conventional energy due to prediction error (%) | Sector 0 | Sector 1 Sector 2 Sector 3
SCE1 70,5 45,9 39,5 100,0
SCE2 59,6 42,3 34,0 100,0
SCE3 64,4 42,6 39,3 100,0
SCE4 76,7 72,4 75,0 100,0

As sector 3 was the first to be assigned Pnetq,, it obtained a higher percentage of PV energy
and it was not necessary to use conventional energy to maintain this sector’s humidity level
above Wqiti. Only prediction errors forced the use of conventional energy. On the other hand,
sector 2, the sector with the lowest Pminj, was the one that made the greatest use of
conventional energy and the largest percentage of it was due to the fact that Werit; was not
reached.

Once the causes of the PV power failure have been determined, the next step would be to
study which is the appropriate alternative energy to cover this gap. Investigators (Pardo et al.,
2019) studied the effect of incorporating batteries for storing energy to protect the system
against emergencies, and the results showed that there is no universal solution. This is due to
the fact that there are a large number of alternatives available when buying the equipment
and hence in future savings. (Mérida Garcia et al., 2019) demonstrated from an environmental
point of view that PV energy was the lowest cost option both when connected to the grid, as
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when not, compared to using generator sets. Moreover, the possibility of exporting excess
energy to the electricity grid resulted in six times less environmental impact compared to an
installation that was not connected.

4. Conclusions

Photovoltaic energy has been applied to very different types of irrigation systems depending
on: the type of delivery method employed, that is, by gravity from a reservoir or by direct
injection; or the type of electricity supply, that is, connected to the electrical grid or isolated
from it.

Most of the direct injection systems that have been applied consist of a limited number of
hydrants that are arranged into sectors. In the cases where the photovoltaic installation is off-
grid, if there are disturbances in the irradiance, the system stops working unless there are
auxiliary systems such as batteries or generator sets.

In networks of a certain magnitude with a large number of hydrants which can have multi-
emitters, the commands for opening and closing the irrigation outlets and for activating and
stopping the pumping groups must be correctly programmed in advance so as to guarantee
the optimum functioning of the system and avoid unwanted transient phenomena.

The use of short-term meteorological predictions, using a week’s timeframe, allows the
estimation of the irradiance and the irrigation needs of the crops with greater precision,
permitting irrigation operations to be programmed in advance. However, every prediction is
subject to some uncertainty, and if the prediction is not met an additional energy source is
needed. In this case study, the relative error in the estimation of net power incurred during
the period of greatest irrigation needs was 26.3% for weather forecasts, as opposed to 50%
using historical data.

The application of weather forecasts in the calculation of irradiance and irrigation needs
(SCE1) as opposed to the use of historical data and the calculation of evapotranspiration
based on what happened in the past (SCE4) led to an improved use of renewable energy from
68.7% to 79.3%, and to an increase in the use of available photovoltaic energy from 11.64%
to 13.37%.

To improve this last indicator, we must act on the irrigation programming by designing
dynamic sectors whose minimum power of each sector is adapted along the net power.

Improving the predictions, accompanied by a reduction in the prediction timeframe, will
improve the percentage of renewable energy used and increase the hours of available energy
use while keeping the moisture levels within requirements.
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