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Tesis como compendio de publicaciones

Esta tesis se presenta como compendio de publicaciones, cumpliendo con

los requisitos establecidos por la Universidad de Cordoba para este fin. Tres de los

seis capitulos de esta tesis se corresponden con tres articulos cientificos publicados

en revistas incluidas en el primer cuartil segun la ultima relacion del Journal Cittation
Reports (2018).
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Prod. 175, 670-682. indice de impacto: 5.651. 1¢ cuartil en el area de
Ingenieria y Medioambiente, posicion 7/50.
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Sostenibilidad (Green and Sustainable Science and Technology), posicién
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TITULO DE LA TESIS: Modelo integral de aprovechamiento de la

energia solar fotovoltaica en riego.

DOCTORANDA: Aida Mérida Garcia

INFORME RAZONADO DEL/DE LOS DIRECTOR/ES DE LA
TESIS:

La tecnificacién del regadio y su cada vez mayor dependencia energética,
esencialmente debida a los bombeos de los sistemas de distribucién de agua a
presion, ha motivado que en los ultimos afios los regantes hayan experimentado un
importante aumento en sus costes de produccion que hacen que, en ocasiones, la
rentabilidad de la produccién agricola se vea seriamente comprometida. Ademas de
esto, en el contexto actual de cambio climatico, la sociedad demanda de manera
creciente alimentos producidos de una forma sostenible, con una huella ambiental

minima.

Ante esta situacion, las energias renovables, y especialmente la energia solar
fotovoltaica, estan comenzando a jugar un papel importante en las redes de
distribucion de agua. Por un lado, la reduccion de los costes de produccion de los

paneles hace que los periodos de amortizacion se hayan reducido a 4-6 afos. Por
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otro lado, la reduccion en las emisiones asociadas a los bombeos permite reducir la
huella de carbono asociada a la produccion agricola, lo que puede considerarse una
ventaja competitiva en los mercados, de acuerdo con las demandas actuales de la

sociedad.

No obstante, la energia solar fotovoltaica presenta ciertos inconvenientes que
hacen que las practicas de manejo del riego tradicionales no sean del todo validas
en las nuevas condiciones. Esto es debido principalmente a la imposibilidad de regar
cuando la irradiancia es demasiado baja, lo que implica que sea necesario
sincronizar el manejo del riego con la produccién energética de la planta solar. Por
otro lado, se hace necesario considerar la planta solar y el sistema de riego como
un todo, que debe funcionar de forma conjunta para poder optimizar el uso de la
potencia generada en cada momento y asegurar un uso eficiente del agua. Hasta la

fecha, estos aspectos no se habian abordado en profundidad.

Con el objetivo de abordar esta problematica se ha desarrollado esta Tesis
Doctoral, la cual se divide en tres grandes apartados claramente diferenciados, los
cudles abordan diferentes problemas relacionados con el riego solar y aportan
soluciones para facilitar el manejo 6ptimo de dicha tecnologia. La Tesis se ha
elaborado como compendio de articulos cientificos, que han dado lugar a
publicaciones en revistas cientificas con altos indices de impacto, en el primer cuartil

de su area de conocimiento:

- Mérida Garcia, A., Fernandez Garcia, I, Camacho Poyato, E., Montesinos

Barrios, P., & Rodriguez Diaz, J. A. (2018). Coupling irrigation scheduling with solar
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energy production in a smart irrigation management system. Journal of Cleaner
Production, 175, 670-682. doi:10.1016/j.jclepro.2017.12.093

En este trabajo, como primer paso de la Tesis, se desarrolla un sistema de
riego solar inteligente, el cual sincroniza la produccion energética de la planta solar
y el riego deficitario del olivar. Para ello, el sistema considera datos de irradiancia en

tiempo real, modelo hidraulico del sistema de riego y un modelo suelo-agua-planta.

Este modelo se ha puesto en marcha y validado en una planta piloto instalada
para este fin en la Finca Experimental del Campus de Rabanales de la Universidad
de Cérdoba.

- Mérida Garcia, A., Gallagher, J., McNabola, A., Camacho Poyato, E.,
Montesinos Barrios, P., & Rodriguez Diaz, J. A. (2019). Comparing the
environmental and economic impacts of on- or off-grid solar photovoltaics with
traditional energy sources for rural irrigation systems. Renewable Energy, 140, 895-
904. doi:10.1016/j.renene.2019.03.122

En el segundo de los trabajos se aborda el impacto ambiental y la huella de
CO; del riego solar en comparacion con otras fuentes convencionales tales como los
generadores diésel y la red eléctrica. Este trabajo lo realizd en colaboracion con
investigadores del Trinity College de Dublin (Irlanda) durante su estancia
predoctoral, necesaria para la obtencion de la mencién internacional de los estudios

de doctorado.

- Mérida Garcia, A., Gonzalez Perea, R., Camacho Poyato, E., Montesinos

Barrios, P., & Rodriguez Diaz, J. A. (2019). Comprehensive sizing methodology of



smart photovoltaic irrigation systems. Agricultural Water Management. Accepted for

publication.

En el tercer trabajo se aborda la necesidad del disefio conjunto de la
instalacion de riego y de la planta solar simultaneamente. Para ellos se recurre a
métodos heuristicos que permiten optimizar el diametro de las tuberias, la gestidn

de riego en parcela y el tamafio de la planta solar.

Por Ultimo, complementando los trabajos anteriores, se afiade un cuarto
articulo como anejo, en el cual se muestran los detalles de la herramienta informatica
desarrollada para la implementacién y operacion del sistema de riego solar

inteligente:

- Gonzalez Perea, R. G., Mérida Garcia, A., Fernandez Garcia, |., Poyato, E.
C., Montesinos, P., & Rodriguez Diaz, J. A. (2019). Middleware to operate smart
photovoltaic irrigation ~ systems in real time. Water (Switzerland), 11(7)
doi:10.3390/w11071508

En su conjunto, la investigacion realizada representa un claro avance al
estado del conocimiento actual en esta tematica, sobre la cual practicamente no
existian trabajos previos. Ademas, la investigacion desarrollada puede tener
importantes repercusiones en el sector del riego, cada vez mas interesado en el uso
de la energia solar fotovoltaica para el suministro de agua por sus beneficios tanto

econdmicos como ambientales.

Esta Tesis Doctoral se ha realizado al amparo de dos proyectos del Plan

Nacional: “Tecnologias Innovadoras para mejorar el uso del agua y energia en el



regadio” (AGL2014-59747-C2-2-R) y “Eficiencia en la sostenibilidad del nexo agua y
energia en el regadio” (AGL2017-82927-C3-1-R). Para la realizacién de la misma,
la Doctoranda ha disfrutado de una beca de Formacién de Personal Investigador
(FPI), enla que, ademas de los trabajos de investigacion, ha colaborado activamente
en la docencia de diversas asignaturas en el ambito de la Ingenieria Hidraulica y del

Riego.

Por todo ello, se autoriza la presentacion de la tesis doctoral.

Cérdoba, 6 de Noviembre de 2019

Firma de los directores

Fdo.: Prof. Dr. Emilio Fdo.: Prof. Dr. Juan
Camacho Poyato Antonio Rodriguez Diaz
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Summary

Summary

Irrigated agriculture makes possible to increase the productivity of the cropped
area, becoming a key activity to meet the growing food demand resulting from the
increase of global population. The transformation of arable land from rain-fed to
irrigated raises in turn the water demand by the agricultural sector, which currently

accounts for 70% of total extractions, on a global scale.

The modernization of the irrigation sector led a substantial improvement in the
efficiency of water use, although, in parallel, the replacement of systems based on
open channels to pressurized networks resulted in a significant increase in energy
demand. The main drawbacks of this growing demand are the higher farm operating
costs and environmental impact linked to agriculture. In this context, there is a need
to look for alternative energy sources with low greenhouse gas emissions,

maintaining and even increasing the profitability of the agricultural activity.

This thesis is structured in 6 chapters and an annex, focused on the
integration of photovoltaic technology in irrigation as energy supply source. Thus, the
different chapters contemplate this integration from the point of view of irrigation
management and schedule to the dimensioning of the system, taking into account
economic, environmental and operational aspects. The first chapter contextualizes
the reason of this thesis, which objectives are set out in chapter 2, in which the

structure of the rest of the document is also detailed.

Chapter 3 presents a model for the management of photovoltaic irrigation.
This model integrates crop, climatic, hydraulic and energy variables, accomplishing

a real time synchronization of the photovoltaic power generated and the power and
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Summary

irrigation times demanded by the network which supplies. The application of this
model to a real case study (experimental olive orchard of the Rabanales Campus of
the University of Cérdoba) has achieved excellent results, being able to satisfy,
automatically, more than 96% of the irrigation requirements of the crop during the
irrigation season analysed. In addition, the substitution of the conventional electrical
supply by photovoltaic energy avoided the emission of 1.2 t of CO eq. corresponding
to 602 h of irrigation (during a season), in the olive orchard field of the case study

analysed.

In chapter 4 an analysis of the life cycle of the photovoltaic technology used
as energy source in irrigation is carried out. In addition, it is also compared with the
life cycle linked to the energy supply with traditional options, diesel generators and
the electricity grid. Subsequently, a comparative analysis is carried out between the
different supply options, establishing two possible scenarios: with and without grid
connection. The results derived from this work, expressed in relation to the unit of
energy in kWh, showed the importance linked to the percentage of photovoltaic
energy produced that is actually used, thus having a great repercussion the
seasonality of irrigation and the possibility of taking advantage of the surplus energy
generated when irrigation is not required. This work was also complemented with an
analysis of the life cycle cost for the different technologies. Thus, the photovoltaic
option has the lowest total costs (63% and 36% lower than the diesel generator and
electricity grid options, respectively, for a useful life of the project of 30 years), despite

requiring a higher initial investment.

Chapter 5 presents a model for the optimal dimensioning of photovoltaic

irrigation systems, which determines hydrants grouping in irrigation sectors, the pipe
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Summary

diameters for each section of the network and the dimensioning of the photovoltaic
plant. This model, based on evolutionary algorithms (specifically the genetic
algorithm NSGAII) also integrates the first of the models presented, with which the
operation of each generated sizing option is verified. The possible solutions are
evaluated to select those that best fit the established objective functions. Therefore,
the results provided by the model are those combinations of hydrant grouping, pipe
sizes and PV plant dimensioning that minimize the investment costs while ensuring
the proper operation of the system. Once the model was developed, it was simulated
to carry out the dimensioning of the PV irrigation system of the experimental olive
orchard field of the University of Cérdoba. The results showed design solutions with
investment cost reductions between 24 and 39%, compared to the original design of
the installation, with an irrigation satisfaction equal or greater than the current 96%

in all options.

Finally, chapter 6 synthesizes the main conclusions obtained after the

development of this thesis, as well as the possible future avenues of research.

This thesis highlights the importance of the integration of photovoltaic energy
in agriculture as energy supply source, with low environmental impact, alternative to
traditional energy sources. Therefore, it presents innovative tools for photovoltaic
irrigation management and jointly dimensioning of the system irrigation network-
photovoltaic plant, taking into account the energy, hydraulic, economic,
environmental and operational aspects of the system. Therefore, the purpose of
providing the incorporation of this technology in the sector is combined with the
objectives of reducing the environmental impact of this activity and improving the

profitability of the farmer.
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Resumen

Resumen

La agricultura de regadio permite aumentar la productividad de la superficie
agricola, convirtiéndose en una actividad clave para satisfacer la creciente demanda
de alimentos derivada del aumento de la poblacion mundial. La conversién de
superficie cultivable del secano al regadio a su vez incrementa la demanda de agua
por parte del sector agricola, la cual representa en la actualidad un 70% de las

extracciones totales, a escala global.

La modernizacion del regadio ha permitido una mejora sustancial en la
eficiencia del uso del agua, aunque, de forma paralela, la sustitucion de los sistemas
basados en canales abiertos por redes a presién ha dado lugar a un aumento
significativo en la demanda de energia. Los principales inconvenientes derivados de
esta creciente demanda se traducen en un mayor coste de operacion en las
explotaciones e impacto ambiental vinculado a la agricultura. En este contexto surge
la necesidad de buscar fuentes de energia alternativas de baja emision de gases
efecto invernadero que permitan, ademas, mantener e incluso aumentar la

rentabilidad de la actividad agricola.

Esta tesis se estructura en 6 capitulos y un anexo, enfocados todos ellos a la
integracion de la tecnologia fotovoltaica en el riego, como fuente de suministro
energético. Asi, los distintos capitulos contemplan esta integracién desde el punto
de vista de la gestién y programacion del riego hasta el dimensionamiento del
sistema, teniendo en cuenta aspectos econdmicos, ambientales y de operatividad.
El primero de los capitulos contextualiza el porqué de esta tesis, estando los
objetivos de la misma recogidos en el capitulo 2, donde ademas se detalla la

estructura del resto del documento.
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Resumen

En el capitulo 3 se presenta un modelo para la gestién del riego fotovoltaico.
Este modelo integra variables del cultivo, climaticas, hidraulicas y energéticas,
llevando a cabo una sincronizacién en tiempo real de la potencia fotovoltaica
generada y la potencia y tiempos de riego demandados por la red a la que abastece.
La aplicacion de este modelo a un caso de estudio real (parcela experimental de
olivar del Campus de Rabanales de la Universidad de Cérdoba) ha conseguido
resultados excelentes, siendo capaz de satisfacer, de forma automatica, mas del
96% de los requerimientos de riego del cultivo durante la campafia de riego
analizada. Ademas, la sustitucién del suministro eléctrico convencional por energia
fotovoltaica evitd la emision de 1.2 t de CO; eq. correspondientes a 602 h de riego

(durante una campafia), en el cultivo de olivar del caso de estudio analizado.

En el capitulo 4 se lleva a cabo un analisis del ciclo de vida de la tecnologia
fotovoltaica empleada como fuente de energia en el regadio. Ademas, también se
compara con el ciclo de vida vinculado al suministro energético mediante las
alternativas tradicionales, generadores diésel y la red eléctrica. Posteriormente, se
lleva a cabo un analisis comparativo entre las distintas opciones de suministro,
estableciendo para ello dos posibles escenarios: con y sin conexion a red. Los
resultados derivados de este trabajo, expresados en relacion a la unidad de energia
en kWh, mostraron la importancia vinculada al porcentaje de energia fotovoltaica
producida que es realmente aprovechado, teniendo por ello una gran repercusion la
estacionalidad del riego y la posibilidad de aprovechar el excedente de energia
producida en los momentos en los que no es necesario regar el cultivo. Este trabajo
fue ademas complementado con un andlisis del coste asociado al ciclo de vida de
las distintas tecnologias. Asi, la opcion fotovoltaica presenta el menor de los costes

totales (63% y 36% inferior a la opcién de generador diésel y red eléctrica,
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Resumen

respectivamente, para una vida util de proyecto de 30 afios), a pesar de requerir una

mayor inversion inicial.

En el capitulo 5 se presenta un modelo para el dimensionamiento 6ptimo de
sistemas de riego fotovoltaico, el cual determina el agrupamiento de hidrantes en
sectores de riego, el didmetro de tuberia para cada tramo de la red y el
dimensionamiento de la planta fotovoltaica. Este modelo, basado en algoritmos
evolutivos (en concreto el algoritmo genético NSGAI) integra asi mismo el primero
de los modelos presentados, con el que se comprueba el funcionamiento de cada
una de las opciones de dimensionamiento generadas. Las posibles soluciones son
evaluadas con el fin de seleccionar aquellas que cumplen mejor las funciones
objetivo establecidas. Por ello, los resultados facilitados por el modelo son aquellas
combinaciones de agrupamiento de hidrantes, dimensiones de tuberias y tamafio de
la planta FV que minimizan los costes de inversién y garantizan al mismo tiempo el
correcto funcionamiento del sistema. Una vez desarrollado el modelo, éste fue
simulado para llevar a cabo el dimensionamiento del sistema de riego FV de la
parcela de olivar experimental de la Universidad de Cérdoba. Los resultados
obtenidos mostraron soluciones de disefio con ahorros en el coste de inversién de
entre el 24 y el 39%, en comparacién con el disefio original de la instalacién, con una

satisfaccion del riego igual o superior al 96% actual en todas las opciones.

Finalmente, el capitulo 6 sintetiza las principales conclusiones obtenidas tras

el desarrollo de esta tesis, asi como las posibles futuras vias de investigacién.

Esta tesis destaca la importancia de la integracion de la energia fotovoltaica
en la agricultura como medio de suministro energético, de bajo impacto ambiental,

alternativo a las fuentes de energia tradicionales. Por ello, en ella se presentan
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herramientas innovadoras de gestion del riego fotovoltaico y dimensionamiento
conjunto del sistema red de riego-planta fotovoltaica, teniendo en cuenta los
aspectos energéticos, hidraulicos, econdémicos, ambientales y de operatividad del
sistema. Por tanto, el propdésito de facilitar la incorporacion de esta tecnologia en el
sector queda acompariado de los objetivos de disminuir el impacto ambiental de esta

actividad y mejorar la rentabilidad del agricultor.

XXiv



Table of Contents

Table of Contents

1 INETOAUCHON ... 1
100 BacKground..........coiiiiccc s 1
1.2.  The Spanish irrigation agriCulture ............ccccevevriricceeisce e 2
1.3, PhotovolaiC irfigation..........oceuveieirieiricccc s 6
14, REEIENCES. ... 10

2. Objectives and thesis SITUCIUIE...........ccccevvviriccece e, 15
2.0, ODJECHIVES ...t 15
2.2, TRESIS SIUCIUIE .......oooieeceeeeeeeer et 15

3. Coupling irrigation scheduling with solar energy production in a smart

irrigation management SYSIEM .........ccciierer e 19
3. INIrOAUCHION ..o 20
3.2, MethOOIOGY ....ccvuieiiiieiriieisieie s 24
3.3, Results and diSCUSSION .......cueururiririeirieieirrrrieee e 34
34, CONCIUSIONS .....vvreriiiieiris e 47
3.5, REfBIBNCES.....cieiiiicsccce et 48

4. Environmental and economic life cycle analysis of PV irrigation compared to

traditional OPLIONS ........cvveeeieierr s 55
41, INrOAUCHON ..o 56
4.2, MethOdOIOGY ....eeeeeeeeeriririeicieieie st 58
4.3, ReSUItS & diSCUSSION........oevrerieieiriiiieeieie s 67
44, CONCIUSIONS ..ot 81
4.5, REEIENCES......coieiececescscee et 82
4.6.  Supplementary information ..........cccoveeereernsnse e 89

5. Optimal dimensioning of photovoltaic irrigation systems ..........cccccovvereenn. 93

XXV



Table of Contents

ADSIFACE. ... 93
B4, INtrOAUCHION ..o 94
5.2, Methodology ....cccviviiiiicccee s 97
5.3.  Results and DISCUSSION .......covereerirreririrnirieirirceissese e 107
D4, CONCIUSIONS ...coveiiieiricicie ettt 116
9.5, REfErENCES ..o 117

B.  CONCIUSIONS.....coiiiicecieieiriri et 121

B.  CONCIUSIONES ......overiirciicieieiree ettt 125

Appendix A. Middleware to operate Smart photovoltaic irrigation systems in real

L1104 129
A1 INEFOAUCHION.......cee e 130
A2. RESSIM DESIGN.....coovireiiiiieiieieisereieiseie st 132
A3. Implementation of RESSIM in a Real Case Study...........cccocvuvuvinne. 141
A4. CONCIUSIONS ...t 147

XXVi



List of Tables

List of Tables

Table 3.1. Maximum (Emax), minimum (Emin) and mean (Emean) daily energy
production, total monthly energy production (Egen), total monthly energy
required (Ereq) and total monthly energy required to produced energy ratio (%)
atthe experimental site for2013 .........coovviiiiiii 37

Table 3.2. Monthly peak (Pmax) and mean (Pmean) Of the instantaneous power
produced by the photovoltaic installation at the experimental site in 2013 and
the minimum power required by each sector for their proper operation ........ 39

Table 3.3. List of days on which irrigation was not fully satisfied in the different sectors
(OS), irrigation volume required (Vreqrotal (1)), irrigation volume applied (Vap (1))
and irrigation deficit during the 2013 irrigation season in percentage and time
UNIES (MIN) .o 46

Table 4.1. Impact categories to be evaluated in the LCA of PV, diesel and grid
electriCity SYSTEMS ......ooviiiiiiiii i 60

Table 4.2. Effects of adding the extension of the grid —cable and poles- to reach the
grid in an isolated farm for the different impact categories ........................ 79

Table 4.3. Effect of fuel and electricity cost variation on the LCC for the solar PV plant

Table S.4.6.1. Raw material and processes included in the LCA of the different
energy sources examined for the irrigation network ...............c..ceoeinnn 89

Table 5.1. Economical costs and total investment cost reductions associated to the
best solutions obtained related to the original design of the case study system

Table 5.2. Sector power demand, PVPP of the PV plant, % irrigation requirements
and required PV area for the best solutions ............cccccceviieeiiiieccnene, 113

XXVii






List of Figures

List of Figures

Fig. 1.1 Energy generation from renewable and non-renewable energy sources in
Spain between 2011 and 2018. Source: Author’s elaboration based on REE
(2019D) et 4

Fig. 1.2 Energy generation expressed as GWh, from the different renewable energy
sources in Spain between 2011 and 2018. Source: Author’s elaboration
based on REE (2019D) .......oooiiiiii 5

Fig. 1.3. European and Spanish Greenhouse gas emissions evolution in the period
1990-2017. Source: Author’s elaboration based on (Eurostat, 2019)

..................................................................................................... 6
Fig. 3.1. Irrigation network of the experimental field at the University of Cordoba
(SOULNEIM SP&IN) ...t 25
Fig. 3.2. SPIM FIOW Chart ........oooiiiiiieiie e 28
Fig. 3.3. Schematic representation of the operating mode of the model................. 29
Fig. 3.4. Experimental power-flow curve of the pump ...........coooviiiiiiinc 34

Fig. 3.5. Average monthly irradiation for 2013 and duration of the olive tree irrigation
E1=2 110 0 RO 35

Fig. 3.6.a. Photovoltaic power generation on 30th June 2013, power threshold and
operation sequence of sectors S1, S2 and S3 of the irrigation network

Fig. 3.6.b. Photovoltaic power generation on 25th April 2013, power threshold and
operation sequence of sectors S1, S2 and S3 of the irrigation network

Fig. 3.7.a. Seasonal distribution of daily effective precipitation, soil water content
(SW), soil water content threshold for corrections, required and applied
irrigation depth and irrigation correction depth in S1 for the 2013 irrigation
122 0] o 42

XXiX



List of Figures

Fig. 3.7.b. Seasonal distribution of daily effective precipitation, soil water content
(SW), soil water content threshold for corrections, required and applied
irrigation depth and irrigation correction depth in S2 for the 2013 irrigation
TS Lo USRS 43

Fig. 3.7.c. Seasonal distribution of daily effective precipitation, soil water content
(SW), soil water content threshold for corrections, required and applied
irrigation depth and irrigation correction depth in S3 for the 2013 irrigation
TS Lo PSRRI 44

Fig. 4.1. Schematic representation of the PV irrigation installation in Cordoba (South

Fig. 4.2. Environmental burdens associated with the installation and operation of the
different energy generation options assessed ............ccccvvvveeeeeiniiiinnnnn, 69

Fig. 4.3. Materials percentage contribution towards the installation of each energy
gENEration OPLION .......veeeeeeiiiiiiiiiiiiiiiiiiirrr e e rarararaaa 73

Fig. 4.4. Installation and operation costs (in Euros) for the different options for a 30-
YEAr IfESPAN ... 75

Fig. 4.5. Environmental impact (a) GWP, (b) ARDP, (c) AP, (d) HTP and € FRDP
burden categories for each energy supply option for a range of different
lifespan durations ..............ccooviiiiiiiiiie i 77

Fig. S.4.6.1. Percentage contribution of components in Scenarios 1 and 2, comparing
the solar PV and diesel generator, for the five impact categories examined:
(@) GWP, (b) ARDP, (c) AP (d) HTP and (e) FRDP burdens ...................... 90

Fig. S.4.6.2. Dynamic environmental impact of the grid electricity for each of the five
impact categories investigated, which is based on increased renewable

energy contributions to the grid over the next 30-years ...............cccevvvee. 91
Fig. 5.1. Layout of the PV irrigation system of the University of Cérdoba ............... 98
Fig. 5.2. Flow chart for MOPISS algorithm ............ccccveviiiiiiiiiiiiniee e 104

XXX



List of Figures

Fig. 5.3. Schematic representation of the process for pipes diameter sizing and real
pipes velocity determination ............ccccoeiiiiiii i, 105

Fig. 5.4. Schematic representation of the two-point crossover operator ............... 106

Fig. 5.5. Evolution of OF1 (left) and OF2 (right) throughout 100 generations for
SCENANO 1ANA 2 ... 110

Fig. 5.6. Pareto front for OF1 and OF2 for generation 100 ..............ccooevviivvnnen. 11

Fig. 5.7. Maximum and minimum flow velocities and total length for each pipe
diameter (mm) in the network design for solutions for both scenarios ....... 114

Fig. A.1. Architecture of Real time Smart Solar Irrigation Manager (RESSIM) ....... 133

Fig. A.2. Architecture of the open database of RESSIM ............cccccooeeiiiiinnnn. 137
Fig. A.3. Chart flow of RESSIM ..........ooiiiiiiiiiiiiiee e 138
Fig. A.4. RESSIM graphical user interface (GUI) ............ccccviiiiiiiiiiiiniiinn, 141
Fig. A.5. Experimental farm of Cordoba University ..............cccoceviiiiiiiniiinnnn 142

Fig. A.6. Irrigation scheduling with the smart photovoltaic irrigation manager (SPIM)
and RESSIM management for a whole irrigation season ........................ 144

Fig. A.7. Photovoltaic power generation, power threshold and operation sequence of
sectors of the irrigation network in the Julian day of the year 106 (a) and 209
(b) of the irrigation SEASONS ........cccvviiiiiiiiiii e 145

Fig. A.8. Screenshots of the RESSIM model on the Julian day of the year 106 (a) and
209 (D) 1t 146

XXXi






List of symbols and abbreviations

List of Symbols and abbreviations

A: irrigated area

AC: ant colony

AP: acidification potential

ARDP: abiotic resource depletion potential
CD: crop density

Cp: pumping system cost

CRUD: create, read, update and delete
D: deep percolation (chap 3)

D: total days for month (chap 5)

DE: differential evolution

DF: emitter flow rate

Dr: soil moisture depletion in the root area
EAW: easily accessible water

EB: environmental burden

Egen: total monthly energy production
Emax: maximum daily energy production
Emean: mean daily energy production

Emin: minimum daily energy production
EPBT: energy payback time

Ereq: total monthly energy required

XXXiii



List of symbols and abbreviations

Etcaq: real crop adjusted evapotranspiration
ET.: crop evapotranspiration

ET.: reference evapotranspiration

FRDP: fossil resource depletion potential
GA: Genetic Algorithms

gen: generations

GGEs: greenhouse gas emissions

GHG: greenhouse gas

GP: genetic programming

GPE: genetic programming expression
GUI: graphical user interface

GWP: global warming potential

H: hydrants

Hi: minimum pressure head required for sector i
HS: harmony search

HTTP: human toxicity potential

i: sector index

lap: applied irrigation depth

lp: irradiance on the horizontal surface
ICTs: information and communication technologies
lg: diffuse irradiance

ID: irrigation days of the month

XXXiV



List of symbols and abbreviations

[E: irrigation efficiency
Int. irradiance on the collector plane
lstc: irradiance under standard conditions

JSON: JavaScript object notation
K: environmental burden associated to each material or process

Ke: crop coefficient
K:: coefficient of soil evaporation reduction
LCA: life cycle assessment

LCC: life cycle cost

LCCinst: total life cycle cost associated to the installation stage

LCCope: total life cycle cost associated to the operation stage

L,: total length of each pipe type included in the network
MOPISS: model for optimal photovoltaic irrigation system sizing
n: day of the year

ne: number of emitters in sector

NE: number of emitters per plant

NGSA: non-dominated sorting genetic algorithm

OF: objective function

P: pipes

PA: precision agriculture

PC,: unit cost of the commercial pipe diameters

XXXV



List of symbols and abbreviations

PE: polyethylene

Peir. effective precipitation

Pesir: real effective precipitation

Prini: minimum power demand of sector i
Pn: net power transferred to the pump
pop: population

PP: peak power under standard conditions
Pont: instantaneous photovoltaic power
PS: particle swarm

PV: photovoltaic

PVPP: photovoltaic peak power

Qe: emitters flow

Q:: flow demand for sector i

R: runoff

rb: geometric factor which relates beam irradiation on the tilted plane to that on the
horizontal surface

RDI: regulated deficit irrigation coefficient

RE: renewable energy

RESSIM: real time smart solar irrigation manager
S: energy source option (chap 4)

S: number of sectors (chap 5)

Sc: cultivated area

Shi: sector for hydrant H

XXXVi



List of symbols and abbreviations

SPH: solar peak hours

SPIM: smart photovoltaic irrigation manager
Spv: PV modules surface

SQL: structured query language

SW: soil water content

t: time of day

TAW: total available soil water

Teen: cell temperature in the modules

treq: irrigation time required

Tste: cell module temperature under standard conditions
U: total units for the material or process involved in each option

UC: unit cost

v: variables

Vmax: maximum velocity rate

Vimin: minimum velocity rate

V.« flow velocity for pipe P in the network
Vieq: dalily irrigation volume required

WA: monthly water allocation
X: total number of different materials and processes

Nam: @synchronous motor efficiency

Nre: converter efficiency

XXXVii



List of symbols and abbreviations

Ne: pumping system efficiency

A teqin: time correction

B: performance decay coefficient due to the rising temperature of the module cells
y: water specific weight

p, w and y: weighting coefficients for objective function 2

p: albedo

: tilt angle of the modules, in degrees

XXXViii



1. Introduction

1. Introduction
1.1. Background

The global population increase is expected to reach 9.7 billion people by 2050.
This fact will require substantial improvements in the use and conservation of
resources, which should be enough to satisfy the growing food demand (Tubiello et
al., 2014; FAO, 2017). In that way, the transformation of rainfed systems into irrigated
lands allows for double and triple cropping, and also increases its production (FAQO,
2011). Nowadays, irrigated agriculture, with around M 324 ha (FAO, 2014),
represents 70% of global freshwater extraction, which must be considered under a
climate change and limited resource context (FAO, 2017). In that way, the
modernization of the agricultural sector implied some measures, as the
transformation of open distribution networks into pressurized ones, among others.
These water pressurized distribution systems allowed improving the efficiency in the
use of water but also increased the energy requirements for pumping, which rose
farm operation costs (Corominas, 2010; Fernandez Garcia et al., 2013). In this
context, initiatives focussed on the optimization of both, water and energy use in

agriculture, are specially required.

Higher farm energy requirements not only affect to the economic aspects, but
also increases the greenhouse gas emissions (GGEs) due to agricultural activities.
Moreover, high diesel and electricity costs and often unreliable energy services in
isolated areas hinders pumping requirements satisfaction for irrigation for small and
large farmers (Hartung and Pluschke, 2018). Due to these facts, and the social
concern about global warming and climate change, renewable energies are being

widely integrated in the agricultural sector. This alternative energy sources, as wind,
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hydraulics and solar, allow reducing the environmental impact and grid-electricity or

diesel dependency of farms (Carrillo Cobo et al., 2014).
1.2. The Spanish irrigation agriculture

The agricultural sector is one of the Spanish key activities for the economy,
along with the service sector, construction and industry (INE, 2018). The total
cropped area of the country is around M 17 ha, from which M 3.7 ha, representing
22% of the total, are irrigated (MAPA, 2018). The most representative crops are
cereals, olive orchard and vineyard, with 25%, 21% and 10% of the area, respectively
(MAPAMA, 2017). One of the most remarkable challenges facing the Mediterranean
agricultural activities is defined by water scarcity and the irregular distribution of
precipitation and droughts that characterises this climate, exacerbated by climate
change. In that way, the Spanish National Irrigation Plan focused on the
modernisation of the hydraulic infrastructures and the incorporation of research
programs and innovative techniques, being the improvement of the sustainability one
of the main principles of the initiative (MAPA, 2001). Thus, as a direct consequence
of the modernization process, in addition to the pressurization of a large part of the
distribution networks, irrigation systems, as drip or sprinkler, made possible to
improve water use efficiency at farm level. These two irrigation systems currently
represent around 39% and 27% of total water used by irrigated agriculture,
respectively, which set at around 14.9 hm3 (INE, 2016). Thus, irrigation
modernization in the period from 2007 until 2017, showed a significant evolution on
the main irrigation systems used. This was reflected in a 17% reduction of the area
irrigated by gravity, while sprinkler, automotive irrigation and localised irrigation rose
23%, 27%, and 28%, respectively (MAPAMA, 2017). Moreover, irrigation
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management based on climatic variables, crop characteristics and phenological
stage, just as the application of deficit irrigation techniques, made it possible to adjust
irrigation doses, reducing the total water volume used. Concurrently, the achieved
improvements in water use efficiency derived from the pressurization translated into
a higher energy dependency of farms, required not only for water abstraction but also
for pumping (Corominas, 2010). These higher energy requirements together with the

increase in the electric tariffs and fuel could endanger the profitability of some crops.

In Spain, the electricity sector currently accounts for almost a quarter of final
energy consumption, only behind petroleum products (CES, 2017). In the last ten
years, its final price has followed an upward trend. This continued growth of final
electricity price, composed by the energy, entry fee and taxes prices, has been
mainly explained by the evolution of the regulated costs: tolls and taxes, which
represent 60% of the final price (CES, 2017). In addition to the economic aspects, in
the CO, emissions context, the agricultural sector in Spain reached 33.75 Mtin 2016.
This figure represents 17% of the emissions related to “diffuse sectors”, which
comprises agriculture, transport, residential and commercial activities (MITECO,
2016). In this same way, the generation structure of the electricity also plays an
important role, since the higher the presence of renewable energies in the electricity
mix is, the lower the environmental burden linked to its use will result. In the case of
the Spanish grid electricity, in the last 8 years, renewable energies have represented

on average 36% (REE, 2019a) of the total energy generated (Fig. 1.1).
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Fig. 1.1 Energy generation from renewable and non-renewable energy sources in Spain
between 2011 and 2018. Source: Author’s elaboration based on REE (2019b)

From this 36% of energy, between 8-10% came from solar photovoltaic (PV)
(REE, 2019b). Thus, PV energy represented the third renewable energy source
related to its production, with around 8000 GWh yearly, following wind and hydraulics
(Fig. 1.2). Nevertheless, renewable energies participation in the electricity grid should
increase in the next years to achieve the proposed objectives of the environmental

policies.
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Fig. 1.2 Energy generation expressed as GWh, from the different renewable energy sources
in Spain between 2011 and 2018. Source: Author’s elaboration based on REE (2019b)

The Integrated National Energy and Climate Plan addresses the policies and
measures needed to contribute to the European target with a reduction of at least
20% of GHGs by 2030, compared to 1990 levels, which implies the contribution of
the diffuse sectors, within which agriculture is included (MITECO, 2019). In this way,
initiatives for reducing GHGs emissions already proposed by the national
government include the substitution in the agricultural sector of fossil fuels by
renewable energies, by using biomass boilers and solar irrigation, as example
(MITECO, 2016). This proposal of integrating PV energy in irrigation in Spain is also
favoured by high levels of radiation which are recorded in most of the Spanish area
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throughout the year. Thus, PV technology shows a great potential as alternative
energy source to the traditional ones for achieving a more sustainable and profitable

agriculture.
1.3. Photovoltaic irrigation

The EU- 28 is currently the third largest emitter of GHGs on a global scale
(Ministry of Defence, 2018). Its GHGs emissions evolution has followed a general
decreasing trend from 1990, in which Spanish emissions have represented between
5.1and 8.4% (Fig. 1.3). Even so, the transition to a competitive low-carbon European
economy entails to reduce its internal emissions by 80% by 2050, compared to 1990
levels (EC, 2011).
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Fig. 1.3. European and Spanish Greenhouse gas emissions evolution in the period 1990-
2017. Source: Author’s elaboration based on (Eurostat, 2019)
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In this context, some countries are promoting solar PV irrigation systems in
the framework of national action plans regarding climate change as a way to reduce
emissions from agriculture. This fact is also fostered by the continuous reduction of
solar panels cost, which makes its implementation in irrigation economically viable
for farmers. Nevertheless, the integration of technology for solar pumping and
irrigation is needed and is expected to be available in the future (Hartung and
Pluschke, 2018).

To date, research works focused on the integration of renewable energies in
irrigation have developed several methodologies and systems whose power source
is based on solar PV. The most common configurations imply the hybridization with
other renewable energies, as wind; the storage of potential energy, by pumping water
from the supply point until a high reservoir or tank, from which the irrigation is
subsequently applied by gravity; or the use of batteries/diesel generator as support
system (Maheshwari et al., 2017; Ouachani et al., 2017; Yahyaoui et al., 2016).
These options involve an increase in the investment cost of the system, space
requirements and an important environmental burden related with the disposal of
batteries or the use of diesel (Reca-Cardefia and Lépez-Luque, 2018). For that
reason, the study of the particularities of each project for the system configuration
selection is crucial. Moreover, some crops can tolerate certain water stress, so they
could operate with a direct injection system without any energy/water storage or
support element. In this way, all solutions try to find the way of compensating the
variability on PV power production, to meet the demand of the irrigation network
during the irrigations season. In addition, the decrease in PV technology cost in
recent years (Reca-Cardefia and Lopez-Luque, 2018) facilitates its implementation

in existing irrigation networks, substituting diesel or the electricity grid, as well as in
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new irrigation projects. Usually, developed methodologies for the design of PV
irrigation systems focus on the optimal PV plant dimensioning and do not take into
account the need of considering both, the hydraulic (irrigation network) and energy
components (PV plant) of the system jointly, in order to optimise the total cost of the
installation, as well as its operability, in accordance to the particularities of this energy
source. In the same way, works which objective was to optimize the irrigation network
dimensioning did not usually consider the energy source nature. In both cases, the
most common optimization developed methodologies include optimization algorithms
as Genetic Algorithms (GA). GA is a tool to find optimal solutions to a multi-objective
problem. This optimization algorithm performance relies on the generation of a series
of possible solutions which are subsequently evaluated and selected. Selected
solutions are then also evaluated, based, in both cases, on its fitness to the
established objective functions (Deb et al., 2002). This process is repeated until the
total generations of individuals are completed, which will show a set of optimal

solutions.

In a general overview of PV irrigation systems, previous investigations have
revealed that this technology shows potential reductions in GHGs emissions per unit
of energy, compared with pumps powered by grid electricity or diesel (GIZ, 2016).
Nevertheless, the design of the system will also reverberate on its environmental
impact, due to the burden associated to the production of PV modules, principally
(Desideri et al., 2012). The environmental burden associated to PV energy is
frequently analysed with Life Cycle Assessment (LCA) methodology. This
methodology allows accounting not only for the GHGs emissions, but also includes
other environmental categories as acidification, abiotic and fuel resources depletion

potentials, including the production, transport, operation and, in some cases, the
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disposal of the devices at the end of its useful lifespan (IEA, 2011). The LCA works
of PV installations usually shows the different burdens related to 1 kWh of generated
energy, considering all potential energy production of the modules. Nevertheless, in
the case of irrigation, not all the energy produced is used, so a specific study in which
the operation time of the system is included would be necessary. In that way, related
with the surplus of PV energy generated, Agrivoltaic production sustains that new
agriculture should not only be self-sufficient energetically, but also it should generate
an energy surplus, which would be injected in the grid, optimizing the economic
returns of the farm (Reca-Cardefia and Lépez-Luque, 2018). Thus, Agrivoltaic
concept is known as the amalgamation between the crop and PV energy production
in a same field. In this case, all energy produced would be used, although national
legislation of each country would define the extra farm profits derived from the sale

of the surplus of energy.

In essence, PV technology is going to play an important role as energy source
in the new agriculture concept, as a more sustainable and profitable alternative to the
traditional options. Nevertheless, drawbacks associated to the variability in the PV
energy production, due to its dependency on climatic variables, will make necessary
to develop new methodologies and tools. Thus, the integration of PV energy
production with hydraulic and agronomic aspects of the irrigation sector in a specific
smart management system allows for the energy self-sufficiency of the farm.
Moreover, the lower dependency on diesel or electricity grid of farms and the
development of specific designing PV irrigation system methodologies, which involve
economic and operation aspects, allows for the resources consumption optimization

and thus, the environmental economy of agriculture.
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21. Objectives

The general objective of this thesis is to develop new tools for the integration
of photovoltaic energy in the irrigation sector considering economic, environmental

and operability aspects.
To achieve this goal, the specific objectives are detailed below:

1. Develop a smart photovoltaic irrigation system to apply crop irrigation
requirements based on the synchronization of the photovoltaic power
production with the power requirements and the water demand of the
irrigation sectors of the network.

2. Determine the environmental impact and economic costs associated to
photovoltaic energy in irrigation systems and compare with the use of
traditional energy sources.

3. Develop a model for the optimal sizing of photovoltaic irrigation systems

based on economic and operability aspects.

2.2. Thesis structure

According to these objectives, this thesis comprises six chapters and one
appendix. Following the introduction (Chapter 1) and objectives (Chapter 2), the

chapters are:

Chapter 3 presents a model to manage photovoltaic irrigation by the
synchronization of the photovoltaic power production and the hydraulic power and

irrigation water demands of the sectors that make up the network. This model

15



Integral model for the use of solar photovoltaic energy in irrigation

considers climatic, hydraulic, energetic variables and the specific characteristics of
the crop, soil and the selected irrigation scheduling. This chapter has been published
under the title “Coupling irrigation scheduling with solar energy production in a smart
irrigation management system” (2018) by Mérida Garcia A, Ferndndez Garcia |,
Camacho Poyato E, Montesinos Barrios P, Rodriguez Diaz JA in Journal of Cleaner

Production.

Chapter 4 includes an environmental an economic analysis of photovoltaic
energy in irrigation and compares these results with those obtained for the use of
traditional energy sources (diesel generators and grid electricity). This chapter has
been published under the title “Comparing the environmental and economic impacts
of on- or off- grid solar photovoltaics with traditional energy sources for rural irrigation
systems” (2019) by Merida Garcia A, Gallagher J, McNabola A, Camacho Poyato E,

Montesinos barrios P, Rodriguez Diaz JA in the journal Renewable Energy.

The methodology developed to resolve the optimal dimensioning of the
photovoltaic irrigation system is integrated in the model presented in Chapter 5. This
methodology, which includes economic and operability aspects, is based on evolutive
algorithms and incorporates also the model previously stated in Charter 3, which is
used to check the operation aspects of the possible designs evaluated. The model
offers as results the hydrants grouping, pipes size and the photovoltaic plant peak
power required. This chapter corresponds to the paper “Comprehensive sizing
methodology of smart photovoltaic irrigation systems” (2020) by Merida Garcia A,
Gonzalez Perea R, Camacho Poyato E, Montesinos Barrios P, Rodriguez Diaz JA,

published in the journal Agricultural Water Management.
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Appendix A includes the paper “Middleware to operate smart photovoltaic
irrigation systems in teal time” (2019) by Gonzalez Perea R, Mérida Garcia A,
Fernandez Garcia |, Camacho Poyato E, Montesinos P, Rodriguez Diaz JA,
published in the journal Water. It shows the tool developed for the real on field
management of the smart photovoltaic irrigation system. Thus, this work provides a
useful middleware to control and supervise smart photovoltaic irrigation systems
operation. This is a platform which connects several information sources as
agroclimatic stations and databases with a graphic interface, being the model
detailed in chapter 3 the management centre of the platform.
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3. Coupling irrigation scheduling with solar energy

production in a smart irrigation management system

This chapter has been published entirely in the journal “Journal of Cleaner
Production”, A. Mérida Garcia, I. Fernandez Garcia, E. Camacho Poyato, P.

Montesinos Barrios, J.A. Rodriguez Diaz (2018)

Abstract. In recent years, pressurized pipe networks have improved the
efficiency of irrigation systems while substantially increasing their energy demand.
The progressive rise in energy costs makes it difficult to maintain the profitability of
agricultural holdings. Moreover, global warming is a serious problem that threatens
the environment worldwide and low CO; emission processes should be promoted.
To address these issues, it is necessary to look for sustainable and more profitable
alternatives for the agricultural sector. One of these new alternatives is the use of
renewable energies for pumping irrigation water at farm level, particularly
photovoltaic energy. Nevertheless, the instability of irradiation hinders its
management for stand-alone photovoltaic installations. In this work, a real-time
model called the Smart Photovoltaic Irrigation Manager (SPIM) is developed to
synchronize the photovoltaic power availability with the energy required to pump the
irrigation requirements of different sectors of irrigation networks. SPIM consists of
different modules to calculate the key management variables of the photovoltaic
irrigation system: the daily irrigation requirements, the hydraulic behaviour of the
irrigation network, the instantaneous photovoltaic power production and the daily soil
water balance. The lack of photovoltaic energy during daylight hours on any day of

the irrigation season to supply the daily required amount of water is balanced with
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either the water stored in the soil or by extending the duration of the irrigation events
in the following days when necessary. SPIM has been applied to simulate the
management of photovoltaic irrigation in a real olive orchard in Southern Spain during
the 2013 irrigation season. The results showed that the proper management of the
photovoltaic irrigation system provided enough water to satisfy crop irrigation
requirements throughout the irrigation season and avoided the emission of 1.2 t CO,

eq. using only the energy generated by solar panels.

Keywords: Precision irrigation; Energy availability; Sustainable irrigation.
3.1. Introduction

In some areas, the consequences of climate change on the availability of
resources seem to be evident. Irregular and unpredictable precipitations or extended
periods of drought and floods are some examples of such effects. These changes
also favour the emergence of severe pests and crop diseases, which result in harvest
losses and the need for higher agrochemical applications (Rosenzweig et al., 2001).
In subsequent years, contamination and climate change will have negative impacts
on agriculture, thus threatening world food security (Nelson et al., 2009). Against this
backdrop, proper energy and water management is essential to reduce contaminant
emissions and ensure world food production (Tubiello et al., 2014). Moreover, a
growing population has resulted in a significant increase in global food demand that
entails greater pressures on water resources. To address this problem, agriculture
has undergone significant intensification, which has involved the development of new
harvesting technologies and new irrigation systems, among others. In recent years,
for example, open channel systems have been fully transformed into pressurized

pipe systems and more efficient on-farm irrigation systems have been adopted in
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Mediterranean countries, where irrigated agriculture is of major importance. Although
this process of modernization has led to improved water use efficiencies, large
amounts of energy are required for the abstraction, transportation and distribution of
water (Corominas, 2010). Irrigation networks are usually powered by electric energy
coming from the power grid. However, in the case of isolated areas where grids are
not available, pumping systems mainly depend on diesel engines. Hence, agricultural
modernization and its consequent dependence on electric energy and fuel motors
have led to an exorbitant increase in carbon emissions. In the last fifty years,
greenhouse gas (GHG) emissions generated by agriculture, forestry and fishing have
doubled. In 2010, more than 785 million tonnes of CO; corresponded to emissions
related to the use of energy in the agricultural sector. This figure represents nearly
one fifth of the total world CO, emissions (Tubiello et al., 2014). Moreover, the
increase in electrical rates and fuel prices linked to the large consumption of energy
on farms has dramatically raised the annual operating costs of agricultural activities.
To remediate this situation, it is essential to search for new management alternatives
for agricultural systems that focus on reducing environmental impact, while
enhancing farm profitability. In order to improve energy efficiency in pressurized
irrigation systems, several methodologies have been developed. Fernandez Garcia
et al. (2013) reduced energy consumption by network sectoring, achieving energy
savings of between 20% and 29%. Another option to diminish energy demand is to
control critical points (hydrants with high energy requirements due to their distance
from the supply point or to their elevation) (Khadra and Lamaddalena, 2010; Diaz et
al., 2012). The proper management of critical points improves the overall efficiency
of the irrigation infrastructure with minimal costs, saving around 27% of the energy

consumed previously in the peak month (Gonzélez Perea et al., 2014). However,
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these strategies were designed for networks powered by conventional energy
sources (electricity grid or fuel). Due to global warming and environmental damage,
renewable energies are being promoted as new, clean and sustainable alternatives
to conventional energy sources. Photovoltaic and wind energy, for example, are
being incorporated as reliable energy sources in the industrial and agricultural
sectors. Hamidat et al. (2003) applied solar energy to small-scale irrigation, covering
daily water needs in plots smaller than 2 ha in the Sahara region. Other works have
shown that the use of hybrid (wind/solar) systems as an energy source can satisfy
irrigation energy requirements and increase profitability by combining winter and
summer crops (Vick, 2010). Other authors have estimated the real power production
of photovoltaic panels and developed sizing and performance optimization methods
for irrigation systems powered by solar energy (Jafar, 2000; Bakelli et al., 2011;
Lopez-Luque et al., 2015; Louazene et al., 2017). In this way, Chandel et al. (2017)
and Li et al. (2017) analysed the different factors affecting the performance of the
photovoltaic pumping system, considering also hybrid systems (photovoltaic-wind)
as a solution to improve the overall efficiency of the energy production system.
However, these previous works do not integrate irrigation management with solar
energy production, which varies seasonally and during the day. Carrillo Cobo et al.
(2014b) combined network sectoring with an energy supply based partially on solar
energy. In their study, the authors defined the sector size to best match the variable
production of photovoltaic energy and reduce dependence on the electricity grid.
Based on this methodology, they estimated energy cost savings of up to 72%. A
recent work (Yahyaoui et al., 2016) focused on the optimal management of energy
sources (photovoltaic panels and batteries) aimed at storing the monthly crop

irrigation requirements in the reservoir that supplies water to the irrigation system.
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Ghavidel et al. (2016) studied the most economical option using a modified
gravitational search algorithm for a system which also included a water tank for both
drinking and domestic water and compared the use of photovoltaic energy and PATs
(pump as turbine) with and without the use of combustion engines. Reges et al.
(2016) presented a photovoltaic system which included batteries for the energy
storage. Kabalci et al. (2016) worked also with a similar system, including a water
storage tank remote controlled. The use of energy and water storage systems is
justified due to the continuous variations in sun irradiation, which can drastically
decrease the efficiency of the irrigation system (Closas and Rap, 2017). Maheshwari
et al. (2017) designed a photovoltaic irrigation system which pumped the irrigation
water into a storage tank, supplying water to the irrigation system by gravity. Bhosale
et al. (2017) also worked on a smart scale model at lab level for a photovoltaic
irrigation system, including batteries and soil moisture sensors to automatically
control the water supply. In a similar line, Bhattacharjee et al. (2017) developed an
optimized power management method in which a battery provided the required
energy in the intervals with insufficient photovoltaic power. Ouachani et al. (2017)
developed intelligent algorithms for the optimal management of renewable energy
systems that combine wind turbines and photovoltaic panels and store energy in a
battery bank. However, none of the cited works has studied the interaction among
the variability of solar energy production, the hydraulic behaviour of the irrigation
system and irrigation scheduling at farm level on a daily basis. These factors strongly
affect the operation of the pumping system when water is supplied directly to the
irrigation system without batteries or intermediate water tanks. In this work, we have
developed a smart irrigation management model based on the use of solar energy to

directly supply the irrigation water to the network, without intermediate storage
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elements (water tanks and batteries). The innovation of this model relies on the
integration in a single algorithm of the coordinated operation of the solar energy
production, the pumping station, the irrigation network and a soil-water-plant model
to satisfy the crop irrigation requirements. To use efficiently the available amount of
water, the model synchronizes, in real time, the power requirements of the irrigation
system (related to its location, size and hydraulic features) with the instantaneous
solar irradiation. Smart irrigation management relies on the model's memory to
compensate insufficient daily irrigation times by extending the duration of irrigation
events in the following days, according to the availability of energy. The model was
applied to establish the daily operation of the irrigation system in an olive orchard

located in Cordoba (southern Spain) for the 2013 irrigation season.
3.2 Methodology

3.21. Case study

This study analyses the operation of an irrigation network that uses solar
energy to supply water to olive trees grown on an intensive basis. The trial site is
located on the experimental farm of the University of Cordoba (southern Spain) (Fig.
3.1).

The farm spans an area of 13.4 ha and has an average elevation of around
160 m above sea level and a maximum elevation difference of 24 m. The agro-
climatic characteristics of the experimental site are typically Mediterranean, with an
average annual temperature of 17.5 °C and total annual rainfall of 500-600 mm,
mainly in fall and spring. The annual daily average irradiance is 5.14 kWm-2, with

maximum values from 9:30 h to 15:30 h (local time). The highest values of irradiance
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on the horizontal plane are generally recorded in July, with more than 900 Wm-2 at
midday (CENSOLAR, 2007). Climate data were obtained from a weather station
located within the university campus. Concerning the soil features, trees are

cultivated in a clay-loamy soil with increasing clay content in deeper soil profiles.
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Fig. 3.1. Irrigation network of the experimental field at the University of Cordoba (Southern
Spain)

25



Integral model for the use of solar photovoltaic energy in irrigation

A 13 kW submersible pump powers water from a reservoir into the irrigation
network. The network feeds 13 hydrants grouped into 3 sectors, each of which is
controlled by an electrovalve. The trees are watered by drip irrigation using pressure
compensating emitters that work between 1 and 4 bar. The photovoltaic system is
located on the roof of a storehouse located 200 m from the pump. The system
provides a peak power of 15.4 kW by 120 photovoltaic panels that occupy 168 m2 of
surface area. The panels are south facing, with a fixed tilt angle of 15°. A solar
irradiance sensor located near the solar panels provides information in real time. The
pump operating point is controlled by a variable frequency drive, which matches

pressure and flow according to the instantaneous solar irradiance.
3.2.2. Model description

The proposed model, which is called the Smart Photovoltaic Irrigation
Manager (SPIM), was developed in MATLAB™. The aim of SPIM is to provide
seasonal smart irrigation schedules on a daily basis for crops at plot scale using solar
energy to pump water directly into the irrigation network. The duration of the daily
irrigation events varies throughout the season depending on the crop requirements
and the availability of energy. To facilitate the matching of energy availability and flow
demand, the irrigation network is operated by sectors. The daily energy requirements
of each sector are estimated according to the location, size, soil and crop parameters
as well as the hydraulic features of the sector. The model matches the power demand
of each sector in real time to satisfy the daily irrigation needs according to the
available energy. Thus, the daily on-off sequence of sectors varies throughout the
season depending on the instantaneous irradiance. The model's memory compares

the accumulated values of the sectors' irrigation demands and the actual
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accumulated volume of water applied as its aim is to reach the end of the irrigation
campaign with the minimal difference between the values. The real operation time of
each sector depends on the instantaneous photovoltaic power, Py nt, which in turn
depends on the day of the year (n) and the time of day (t). It is also affected by
reductions in irradiance due to adverse meteorological conditions (cloudy days). Ppy
ntiS compared with the minimal power required to pump Qi, Pmini (W), and calculated

as follows:

Pmini:i'V'Qi'Hi (3.1)

Mp
where i is the sector index; Hi (m) is the minimum pressure head required for the
proper operation of sector i, which depends on its elevation, size, hydraulic
characteristics and type of emitters; Qi (m3s-) is the sector flow demand that depends
on the sector's hydraulic characteristics; h; is the pumping system efficiency for each
pair of Q-Hi values and g (Nm-) is the water's specific weight. A daily irrigation time
log is used to update the duration of the irrigation events of the different sectors on
the following days, treq in+1 (Min) (Eq. 3.2) according to the weather conditions, which

affect both the crop irrigation requirements and solar energy availability.

treqint1 = btreqgin T Atreq in (3.2)

where n is the day index; treqin (min) is the required irrigation time to satisfy the daily
irrigation needs of sector i on day n and Dyeqin (min) is the time correction due to the
non-satisfaction of the irrigation requirements for sector i on day n. After calculating
the power requirements, the sectors are sorted in increasing order to compare their

Pmini values to the Ppynt values, which vary for the day of the year (n) and during the

27



Integral model for the use of solar photovoltaic energy in irrigation

daylight hours (t in min), while Prini values are constant for each sector. Any sector
can operate when Py o 1.1 Prini (Yahyaoui et al., 2016). The system will start to
supply water consecutively to the lowest power demanding sectors (in increasing
order) during their corresponding treqin Until Ppy ntis sufficient to satisfy the highest
power demanding sector that will be irrigated during its trqin. After irrigating this
sector, the system irrigates the lower power demanding sectors in decreasing order
until their corresponding teqin are satisfied. Unexpected clouds can interrupt the
operation of the system at any time. When this occurs, the total applied water for that
day may be insufficient to satisfy the daily irrigation needs. If this is the case, the
system will check the soil water balance and decide if the irrigation time for the
following day should be corrected. A general overview of SPIM is given in Fig. 3.2,
while details of the model are shown in Fig. 3.3. The main SPIM modules are

described in what follows.

, - Photovoltaic Power
Climate Data —» Production
! ‘ - Soil Data
Irrigation -~ SMART
Requirements IRRIGATION
T < Hydraulic Data
Crop Data
Y

SMART DAILY IRRIGATION

Fig. 3.2. SPIM Flow chart
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n=1 (1% day of the irrigation season); At ()=0:
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Fig. 3.3. Schematic representation of the operating mode of the model
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3.2.3. Network hydraulic characterization module

In order to determine the net minimum power required for each sector, the
entire irrigation network from pump to emitters is modeled in the hydraulic simulator
EPANET (Rossman, 2000). The whole network is analyzed to determine the required
pressure head in the pumping station that guarantees the minimum working pressure
in the most unfavorable emitter. The different sectors are then simulated under a
wide range of working conditions to determine their corresponding Pmini. To validate
the simulation results, actual pump characteristic curves for the different pressure
head settings of the variable speed drive should be determined from data recorded

in the flowmeter and pressure gauge located at the pumping station.
3.2.4. Photovoltaic power controller

The available net instantaneous power, Py n1, provided by the photovoltaic
system during the day was estimated using the following equation (Lépez-Luque et
al., 2015):

In
Ppun, =T;*PP*[1_B(Tcellnt_ sec)] (33)

where t is the time index; |t is the irradiance on the collector plane (Wm-2); I is the
irradiance under standard conditions (1000Wm-2); PP is the peak power generated
under standard conditions by the photovoltaic installation (W); b is the performance
decay coefficient due to the rising temperature of the module cells (0.004 °C-, for
silicon cells); Teeint is the cell temperature in the modules and T is the cell module
temperature under standard conditions (25 °C). I« can be described as a function of

the irradiance in the horizontal plane:
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1-cose

1+
Int:Tb'Ibnt‘l'g'ldnt‘l' p* *[pnt +lanel (34)

where rb is the geometric factor which relates beam irradiation on the tilted plane to
that on a horizontal surface, lont, ¢ is the tilt angle of the modules (degree), lan: is the
diffuse irradiance (Wm-) and r is the albedo (Duffie et al., 2013). Finally, the net
power transferred to the pump, Py, is affected by the converter (ns.) and the

asynchronous motor (n,,,,) efficiencies (Eq. 3.9).

Pntznam*nfc* pvnt (3.5)

To evaluate the instantaneous photovoltaic power available to water each
sector, conservative fixed values for the converter and asynchronous motor

efficiencies of 0.95 and 0.8, respectively, were considered in this study.
3.2.5. Crop irrigation needs

Daily crop irrigation needs are equivalent to crop daily evapotranspiration. The
selected irrigation strategy was to replenish daily the crop evapotranspiration of the
previous day. Thus, the daily irrigation volume is determined from real daily ET,
values recorded at the nearest agroclimatic station, and from the crop coefficients

according to the crop stage, K, (Doorenbos and Pruitt, 1997):

ETcin-1 =EToin-1"Kein-1 Kri (36)

where ET.in1 is the crop evapotranspiration for day n-1 and sector i (if a different
crop is cultivated in each sector) and Kii is the coefficient of soil evaporation reduction,
which varies during the year in a range of 0-1 for crops with less than 60% of soil

cover, and equals 1 otherwise.
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Daily irrigation depth was calculated as the difference between ET. on the
previous day and the effective precipitation on the current day, Pes, which represents
the precipitation fraction that infiltrates into the soil and is available for the crop. This
irrigation depth is affected by the regulated deficit irrigation coefficient, RDI,, which
usually ranges from 0.4 to 1 depending on the crop tolerance to the lack of water in
the different phenological phases. This coefficient permits different irrigation
managements according to the crop production conditions. When RDI, equals 1, the
crop will be watered to satisfy its full irrigation requirements. Values below 1 indicate
that the irrigation target is to partially satisfy the crop irrigation needs according to
water availability. This irrigation management practice is known as deficit irrigation,
and is very common in water scarce regions. Controlled deficit irrigation allows
maintaining crop production by reducing water consumption in those periods when
the lack of water does not affect harvest, while small reductions or even no reductions
in the irrigation needs are applied in the most critical periods (Pérez-Rodriguez and

Parras-Cintero, 2014). Hence, this daily irrigation volume is calculated by:
Vieqin = [(ETcin-1 — Peggn) " IE " RDI;p_4]-A; - 10 (3.7)

where A is the irrigated area (ha) associated to sector i, the value of 10 is the unit

conversion factor and IE is the irrigation efficiency.

Once Vigqin is determined, the estimated value of the required daily irrigation
time teqinis calculated using the hydraulic information of each sector (number of
emitters). These values are updated according to equation 2 during the irrigation

season.
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3.2.6. Daily soil water balance

The soil water balance is calculated on a daily basis to evaluate the correction
term Dieqin in Eq. (2). This correction adjusts the initial value of the required daily
irrigation time t.q i n according to real climate data (effective precipitation and
irradiance) and the real irrigation depth applied. During the irrigation season, soil
water content, SWi,, in sector i is calculated at the end of each day according to the

following soil water balance equation:
SWin =SWipn_1 + PeffRn + IApin - ETcadjin —Rin—Din (3.8)

where SWi .1 is the soil water content (mm) at the end of day n-1, Petrn is the real
effective rainfall (mm), Rin is runoff (mm) and Di, is deep percolation (mm). lapin is
the applied irrigation depth (mm), which is calculated from water meter records and
ETcaqin is the real crop adjusted evapotranspiration of the current day, which is
calculated by Eq. (3.9) (FAO, 2006):

TAW=-Dr;p,
ET¢ agjin = (m)'ETcin (3.9)

where TAW is the total available soil water, Dr is the soil moisture depletion in the
root area (mm) and EAW is the easily accessible water, estimated as a percentage
of TAW. In cloudy days, if SWi, values are greater than a threshold based on EAW,
then Dyeqin is 0. Otherwise, its value is calculated by:

Vreqin—1Iay,in4Ai
Atreqin =———""—
YdeiNei

(3.10)
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where qe; is the emitter's flow (I h*') for sector i and ne; the number of emitters of the
sector i. The duration of the irrigation season can be previously defined, being
subsequently adjusted depending on the water allocation and the precipitation

distribution in the year.

3.3. Results and discussion

3.3.1.  Hydraulic network analysis

SPIM has been applied to schedule the irrigation season of the olive orchard
described in section 2.1. The irrigation system consisted of 3 sectors (S1, S2 and
S3), whose Prini, were determined by hydraulic analysis. These values increased by
10%, resulting in threshold powers of 5.94 kW, 12.39 kW and 9.6 kW for S1, S2 and
S3, respectively. The pump provided pressure head values ranging from 35 to 55 m,
with a corresponding range of power requirements between 2 and 11.5 kW
depending on the sector and the flow. Fig. 3.4 shows the experimental flow-power

curves for each sector at different pressure heads.
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As a threshold was established for the operation of each sector, each sector

provides the flow corresponding to this power threshold most of the time, with only

small fluctuations (5.7 I's™*, 12.6 | s, and 11 | s for sector 1, 2 and 3, respectively).

3.3.2. Photovoltaic energy production

The production of photovoltaic energy during the day was estimated

according to the irradiance on the horizontal plane, which was measured by an

irradiance sensor in 5-min intervals. The highest monthly irradiance within the annual

energy production of the photovoltaic system coincides with the irrigation season in

the region for woody crops (from April to September) (Fig. 3.5).
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Fig. 3.5. Average monthly irradiation for 2013 and duration of the olive tree irrigation season

In general, on clear days, the distribution of the irradiance follows a Gaussian

curve with a progressive increase in the produced energy until noon when the

maximum value is reached. Fig. 3.6a shows the evolution of the power generated
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(blue line) by the photovoltaic system on 30t June (clear day) in which the maximum
power provided by the system was 15.62 kW, corresponding to an irradiance value
of 1419 Wm2 on the inclined collector plane. In partially cloudy days, such as 25t
April (Fig. 3.6b), the energy production of the photovoltaic system (blue line) showed
large fluctuations. On these days, the number of available hours with sufficient solar

power was lower.
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Fig. 3.6.a. Photovoltaic power generation on 30t June 2013, power threshold and operation
sequence of sectors S1, S2 and S3 of the irrigation network.
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Fig. 3.6.b. Photovoltaic power generation on 25t April 2013, power threshold and operation
sequence of sectors S1, S2 and S3 of the irrigation network.
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Table 3.1 shows the highest, medium and lowest values of the daily energy
produced each month of the 2013-irrigation season and the monthly energy produced
by the photovoltaic installation. In some cases, months with a higher expected energy
production (August) have a lower maximum daily energy production compared to
other months, such as May. This is due to the negative effect of high temperatures
on the modules’ performance (Binshad et al., 2016). Additionally, the monthly
absolute energy requirements and their fraction over the generated energy are also
included in the table. The range of energy demand over energy production varied
between 16 and 35.5%, thus indicating that the photovoltaic station assuring the
application of the full water allocation during the irrigation season. The remaining
energy that is not used in irrigation could be employed in other activities or even be
delivered to the grid if permitted under national electrical regulations.

Table 3.1. Maximum (Emax), minimum (Emin) and mean (Emean) daily energy production, total

monthly energy production (Egen), total monthly energy required (Ereq) and total monthly
energy required to produced energy ratio (%) at the experimental site for 2013.

Emax Emean Emin Egen Ereq "
(kWh/d)  (kWh/id)  (kWh/id)  (kWh) (kWh)

April 125.10 90.15 2645  2,704.54 459.78  17.00
May 146.88 113.19 4737 350877 91091 26.00
June 147.69 122.39 5701  3671.77  1301.87 3550
July 136.03 126.04 9552  3907.24 69096 17.70
August 127.67 109.22 5224 338597 54181 16.00
September 117.11 84.90 2494 254705 64670 2540
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3.3.3. Irrigation requirements and daily soil water balance

The model was used to manage irrigation from 15t April to 30t September
2013. The experimental site is located in a water scarce region where deficit irrigation
is @ common practice for most crops. The water allocation for irrigating the trial field
ranged from 1000 to 2000 m3 ha'' depending on the sector. The daily irrigation
volume was calculated by Egs. (3.6) and (3.7), and is related to ET, of the previous
day, the estimated effective precipitation and several coefficients. The soil coefficient
K: was 1 (60% of soil cover) and Kc, the crop coefficient, varied from 0.45 (July and
August) to 0.65 (for autumn and spring months) for olive trees within the province of
Cordoba (Pastor and Orgaz, 1994). The coefficient that controlled deficit irrigation,
RDI, varied over the season (0.75 April-June, 0.4 July-August and 0.64 September)
(Pérez-Rodriguez and Parras-Cintero, 2014). Additionally, following the proportion
established by the RDI coefficients, daily irrigation volumes were adjusted to the
water allocation corresponding to each sector. Daily soil water balances were carried
out to update teqin. As the trial field was drip irrigated, runoff and deep percolation
were deemed null. Based on the soil characteristics, the threshold value of soil water
content to update the irrigation time was 25% of the total available water (TAW), since
the value of the easily accessible water considered in this study for olive tree was
75% of TAW (Orgaz and Fereres, 1999). The daily irrigation requirements for the
2013 irrigation season are shown in Fig. 3.7a, b and ¢ for sectors 1, 2 and 3,
respectively. Peak irrigation demand occurred in May and June, whereas the
irrigation needs were lower in July and August consistent with the RDI, values. For
the whole season, the irrigation needs were 1413 m3 ha-', which is the average value

of irrigation demand in each sector (1000 m3 ha*; 1714 m3 ha* and 1795 m? ha', for
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sector 1, sector 2 and sector 3, respectively). As for the soil water content, it generally

decreased throughout the irrigation season due to the deficit irrigation scheduling.
3.3.4. Smart irrigation scheduling

Considering the minimum required power for each sector, the less power
demanding sector, S1, was irrigated when the produced photovoltaic power was
between 5.94 kW and 9.60 kW. The next sector in increasing order of demanded
power, S3, was irrigated when the power ranged from 9.60 kW to 12.39 kW. Finally,
S2, which is the most power demanding sector, was irrigated when the power was
higher than 12.39 kW. Table 3.2 presents these values together with the daily peak
and medium power produced during the 2013 irrigation season, which show the
capability of the photovoltaic system to supply the irrigation requirements of the crop.
Table 3.2. Monthly peak (Pmax) and mean (Pmean) of the instantaneous power produced by the

photovoltaic installation at the experimental site in 2013 and the minimum power required by
each sector for their proper operation.

Prax (kW)  Prean (KW)  Pminst (kW)  Pminsz (kW)  Pminss (kW)

April 19.09 3.76 5,94 12,39 9,60
May 20.81 472 5,94 12,39 9,60
June 20.38 5.10 5,94 12,39 9,60
July 17.79 5.25 5,94 12,39 9,60
August 16.61 4.55 5,94 12,39 9,60
September 16.69 3.54 5,94 12,39 9,60

The smartirrigation system operated at 5 min intervals. When the photovoltaic
power reached the threshold for supplying water to the less demanding sector, the

operational rule was to remain on standby for 5 min to prevent system instabilities
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due to irradiance fluctuations. After that time, if the irradiance level remained above
the lowest threshold, the irrigation of the lowest energy demanding sector (S1)
commenced. Once S1 was activated, this sector was irrigated for at least 15 min in
order to avoid system instability although irradiance fluctuations occurred. This
occurs whenever a new sector starts to irrigate. In this case study, the pump
characteristics allow the system to work as long as the power provided by the
photovoltaic installation exceeds 2 kW, even though the corresponding flow is lower.
Thus, if irradiance fluctuations drastically reduced the generated power (lower than
2 kW) while any sector was operating, the pump would switch off. Once these 15 min
elapsed, the system evaluated the power availability at 5-min intervals, as well as the
remaining time needed to satisfy the irrigation requirements of the sector. If the
remaining time was between 5 and 15 min, the working sector would continue to be
irrigated although the generated photovoltaic power was sufficient to activate other
sectors with higher power requirements (S2 or S3). In contrast, if the remaining
irrigation time was greater than 15 min and the available photovoltaic power was
higher than the minimum required power to operate S2 or S3, the most power
demanding sector would be activated. This process continued until the irrigation time
of the 3 sectors was satisfied or until the irradiance was insufficient to provide the
minimum power required in any sector. Days on which irrigation needs entailed an
irrigation time below 15 min for any sector (irrigation requirements were smaller than
the pumped water volume for 15 min) the system would not operate. At the end of
the day, SPIM evaluated the soil water content to check if the irrigation time of the
following day should be updated or not to compensate the lack of irrigation. The
irrigation time of the following day was only updated in the event that the soil water

content was below the established threshold. Moreover, if the estimated effective
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precipitation was greater than the crop irrigation requirements on rainy days, the
system would not operate (Fig. 3.7). As an example, Fig. 3.6a mentioned above
shows the scheduling of the 3 sectors on 30t June, a typical sunny day. S1 started
to water at 9:50 h (local time) and irrigated for 60 min. S3 was then activated for 60
min, after which S2 started to irrigate until 13:15 h. Once the most power demanding
sector finished, S3 began to irrigate again for 75 min (14:30 h) until the irrigation
requirements of the sector were satisfied. Finally, S1 operated for a further 140 min
until 16:50 h. On this day, the total irrigation time was 7 h; one of the longest irrigation
times of the season. As is shown in Fig. 3.6a, on clear days, the total available hours
with enough photovoltaic power were generally higher than the required hours, so
the installation did not use its full potential on these particular days. In contrast, 25t
April is a good example of a cloudy day with large irradiance fluctuations. The
operation of the photovoltaic irrigation system is shown in Fig. 3.6b, in which the
sector activation sequence matched the available power during the daytime. On this
day, irrigation started with the operation of S1 at 10:00 h (local time) and lasted for
60 min. S3 then started to irrigate until 11:50 h, after which S2 operated for 1 h (12:50
h). At 12:50 h, S3 began irrigating again for 1 h and 20 min (13:10 h), after which S1
irrigated for an additional 15 min (13:25 h). As S3 had not finished, the sector began
to irrigate again for 15 min since the power provided by the photovoltaic installation
reached it threshold. This was followed by 20 min of irrigation in S1 as the
photovoltaic power decreased again. At 14:00 h, S3 restarted irrigation for 15 min
until completing its irrigation time. Finally, S1 finished with 65 more minutes of
irrigation. In this case, the total irrigation time was 5 h and 20 min. However, due to

the irradiance fluctuations described above, there were too many changes in the
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operating sector. In contrast to Fig. 3.6a, b shows that both the available and required

hours were much more similar on cloudy days.

Effective
precipitation

Irrigation depth

Soil water
content

Effective
precipitation

Irrigation depth

Soil water

.20 T T T T T T
Eof I |
o I il I sl | = I I I |
110 120 130 140 150 160 170 180 190
L T T T T T T T
15H |:| Irrigation correction depth -
|:| Required irrigation depth
Applied irrigation depth 7 o A ' v
c ! N A - N . v b
: , i,
=~ | W4 —
0.5 7
N
0
110 120 130 140 150 160 170 180 190
100 T T T T T T T
_ — sW
€ L T — Threshold
£ 50,,,,,,,,,,,,,,,,,,,,,,,;;2;\:j ,,,,,,,,,,,,,,,
0 I | | | | I e E—
110 120 130 140 150 160 170 180 190
Day of year
40 T T T T T T
Eaof I |
T ol m = o I T m | - e w | m I I |
190 200 210 220 230 240 250 260 270
T T T T T T T T
[  irrigation correction depth
1HC ] Required irrigation depth -
. Applied irrigation depth
£
E

230
Day of year
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correction depth in S1 for the 2013 irrigation season.
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correction depth in S3 for the 2013 irrigation season.

The smart irrigation scheduling of the whole irrigation season for the 3 sectors
is shown in Fig. 3.7a, b and ¢. Required and applied water volumes are given, as well
as the correction of the required water volume when necessary. Generally, days with

low solar energy production coincided with periods in which crop irrigation needs
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were low. Most of the days, the system could provide enough energy to satisfy the
irrigation requirements. Nevertheless, when the system was unable to apply the
scheduled amount of water due to weather conditions, this water deficit was
considered in the soil water balance to check if the irrigation time of the following day

should be modified or not, as explained above.

As can be observed in Fig. 3.7a, b and c, the irrigation requirements could not
be satisfied due to a lack of energy on only 7 days of the irrigation season in certain
sectors. This is also shown in Table 3 where both the water volume and operation
times (required and applied) are given. On 17t June, for example, the photovoltaic
power was higher than the threshold for only 30 min in S2. However, S2 required 90
min, so the irrigation needs of this sector, as well as those of the other sectors, could
not be satisfied. In the case of S1, the operation time was 15 min less than the
required irrigation time on 27t April, 8 June and 17 June, while the same thing
occurred for S2 (the most demanding sector) on 28t May, 9t and 17t June and 28t
September. Finally, in the case of S3, irrigation could not be satisfied on 28 May,
8h, 9th and 17t June, 7t and 28 September. Table 3.3 also shows the percentage
deficit of water and operation time for each sector, with the maximum deficit occurring
on 7t and 28 September (100% in S3 and S2, respectively) and the minimum deficit
on 27" April (16.63% in S1). As shown in Fig. 3.7a, b and ¢, it was only necessary to
update the irrigation schedule on 2 days of the irrigation season for S1 (8" and 17t
June) in order to increase the irrigation time programmed for the following days. For
the rest of the cases (5 days), although the irrigation requirements were higher than
the applied irrigation, the soil water content was sufficient to satisfy the difference,

and no correction was needed.
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Table 3.3. List of days on which irrigation was not fully satisfied in the different sectors (OS),
irrigation volume required (Vregrota (1)), irrigation volume applied (Vap (1)) and irrigation deficit
during the 2013 irrigation season in percentage and time units (min).

DAY 0Ss Vreqrotal Vap Deficit taer
27th Apr . 49,093 40,927 16.63 % 24
S2 48,862 10,790 77.92% 50

28t May
S3 70,416 38,918 4473 % 48
S1 43,769 33,891 2257 % 29

8th June
S3 55,017 42,350 23.02% 19
S2 31,182 15,360  50.74 % 20

9th June
S3 44,369 9,311 79.01% 53
S1 77,780 57417 26.18 % 60
17t June S2 69,609 21,165 69.59 % 63
S3 99,197 43,018 56.63% 85
7th Sep S3 49,386 0 100 % 75
S2 23,872 0 100% 31

28t Sep
S3 33,671 7,440 77.90 % 40

The rest of the days of the season the system was able to satisfy the irrigation
requirements, so the differences between the required and the applied irrigation
volume were due to the fact that the system operated at 5-min intervals. Therefore,
when the difference between the required and operation times was less than 5 min,
the system considered that daily irrigation was complete. On days when the real
irrigation times were 15 min less than the required times, the soil water balance was
the tool used to update the irrigation time of the following day (for example 18" June
for S1) when the soil water content was below 31.5 mm, which was the established

threshold corresponding to 25% of TAW for the soil of this plot.

46



3. Coupling irrigation scheduling with solar energy
production in a smart irrigation management system

The integration of solar energy in irrigation does not only eliminate electricity
costs, which are leading farmers to question the viability of irrigation (Cércoles et al.,
2015), but also reduces CO, emissions (Carrillo-Cobo et al., 2014). Taking into
account that each kWh of conventional electric energy emits 0.264 kg of CO>
equivalent (lberdrola, 2012), the photovoltaic installation of the irrigation network
studied here avoided the emission of 1.2 t CO; eq during the 2013 irrigation season
corresponding to a total pumping time of 602 h and 20 min from 16% April to 30t

September.

3.4, Conclusions

The use of solar energy to power irrigation systems involves the reduction or
even the removal of energy costs for farmers. It is also a feasible option to supply
energy in isolated areas. Moreover, the use of renewable energies is a low GHG
emissions alternative to conventional electric energy or diesel engines, although the

operation of the irrigation systems must be adapted to a variable energy supply.

The algorithm Smart Photovoltaic Irrigation Manager, SPIM, has been
develop to schedule irrigation using solar energy. SPIM operates, in real time, the
sectors of the irrigation networks synchronizing the photovoltaic energy production
with the pumping power demand. The main feature of this algorithm is its ability to
use jointly climatic, crop, hydraulic and soil data to operate efficiently the solar
irrigation system, satisfying the crop irrigation needs throughout the irrigation season.
Also, SPIM compensates occasional water supply lacks, due to irradiance

fluctuations, in the following days with adequate weather conditions.
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The proposed model has been evaluated in a real case study. SPIM was used
to schedule the daily operation of a photovoltaic irrigation system in an olive orchard
in Southern Spain during the 2013 irrigation season. The photovoltaic system
operated for a period of 168 days and was able to supply the full water allocation to
the experimental field (1000 m3 ha'; 1714 m? ha-* and 1795 m? ha, for sector 1,
sector 2 and sector 3, respectively) and provide the power requirements to each
sector (5.94 kW, 12.39 kW and 9.6 kW for S1, S2 and S3, respectively). In 7 days,
the irradiation level was insufficient to satisfy crop irrigation requirements. However,
on the irrigation schedule was updated on only 2 of these days, thus increasing the
irrigation time programmed for the following days since the soil water content was
not sufficient to fulfil the non-satisfied irrigation volume. These results indicate that
the system behaved very satisfactorily. Moreover, the substitution of the electricity
grid for a 15.4 kW peak power photovoltaic installation during the entire irrigation

season (602 h and 20 min) avoided the emission of 1.2t CO; eq.

The main finding of this work is that solar irrigation in areas with appropriate
irradiance levels is a feasible alternative to use renewable energy sources, when
tools like SPIM are available, increasing the sustainability and profitability of irrigated

agriculture.
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This chapter has been published entirely in the journal “Renewable Energy’, A.
Mérida Garcia, J. Gallagher, A. McNabola, E. Camacho Poyato, P. Montesinos
Barrios, J.A. Rodriguez Diaz (2019)

Abstract. This study quantifies the environmental and economic life cycle impacts of
solar photovoltaics (PV), grid electricity and a diesel generator as power sources for
pumping water in an irrigation network in Spain. It compares these energy sources
in the context of on-grid or off-grid scenarios, where the PV energy is consumed
solely by the irrigation pumping system (off-grid) or distributed between the pump
and grid (on-grid). Overall, the results show the PV as the option with lower burdens
for most environmental impact categories in both, an off- and on-grid scenario, over
a 30-year lifespan. However, solar PV demonstrated a higher abiotic resource
depletion burden, due to the high material demands from its manufacturing. The on-
grid PV option allowed for the export of excess energy, having environmental impacts
six times lower than the off-grid option. From an economic perspective, solar PV
option was the cheapest energy source, despite higher initial investment. Finally,
extending the grid connection to the isolated location ensures grid exports from the
solar PV installation, reducing the associated impacts by between 54 and 77% for

the different burden categories. Based on a 30-year lifespan, solar PV is the most
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economically- and environmentally-viable energy source for pumping in irrigation

networks.

Keywords: Pumping; Renewable energy, Grid electricity; Diesel generator; Life

cycle assessment
4.1. Introduction

Global warming and its direct consequence, climatic change, is a problem that
is affecting all corners of the planet (FAO, 2016). In parallel, the growing stress on
the water-energy nexus and related interdependencies is more evident than ever
(IEA, 2016). In 2014, the carbon intensity of electricity generation was 36% lower
than 1990 levels in the EU-28 states. This is despite a 0.9% increase per annum
observed in recent years, while the carbon intensity of electricity followed a
continuous decreasing trend between 1990 and 2010 due to the increasing
contribution of low carbon energy sources and improvement in efficiency (EEA,
2015). The European Union (EU) have set out to reduce greenhouse gas (GHG)
emissions by 20% in comparison to 1990 levels (EC, 2017). Governments have
outlined a range of actions to address this challenge, such as a transition to low
carbon transportation, promoting energy efficiency and the growth of the renewable
energy (RE) sector, which will play a vital role in achieving energy security and a low
carbon future. In Spain, other cross-cutting activities include the voluntary registration
of carbon footprints and the promotion of environmentally-driven actions and projects
which help to support this reduction in national GHG emissions (MAPAMA, 2017).

In many countries, the agricultural sector has undergone a significant

modernization process in recent years. As a consequence of the incorporation of
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pressurized irrigation in a wide variety of crops, due to water scarcity, electric and
diesel engines have been integrated into these systems to pump water to the required
pressure and flow, thus increasing energy demands (Corominas, 2010). In parallel,
a rise in annual oil and electricity prices has led to the uptake of alternative sources
of energy, with RE technologies offering a cost effective and low carbon energy
source for the agricultural sector. Recent projects have focused on solar photovoltaic
(PV) pumping for irrigation, reducing the reliance of farms on grid electricity or diesel
generation (Carrillo-Cobo et al., 2014; Lépez-Luque et al., 2015; Reca et al., 2016).
However, the biggest drawback for many RE technologies comes from its
dependence on meteorological conditions. To overcome this problem some studies
evaluated the use of energy storage, using batteries and intermediate water storage
facilities, to ensure the availability of energy despite unfavourable climatic conditions
(Bhattacharjee et al., 2017; Ouachani et al., 2017; Yahyaoui et al., 2016). Recently,
Mérida Garcia et al. (2018) developed a direct pumping model to synchronise solar
PV energy production with the power requirements of an irrigation network on a real-
time basis. It was demonstrated that an olive orchard in southern Spain could be
sustained for an entire irrigation season using solar PV energy, avoiding 1.2 tonnes
of carbon dioxide equivalent (t CO2 eq.). Thus, solar PV energy presents a feasible
alternative to reduce energy dependency on diesel and grid electricity for the

irrigation sector.

However, despite solar PV not generating GHG emissions during its
operation, there is a recognised environmental impact associated with its production
(manufacturing, transport to site and installation) which should be considered
(Desideri et al., 2012). Life cycle assessment (LCA) studies have presented not only

the associated GHG emissions of solar PV technology, as global warming potential
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(GWP), but also evaluate other environmental impact categories that relate to fossil
resource depletion potential (FRDP), abiotic resource depletion potential (ARDP) and
other polluting impacts (human toxicity potential e HTP, and acidification potential -
AP) (Berger et al., 2010; Evans et al., 2009; Gerbinet et al., 2014; IEA, 2011). Most
recently, Gallagher et al. (2017) examined the LCA of different RE technologies,
including solar PV, and found high ARDP contributions over its life cycle. It was
concluded that there is a need for adopting circular economy measures (EC, 2015),
e.g. recycling and the adoption of eco-design initiatives, to further reduce the
environmental impact of solar PV and other RE technologies in the future.
Furthermore, in the case of solar PV as an energy source for seasonal irrigation
(Mérida Garcia et al., 2018), there is a need to consider the intermittent energy
requirements for pumping and how the maximum generation potential of particular
sites may not be fully utilised for this application of PV systems. Previous
investigations have not considered that, the life cycle impact of solar PV systems in
irrigation systems where the full power potential is not used, may be higher than

previously published assessments of this form of RE.

4.2, Methodology

4.21. Goal and scope definition

This study evaluates the environmental impacts derived from the use of solar
PV technology as an energy supply source in the irrigation sector, in comparison with
the use of traditional energy supply options i.e. grid electricity or a diesel generator.
Details of the materials used, manufacturing processes and installation demands for
these three energy sources were collated and analysed. The LCA considered the

manufacturing process, installation and operational stages of the life cycle of each
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energy supply option. The environmental burdens associated with maintenance were
omitted for all options, as it was negligible in the context of production related

impacts.

Due to the case study focus on solar PV technology, and considering that the
useful lifespan of PV modules is around 25-30 years (Knapp and Jester, 2001;
Fthenakis and Alsema, 2006; Berger et al., 2010; IEA, 2011; De Wild-Scholten, 2013;
Fu et al., 2015; Akinyele et al., 2017), a 30-year period was selected for the
operational life cycle boundary conditions. The functional unit of 1 kWh of energy
produced was considered suitable for comparing the different energy systems
examined in this study. For the impact analysis, the CML method was chosen (CML,
2010), as it is a common impact assessment methodology which contains a wide
variety of flows to evaluate the environmental burden of a process (Smith et al., 2015;
Chen et al., 2016). Five impact categories were selected (Table 4.1) as the most
representative and relevant for this case study (Goedkoop et al., 2008; Gallagher et
al., 2015).

An analysis of two different scenarios was conducted, to consider the
environmental impacts of an off-grid (Scenario 1) and on-grid (Scenario 2)
installation. The life cycle cost (LCC) was also calculated, to determine the cost

effectiveness and compare it with the environmental payback period.
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Table 4.1. Impact categories to be evaluated in the LCA of PV, diesel and grid electricity
systems.

Impact Category Description
GWP Global Warming Related to GHG emissions that
Potential (kg CO2eq.) contribute to climate change and its
effects.
ARDP Abiotic Resource Protection of human welfare, human
Depletion Potential and ecosystem health. Related with
(kg Sbeq.) the extraction of minerals and fossil
fuels, based on the global reserves.
AP Acidification Potential  Acidifying substances impacts on soil,
(kg SO2€q.) groundwater, surface water,

organisms, ecosystems and materials.
Calculated with the adapted RAINS 10

model.
HTP Human Toxicity Effects of toxic substances on the
Potential (kg 1.4- human environment. Health risks of
DCBe eq.) exposure in the working environment

are not included. Expressed as 1,4-
dichlorobenzene  equivalents kg
emission. Calculated with USES-LCA.

FRDP Fossil Resource Depletion of energy as fossil fuel
Depletion Potential deposits used to generate electricity
(kJ eq.) (measured in equivalent kilojoules).

4.2.2. Case study: photovoltaic irrigation system, Cérdoba (Spain)

The case study selected for this investigation was a solar PV powered
irrigation system, providing the crop water needs for a 13.4-ha olive orchard in
Cdrdoba in Southern Spain. A 168 m2 solar PV plant was installed on the south facing
roof of a storehouse, located 200 m from the pumping station and 1 km from the
irrigated field (Fig. 4.1). The peak power from the 120-thin film module PV plant was
calculated as 15.36 kW, to meet the energy requirements of the pump installation.

The irrigation water was directly pumped from a reservoir into the irrigation network,
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which was organised into three irrigation sectors, using a 13-kW submergible pump

and without energy storage elements.

Solar PV plant

Irrigation sectors

200 m

Control i
system |

Fig. 4.1. Schematic representation of the PV irrigation installation in Cordoba (South Spain).

The power requirements of the sector and the daily irrigation demands were
previously calculated. This work is based on the methodology and results explained
in detail in Mérida Garcia et al. (2018); in which a real-time model, the Smart
Photovoltaic Irrigation Manager (SPIM), was developed to synchronise PV power
production and irrigation requirements in an irrigation network. Moreover, in this
same work, detailed calculations for the estimation of the power production of the PV
plant is also provided, based on equations described on Lopez-Luque et al. (2015).
The estimation was based on the irradiance levels, as well as the PV plant peak
power and the temperature. The crop was frequently irrigated in the drier months,
April to September, each year. As such, irrigation was not necessary for the
remaining six months of the year as there was sufficient rainfall and water storage in

the soil.
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Grid electricity and diesel generators are common sources of energy for
pressurized irrigation systems (Mérida Garcia et al., 2018). Diesel generators are
commonly used where farms have energy requirements in isolated rural locations
and do not have access to a grid connection. This study will undertake an
environmental and economic assessment for each of these energy options
considered to determine the life cycle performance of solar PV in comparison to

traditional energy systems.
4.2.3. Inventory analysis

A database was generated in Microsoft Excel, including the raw materials,
manufacturing, installation and transport processes for each technology. The data is
provided in the supplementary information (S.1.) section (Table S.4.6.1). OpenLCA
software and the Ecoinvent database were used to collect the data (Ecoinvent, 2014).
ISO 14040 standards for LCA were followed to ensure that at least 95% of the total
mass and 90% of the total energy inputs for each energy source were accounted for
(1SO, 2006).

The environmental burden associated with each impact category was
calculated as the sum of all materials and processes involved in each option, as it is

expressed in Eq. (4.1):

EBs,i = Zﬁ:le,i - Uy (4-1)

where EB is the environmental burden associated to the option s (off-grid solar PV,
diesel generator, on-grid solar PV, grid electricity) and the impact category i; K is the

environmental burden associated to each material or process; X is the total number
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of different materials and processes; and U is the total units for the material or

process involved in each option.
4.2.3.1. Photovoltaic energy

The solar panels installed in this plant were Sharp thin-film solar PV modules,
model No. NS-F128G6, with a nominal peak power of 128 W and a total weight of 26
kg per module. The rest of the components of the PV installation were the inverter,
the cable for connecting the solar PV plant and the pump, and the metallic frame
connecting the panels to the storehouse roof. In addition, the transportation of these
components, installation of the panel frames on the rooftop and site works
(excavation for the installation of the power cable) were also accounted for in the
calculations. Each PV module consisted of several few-microns thick semiconductors
layers, which reduced the overall material demands and costs of the modules (Edoff,
2012). The manufacturing process of thin-film solar PV modules represents most of
the energy requirements, due to the material deposition processes (Chatzisideris et
al., 2016). In this study, it was assumed that the operational environmental impacts

associated with maintenance would be negligible for the solar PV installation.
4.2.3.2. Diesel generator

The diesel generator considered for this study was a 15 kW Cummins Power
Generation generator, model C15 D6, with a Kubota engine, and a total weight of
481 kg. The diesel generator system was composed of several elements: engine,
alternator, radiator, electronic controls, skid, air filter and turbo charger. As it was
considered in Benton et al. (2017), the first five components were estimated to

represent approximately 87% of the materials involved. Due to the complexity of the
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materials composition, the breakdown was synthesized based on Jiang et al. (2014),
in which the material list was generated based on requirements for the manufacturing
process of the diesel generator (e.g. steel, cast iron, aluminium, rubber, copper and
polyethylene), including the energy requirements of the process. In addition, the
cumulative diesel consumption required by the generator over the operational lifetime
to irrigate the olive orchard was estimated. Diesel consumption was estimated from
hourly fuel requirements of the generator and the annual irrigation hours required for
the crop determined in Mérida Garcia et al. (2018). The materials and energy
requirements for the diesel storage tank were also included (sufficient to store all the
fuel required for an entire irrigation season). Lastly, the transport of the generator,
tank and fuel to the pumping station location were also accounted for in the

assessment.
4.2.3.3. Electricity grid

The environmental impact of grid electricity was derived from national
inventory data relating to energy sources in Spain for 2017, as well as accounting for
the embodied burdens of the distribution network. In Spain, RE contributes to 34.4%
of the total energy generation, with nuclear (21.7%) and coal (14.5%) representing
other key sources of energy (REE, 2016). The mix of these sources for a specific
country varies over time, therefore these calculations show an approximation based
on the most recent information. To account for the changing energy mix likely to occur
over the next 30 years, with a continued increase of RE contributions, the operational
energy demands accounted for the dynamic environmental impacts of grid electricity
over time (Gallagher et al., 2017), as is shown in the S.I. (Fig. S.4.6.2). In this study,

it was assumed that the grid connection existed for the system and therefore the
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default scenario only accounted for operational impacts of the supply of grid

electricity.
4.2.4. Life cycle cost and payback period

Following the methodology described by Wu et al. (2018); which accounted
for the life cycle cost (LCC) as the sum of the equipment, consumables and
maintenance costs, considering a range of fuel cost variations, this study calculated
the LCC for (i) the construction stage only, or (i) the combined construction and
operational stages. Thus, the LCC was estimated for each option (off-grid solar PV,
diesel generator, on-grid solar PV and grid electricity) by applying the following Eq.
(4.2):

LCCs = LCCinge + LCCope (4.2)

where LCCs represents the life cycle cost of the option s; and LCCinst and LCCope
relate to the total life cycle cost associated to the installation and operation stages,
respectively. From this, the payback period for the investment of these off and on-
grid scenarios of the solar PV installation could be compared. To do so, the future
annual operational costs related to diesel and electricity for the irrigation network
were estimated. This allows for a comparison of the economic and environmental
impacts of the solar PV installation with these traditional energy sources for irrigation

systems over time.
4.2.4.1. Future diesel and electricity costs

Diesel and electricity prices are continuously varying, and it is difficult to

predict the future cost of the energy consumed by the irrigation installation. The
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energy price in the EU depends on a range of different supply and demand
conditions, such as the national energy mix, the geographical situation or the network
costs (Eurostat, 2017). A sensitivity analysis was included to incorporate changes in
fuel and electricity prices (Wu et al., 2018). A range of prices for diesel, between €
0.80 and € 1.30 ', and for electricity, between € 0.14 and € 0.24 kWh-', were
considered. In the final case, a fixed cost due to the peak power contracted was also

included to account for fixed costs by the electricity supplier.
4.2.5. Scenario and sensitivity analysis

Scenario 1 compared the off-grid energy options of a standalone solar PV
installation and a diesel generator. For this solar PV installation, the energy demand
for pumping during the irrigation season was only accounted for, and any surplus
energy generated could not be used or stored. In Scenario 2, which had an available
grid-connection, the solar PV installation was compared with grid electricity. In this
situation, the total energy generated by the solar PV installation was accounted for,

as surplus energy was assumed to be fed back into the grid.

For the sensitivity analysis of the environmental impacts of these energy
scenarios, different lifespan lengths of between 5 and 30 years were considered. The
impact of adding grid connection to a specific location in which the grid was not
available, as well as the analysis of different prices for fuel and electricity, for the

economic evaluation, were also included.
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4.3. Results & discussion

4.31. Energy balance

The irrigation demand of the field of the case study was concentrated in the
period comprised between April to September, as previously explained. This period
entailed a total irrigation time of about 603 h, with an average of 4 h day,
corresponding to the three sectors. The power demanded by the sectors varied
between 5.4 and 11.3 kW, depending on the size, topography and flow demand.
Thus, the total energy required by the network was about 4620 kWh year-'. This
information was obtained from the SPIM model in the case study network for an

irrigation season, as it was previously detailed (Mérida Garcia et al., 2018).

In the case of the diesel engine and grid electricity options, the environmental
burden associated to its installation and operation stages was related to the energy
consumed in the total operation hours. Nevertheless, in the case of the PV plant, the
total energy generated (around 28,700 kWh year") greatly exceeded the energy
demand of the irrigation network, which only represented a 16% of the total, and a
25% of the energy generated during the irrigation season. That was the key point in
the difference between the environmental burden per kWh associated to the on- and
off-grid PV plants. Thus, for the on-grid PV plant option, the environmental burden
was associated to the total energy generated by the PV modules, due to the surplus
of energy (28,700 -4,618 kWh year-') was considered to be injected into the grid. On
the other hand, for the off-grid PV plant, the environmental burden was associated
only to the energy requirements of the irrigation network (4,618 kWh year), as the

surplus of energy could not be used nor stored.
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4.3.2. Contribution analysis

4.3.2.1. Component contributions

The cumulative environmental impacts per kWh for each method of energy
generation to support pumping in the irrigation network, in a 30 years lifespan

analysis, are presented in Fig. 4.2.

Firstly, the differences in the environmental impact values are evident for the
solar PV installation in Scenario 1 (off-grid connection) and Scenario 2 (grid
connection). The total energy produced in Scenario 1 was not fully consumed through
the process of pumping in the irrigation network, and there is no grid connection
availability for exporting the excess electricity generated. Furthermore, the solar PV
installation generated surplus daily electricity due to a 4-h average pumping regime
and irrigation is only required for six months of the year, April to September (the
irrigation season for olive tree in the Mediterranean region). As Fig. 4.2 shows, the
environmental impacts for the off-grid solar PV installation was approximately six
times higher than the on-grid solar PV plant for each environmental burden category.
Most of this impact was associated with the installation stage (due to manufacturing)
of the solar PV's life cycle, corresponding to previous findings by Peng et al. (2013);
while the replacement of the inverter was the only factor affecting the operational

environmental impacts for both the on- and off-grid scenarios.
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Fig. 4.2. Environmental burdens associated with the installation and operation of the
different energy generation options assessed.

In Scenario 1, in which a grid connection was not available, the GWP burden
for the solar PV plant was 121 g CO, eq. kWh-', compared to a value of 20 g CO- eq.
kWh-' for Scenario 2. The results for Scenario 2 were comparable with that of
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previous LCA studies of solar PV (Kim et al., 2012; Irvine and Rowlands-Jones, 2016;
Gallagher et al., 2017; Luo et al., 2018). The evidence suggests that thin film panels
have lower cumulative energy requirements in manufacturing than crystalline panels
(Sumper et al., 2011; Kittner et al., 2013), suggesting there is scope to reduce the
GWP burden of these solar PV panels through lean design and more sustainable

manufacturing processes.

On the other hand, the ARDP burden for the on-grid PV plant was estimated
at 2.1-104 g Sb eq. kWh, slightly lower than the previously obtained by Gallagher
et al. (2017). This difference could be explained by the lower material use of thin film
modules compared with polycrystalline. Nevertheless, Lunardi et al. (2018) estimated
significantly lower values for tandem solar modules. This difference could be due to
the contribution of aluminium, copper, zinc and tin dioxide. These materials showed
a high burden associated to this category, although they appeared as minority
components of the panels and inverter, being not included this list in the Lunardi et
al. (2018) study. In the case of the AP, its burden showed a value of 7.3-102 g SO
eq. kWh, again below the results obtained by Gallagher et al. (2017) and Corona et
al. (2017).

The largest contribution was related to the use of solar glass, because the
module did not include metal frame, but it included nonetheless two glass layers, and
the manufacturing process. Probably, the manufacturing was the main difference in
the results, which could be related to the lower energy demand of thin film technology
manufacturing process. In a similar line, the HTP burden estimated for the on-grid
PV plant was 11.6 g 1.4 DCBe eq. kWh-', lower than the values showed in previous
studies (Corona et al. 2017; Gallagher et al., 2017). This burden was mostly related
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to the manufacturing process (55%) of the modules studied in this work, so the
difference was again related to the lower energy requirements. In the same way, the
FRDP burden (240 kJ eq. kWh-') was lower than the determined by Corona et al.
(2017). In addition to the difference in the energy requirements, for the FRDP, the
energy mix also played an important role. Thus, the high contribution of coal to the
grid electricity in Morocco, where Corona et al. (2017) developed their work, could

also explain this difference.

The alternative option for off-grid electricity in Scenario 1 was the diesel
generator, while direct grid electricity provided the second option in Scenario 2. Both
options provided the precise quantity of energy required during the operational stage
of the systems life cycle. However, the diesel generator had associated burdens
during the installation (generator and diesel storage tank) and operational (diesel
supply and generator replacements) stages. An extension of the electricity grid was
considered in the sensitivity analysis, and the environmental impacts were compared

to the savings associated with the allowance of excess energy feeding into the grid.

The diesel generator presented the largest contribution for GWP, AP, HTP
and FRDP burdens. In that way, Smith et al. (2015) and Amante-Garcia et al. (2017)
also compared a range of energy sources and showed that the diesel generator had
the highest impact for most categories. In relation to carbon emissions, provided as
the GWP results, the diesel generator showed a burden 13 times higher than an off-
grid solar PV plant, while in the on-grid scenario, the solar PV plant burden
represented a 10% of the grid electricity GWP. In the case of the AP, the off-grid solar
PV plant represented only a 3% of the burden associated to the diesel engine, while

the grid electricity showed a burden 24 times higher than the on-grid PV plant. In a
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similar way, the HTP and FRDP burden for grid electricity were 10 times higher than
the burden associated to the on-grid PV plant. Nevertheless, the diesel generator
showed a HTP that was four times higher than the burden associated to the off-grid
PV plant. For FRDP, the off-grid PV plant represented the 4% of the burden
associated to the diesel generator, the option with the greatest value for this category,
due to the fuel consumption. Finally, for the ARDP burden category, the off-grid PV
installation provided the highest impact (Fig. 4.2b). The ARDP burden was two times
higher than the diesel generator, which was due to the use of metals and glass for
the different components of the PV plant. Nevertheless, for Scenario 2, in which all
the energy generated by the PV plant was considered, both options (on-grid solar PV
and grid electricity) provided very similar results, with grid electricity presenting a
burden 10% higher than the on-grid PV plant.

4.3.2.2. Material contributions

In this study, all environmental burdens for the solar PV system included were
associated not only to the panels, but also to the materials, energy requirements,
transport and installation of the rest of the components (inverter, metal support
structure and cable for the connection between the PV plant and the pump station).
Thus, the materials and processes percentage contribution for Scenarios 1 and 2 is

represented in Fig. 4.3.
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Fig. 4.3. Materials percentage contribution towards the installation of each energy
generation option.
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It can be noted that, in the PV installation, the materials implied a 29% of the
total CO, emissions against a 60% for the energy requirements (manufacturing,
mainly for the PV panels) (Fig. 4.3a). Similarly, for HTP and FRDP, the manufacturing
process represented the highest burden, with 56% (Fig. 4.2d) and 54% (Fig. 4.2e),
respectively. Nevertheless, for the ARDP burden, the metals represented 80%,
against a 13% for the rest of the materials involved (Fig. 4.3b), while for the AP, solar
glass and the manufacturing process represented the highest impact, with 41% and
29%, respectively (Fig. 4.3c). On the other hand, for the diesel generator option, the
fuel represented the highest burden for all the impact categories, equating to 77% of
the HTP burden and between 92 and 97% for all other impact categories. This was
due to the annual consumption of more than 1,500 | of fuel, and the estimated 15-
year generator lifespan, resulting in the material requirements of two generators over
a 30-year period. The percentage contribution for the components for Scenarios 1 &

2 and impact categories are presented in plots in the S.I. (Fig. S.4.6.1).
4.3.3. Life cycle cost and energy payback period

The economic analysis was carried out following the energy prices for the last
years in Spain, where the case study was placed, and assuming this as a mean value
for the next 30 years. This assumption was considered sufficient to make an

approximation to the comparison between the different options.

Firstly, the real investment cost of the solar PV plant was used and included
an estimated cost for the replacement of the inverter after a 15-year period. For the
diesel generator option, an average cost for the generator and tank was considered,
provided by different commercial sources. The generator was replaced every 15

years. Moreover, for the fuel, the average price of the last 3 years was determined,
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and applied as an assumed mean value (MINETAD, 2017a). Finally, for the electricity
grid option, the fixed monthly cost per contracted kWh and the average price for the
last 5 years for the kWh consumed were estimated (IDAE, 2017; MINETAD, 2017b).
Fig. 4.4 shows the costs for the installation and operational costs for the different

options over the lifespan of the project (30-year period).

Installation cost
Solar PV [t -

Diesel Generator RS SEs, ] BOperation cost

Grid Electricity ..................................................... ]

0 20000 40000 60000 80000
Cost (€)

Fig. 4.4. Installation and operation costs (in Euros) for the different options for a 30-year
lifespan.

Despite presenting the largest installation cost, the results showed that the
lowest life cycle cost of € 26,444 was for solar PV. In the case of irrigation installations
with the possibility of connecting to the grid electricity, the LCC took a value of €
41,593, for that period, while the high operational costs for the diesel generator led
to a total of € 70,748. Nevertheless, although the difference between the LCC of the
solar PV and grid electricity options was not very large, if the state legislation allowed
selling the surplus of energy, profits for the farmer could also be considered. Thus,
the solar PV plant represented 37% of the LCC of the diesel generator, while it
represented 64% of the LCC of the grid electricity option, over a 30-years period.

Based on the location of the solar PV plant and its irradiation conditions, the
energy payback time (EPBT) was estimated as 0.5 and 3.1 years for the on-grid and
off-grid scenarios respectively. These EBPT result falls in the range of previous
studies: 0.3 years for thin film modules by Peng et al. (2013); 0.9-1.1 years for multi-

75



Integral model for the use of solar photovoltaic energy in irrigation

and mono-crystalline silicon by Wetzel and Borchers (2015); and 3.5-5.0 years for a
polycrystalline silicon PV plant by Sumper et al. (2011). Moreover, the economic
payback time was estimated as 8.6 years for the off-grid PV installation, while for an
on-grid solar PV plant, the selling of the surplus of energy should be considered, and
this will depend on the legislation of each country. Finally, the environmental/carbon
payback time estimated for the off-grid solar PV installation was 2.4 years, when it
was compared to diesel engine, while in a comparison with the grid electricity, this
value was almost 18 years. However, if all the energy generated by the PV plant is
considered, this ratio takes a significantly lower value, slightly lower than 3 years.
Despite of the fact that with a grid connected PV plant all the energy generated by
the solar panels could be used, the lower total carbon emissions linked to the grid
electricity made this ratio higher than the obtained for the PV-diesel comparison. This
was due to the energy consumed by the irrigation representing a sixth part of the total
energy generated, while the GWP per kilowatt-hour attributed to the grid electricity

was 7.5 times lower than the estimated for the diesel engine.

4.3.4. Sensitivity analysis

4.3.4.1. Lifespan duration of each energy source

The influence of adopting shorter operational lifespans of 5, 10 and 20 years
were examined, to determine the impact of this and the environmental impacts per
kWh generated for the different energy supply options. By doing so, the shorter
lifespan durations of 5 and 10 years only included one diesel generator and one
inverter for the solar PV plant, as the useful life for both components was considered
to be 15 years. Fig. 4.5 presents the results of the sensitivity analysis for the lifespan

duration assessment.
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Fig. 4.5. Environmental impact (a) GWP, (b) ARDP, (c) AP, (d) HTP and € FRDP burden
categories for each energy supply option for a range of different lifespan durations.

It can be noted that, for the diesel generator option, the different
environmental burdens did not experience significant variations for the lifespan

lengths between 10 and 30 years, the difference for the 5 years lifespan being slightly
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higher. It was due to most of the burden being linked to the operation stage and the
results were expressed per kWh. Thus, a longer period implied a higher fuel
consumption but also a higher amount of energy in which this burden was distributed.
In a same way, the grid electricity only experienced very small variations,
imperceptible in most of the plots. These variations were due to the evolution of the
electricity mix over the years, which represented an increase of 11% in the ARDP,
while GWP and FRDP decreased by 4% and 5%, respectively. However, for the PV
plant, the longer the period is, the lower the burden results, due to fact that the impact
of the PV installation is mostly associated to the preoperational time, and the same

modules can work for a 30-year period.

In a comparison between Scenarios 1 and 2, it can be noted that the PV option
without grid connection had a higher GWP impact than the electricity grid option for
a lifespan period below 20 years. Nevertheless, for a longer lifespan, the PV plant
presented a lower GWP burden for both, grid and no grid connected installations,
than grid electricity (Fig. 4.5a). For the ARDP burden, the PV plant presented the
highest values, but for a grid connected installation, the ARDP burden received a
lower burden than the diesel generator option when the lifespan length overcame 10
years (Fig. 4.5b). For the HTP category, the grid connected PV plant showed a lower
burden than the traditional options. Nevertheless, for the off-grid PV plant, the HTP
burden also achieved lower values than diesel engine and grid electricity for a 10-
and 20-years lifespan and beyond, respectively (Fig. 4.5d). Finally, the FRDP always

showed the greatest values for the diesel generator option.
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4.3.4.2. Adding a grid connection for the off-grid solar PV installation

The additional impact of adding an extra cable and electric poles to reach the
grid connection for an isolated irrigation network, for relatively short distances, was
considered. The results are shown in Table 4.2. It can be noted that the addition of 1
km of cable and the corresponding poles (placed at 50 m intervals) increased the
GWP, ARDP, AP, HTP and FRDP by 52%, 47%, 64% 185% and 38% respectively,
in comparison with the on-grid PV plant, in which the connection to the grid was
already available. Nevertheless, if these results are compared with the off-grid PV
plant, all the impact categories experienced a reduction of between 73 and 77%,
except for the HTP, which showed a decrease of 54%. Thus, the incorporation of the
grid connection to the off-grid PV plant resulted in a substantial decrease in all the
impact categories. Despite the additional materials and energy required for the cable
and poles, this decrease was because the surplus of energy generated could be
exported. In that way, the environmental burden was distributed to the total energy
generation of the PV plant, so the impact was lower than the off-grid PV plant

solution, for all the impact categories.

Table 4.2. Effects of adding the extension of the grid —cable and poles- to reach the grid in
an isolated farm for the different impact categories.
GWP  ARDP AP HTP FRDP

Off-grid solar PV 121 1.3-10% 4,610 72 1,509

Solar PV with existing
grid connection

19 21104 7.3-10°2 12 242

Solar PV with new
grid connection*

* New grid connection includes additional 1 km of cable and poles.
“* GWP (g CO2 eq. kWh-"), ARDP (Sb eq. kWh), AP (g SOz eq. kWh), HTP (1.4-DCBe eq.
kWh-1), FRDP (kJ eq. kWh1)

29 3110+  1.2-10 33 336
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4.3.4.3. Effect of different energy prices

To evaluate the impact of the oscillation in the fuel and electricity costs, due
to the difficulty in predicting their evolution, a range of different prices were evaluated.
Thus, the LCC for the diesel engine option, with a range of prices between € 0.80
and € 1.30 per lite (I'") for the off-grid scenario, was recalculated. Similarly, a range
of prices for electricity, between € 0.14 and € 0.24 per kilowatt hour (kWh-) were

recalculated for the on-grid scenario. These values are shown in Table 4.3.

Table 4.3. Effect of fuel and electricity cost variation on the LCC for the solar PV plant.

Diesel Generator Electricity

Unit Cost Diesel generator Unit cost elecc;trrli(::it
(€M) (€) (€ kWh) © y
0.80 55,795 0.14 36,245
0.90 61,255 0.16 39,016
1.07 70,748 0.18 41,593
1.20 77,633 0.20 44,558
1.30 83,092 0.24 50,100

It can be noted that, despite the oscillation in the energy prices, for both, the
traditional on-grid and off-grid options, the LCC determined was always higher than
that estimated for the PV plant (€ 26,444). Although the probability of cheaper prices
in the following years is not very high, these values were included to show a wider
variety of possibilities, showing both diesel engine and grid electricity options, even
for those, a higher LCC than the PV plant.
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44. Conclusions

The PV technology is being widely integrated in the agriculture sector, as a
cleaner and profitable alternative to traditional energy sources. This technology has
no significant environmental impacts during its operational time, but the
manufacturing process must be evaluated. Thus, in this work, the LCA of a PV
irrigation system was analysed and compared with the most common energy supply
options in the irrigation sector (diesel engine and grid electricity) for off-grid and on-
grid scenarios. In that way, the PV option offered the lowest GWP burden, for both,
on-grid and off-grid plants. For the rest of the impact categories, the PV plant showed
the best option, except for the ARDP, in which the off-grid PV plant showed the
highest value. Moreover, it should be noted that the off-grid PV plant impact per kWh
was 6 times higher than the on-grid PV option, as the plant operates the whole year
using part of the energy generated for irrigation and the excess energy could be
exported.

Economically, the initial cost for the PV plant showed the highest value of the
three options, although in the operation stage, both, the diesel generator and grid
electricity option presented higher values. Consequently, the total cost for a 30 years
lifespan showed the PV plant as the cheapest option, for all the diesel and grid
electricity price range evaluated. Finally, the energy payback time for the PV plant
was estimated in 0.5 and 3.1 years, when all its energy production was the required
by the irrigation network, for on-grid and off-grid installations, respectively. The
lifespan length sensitivity analysis showed that the PV plant gradually decreased its
environmental burden from 5 to 30 years, due to the major impact was linked to the
installation stage. Nevertheless, for the diesel generator and grid electricity option,

the magnitude of the environmental impact per kWh did not experience significant

81



Integral model for the use of solar photovoltaic energy in irrigation

differences, due to most of the impacts being linked to the operational time. The
evaluation of adding a grid connection to an isolated PV plant showed the possibility
of using the remaining 80% of the energy generated by the PV plant. Thus, despite
of the additional environmental impact of the cable and poles, the possibility of
connecting the PV plant to the grid, for relatively close locations, allowed to reduce
between 54 and 77% the environmental impact per kWh for the different categories.
In a final overview, it can be noted that the characteristics of the irrigation installation
can play an important role to determine the best option to satisfy the energy
requirements from an environmental and economic point of view. So that, depending
on the length of the lifespan of the project, as well as the availably of grid electricity
connection, the possibility to sell the surplus of energy, and the annual energy
requirements of the irrigation installation, the PV plant environmental burden and
economic impact will show it convenience. For the case study analysed, it was
demonstrated that the PV plant offers a lower environmental impact for most of the
categories. Moreover, for a 30 years lifespan, it also showed the best option from an

economic point of view, even if the surplus of energy cannot be sold.
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4.6. Supplementary information

Table S.4.6.1. Raw material and processes included in the LCA of the different energy
sources examined for the irrigation network.

. Scenario 1 Scenario 2
Material / , : : :
Process Off-grid Diesel On-grid Grid
Solar PV Generator  Solar PV Electricity”

Solar glass ° °

Metals ) ° °

Plastic & o o .

rubber

Silicon ° °

Diesel °

Manufacturing ° ° °

Transport ) ° °

Installation ° °

Grid Electricity o

“The analysis of the grid electricity was based on the information about its generation
structure (REE, 2016) (Hydraulics 16.2%, wind 21.6%, photovoltaic 3.6%, nuclear 25.4%,
coal 17%, fuel + gas 3%, combined cycle 13.2%).

“It considered the embodied and operational burdens associated to each electricity
contributor (renewable and non-renewable).
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Fig. S.4.6.1. Percentage contribution of components in Scenarios 1 and 2, comparing the
solar PV and diesel generator, for the five impact categories examined: (a) GWP, (b) ARDP,
(c) AP (d) HTP and (e) FRDP burdens.
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categories investigated, which is based on increased renewable energy contributions to the
grid over the next 30-years.

91






5. Comprehensive sizing methodology of mart photovoltaic
irrigation systems

5. Comprehensive sizing methodology of smart

photovoltaic irrigation systems

This chapter has been published entirely in the journal “Agricultural Water
Management”, A. Mérida Garcia, R. Gonzalez Perea, E. Camacho Poyato, P.

Montesinos Barrios, J.A. Rodriguez Diaz (2020)

Abstract. The use of photovoltaic (PV) energy in irrigation is increasing its relevance
as energy source in irrigated agriculture. The main reason relays on its economic and
environmental benefits, compared to traditional options. To reduce economic,
materials and energy requirements of PV irrigation systems, its design and
dimensioning should be optimal. In this work, we developed the model MOPISS
(Model for Optimal Photovoltaic Irrigation System Sizing) focussed on the selection
of pipe diameters and PV plant dimensioning, optimizing jointly the investment cost
and operation of the system. MOPISS, developed in MATLAB™, integrated a
customized version of the Non-dominated Sorting Genetic Algorithm (NSGA-II) with
two objective functions, aimed at searching the optimal sizing of the irrigation network
and PV plant. The results showed a series of solutions with optimal hydrants grouping
in sectors, pipe diameters and PV plant size. MOPISS was applied to a real case
study obtaining solutions which satisfied 96% of the irrigation requirements while
saved cost between 22.9 and 38.2% over the total investment cost, compared with
the original design. MOPISS is a useful tool to produce optimal designs of sizing new
PV irrigation system under a comprehensive approach that considers crop, water and

energy availability and network layout.
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Keywords: MOPISS, photovoltaic irrigation, optimization, pipe diameters

dimensioning, PV peak power, NSGAII, genetic algorithm
5.1. Introduction

Nowadays, the remarkable increase in energy consumption and the general
concern about global warming has promoted the use of renewable energies in the
irrigation agriculture sector. Related to this, photovoltaic (PV) technology offers a
more sustainable alternative for the energy supply compared to traditional options,
such as diesel generators and grid electricity (GIZ, 2016). This technology has a
lower environmental burden due to the virtually zero environmental impacts
associated to its operation (Mérida Garcia et al., 2019). Furthermore, the period with
the highest PV energy production usually coincides with the irrigation season for a
wide variety of crops. Nevertheless, as the energy production levels rely on the
instant irradiation (Lopez-Luque et al., 2015) that is affected by the occurrence of
clouds, the management of an irrigation network just powered by PV energy results
much more complex. Thus, the variable power availability must be properly managed
to fully satisfy the daily irrigation requirements of the different sectors of a network.
For the optimal dimensioning of the PV irrigation system it should be considered the
variability of the solar radiation throughout the irrigation season and during the day.
Moreover, the hydrants location and the layout of the irrigation network determine the
power demand of each sector of the irrigation network, conditioning the pumping
power and the size of the PV plant. For that reason, the sizes of the pipes of the

irrigation network and the size of the PV plant should be determined jointly.

The search for optimal design solutions in the water distribution network

sector has been widely studied by numerous authors. Tayfur (2017) summarized the
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main characteristics of the most popular optimization methods used in water
resources planning, engineering and management. Among them, the Genetic
Algorithms (GA), Ant Colony (AC), Differential Evolution (DE), Particle Swarm (PS),
Harmony Search (HS), Genetic Programming (GP) and Genetic Programming
Expression (GPE) can be highlighted. Creaco and Franchini (2014) presented a
procedure to find optimal solutions in the cost-reliability space for multi-objective
design of looped water distribution systems. This work pointed out the computational
and numerical efficiency of low-level hybrid optimization procedures for multi-
objective water network design. Most recently, Fernandez Garcia et al. (2017)
presented an optimization methodology for the design and operational costs of
pressurized irrigation networks, using the NGSA-II algorithm. Lapo et al. (2017)
combined linear programming (LP) and GA in a hybrid model to optimize the pipe
design, operating pressure at the head of the network, total investment cost and
working shifts assigned to each hydrant. All these works focussed on the optimal
design of the irrigation network, while none of them questions the availability and
characteristics of the energy source. On the other hand, related to the adoption of PV
technology in the irrigation sector, several works focused on the development of
optimal sizing methods. The aim of these works was to determine the optimal peak
power for the PV plant to satisfy crop irrigation requirements using the existing
irrigation network (Bakelli et al., 2011; Lépez-Luque et al., 2015). In order to reduce
the dependence on climate factors, other works also focused on the optimal
management of installations which incorporated some water/energy storage
elements, as well as auxiliary support systems (e.g. diesel generator). In that way,
Wissem et al. (2012), Reges et al. (2016) and Yahyaoui et al. (2016), studied the

inclusion of batteries in the system. Later, Rodriguez-Gallegos et al. (2017) studied
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the combination of the PV modules with both, a battery and a diesel generator. This
PV-battery-diesel combination allowed reducing the overall system cost and control
of the grid voltage, based on PS methods. In a similar way, the hybridization of the
PV plant with other renewable energy supply systems, as wind or water turbines, was
also evaluated by Ouachani et al. (2017); and Ramli et al. (2018). Another common
application of PV technology in irrigation is the use of an intermediate water storage
tank. This tank is located at a higher level to feed the irrigation system by gravity
(Olcan, 2015; Kabalci et al., 2016; Ghavidel et al., 2016; Muhsen et al., 2018). This
option is possible for relatively small plots, with a suitable height difference. These
actions generally offer more flexibility to the system operation but have higher
economic and, in some cases, higher environmental cost, due to material
requirements. Nevertheless, Mérida Garcia et al. (2018) proved that some crops, as
olive orchard in Southern Spain, could be irrigated with a PV plant by a direct injection
irrigation system, without storage elements. This was possible using a real time
synchronization model, which searched for the best fit between the power production
and irrigation requirements. Even so, most of the operating solar PV plants were
designed to power existing irrigation systems that previously were powered by the
grid. Thus, the design of these irrigation systems (pumps, pipes and irrigation
sectoring) was developed to use the grid power and not the power from a solar
energy source. Moreover, nowadays, the price of the PV technology is dropping and
fostering the transformation of rain-fed farms to irrigated lands, allowing the use of

pressurized irrigation in isolated areas.

In this context, the objective of this work was to develop a methodology for
the optimal sizing of the hydraulic network and the PV plant of an irrigation system

with smart management, from a techno-economic point of view. Thus, the sizing
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process considers both hydraulic and energy criteria, in a comprehensive model,
developed in MATLABTE (Pratap, 2010). The search of optimal solutions, based on
economical and operational criteria, was carried out using a customized version of
the Non-dominated Sorting Genetic Algorithm (NSGA-II) (Deb et al., 2002). This
model includes a modified version of SPIM (Mérida Garcia et al., 2018), a smart
photovoltaic irrigation manager to operate PV irrigation systems. Therefore, the
novelty of this work relies on the joint sizing of the network pipes and the PV plant,
so the irrigation system will work using efficiently the available water and solar
energy. Finally, the developed model was applied to a real case study, placed in

South Spain, comparing the original and optimized design solutions.

5.2. Methodology

5.2.1. Case study

The case study is an experimental PV irrigation system that waters a 13.4-ha
olive orchard in the University of Cérdoba (South Spain). The trial plot is divided into
different subplots according to the olive tree variety and water allocation (ranging
from 1000 to 2000 m3ha'), conditioning the layout of the irrigation network (Figure
5.1). The irrigation system is composed of a 13-hydrants irrigation network grouped
in 3 sectors, a submergible pump, directly powered by a PV plant, an inverter and
the control system. The material of pipes was polyethylene (PE). The pump was
located 1.35 km away from the irrigated field. The irrigation network was originally
designed for conventional energy supply and the PV plant was installed afterwards,
not considering simultaneously the joint design of the irrigation system and the PV

plant. The total installation cost was € 80,309.
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Fig. 5.1. Layout of the PV irrigation system of the University of Cordoba

5.2.2. Problem definition

The objective of this work was to develop a procedure to determine the
diameters of the network pipes and the required PV peak power (PVPP) to minimize
the investment cost of a PV irrigation system, ensuring its proper operation. The
developed methodology was integrated in the algorithm MOPISS (Model for Optimal

Photovoltaic Irrigation System Sizing). The model assumes the crop distribution on
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the field as an initial constraint that conditions hydrants locations and the layout of
the irrigation network that will not be modified through the optimization process.
Moreover, hydrants operation is controled by individual electrovalves that could be

operated remotely.

The problem was defined as a multi-objective optimization issue, with two
objective functions OF1 and OF2. These functions quantify the investment and
operational cost of the irrigation system, including the hydraulic network and the PV
plant. The use of PV energy does not entail operating cost and its maintenance cost
are very small. For this reason, operation and maintenance cost have not been
included in the problem statement. The first objective function (OF 1) focused on the
minimization of the investment cost of the irrigation system (pipes and pumps) (Eq.
5.1):

OF1 = [Y721(PCy - Ly) + Cp (5.1)

norm

where PC,, is the unit cost of the commercial pipe diameters, L, is the total length of
each pipe type included in the network and C,, represents the pumping system cost,
based on commercial information. This last cost was included after the pump power
selection, defined after the sectors power demand calculation. OF 1 values were then

normalized, between 0 to 1, in order to be comparable with OF2 values.

The second objective function (OF2) evaluated the PV plant cost and its capacity to

provide enough energy to the irrigation network (Eq. 2):

=, d=IS
sy Yo (RWV g— AWV, 4)

OF2 = p - [PVPP - UClporm + @ T3SIwA norm+
Spv
v[2 - 100] (5.2)

norm
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In that way, the first term of OF2 quantified the PV plant cost as the product
between the PVPP (expressed in W) and a unit cost (UC), expressed in € per W of
peak power. The PVPP depends on the system operation, and it is then traduced
into the required number of PV modules and inverter dimensioning. To reduce its
value, the network will be operated by sectors. The maximal number of operating
sectors, S, will be described later. Thus, PVPP was estimated as a function of the
sectors power demand, previously determined for each sectoring network alternative.
This estimation was carried out using the hydraulic simulator Epanet (Rossman,
2000), evaluating the pressure requirements for the most restrictive hydrant in each
sector. The UC included the cost associated to the modules, the wiring, the inverter
and the installation of all the elements of the PV plant. The second term evaluated
the pumping capacity of the PV plant during the irrigation season (being IS its
duration in days) to satisfy the irrigation requirements. This capacity is expressed as
the ratio between the sum of the required and the applied water volumes difference
(RWV and AWV, respectively) throughout the irrigation season and the total water
allocation assigned to the sectors. All these values are expressed in m3. This
evaluation was carried out using SPIM (Smart Photovoltaic Irrigation Manager)
(Mérida Garcia et al., 2018). SPIM defined the daily operation sequence of the
network sectors according to their power demand, daily crop irrigation requirements
and the instant radiation levels. Thus, at the end of the irrigation season, the model
provides the total water volume applied to each sector and compares it with their
water allocations. Finally, the third term of the equation represents the ratio between
the PV modules surface (Syy) and the cultivated area (S¢). The value of OF2 was then
also normalized, weighting each term with p, w and y coefficients. These weighting

factors allowed the study of the influence of each term in the selection of the best
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solutions. The model can be easily adapted to the specific characteristics of each

project and user preferences.
5.2.3. Hydrants sectoring

As hydrants can operate independently, the maximal number of groups of
hydrants that can work simultaneously, number of sectors, S, must be calculated
before starting the optimization process. This figure depends on the available daily
solar peak hours, for a specific location, and the daily average irrigation time for a
specific crop (Eq. 5.3):

_ [Emsenason oo

S =
WA/CD ]
o /DF-NE

(5.3)

min

were SPH is the solar peak hours for day d, expressed as h-day-'; D is the total days
for month m; WA is the monthly water allocation, in méha'; CD is the crop density,
expressed as plants-ha”'; ID represents the irrigation days of the month; DF is the
emitter flow rate, in |-h*; NE represents the number of emitters per plant and 10 an

unit conversion factor.

The SPH, which represents the daily number of hours with irradiance over 1
kWm-2, was obtained as an average of historical irradiation records of agroclimatic
stations. These solar peak hours determine the total hours in which the PV plant
power production is equal or over its set peak power. Moreover, the average daily
irrigation time was estimated considering the water allocation assigned to each
sector, the irrigation scheduling strategy, the emitter flow (drip irrigation, in the case
study), crop density, the number of emitters per plant and the total irrigation days per

month. Once the daily available hours with enough irradiance and the average
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irrigation time were evaluated for each month, the most restrictive results defined S

value.

Once S value was defined, hydrants, with its respective flow demand, were
randomly assigned to each sector to stablish the different network operation

configurations, represented in each chromosome.

5.2.4. Multi-Objective Solution Algorithm

The search procedure of optimal irrigation network and PV plant was based
on the multi-objective genetic algorithm NSGA-II. The NSGA-Il generates a series of
chromosomes (population of possible problem solutions). The fitness of these
solutions (combination of possible network sectoring, pipe diameters and PV plant
size) is evaluated by the objective functions, OF. Once the initial population is
generated, as will be described in section “Initial population”, and evaluated,
chromosomes are sorted based on the OF values, and those with highest fitness are
selected to be combined by the crossover genetic operator or to be muted by the
mutation operator (Deb et al., 2002) aimed at expanding the solutions search space.
This process is repeated until the model complete the pre-fixed generations (gen).
The last generation presents a set of possible optimal solutions, that minimize the
OF values constituting the Pareto front (Deb et al., 2002). In this work, a customized
version of the NSGA-II algorithm was applied to minimize OF1 and OF2, which flow
chart is shown in Fig. 5.2. The modifications made on the genetic operators are

detailed below.
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Fig. 5.2. Flow chart for MOPISS algorithm.
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5.2.4.1. Initial population:

The initial population was integrated by a set of chromosomes (pop) with v
variables, which value was randomly assigned responding to specific ranges, which
must be previously defined. The number of variables v was H+P, the sum of the
number of hydrants and pipes, respectively, that composed the network, represented
in a type chromosome in Fig. 5.2. The value of the first H variables represents the
sector of each hydrant (S,,), ranging from 1 to S. On the other hand, the following
P variables corresponded to each pipe flow velocity in the network (V,,,). In this case,
the pipe velocity values were randomly assigned between a maximum (Vma) and
minimum (Vimin) velocity rates, which must be defined beforehand. These Vimax and
Vmin are stablished according to the desired operating conditions in the water
distribution network for each particular case, based on its size. Then, these velocity
values are adjusted in the chromosome in the optimization process described below.
The first H variables are discrete variables and the remaining P variables are

continuous ones.
5.2.4.2. Evaluation of the objective functions:

The value for the previously detailed OF1 and OF2 were calculated for each
chromosome. A first simulation of the network, including hydrants grouping in
sectors, fixed in the chromosome, and hydrants flow, provided pipes flow rates. Pipes
velocity, also fixed in the chromosome, and pipe flow rates data determined pipe
diameters. These diameters were then adapted to the closest commercial ones,
ensuring a logical progression. These logical progression entails that larger
diameters are located closer to the pumping station while consecutive pipes must

have equal or smaller diameters. After this adjustment, the irrigation network was
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again simulated. This hydraulic analysis provided the real velocity rates for each pipe
and nodes pressures, after the diameters adjustment. The chromosome is then
updated, with the real velocity rates. The main steps of this process are represented
in Fig. 5.3. Based on nodes pressure data, the sectors power demand is determined,
as a function of the most pressure demanding hydrant in each sector. The sectors’
power demand was used in the calculation of OF1 (pump selection) and OF2, for
PVPP calculation, operation of the PV plant during the irrigation season and size of
the photovoltaic panels surface area. The PVPP was calculated based on the most
power demanding sector of each chromosome, considering the corresponding

engine and inverter efficiencies.

Type chromosome

| ShH | Vpl | Vp2 | | VpP |<—
I J

| Hydrants flow | | Shl | Sh2
L

Hydraulic simulation |<—

| Pipes flow |

h J
| Pipes diameter | | Comercial pipe diameters
[

h
| Adjusted pipes diameter |

| Hydraulic simulation |

Updating

h 4 ! chromosome
| Real pipes velocity |

Fig. 5.3. Schematic representation of the process for pipes diameter sizing and real pipes
velocity determination.

For the calculation of the second term of OF2, the daily irrigation requirements

of the crop were previously estimated, based on the difference between the effective
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precipitation and crop evapotranspiration. Finally, the daily crop irrigation
requirements were calculated for each irrigation sector, based on the hydrants

organization, as well as the sectors’ water allocation.
5.2.4.3. Modified genetic operators

The genetic operators, crossover and mutation, of the NSGA-II were modified
in order to ensure the generation of new child solutions different from parent
solutions, keeping discrete and continuous variables in the right positions in the
chromosomes. A specific coefficient determines the probability of being applied
crossover/mutation processes over the set of parent chromosomes. Thus, for
crossover operator, a two-point crossover procedure was applied to each pair of
parents, randomly selected. Crossover points were also randomly chosen, one in

each section of the chromosome (corresponding to hydrants and pipes) (Fig. 5.4):

Hydrants Pipes
Parent A Sm | Sk i oo | o | Ser | Vot | Va2 | ... E e | Vip
Parent B Snt | Sk E : St | Vo1 | Vp2 E Ve
Offspring 1 Sm | Swe | ... veo | Ser | Vo1 | V2 | ... e | Viop
Offspring 2 Shi Sw | ... e St | Vo1 | V2 | ... eee | Vi

Fig. 5.4. Schematic representation of the two-point crossover operator.
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The mutation process was applied to a randomly selected parent, acting over
a small portion of its variables, which position was randomly selected. Once the
mutation positions were chosen, a new random value for the corresponding variable

was assigned within the stablished ranges.

5.3. Results and Discussion

The developed methodology was applied to optimize the irrigation network
and PV plant sizing for the case study irrigation system. In the current design of the
network, hydrants are grouped according to their location: hydrants 1 and 2 in sector
1 (S1), hydrants 3 to 8 in sector 2 (S2), while sector 3 (S3) was composed by the 5
remaining hydrants (9 to 13). Thus, the sectors power and flow requirements were
7.07, 6.77 and 13.35 kW and 9.67, 9.60 and 12.40 Is", for S1, S2 and S3,
respectively. The pump power was 15 kW, so the dimension of the PV plant was 17.7
kW. The optimization of pipes size, based on diameter selection, must consider the
material of pipes. The selected material for this irrigation network was polyethylene
(PE). Thus, commercial diameters, roughness and pipe thickness were selected
according to the material and specific characteristics of the network. Finally,
precipitation and reference evapotranspiration, for crop irrigation needs calculation,
as well as irradiance data, for the evaluation of the PV system, of an average year
were used to perform the simulation of the case study irrigation system. Moreover, in
the crop irrigation needs calculations, the irrigation scheduling strategy, which in the

case study was focussed on a controlled deficit irrigation, was also considered.
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5.3.1. Sectoring alternatives.

The estimation of the possible maximum number of sectors (S) that permits
the satisfaction of the daily irrigation requirements was 3 in June, the most restrictive
month for the case study analised. The average total solar peak hours were 6.75 h
per day, and the average daily irrigation time was 2.08 h perday. The S value was
fixed for the subsequent network designing process, matching the current number of
network sectors in the case study. Thus the 13 hydrants, with their corresponding
flow demand and elevation, were randomly grouped into 1 to 3 sectors in each
chromsome of the initial population. Nevertheless, after the optimization process all

solutions in the Pareto front had their hydrants grouped in 3 sectors.

5.3.2. Optimization process

The optimal sizing of the irrigation network and PV plant for the case study
was performed with a population size of 200 individuals (pop) and 100 generations
(gen), as no significative changes were observed for a larger number of generations.
Moreover, crossover and mutation probabilities were fixed at 90% and 10%,
respectively. Each chromosome was conformed by 60 decision variables
corresponding to the 13 hydrants (H) and 47 pipes (P) of the case study irrigation
network. The first 13 variables, which possible values ranged between 1 to 3
(maximum number of sectors), defined hydrants organization in sectors. On the other
hand, the remaining 47 variables were the flow velocities of each pipe of the network.
The flow velocity ranged between 0.5 and 1.85 ms-, following the process of
generation of the initial population, described in section “Initial population”. Then, pipe
diameters, calculated from velocity values, were aproximated to the closest

commercial diameters among a set of 22 possibilities, ranging from 32 to 630 mm
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(28 to 555.2 mm of internal diameter). Then, the network was simulated, using the
software Epanet (Rossman, 2000). Once the real flow velocity rates for pipes after
the diameters adjustement were obtained, the chromosome information updated.
The simulation also provided the sectors power requirements and PVPP, considering
engine and inverter efficiencies of 0.8 and 0.95, respectively. The values of OF1 and
OF2 per chromosome were normalized, ranging between 0 to 1, to allow their

comparison.

Two scenarios for OF2 were analysed: 80-10-10% and 45-10-45%, for p, w
and y weighting coefficients, respectively. In both scenarios w gives a small weight
to the no satisfaction of the required irrigation depths. This was decided after testing
that the synchronization model always achieved good results for the satisfaction of
the irrigation needs of the case study analized, as the sectors power demand was
managed properly. Scenario 1 gave the largest weight to the first term, referring to
the economic cost of the irrigation system, while Scenario 2 distributed the highest

weights between the economic term and the one related to the photovoltaic surface.

After the optimization process, the evolution of OF1 and OF2 values in each
generation is shown in Fig. 5.5. Thus, it can be noted that depending on the weighting
coefficients values, the evolution of the minimum values of both OF were slightly
different. The most significative reduction was shown in the first 10 generations for
both OF. Then, only small reductions were appreciated in OF1 and OF2 up to
generations 18 and 41, and 66 and 58, for scenarios 1 and 2, respectively. These
figures show a fast stabilization of the minimum values and consequently, the
achivement of optimal results. It was due to the boundary conditions stablished to

manage the individuals generation, as the flow velocity in pipes, which were
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generated within an adequate range, or the control in the distribution of diameters in

the network, eliminating unlogical solutions.
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Fig. 5.5. Evolution of OF1 (left) and OF2 (right) throughout 100 generations for scenario 1
and 2.

On the other hand, the Pareto front for the last generation showed a series of
possible optimal solutions, represented in Fig. 5.6 for both scenarios. In this particular
optimization problem, a balance between the minimization of the two OF was
essential, in order to achieve a solution with the lowest total cost of the system.
Nevertheless, all solutions presented realistic designs from an hydraulic point of view
because in the previous diameter selection the extreme values were avoided by
constraining the pipe flow velocity within a fixed range. Thus, the OF results ranged
from 0.27 t0 0.32 and 0.27 to 0.37 for OF 1 in scenario 1 and 2, respectively, while for
OF2, these values ranged from 0.48 to 0.92 and 0.42 to 0.84 for scenario 1 and 2,
respectively. In economical terms, these results corresponded to total costs values
ranging between € 49,154 and € 61,402 for scenario 1, while solutions in scenario 2

showed a total investment cost between € 48,955 and € 58,917. All solutions had
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total costs under the cost of the original installation, (€ 80,309) as it is shown in Table
5.1, which OF values were 0.60 for OF1 and 0.53-0.48 for OF2 in scenario 1 and 2,

respectively.
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Fig. 5.6. Pareto front for OF1 and OF2 for generation 100

Table 5.1 shows the total/ irrigation network/ PV plant lowest cost option (Op1,
Op2 and Op3 respectively), obtained for both OF2 scenarios desagregated into the
total investments cost, the irrigation system cost and the PV plant cost. It must be
highlighted that the propossed optimal sizings presented a cost reduction between
23.5% to 39.1% in relation to the investment cost of the current system. A fraction
of this reduction was due to the drop in the investment cost of the irrigation network,
which oscillated between 38.9% and 55.9%. Nevertheless, depending on the
selected solution and its OF values, both the hydraulic and/or PV components of the
investment cost, was a cheaper solution than the original design. This fact can be

observed in Op 2, for both scenarios. In these cases, the total cost was lower than
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the original one due to a significative decrease in the irrigation network cost. The
reduction in pipes diameter size reduced the investment cost, although involved
higher power demands and, consequently, a larger PV plant, which increased its cost
by a 100% and 83.9% for scenario 1 and 2, respectively. Even then, the irrigation
network was significlantly cheaper than the current irrigation system. On the other
hand, the most economical PV plant, represented by Op 3, showed an investment
cost of € 14,835 and € 14,227 for scenario 1 and 2, which supossed 10.9% and

14.6% cost reductions.

Table 5.1. Economical costs and total investment cost reductions associated to the best
solutions obtained related to the original design of the case study system.

Total Irrigation PV plant Cost
investment network cospt (© reductions**
cost(€)  cost (€) (%)
Original
design 80,309 63,649 16,659 -
Scenario Op 1-3* 49,154 34,319 14,835 38.8
1 Op 2* 61,402 28,084 33,318 23.5
. Op 1* 48,955 33,391 15,564 39.1
Scenario

2 Op 2* 58,917 28274 30,643 26.6

Op 3* 53,107 38,880 14,227 33.9
*Options refer to: Op1 (the best solution related to total cost with both individual costs-
irrigation network and PV plant cost- lower than the original system design), Op 2 (the best
solution related to the irrigation network cost) and Op 3 (the best solution related to the PV

plant cost).
**Total investment cost reductions related to the original installation total investment cost.

Table 5.2 collects information about the sectors power demand for the
selected solutions, as well as the fullfilment of irrigation needs and required PV
surface area. Thus, it can be observed that all these options grouped the 13 hydrants
in three sectors, with power demands between 10.0 and 26.6 kW per sector and 14.9
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and 35 kW of PVPP. Moreover, all selected designs satisfied the irrigation needs in

more than a 96%, requiring a PV modules area between 163.8 and 383.6 m2.

Table 5.2. Sector power demand, PVPP of the PV plant, % irrigation requirements and
required PV area for the best solutions.

PS1 PS2 PS3 PVPP Irrigation PV area
(kW) (kW) (kW) (kW) requirements (m2?)

(%)
Scenario Op1* 112 119 109 157 96.73 172.2
1 Op2r 213 189 266 350 96.67 383.6
Op3 109 119 109 157 96.82 172.2
Scenario Op1* 125 111 108 164 96.74 179.2
9 Op2* 224 190 246 323 96.53 354.2
Op3 100 114 93 14.9 96.66 163.8

*Options refer to: Op1 (the best solution related to total cost with both individual costs-
irrigation network and PV plant cost- lower than the original system design), Op 2 (the best
solution related to the irrigation network cost) and Op 3 (the best solution related to the PV
plant cost).

Finally, figure 5.7 represents the total pipe length per commercial diameter
(internal) included in the irrigation network design for each selected solution. All these
solutions combined between 5 to 6 different sizes of diameter. Moreover, it showed
flow pipe velocity values in pipes between 0.96 and 2.34 ms-1, which was within the
recommended values for the correct operation of these pipes. Moreover, these
selected diameters oscillated between 28 to 123.4 mm, which represented an
important reduction in the irrigation network cost, compared with the original design
of the network, with diameters from 44 to 158.6 mm. Moreover, this figure also shows
that the highest length was always represented by the largest diameter. This fact was
due to the length of the drive pipe, which covered the distance between the pumping

station and the irrigation field.
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Fig. 5.7. Maximum and minimum flow velocities and total length for each pipe diameter
(mm) in the network design for solutions for both scenarios.
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5.4. Conclusions

The MOPISS model provides the optimal size of pipe diameters and the PV
plant dimensioning of a PV irrigation system. It has been applied to a real case study.
The model considers the reduction of the total investment cost and the right operation
of the system. The optimization is based on the sectorization of hydrants operation,
the determination of the pipe diameters, ensuring adequate flow pipe velocity, and
the PV plant dimensioning that can pump enough water to satisfy the irrigation
requirements.
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The model was applied to an actual operating PV irrigation system, showing
a series of solutions which presented important savings, between 22.9 and 38.2%,
compared with the original system design. The cheapest solution, in relation to the
total cost, offered a design in which both, the hydraulic and photovoltaic components
had balanced costs, although separately, none of them was the cheapest option. On
the other hand, the cheapest irrigation network involved a higher investment in the
PV plant. This solution could suggest an interesting option under an energy net
balance scenario, in which the excess of PV energy generated (when the irrigation
system is not working) could be sold to the electricity grid. In contrast, the cheapest
PV solution entailed the smallest PV plant, with the reduction on the required surface
for the PV modules installation and the corresponding reduction of the environmental
impact derived from the modules production. All solutions satisfied the irrigation
requirements over a 96%, which together with the control of the flow velocity in pipes,
allowed the generation of adequate and cheaper system designs options. The results
showed several possible optimal solutions, that can be prioritised according to the
minimization of the total investment- irrigation network- or PV plant costs, depending

on the specific characteristics of the project.
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Photovoltaic energy is a very good alternative to traditional energy sources
for energy supply in irrigation in areas with adequate solar radiation levels,
offering a solution for isolated farms without electricity grid access.
However, its high dependence on climatic variables requires new
management tools.

The development of intelligent models for real-ime management of
photovoltaic irrigation by synchronising the power generated and that
demanded by the different sectors which make up the network made
possible to satisfy more than 96% of the irrigation requirements of the crop,
in the case study analysed. These results prove the efficiency and
autonomy of the system, which also allowed reducing the emission of 1.2 tn
of CO; eq. in an irrigation season.

Photovoltaic energy has a virtually zero environmental impact during the
period of operation. However, the manufacturing process of photovoltaic
modules requires a significant demand for materials and energy. Even so,
the potential for global warming, acidification, depletion of fossil fuel
resources and human toxicity linked to 1kWh of energy, for the photovoltaic
energy supply option was significantly lower than the showed by traditional
supply options (electricity grid and diesel generator).

The seasonality of irrigation notably affects the environmental impact linked
to each kWh of useful photovoltaic energy. Thus, the possibility of exporting
the surplus of photovoltaic energy produced and not consumed by the
irrigation network to the electricity grid showed, for the case study analysed,

an environmental burden for each kWh of energy used 6 times lower than
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that determined for the irrigation option in which the photovoltaic plant is not
connected to the electricity grid.

Photovoltaic energy as a source of energy supply for irrigation entails a
higher initial investment than that corresponding to the use of traditional
energy sources. However, the total cost (investment and operating costs)
linked to the photovoltaic irrigation option for the selected case study
resulted in cost reductions of 63% and 36% compared to the use of a diesel
generator and the electricity grid, respectively.

The development of optimization tools for the dimensioning of the
photovoltaic irrigation system integrating economic and operational aspects,
as well as hydraulic and energetic variables, allows to obtain design
solutions that contemplate the minimization of the total investment cost,

assuring the correct operation of the system.

New avenues of research:

After the results obtained in this thesis, some of the possible future avenues of

research are listed below:
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The integration of the environmental aspects in the optimization models for
the dimensioning of photovoltaic irrigation systems, such as life cycle
assessment.

The adaptation of the dimensioning optimization for the photovoltaic
irrigation system to crops with greater irrigation restrictions, evaluating a

possible photovoltaic energy supply combined with other energy sources.



6. Conclusions

The integration in the optimal dimensioning of photovoltaic irrigation system
models of the assessment of the partial sale of the energy generated as a
complementary economic activity to the agricultural farm.

The study of the possibility of photovoltaic energy supply in more complex
irrigation networks, such as irrigation districts with on demand irrigation,

considering a possible net balance scenario.
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La energia fotovoltaica es una muy buena alternativa a las fuentes de energia
tradicionales para el suministro energético en el riego en zonas con adecuados
niveles de radiacién solar, ofreciendo una solucién para explotaciones aisladas de
la red eléctrica. Sin embargo, su alta dependencia de las variables climaticas

requiere nuevas herramientas de gestion.

0 Eldesarrollo de modelos inteligentes para la gestion en tiempo real del riego
fotovoltaico mediante la sincronizacion de la potencia generada y la demandada por
los distintos sectores que componen la red ha permitido satisfacer en mas de un
96% los requerimientos de riego del cultivo en el caso de estudio analizado. Estos
resultados prueban la eficacia y autonomia del sistema, que ademas permitié reducir

la emisién de CO2 eq. en 1.2 tn en una campafia de riego.

I La energia fotovoltaica presenta un impacto ambiental casi despreciable
durante el periodo de funcionamiento. Sin embargo, la etapa de fabricacion de los
médulos fotovoltaicos requiere una importante demanda de materiales y energia.
Aun asi, el potencial de calentamiento global, de acidificacion, de agotamiento de
recursos fésiles y de toxicidad humana vinculado a 1kWh de energia, para la opcion
de suministro energético fotovoltaico fue significativamente menor al mostrado por

las opciones de suministro tradicionales (red eléctrica y generador diésel).

I La estacionalidad del riego afecta notablemente al impacto ambiental
vinculado a cada kWh de energia fotovoltaica Util. Asi, la posibilidad de exportar a la
red eléctrica el excedente de energia fotovoltaica producida y no consumida por la

red de riego mostrd, para el caso de estudio analizado, una carga ambiental para
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cada kWh de energia aprovechado 6 veces inferior a la determinada para la opcion

de riego en la que la planta fotovoltaica permanece aislada de la red.

[ La energia fotovoltaica como fuente de suministro energético en el riego
conlleva una mayor inversion inicial que la correspondiente al uso de fuentes de
energia tradicionales. Sin embargo, el coste total (costes de inversion y
funcionamiento) vinculado a la opcidn de riego fotovoltaico para el caso de estudio
seleccionado resultd en un ahorro del 63% y 36% en comparacién con el uso de un

generador diésel y la red eléctrica, respectivamente.

0 El desarrollo de herramientas de optimizacidn para el dimensionamiento del
sistema de riego fotovoltaico que integran aspectos econémicos y de operatividad,
asi como variables hidraulicas y energéticas, permite obtener soluciones de disefio
que contemplan la minimizacion del coste total de inversidn, asegurando un correcto

funcionamiento del sistema.

Nuevas vias de investigacion:

Tras los resultados obtenidos en esta tesis, a continuacion, se recogen

algunas de las posibles futuras vias de investigacion:

[ Integrar los aspectos ambientales en los modelos de optimizacidon del
dimensionamiento de sistemas de riego fotovoltaico, como la evaluacion del ciclo de

vida.
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0 Adaptar la optimizacién del dimensionamiento del sistema de riego
fotovoltaico a cultivos con mayores restricciones de riego, evaluando un posible

suministro energético fotovoltaico combinado con otras fuentes de energia.

0 Integrar en los modelos de optimizacion del dimensionamiento del sistema
de riego fotovoltaico la valoracion de la venta parcial de la energia producida como

actividad econémica complementaria a la explotacién agricola.

0 Estudiar el posible abastecimiento energético fotovoltaico en redes de riego
mas complejas, como comunidades de regantes con organizacion del riego a la

demanda, considerando un posible escenario de balance neto.
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Appendix A. Middleware to operate Smart photovoltaic
irrigation systems in real time.

This chapter has been published entirely in the journal “Water”, R. Gonzéalez
Perea, A. Mérida Garcia, I. Fernandez Garcia, E. Camacho Poyato, P.

Montesinos Barrios, J.A. Rodriguez Diaz (2019)

Abstract. Climate change, water scarcity and higher energy requirements
and electric tariff compromises the continuity of the irrigated agriculture. Precision
agriculture (PA) or renewable energy sources which are based on communication
and information technologies and a large amount of data are key to ensuring this
economic activity and guaranteeing food security at the global level. Several works
which are based on the use of PA and renewable energy sources have been
developed in order to optimize different variables of irrigated agriculture such as
irrigation scheduling. However, the large amount of technologies and sensors that
these models need to be implemented are still far from being easily accessible and
usable by farmers. In this way, a middleware called Real time Smart Solar Irrigation

Manager (RESSIM) has been developed in this work and implemented in

MATLAB™ with the aim to provide to farmers a user-friendly tool for the daily
making decision process of irrigation scheduling using a smart photovoltaic irrigation
management module. RESSIM middleware was successfully tested in a real field
during a full irrigation season of olive trees using a real smart photovoltaic irrigation

system.

Keywords: irrigation scheduling; precision agriculture; sustainable
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irrigation; software; ICTs; hydraulic modelling.

A.1. Introduction

The increase in energy requirements and water scarcity, has led to a rise in
the operating costs of irrigated agriculture (Corominas, 2010), aggravated by higher
electricity tariff and fuel prices. Likewise, pressurized irrigation systems have
greater environmental impact than gravity irrigation systems due to the use of energy
(Fernandez Garcia et al., 2014; Garcia Morillo et al., 2015). To minimise these
adverse impacts, the use of precision agriculture (Gonzalez Perea et al., 2017) and
renewable energy sources is being promoted toimprove the sustainability of irrigation
agriculture. Both precision agriculture and the use of renewable energy sources
require the use of a large amount of data from highly heterogeneous sensors as well
as the use of information and communication technologies (ICTs) for their
communication. In this way, several works have been developed, such as
Reference (Hamidat et al., 2003), in which solar energy was applied to small-scale
irrigation, covering daily water needs. The hybrid use of several renewable energy
sources (wind/solar) have also been developed to meet irrigation energy needs and
to increase the crop profitability (Vick and Aimas, 2011; Mérida Garcia et al., 2018)
developed a Smart Photovoltaic Irrigation Manager (SPIM), which provides a daily
irrigation scheduling for crops at plot scale, using photovoltaic (PV) solar energy to

pump water to the irrigation network to meet crop irrigation requirements according

to the available solar energy. This model developed in MATLAB™ synchronizes
the photovoltaic solar energy to optimize the daily irrigation scheduling computing

the daily irrigation requirements, the hydraulic behaviour of the irrigation network
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establishing the optimum irradiance threshold per irrigation sector, the
instantaneous photovoltaic power production from pyranometer sensor and the
daily soil water balance. Bhattacharjee et al. (2019) developed a model to collect
underground water using a submersible pump by a solar photovoltaic system in
remote areas. The model included a solar charge controller connected to an inverter
for the pump motor operation. Bouchakour et al. (2019) developed an algorithm
based on fuzzy logic to improve photovoltaic water pumping system performance.
All these models are based on data from a wide range of sensors, various web
platforms such as climatic web platforms and commercial irrigation controllers
(Mérida Garcia et al., 2018). However, the volume and nature of the data used by
these models introduces a significant challenge in the implementation of solar
irrigation management tools in commercial fields which must operate in real time.
In addition, a development trend in precision agriculture is standardisation (Wang et
al., 2006), in order to achieve software sharing and interoperability of computer
programs (Marakami et al., 2007) and provide to farmers a robust, scalable and
adaptable tool to help the daily making decision process. Peres et al. (2011) worked
in this context developing an autonomous intelligent gateway infrastructure forin-
field processing in precision viticulture. However, this model implements only the
hardware, communication capabilities and software architecture of an intelligent
autonomous gateway, designed to provide the necessary middleware between
locally deployed sensor networks and a remote location within the whole farm
without considering the implementations of smart photovoltaic irrigation models
developed by otherresearchers.

In this work, a new middleware called Real time Smart Solar Irrigation
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Manager (RESSIM) has been developed to control the operation of a smart

photovoltaic irrigation system in real time. The core of this middleware is a smart

photovoltaic irrigation management module, developed in MATLABTM, that handles
the information received from the irrigation controller and climate web platforms.

RESSIM has been developed under a user-friendly graphical user interface (GUI) with

MATLAB™ GUIDE and was applied for irrigation management of a commercial olive

grove in southern Spain.
A.2. RESSIM Design
A.2.1. Model Description

RESSIM is a platform which connect software modules, graphical user
interface (GUI), databases (building and management) and remote connections with

different data sources (irrigation controller and its linked sensors and web platforms).

RESSIM links six modules (Fig. A.1): smart PV irrigation management,
database, irrigation control, field sensing, agroclimatic information and GUI to make

RESSIM a user-friendly middleware. These modules are described next.
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Fig. A.1. Architecture of Real time Smart Solar Irrigation Manager (RESSIM).

A.2.1.1. Smart PV Irrigation Management Module

The core of RESSIM is the smart photovoltaic irrigation management module

known as Smart Photovoltaic Irrigation Manager (SPIM) (Mérida Garcia et al., 2018).

This model synchronizes the availability of photovoltaic energy with the energy

demand of the different irrigation sectors to meet the daily crop irrigation needs. SPIM

integrates several calculation modules to obtain the decision variables required for

irrigation management. One of these variables is the daily crop irrigation needs,

calculated from evapotranspiration and precipitation data and crop water

requirements. The irrigation system is operated in sectors, thus hydraulic modelling

techniques are used to estimate the power requirements of each one. The supplied
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electric power depends on the energy production of the photovoltaic plant, estimated

according to Reference (Lopez-Luque et al., 2015).

Additionally, in the SPIM model the soil is considered as a water storage tank,
so the soil water balance is computed daily. Using this information and daily priority
rules, the optimum operating sequence of the irrigation sectors can be established in
real time. As only photovoltaic energy is used to power the system, the presence of
clouds may prevent the system from operating long enough to meet the daily crop
irrigation needs. When this is the case, soil water content is checked, and if the
moisture content is enough to fill the irrigation deficit, soil water is assumed to satisfy
the irrigation needs of that day. Otherwise, the irrigation time of the following day is

increased to compensate for the irrigation deficit.

Real-time information about climate type, soil moisture content, solar
installation and the status of the system’s hydraulic devices (e.g., open valve,
pressure head at the pumping station) is used to calculate all the elements described
above. The information required by SPIM is obtained from the database module and
the communication module with the climate web platform. A detailed description of
the SPIM model can be found in (Mérida Garcia et al., 2018).

A. 2.1.2.1rrigation Controller

In most farms, commercial irrigation controllers are used to apply the crop
water requirements according to a predefined irrigation scheduling plan. Most
commercial irrigation controllers are built over a database, ‘commercial database”,

which is used to operate them (reading sensor measurements and sending orders to
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actuators). Remote sensors are also included in the commercial irrigation controller
as an external device and their measurements are recorded in the same database.
Thus, commercial irrigation controllers are just an interpreter of its database through
create, read, update and delete (CRUD) queries. These CRUD queries enable the
irrigation controller to read the external sensors and give any orders to filters, electro
valves, etc., which control the irrigation process. Likewise, the opening or closing
process of all irrigation system elements (electro valves, filters...) are also managed
by the irrigation controller through its database. Consequently, irrigation controller is

just a listener of its database, where the status of each field sets its behaviour.

Thus, managing the commercial database allows the irrigation controller and
all their connected devices to be handled. Hence, in this work, the commercial
irrigation controller was managed by RESSIM to target the commercial database

through Structured Query Language (SQL) queries.
A.2.1.3. Field Sensing Module and Remote Agroclimatic Data Module

Two different ways to get and save information from field sensors were
implemented in RESSIM. Most of the commercial irrigation controllers enable the
integration of multiple sensors regardless of the transmission protocol. Measures
from these sensors can be saved in its commercial database. Thus, RESSIM could
read and operate these sensors through its database. For example, RESSIM
managed in real time a pyranometer which was installed in the studied field. By
RESSIM and the real time processing of pyranometer data, the smart PV irrigation

management module could compute the instantaneous power available for irrigation
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sectors. Alternatively, RESSIM could integrate other sensors, different from those
initially included in the database. Thus, any other sensor, that can send information

to a cloud repository, may be managed by the system.

The remote agroclimatic data module allowed agro-climatic information
required by the smart PV irrigation management module (SPIM, in this work) to be
obtained. These data are collected from a public weather stations platform. This
module, developed in MATLAB™, gets information from public websites by HTTP
call-backs and sent it to RESSIM as JavaScript Object Notation (JSON) format. Then,
this information was managed by RESSIM and sent to the smart PV irrigation

management module.
A.2.1.4. Database Module

The database module was made up by two databases: commercial and open
databases. The commercial one was a relational database which resides on a
separate machine from the irrigation controller. This commercial database was
accessible by TCP/IP connection and SQL server. Frequently, the irrigation controller
database is private. Therefore, information about username, password, database
name and port where the database was running was necessary for RESSIM. In this

work, the commercial database was managed by CRUD functions from RESSIM.

The open database was automatically created by RESSIM at the first-time
execution. This database consisted of five relational tables and was developed in
MATLAB™, using SQL server (Fig. A.2). The first table, “Farm’s Owner Table”,

relates each user to their farm(s). Information about location and the number of
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sectors that make up the irrigation network is required by SPIM. Thus, farm

description is recorded in “Farm Description Table”.

Several agroclimatic parameters, such as reference evapotranspiration,
rainfall, temperature and solar radiation are required by SPIM. For each farm, these
dataare stored in “Agroclimatic Data Table”. On the other hand, the power demand
of each sector of the irrigation network computed by SPIM is saved in “Farm PV
Power Table”. Finally, “Operating Sector Table” stores the daily sequential

operating sectors of each farm as a Boolean variable (open/close).

| Farm's Owner hd | Farm Description ¥ | Agroclimatic data v
idOwner Farm INT Fam name VARCHAR({20) Fam name VARCHAR(20)
Fam name YARCHAR(20) LocationX DOUBLE Location DOUBLE
2 maore Locationy DOUBLE Locationy DOUBLE
> Sector number VARCHAR(45) Mame Agroclim atic Station ¥ ARCHAR(20)
P ET0 DOUBLE
> Rainfall DOUBLE
Temperature DOUBLE
Solar Irradiation DOUBLE
>
_] Farm Photovoltaic Power ¥
Farm name YARCHAR(20) :| Operating Sector ¥
Sector VARCHAR(20) Fam name VARCHAR{20)
Sector Photovoltaic Powerl DOUBLE LocationX DOUBLE
Sector Photovoltac Powerl DOUELE Location¥ DOUBLE
e > Sector ¥ ARCHAR{20)

Irrigation State BOOL

Fig. A.2. Architecture of the open database of RESSIM.
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A.2.1.5. RESSIM Middleware and RESSIM GUI

RESSIM software and RESSIM GUI was developed in MATLAB™ and its flow
chart is shown in Fig. A.3.

RESSIM Running Connection
Screen
v ,,,,,
Commercial database [* T
Connection .
Open database
building
Y Farm
Farm Description and Description
Location Screen
v £ Do e
Determination of the
nearest climatic
statjons
h 4
RESSIM =
Software € - Climatic data from
|-> o open websites
| €
- | AT ARAA h 4
Gul || po o bbET | Smart photovoltaic
P R T irrigation
i management module
R ¥
Commercial | .. '>| Open database
database

Fig. A.3. Chart flow of RESSIM.

Initially, RESSIM requires four connection parameters from the commercial
database (IP, username, password and port). Then, the open database is
automatically created and saved as a local database. After connection with the

commercial database, which controls the irrigation controller, and once the open
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database is built, information about farm description is demanded. Once the farm
location is known, RESSIM automatically identifies the nearest agroclimatic stations,

storing this information in the open database.

Atfter the initial setting, RESSIM determines the inputs/outputs, as well as
SPIM’s variables, which are shown in the main screen of the GUI. At this point,
RESSIM remains in a “listening mode” to both the GUI and SPIM model. When
SPIM requires climatic information, it sends a request through RESSIM (Fig. A.3,
dotted line). Via HTTP callbacks, RESSIM obtains the climatic data from open
websites and this information is sent back to SPIM. By the same token, the
information received by field sensors, such as pressure head at pumping station
or irradiance values, is obtained by RESSIM through SQL queries, by the
connection between RESSIM software, the commercial database, RESSIM GUI
and SPIM (Fig. A.3, dash line).

Once the sequence of operating sectors (irrigation scheduling) is determined
as described by (Mérida Garcia, et al., 2018), this information is sent to the
database module by RESSIM and stored in the open database, parallelly modifying
the commercial database. Thus, the irrigation controller, which is connected to the
commercial database, receives the length of the irrigation event of each sector in
real time (Fig. A.3, dot and dash line).

Finally, a friendly GUI (Fig. A.4) was designed to visualize the values of the

main decision variables in real time and to interact with SPIM and the irrigation
controller.

Any information shown or managed by RESSIM GUI follows the path shown
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in Fig. A.3 with the bold dash line. The GUI was divided into seven containers:
experimental farm, pumping station-operating sector, photovoltaic plant, irrigation
season, water volume records, soil water balance and irradiance threshold per sector.
The experimental farm container shows the farm’s layout highlighting the operating
sector and the spatial hydraulic simulation of this sector in real time (pressure and

flow for each emitter of the irrigation sector as well as for hydrant).

Pressure head, in m, and flow applied, in m’ h_1, by the pumping station is

shown in the container labelled “Pumping station-operating sector”. Information

related to the photovoltaic plant as irradiance, in W m'z, and photovoltaic power, in
W, is shown in the “Photovoltaic plant” container.

The “Irrigation season” container provides the beginning date of the irrigation
season, the estimated flowering date and the real flowering date. When estimated
and real flowering dates do not match, SPIM recomputes the irrigation scheduling.

The “Water volume records” container provides the total amount of water applied to
each irrigation sector, in m3, the irrigation target volume in this irrigation season per

irrigation sector, in m3, the percentage of irrigation requirements which have been
satisfied, in %, the date of the last irrigation event per irrigation sector and the
estimated irrigation requirements for the following day. The real time value of the soil

water content in each sector is displayed in the “Soil water balance container”.

140



Appendix A. Middleware to operate Smart photovoltaic irrigation
systems in real time

4 RESIMM middelware

Experimental farm of Cordoba University

Pumping station - Operating secior

Flow Pressure

SECTOR 1 2252 m3h 52 m

Photovolaic plant

Imadiance Photovoltaic power

460 Wim2 5800 W

© Reiresh

Begining of the irrigation season
15-Apr-2019

Sector 1 Sector 2Sector 3

sector 1
0236

[C=——] imigation Target Voume
| I /5 \ure of applied imgation

o o

14-Nov-2018 11:13:32

Irrigation Season

Estimated date flowering Real date flowering

10-May-2019 10-May-2019
Water volume records
Sector 1 Sector2 Sector3
Total water apphied (m3) 75 23 30
Target water volumen (m3) 50 50 50
ot I G

Last imigation date 14092018 13082018 14-09-2018

Imgation requirements
for tomorrow (m3) 83 73 104

Soil water balance (vol)

sector 3
0.199

sector 2
0.252

Irradiance threshold for each sector, W/m2

Secort ]
452 783
Sector2 =
1007
setor> =

X

Stop @ Run (|

Fig. A.4. RESSIM graphical user interface (GUI).

The range of irradiance in which each sector operates, determined by SPIM,

is shown in the “Irradiance threshold per sector container”. Finally, the current date,

and start/stop button were in the upper-right corner of the GUI.

A.3. Implementation of RESSIM in a Real Case Study

RESSIM has been designed to be implemented to the most irrigation

controllers which are based on a SQL database and most smart photovoltaic

irrigation managers. The implementation of RESSIM just requires a PC with an

internet connection to get the full potential of the tool.

Atest field of 13.4 ha located on the experimental farm of Cordoba University
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(Southern Spain) was selected to test the proposed RESSIM middleware (Fig.
Ab).

Legene AT
oL
— wonrener A1 T

= Sector 3 ||

Fig. A.5. Experimental farm of Cordoba University.

The irrigation system of the experimental farm is fitted with an irradiance
sensor, a flow meter, a pressure meter and a soil moisture sensor, which are

connected to a commercial irrigation controller, AGRONIC 4000
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(https:/Avww.progres.es/es/agronic4000).

Historical climatic data (precipitation and evapotranspiration) were obtained
from  the  open  website of Andalusian  weather  stations

(https:/Awvww.juntadeandalucia.es/agriculturaypesca/ifapa/ria/serviet/FrontControl

ler), while, forecasted and real time climatic data were obtained from a national

open website (https:/iwww.eltiempo.es/).

RESSIM was applied for an entire irrigation season. Thus, Fig. A.6 shows the
applied irrigation depth, the required irrigation depth and the irrigation correction by
SPIM model during the irrigation season. Two days (16 April and 28 July, Julian days
of the year 106 and 209, respectively) were selected and marked in Fig. A.6 by
asterisk in order to discuss the results with RESSIM management. The irrigation
scheduling for the two selected days is shown in Fig. A.7 a, b respectively. Both
figures show the synchronization of the operating sectors of the irrigation network
and the photovoltaic power generation determined by SPIM and managed by
RESSIM. Fig. A.7a (Julian day of the year 106) shows the synchronization of the
operating sector in a typical cloudy day while RESSIM management for a sunny day
is shown in Fig. A.7b. The hard task to manage in real time (manually operate) the
synchronization of the irrigation operation with the photovoltaic power generation

highlights the utility of RESSIM in daily irrigation scheduling.
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Fig. A.6. Irrigation scheduling with the smart photovoltaic irrigation manager (SPIM) and
RESSIM management for a whole irrigation season.

Two different times of the day were selected in Fig. A.7a, b (red asterisk), 11
am and 12 am, respectively. For both selected time periods, RESSIM GUI is
shown in Fig. A.8a, b respectively. S3 and S2 irrigation sectors were working in
the selected instant, respectively. Fig. A.8a highlights the first day of the irrigation
season in which S2 irrigation sector was working at 12:00 h. Thus, the total water
volume applied until that day was 0.3%, 0.4% and 0.5% for the three irrigation
sectors, respectively. The volume applied at the studied hour on that day (Julian
day of the year 106) was 15.9 m3, 20.8 m® and 39.6 m? for S1, S2 and S3,
respectively, and the total water volume required on that day was 48.7 m3, 41.8
mé and 60.7 m3, respectively. The estimated water volume for the following day
(day of the year 107) was 52.3 m?, 44.9 m3 and 65.1 m3, for the three irrigation

sectors, respectively.
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Fig. A.7. Photovoltaic power generation, power threshold and operation sequence of

sectors of the irrigation network in the Julian day of the year 106 (a) and 209 (b) of the
irrigation seasons.
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Fig. A.8. Screenshots of the RESSIM model on the Julian day of the year 106 (a) and 209

146

3]

Experimental farm of Cordoba University (O Refiesn | 16-4p01-2018 12:13:32 Stop @ Run ©
rrigation Season
Bogining of the igation season Estimated date fowering Real date fowering
16-Apr-2018 10-May-2018 10-May-2018
Wator volume records
Sector1 Sector2 Sector’3
Tota veter
o 159159 208208 396395
Tagetwalervoumen (v3) 6113 5089 7560
rigation requirements
satired (%) L& 8¢ L
L 16-Aprk 2018
Sector tSector Sector 3 iy 523 449 651
Soil water balance (vol)
Sector 1 Sector2 Sector 3
0236 0252 0190

Pumping station - Operating sector

Irradiance threshold for each sector, W/m2

Flow Pressure
SECTOR 2 4536 m3n 432 m
SEmmE —
Imadiance Photovoltaic power 1007
1035 Wim2 1301 W Ssctord —
783 1007
[4] RESIMM middeiware = o x
Experimental farm of Cordoba Unwersity © Refresh 2042018 123123 Stop @ Run @
Irmganon Season
Begining of the Imgation season Estmated date flowenng Real date flowenng
16-Apr-2018 10-May-2018 10-May-2018
Water voiume records

SECTOR 3

[T rgasn Taget vokme
— T e wigatn

Eranie rasance sateg

3960 man a8 m St
S
Protovotaic plant
Sector2
imadiance Photovoltaic power
90 wm2 11560 W Fectors

Totai water apphoditaltod®y 447g/19 2

78

Sector1 Sector? Sector3
37100 545059

)
Target water volumen (m3) M8 5089 7569
reaurements
= n2 Ny w1
Last imgation date 28-July-2018 27-July-2018 28-Juty-2018
Wrigaton requirements.
for Somomrow (m3) a3 %3, 78
Sou water balance (vol)
Sector 1 Sector 2 Sector 3
0.195 0201 0473

Irradiance threshold for each sector, Wim2

a7 |

1007

(b).




Appendix A. Middleware to operate Smart photovoltaic irrigation
systems in real time

For the day of the year 209 (Fig. A.8b), the percentage of water applied until
that day was 73.2%, 73.3%, and 72.1% of the total water requirements of the
irrigation season, for the three irrigation sectors, respectively. At that moment, the
daily applied water volume for S1, S2 and S3 was 4479 m?3, 3710 m?® and 5450 m3,
respectively. According to SPIM model, the estimated water volume for the following
day (Julian day of the year 210) was 28.3 m?, 24.9 m® and 37.0 m3, for the three
irrigation sectors, respectively. Both scenarios (Fig. A8a, b) show the high
synchronization determined by SPIM and carried out by RESSIM between the
operation of the irrigation sectors and photovoltaic power generation linked to

irrigation requirements.

Although the SPIM model could be run manually, the daily synchronization
and the daily irrigation scheduling based on solar irrigation would be impossible
without RESSIM middleware.

A.4. Conclusions

Due to the variability of power production during the day, the irrigation
management with water pumped with PV energy is a complex task. As power
production is variable, heterogeneous elements like sensors, countless web
platforms and commercial irrigation controllers must be used co-ordinately. The
integration of all these elements is essential to ensure the success of this technology,
which is more complicated to manage than systems based on conventional energies

where the availability of power is constant.
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Thus, RESSIM is a friendly tool that facilitates the management of PV
irrigation systems, since it gathers information from different data sources and
models and automatically apply the previously calculated irrigation depths to all the

sectors depending on the instant power production of the solar panels.

RESSIM was successfully tested in an experimental field for olive trees
irrigation. The system managed automatically the solar irrigation system during one

full irrigation season, without any major incident.

The first version of the RESSIM model have allowed the optimum
synchronization between the solar energy production and the irrigation requirements
and the operation with the pumping station. By this optimal synchronization, the
investment cost of the photovoltaic plant can also be reduced, optimizing the size
and consequently reducing the greenhouse gases emissions. In future versions of
the tool, dynamic models of crop growth, predictive models of daily water demand at
farm level as well as the possibility of fitting the pumping station with variable speed
drives will be implemented in order to improve the synchronization between the
photovoltaic energy production and water demand both at farm and at water user

association levels.
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