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Acronyms

1xh North-South horizontal axis tracker
AC Alternate Current

DC Direct Current

Eac AC energy

Baux Auxiliary energy

Erv PVenergy

ETo ReferenceEvapotranspiration

EU European Union

EPC Engineering, Procurement, Commissioning
FC Frequency converter

G In-plane global irradiance

G* Iradiance at Standard Test Conditions
Gp Irradiance during the IP

Irradiance that allows the PV generator to provide the maxirr

Grnax power that the pump can consume at a given cell temperatul
Gstart Minimum irradiance to reach the power threshold
Gused Irradiance effectively used by the system

Guseful Available useful irradiance during the IP

IP Irrigation Period

Isc Shortcircuit current

ISINPA Irrigators, SMEs, Investors and Public Authorities
KEMT Key Enabling Materials and Tools

I Smallest dimension of the perimeter of the B&herator
MP Motor-pump

MPP Maximum Power Point

MPPT Maximum Power Point Tracking

Ns Number of PV modules in series

p* Nominal power of the PV generator

Pac AC power
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PRv

PV
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PMS
RE
S(25)
SI
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STC
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URbvis
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Vac
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Potential Induced Degradation

Programmable Logic Controller

Power Purchase Agreement

Constant PV powdpr aconstant pressure value

Performance Ratio

PR considering only losses strictly associated to the PV syst
itself

Photovoltaic

Photovoltaic Geographical Information System
PVIrrigation System

Renewable Energy

Static structure oriented to the South and tilted 25°
Solar Irrigation

Small and Medium Enterprise

Standard Test Conditions

Cell temperature

Cell temperature at STC

Maximum monthly mean ambient temperatures

Minimum monthly mean ambient temperatures

Ratio of the irradiation required to kedpnc stable during the
irrigation scheduling to the same irradiation during the IP

Ratio of the total irradiation throughout the irrigation period tc
the total annual irradiation

Ratio of the irradiation strictly required to keépc equal to the
stable AC power requirement to the total irradiation throughc
the IP

Opencircuit voltage at STC

AC voltage

AC voltage of the grid

AC voltage at the output of the FC
DC voltage imposed by thgid

DC voltage at the input of the FC
Maximum Power Point Voltage

Opencircuit voltage
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Vp=const Voltage at constant PV pow#ar constant pressure
WP Work Package

n{ 6 c n Delta structure

" cloud Passing cloutkesistance ratio

Pe Qoefficient of variationof woltagewith cell temperature
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1. Introduction

1.1. SolaQua in a nutshell

QX

SobQdz Q& 2@SNI ff 202S00A@%wablaendrdy (REYSUNPBtbrairs G KS
Europe by facilitating the market uptakemiotovoltaicirrigation systemg(PVIgin the farming
sector.PVISs based on a combination photovoltaic (PV)echnology, hydraulic engineering,

and highefficiency water management techniques to optimize irrigated farming.

The consortium of SalQua, which represents more than 70% of European irrigators, is aware of
the potential ofPVISo decisively improve thsustainability of farming and rural communities

in Europe. Nevertheless, to fulfil this potential, it is necessary to overcome the existing barriers
to the market uptake of Sl. To do thBBplaQuawill accelerate the clean energy transition in
European agculture by facilitating the development of a wdlinctioning market for Sl. This

will be done by producing and exploiting a set &y Enabling Materials and Tools (KEMT)

and by creating awareness, skills, action, engagement, and commitment (ASAB@)ripes

among more than 150,000 farmers, 70 local SMEs, and 40 Public Administrations in Europe and
beyond.

The execution oSolaQuawill result not only in a reduction of the cost BVISor farmers but

also in the availability of effective standarfds consumers and environmental protection, more

efficient policies and supporting schemes, and new business opportunities for SMEs.
Cdz2NIKSNY2NBzZ (2 SELX 2AG 4KSPVISNZKetSSOlaQuawil NB & dzt G &
facilitate a joint promotion ofmore than 100 MW of reliable and affordali®/1Sed by the ene

users themselves: the farmers.

To achieve the overall objective of increasing the share of RE in the European farming sector by
facilitatingPVISnarket uptake SolaQuaas established théllowing 5 specific objectives:

1. Produce and disseminate a set of 7 KEMi€signed to solve technical, economic, and
legal issues which are acting as barriers for the market uptake of Sl.

2. Produce awareness and skills BVISamong the target groups isix countriegFrance,
Italy, Spain, Romania, Portugal, and Morocco). At least 150,000 potentialsens! will
be reached, 70 SMEs will be trained, and 38 Public Authorities will be able to produce
more informed policies and supporting schemes

3. Trigger the EuropearPVISmarket by facilitating a joint promotion of at least 100 MW
of PVIS exploitingSolaQu@ & Y9a¢ |yR fSR o0& GKSPVISF NBSG |
680 dzas 2F G(KS LINP280GQa RAZASYAYIGAZ2Y YR
4. Increase the effectiveness of public supporting schemes fosfarm investments for
the promotion of PVIS SolaQuawill produce a new European Agrarian Fund for Rural

Development (EAFDR) financial instrument that will be implemented in 3 European
regions ad will support more than 40 MW of neRVISapacity.

5. Facilitate market uptake of reliable and affordablVISn markets outside the Elthat
will result not only in increased cooperation but also in business opportunities for
European SME’s and investors.

This project has received funding from the European Union's Horizon 2020 research and innovation programme 8
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1.2. Purpose and scope

This document iIKEMT latechnical guide fobest practices in planning, installing, operating,
and maintaining solar irrigation (SI) systemst includes all the specifications, controls and
protocols that must be followetb produce reliablePVIS

In addition to international and national regulations on both photovoltaic and irrigation systems,
if the best practices presented hesre followed it is possible to guarantee a level of quality
and performance sufficient as to glify PVISrojects as collateral for loaggrm investments.

Thisdocument isbased on the knovhow and experience of the partners to compile stafe
the-art and proven solutions. It includes inputs of thieigators, SMES, Investors and Public
Authorities (SINPApartners represented in the consortium.

This document will be used in the dissemination actionSa@aQuaand will be freely available
online.

The original versioof this documentwas written in English. It was then translated to French,
Italian, Portuguese, Romanian, and Spanish.

1.3. About this document

After this small introduction, his documentstarts with a chapter (chapter 2) to clarify some
concepts of both irrigation and photovoltaic fields. In addition, it presents the main specificities
of PVISincludingkey performance indicator® technically evaluat¢hem.

The next chapterpresentbed practices (as well as good and bad one$\rirrigatiorsystems
In more detail:

1 Chapter 3 is abourlanning aPVIS

1 Chapter 4 is aboubesigninga PVIS

1 Chapter 5 is abounstalling aPVIS

1 Chapter 6 is abouDperating and Maintaining #VIS

Some of thenformation presented in this documentas previouslycollected in other works
developed by someSolaQuapartners, particularly inTechnical specifications and quality
control procedures for contractual framework¢Narvarte et al.,, 2017and Good andBad
Practices¢ Manual to improve the quality and reduce the cost of PV systefhartinez
Moreno and Tyuyyundzhiev, 2013his Best Practice Guide updates some ofcitiatents and
figures of previous documents.

The reader will find, fomany ofthe photographs presented in this documera quicdy and
clearly highlight symbol about the nature of the situation being presentedhle 1 includes
thesesymbolsand their meaning.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
under grant agreement No 952879
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Tablel ¢ Many of the photographs of this document include one of the symbols presented here.

Symbol Meaning of thesymbol

Good practices

YES

Bad practices

Some improvements should be made

This project has received funding from the European Union's Horizon 2020 research and innovation programme 10
under grant agreement No 952879



Best Practices for PVIS

2. Classification

Irrigation for agricultural applications is an intensive water and electreaotysuming activity.

Most ofthe current agricultural irrigation systems are powered from the national electric grid

or diesel generators. However, both the increase in the pfdais conventional electricity and

the trend to phaseout fossil fuels, has boosted the look for alternatives to power these systems.
Solar photovoltaic irrigation systems appear as a solution due to the decrease of the PV modules
prices in internationamarket, as well as the removal of technological barriers that limited the
power of PV irrigation systems

Along this document, and under SolaQua proj&Y irrigation systems (PVIS) are lgogever
PV irrigation systems, without batteries, and able twrkvin standalone modeBefore entering
into the details of the best practices f&®VIS$S some concepts need to be clarified and some
classifications must be made.

2.1. Irrigation

Irrigation is the controlled application of water for agricultural purposes tilgb manmade
systems to meet water requirements when rainfalnot sufficient. Crop irrigation is vital
throughout the world in order to provide the world's evgrowing population with enough
food. Irrigation can be defined as replenishment of soil waterage in plant root zone through
methods other than natural precipitation. Irrigation water is brought to cultivated land through
artificial means, such as pipes, hosesanals The irrigated land usually contains crops, grass
or vegetation which woud not receive enough water from rainfall or other natural sources.
Sometimes the reason to irrigate a portion of land is characterized by a dry season with less
than-average amounts of rainfall. The water used for irrigation might be taken &orface
water (dams reservoirs, riveis o groundwater(wellsor boreholes) It must be underlined
the importance ofa responsible and sustainable water resource managementtiod water-
stress and water pollution in agriculture. Oxgiigation affects thegroundwvater reservesand
excessive fertilization pollutes aquifers.

2.2. Crop water requirements

Highefficiency water management techniques need a Hmgrel knowledge about the cros
water requirements PVISnust be designed and sized in accordandtn these needsfitting
the energy production to the realater requirements in every period of the year

The crop waterequirementsaredefined as the amount of water needed to mehetwater loss
through evapotranspiration. In other words, it is the amount of water needed by the various
crops to grow optimally. The crop wateequirementsalways refers to a crop grown under
optimal conditions, i.e. a uniform crop, actively growingngtetely shading the ground, free of
diseases, and optimal soil conditions (including fertility and water). In these conditions, the crop
can reachits full production potential under the given environment. The crop water
requirementsmainly depend on thelimate (in a sunny and hot climate crops need more water
per day than in a cloudy and cool climate), the crop type (crops like maize or sugarcane need
more water than crops like millet or sorghum), the growth stage of the crop (fully grown crops

This project has received funding from the European Union's Horizon 2020 research and innovation programme 11
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need morewater than crops that have just been planted). The major climatic factors which
influence the crop waterequirementsare sunshineair temperature, air humidity and wind
speed. The highest crop wategquirementsare thus found in areas which are hot, dry, windy
and sunny. The lowest values are found when it is cool, humid and cloudy with little or no wind.

Evapotranspiration

The influence of the climate on crop water needs is given by the reference crop
evapotrarspiration (ETolAllen et al., 1998; Pereira et al., 1998he ETo is usually expressed in
millimetres per unit of time, e.g. mm/day, mm/month, or mm/season. Grass has been taken as
the reference crop. The reference crop evapotranspiration is definedthas rate of
evapotranspiration from a large area, covered by green grass (usually Festuca arundinacea), 8
to 15 cm tall, which grows actively, completely shades the ground and which is not short of
water. There are several methods to determine the ET@yTihclude experimental methods
based on the use of an evaporation pan, or theoretical ones that use measured climatg data
e.g.(Allen et al., 2011a, 2011b; J. Farahani et al., 2007; Verstraeten et al., 2008)

Cropcoefficient

The relationship betweethe reference grass crop and the crop actually grown is given by the
crop coefficient Kc (ETo x Kc = ET crop). Both ET crop and ETo are expressed in the same unit
usually in mm/day (as an average for a period of one month) or in mm/month. The crop
coefficient, K¢, mainly depends on the type of crapd the growth stage of the crop. Fully
developed maize, with its large leaf area will be able to transpire, and thus use more water than
the reference grass crop; Kc of maize is thus higher than 1. Cucuntdmefully developed, will

use less water than the reference grass crop, thus Kc of cucumber is less than 1. A certain crop
will use more water once it is fully developed, compared to a crop which has just recently been
planted. The climate influences theiition of the total growing period and the various growth
stages. In a cool climate a certain crop will grow slower than in a warm climate. Thus, to
determine the crop factor Kc, it is necessary, for each crop, to know the total length of the
growing seasn and the lengths of the various growth stages.

Effective rainfall

Crop waterequirementscan be supplied to the crops in various ways by rainfall, by irrigation,
and by a combination of irrigation and rainfall. In cases where all the water neededtiorabp
growth of the crop is provided by rainfall, irrigation is not required, and the irrigation water
requirementsequals zero. In cases where there is no rainfall at all during the growing season,
all water has to be supplied by irrigation. Consequently, the irrigation water need equals the
crop water need (ET crop. Allen et al., 2007; Jensen and Allen, 2016)

In most cases, however, part of the crop wateguirementsis supplied by rainfall and the
remaining part by irrigation. In such cases the irrigation wadguirementsis the difference
between the crop waterequirementsand that part of the rainfall wich is effectively used by

the crops When rainwater falls on the soil surface, a portion can infiltnate the soil, stagnate

on the surface, or flow over the surface as runoff. When the rainfall stops, some of the water

This project has received funding from the European Union's Horizon 2020 research and innovation programme 12
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stagnating on the surface evapdes to the atmosphere, while the rest slowly infiltrates into
the soil. From all the water that infiltrates into the soil, some percolates below the root zone,
while the rest remains stored in the root zone. In other words, the effective rainfall is tak to
rainfall minus runoff minus evaporation and minus deep percolation. Only the water retained in
the root zone can be used by tleeopsandrepresents what is called the effective part of the
rainwater. The term effective rainfall is used to define tfrsction of the total amount of
rainwater useful for meeting the water need of the crops.

Qop waterrequirements determination

The first step in the agricultural sector is to compute how much water is needed by crops with
regard to climate conditions(agicultural water demand) Some techniques, such ,as
meterological data measurmersbil moisture monitoring, lysimeterEddy Govariance(Allen et

al., 2011a)the Bowen ratiaFritschen and Fritschen, 200&)d surface renewal, are used to
monitor and measure irrigationrequirements While the monitoring approach may require
delicate and expensive sensors or the assistance of experts, the application of ittt

al., 2012, 2006)ould provide a la-cost method for oAfarm and regional systems for
computing the crop water requiremestind estimating the depth of water storage required to
satisfy the agricultural demand.

Efficiency of the irrigation

Once the crop water requiremesitis known, improvig the efficiency of the irrigation

FLILX AOFGA2Y A& | 1Se aAdNrdS3e F2NJ g GSNJ al gayA:
dzZaSR (G2 AYRAOIGS GOKS fS@St 2F LISNF2NXIyOS¢eE 27
In the agricultural sector, to quantify the efficient use ofari GA 2y 41 GSNJ GKS (@GSN
LINPRdzOGAGAGRE Aada 2F0GSy dz2aSRI GKIG Aa GKS 0O2yO0OSL
production. The water productivity is expressed as the agricultural production per unit of water
applied,diverted,or consuned (rainfall and/or irrigation) to foster crop productig¢Rlayan and

Mateos, 2006)As pointed out byPlayan and Mateos, 20Q@&n increase in water productivity

ameliorates gains in crop yield, while reducing the amount of irrigation water conimipuo

unrecoverable losses. The increase of water productivity could be the solution for food needs
accompanying the projected population growth. Nowadays, many strategies are implemented

to improve water productivity, starting with the optimal choiceiwfgation system.

2.3. Water source and pumping system

Irrigation water can come from groundwater, through wells, or surface water, through canals.
sustainable irrigation water management is mandatory to preserve groundwatality and
availability assuring a natural recharge of aquifers and avoidorgamination from fertilizers.

In this regard, the EWVater Framework Directive 2000/60/E€>tablishesthe necessary
approachto preserve good quality, chemical and ecological status of groundwater.

The most common irrigation system pumps water to an elevated reseoroivater pool
(sourcgpumpcreservoin)c d t dzY LIA y3 (2 (&t vadabeipBedslird dh@ viater flow).
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This type of installation makes it possible to store water and energy, thus increasing the supply
reliability.

The second type is the irrigation system that pumps water directly to the distribution network
(sourcgpumpcerop)c & 5 A NB Ol (systehsIvorkig at constant pressure and flow for
each irrigation sector)in this kind of system, water is withdrawn from the water source and
then directly distributed to the plant emitters in a single pumping stage (Recdefia and
LopezLuque, 2018).

Pumping systems are usuallyade upof one centrifugal motorpump, or more than one
centrifugalmotor-pumps arranged in parallel. To purapvariable flowrates to different heads
efficiently,frequency converters (F@je commonly useih PVIS

2.4. Irrigation network

Most of the components of RVISIo not differ substantially, neither in their design, nor in their
management, from those used in other conventional irrigation system. The design and
management of any irrigation system depends on the type of crop and cropping techniques,
climatic conditbns, soils, water availability and quality, and other technical and socioeconomic
constraints.

An onfarm irrigation network conveys the irrigation water to the emittersPMIS pressurized
irrigation methods are commonly used, namely, sprinkler or drigation. The selection of the
proper irrigation system depends on several factors, such as water availability, crop selection,
soil characteristics (deep percolation, runoff, evaporation rate and topography) and the
associated installation and maintemee costs. The main systems are separated grevity
systems where water moves naturally over the soil surface due to the force of gravity, and
pressurized systems

In terms ofPVISsizing and design, the irrigation netwasgicharacterized by a systeaurve that
relates water flow to pressure losses. The correct definition of this curve is esserdigfite
the pump characteristic that is best suited to determine the operating poirthe pumping
systemfor maximum éficiency

An important measured evaluate the performance of irrigation systems is dpplication
efficiency, which is defined as the ratio of the average depth of irrigation water contributing to
the target divided by the average depth of irrigation water applied. The ratio is niettiply

100 to express the application efficiency as a percentage. The target depth is generally based on
the soil water depletion before irrigation or a smaller amount to adjust for rainfall contributions.
The target can also include excess water for maekion or for salinity control. Many studies
have been conducted to determine the application efficiency for different systems, and the
overall conclusion is that pressurized systems are generally more efficient for transporting water
to crops than traditbnal gravity system@himonides, 1995)n recent years, several irrigation
systems have significantly improved the application efficiency at the farm level, enhancing
irrigation water management. Although the traditional gravity approach is still widskd,
particularly in the southern part of Europe, it is gradually being repl@etbpean Environment
Agency, 2009)Nevertheless, the application efficiency of a system depends on the amount and
timing of water applied, as well as on the considerdp, soil and climate conditions. To
maximize crop yield and meet the crop waterquirements irrigation to refill soil water
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depletion is typically applied his approach is valid for most field crops and many orchard crops.
aooku

Improving the crop technical efficiency may be another solution to overcome the water for food
issue. The choice of the best cultivar, such as more dretogdtant cultivars, or @p
management with regards to the soil and climate conditions can provide a method to improve
water productivity. For instance, shifting the planting date in response to climate change can be
beneficial, especially for those crops with a spisognmer groving season. Simulations of
irrigation requirements under climate change scenarios, where the planting date was shifted by
a month or even earlier in the spring, showed optimal regdisll, 2002; Lovelli et al., 2012y

some crops. In fact, plantingdier in the spring increases the length of the growing season, and
it can increase the potential yield if the soil moisture is adequate and the risk of heat stress is
low (Maracchi et al., 20050therwise, earlier planting combined with a sheeasoncultivar
would avoid heat and water stregSubiello et al., 2000)

2.5. Irrigation methods

Irrigation methods can be broadly classified as sprinkler and rAmiégation. A consolidated
description of design and management are included in various manuals a1 those by
(Hoffman et al., 2007; Stetson and Mecham, 2011; Tiercelin and Vidal, 2006)

Sprinkler irrigationsystems may be stationary or continuous moving.

Micro-irrigation systems include higtech methods with large capital and maintenance
invesment: surface and subsurface drip irrigation for row crofisld crops,and orchards,
micro-sprinklers and micrsprayers for horticulture and undéree irrigation, and bubblers for
orchards(Keller and Bliesner, 1990; Lamm et al., 2006; Venot et al., 2019)

A more detailed description of irrigation methods is availablarnnex |

2.6. Energy source and types of PVIS

Regarding the energy sourcVISan be:

i1 Standalone solar photovoltaic irrigation system
9 Hybrid solarphotovoltaic irrigation system

In what concerns standlone irrigation systems, the irrigation system is only fed by the energy
produced by the photovoltai(PV)generatorusing frequency convertefgigurel).

In the case of hybrid systems, the irrigation system is fed both by the energy produced by the
PVgenerator and by other energy sourcehe other energy source must be diesel generator
sets, gas@nerator sets or the conventional electricity grid

Two types of hybridization can be found:

1 Hydraulic hybrid systeméFigure2): the hybridization is carried out into the hydraulic
circuit ¢ the water outflow pipes are associatedparallel,and the sources of energy
are not electrically interconnectedThese systemscan work isolated from the
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electrical grid and thereforanay be an interesting solution in countries in which the
connection of the PV to the gridiisgulatory hampered
9 Electic hybrid systemgqFigure3): The hybridization among theVgenerator and the
other source is carried out in the electric part of the system. Thesteragsare
considered as setfonsumption systems and are subject to applicable regulations.

As summarized i(Almeida et al., 202Qhybrid systems with PV are needed when the irrigation
network requires more irrigation hours than those available With usually due to the diameter

of the preexisting tubesHybrid systems are also an interesting solution if there is a peak of
irrigation in some months of the year, and as a strategy to solve problems associated to PV
power intermittences.

FCs

1|= N\ o
— MP, Irrigation
~ U Network 1

PV generator

2|= N L
MP, Irrigation
~ U Network 2

| = (o) -
S MPy Irrigation
~ U Network N

Figurel - Standalone PV systems: the irrigation systenis fed by energy produced b®V generators. Figures
depicted in black represent the electrical part, in blue the hydraulic p&€s stands for frequency converters, while
MP is for motorpump.

FCs

PV generator ~

—— lIrrigation
Network

i

MP,

Grid

D (

MPgy,
~ \_/

Figure2 - Hydraulic hybrid systems: the irrigation system is fed by energy produce@®¥Ygenerators but also from
other sources (diesel or gas generator sets asahventional electricity grid), but hybridization is carried out into
the hydraulic circuit

This project has received funding from the European Union's Horizon 2020 research and innovation programme 16
under grant agreement No 952879




Best Practices for PVIS

FCs

PV generator

1 ~
A m Irrigation
~ U Network 1
T
Grid [ N[ . m
MPy, Irrigation
~ v Network N

Figure3 - Electric hybrid systems: hybridization amorigVgenerators and the other sources is carried out in the
electric part of thesystem

Finally, if the irrigation period of a specific crop is onfgimmonths of the year, some countries
allow the possibility of expoithe PV energyo national grid in the nofirrigation period.Todo
this, a gridinverter must be added to the systeras well as a single pole double throw switch
This waythe systemis aPV irrigationsystem during the irrigation period (the PV generator is
connected to the frequency convertetisrough the switch, while itis a typical gridconnected
system outside the irrigation peridthe PV generatois connected to the gridnverterthrough
the switch. This configuration can be seen in the next figurewhich the switch is in theV
irrigation system positn.

Irrigation
Network

=*“‘N .

PV generator

SW

nverte

Grid

Figure4 - Mixed systems:the system is &V irrigationsystem during the irrigation period, and a grcbnnected
system outside the irrigation period. The switch allows the change between the two operating modes and, in the
case of this figure, the switch is in thRV irrigationsystem position.

2.7. Stakeholders involved in PVIS

Multiple stakeholders are involved RV irrigation systemdccordingly, it is important to
clarify them, as well as their roles aresponsibilities.
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1 EPGEngineeringProcurement, and Construction): is the entity responsible fo
engineeringprocurement,and construction of théVIS

T O&M (Operation and Maintenance) provideis the entity responsible for the
operation and maintenancef the PVISit can or cannot be the same as the EPC).

1 Datarelated services provideris the entity responsible for the monitoring systein.
can also be the O&M provide

1 Technical advisorexternalengineersor companieghat ensure that components,
proceduresand practices are of high qualjtiye.external institution specialized in
quality control of stanehlone largepower PVIS

9 Authorities: local, regional, national, or international authorities to assure that the
systemcomplies with all normative.

1 Enduser. the farmer,co-operative,water union associatiorigrigation community or
agroindustry in which the PV system is installed

9 Financial entity in the case of ad®ver Purchase Agreement (PP#e owner of the
PV plamis the financial entity.

2.8. Specificities of PVIS

It is crucial to keep in mind that aRV irrigationsystem is based on a combination of PV
technology, hydraulic engineering, and high efficiency water management techniBWgS.
must:

1 Beintegrated in the preexisting irrigation system The PV must be adapted to the
previous irrigation components andigation needsThis i\ key aspect amost ofthe
potential market forPVISsalready irrgated lands.

T Match PV production and irrigation needsThe use of Nort#fsouth horizontal axis
tracker is one of the best solutions to guarantee this match: it medamthe water
pumped during the irrigation period, the daily profile of irradiance is almostflafipws
the enlargement of the irrigation hours per day when compared to the typical static
structure oriented to the equatorandit requires less nomindV power to pump the
same water volume than a PV static structure.

1 Berobust against PV power fluctuationdue to passing cloud$hisisanother key point
to assure the economic feasibilisgncePVISare large power ones arib not integrate
batteries

1 Ensure reliability for at least,25 yearsto guarantee the compliment of the business
plan. Following the best practices presented in this document will allow this reliability.

More details about these specificities can be foun{Narvarte et al., 202).

Key performance indicators

Passing clouds

The quick intermittence of PV power due to the passing of clouds can carry out control
instabilities, leading to a sudden staf the frequency converter (FC¢ncompassing water
hammer and AQ@vervoltages that seriously threaten the integrity of both the hydraulic and
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electric components of th®VIS To avoid those instabilitiegad-hoc control algorithmshave

been developedand patented(FernandeZzRamos et al., 2019, 2018)o support PV poer
instabilities without the need of batteries. FCsRNWISusually have routines for tracking the
maximum power point (MPPT) voltage of the PV generator and control the operating voltage
and the frequency of the pump in a fast and stable way with a proportionegralderivative
controller (PID). Despite this iog true, a balance is required between a fast response and
stability because the faster the response, the greater the probability of having instabilities when
the available PV power changes. As the PID controller may not be fast enough, specific
algorithmsrun on PLCs to detect the power intermittence, prevent the instability and avoid the
FC abrupt stofFernandeRamos et al., 2018To do this, DC voltage is monitored and, when a
fluctuation that puts at risk the FC is detected, the PID controllawisched off and the
frequency is reduced to allow power regeneration in the pump. This eliminates the occurrence
of undervoltages and avoids abrupt stops of the FC. Once the frequency has been adjusted, the
PID controller is restored for normal operatidrherefore, the system must be able to withstand
sudden intermittences of PV power caused by passing clouds.

To asseswhether the system resists quick PV power intermittences due to passing clouds a
passing cloud resistance ratiaufug) is defined as:

A M Qi Qb6 QDI £ 6 Qi (Eq. 1)

WKSNBE €1 NBaAaGdSR Of2dzRa¢ Aa GKS ydzYoSNI 2F NBaaA
clouds in a specific period of time. The total number of clouds is counted taking into account just

quick PV power drops, nmatter whether they produce or noa FC abrupt stop, because the

quick increase of PV power does not usually produce an abrupt stop of the FC. In the same way,

the number of resisted clouds is counteoinsideringust quick PV power drops thedb notlead

AyihG2 C/ | 0NYzLI djéctive, iddhid cottéxt is detprizhedd pyethe lsize of the PV

generator. Abrupt stops are usually provoked by deep drops in short periods of time, and should

be avoided for PV power ramps of duration greater than or equal to:

Yoo —— (Ea. 2)

wherel is the smallest dimension of the perimeter of the PV generator expressed in meters

The PV power drop depth needs to be specified taking into account the weather conditions of
the place where the PV generator is located. As the PV power drop informatiwat always
available (for example when there is an abrupt stop), the study has to focus not only on the PV
power drop but on the irradiance drop, measured by a calibrated cell or a calibrated PV module,
that causes it.

(Herraiz et al., 202@howsthat around97% of the clouds that cause an equivalent drop on the
irradiance measured by the calibrated cell and on the PV power, are associated to irradiance
drops of a 50% or less. There are few clouds that generate irradiance drops of a 60% and almost
none that generate bigger drops. Assuming that if the system resists clouds that cause a 50%
irradiance drop it will also resist clouds that cause lower drops, it is reasonable to focus the study
on this type of clouds.

As a conclusion, it can be said thathi&é passing cloud resistance ratio is calculated for 50%
irradiance decreases in3 or 4-secondsnterval and associated to PV power decreases, it will
be lower than thatobtained under less restrictive conditions. In any case, time interval and
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irradiance drop depth must be reviewed according to the characteristics ofPtYdrrigation
system and the weather conditions to avoid small number of clouds under study that would
make the study not representative.

PR for photovoltaiicrigation

To analyze the Ipbal performance of PV grtbnnected plants it has been described the
performance ratiqPR ¢ IEC 61724:1998 which is the ratio of AC energy delivered to the grid,

Ea to the energy production of an ideal loksss PV plant with 2& cell temperature and the

same solar irradiatiorfLuque and Hegedeus, 200R)is an index widely used in general PV
environments that provides an indication of both the technical qualitf (G KS t+ &a&aids:
equipment and the efficient use of the available irradiation. It gives a good idea of how much of
the ideally available PV energy has been used.

Due to the specificities ¢1VISit is interesting to distinguish between irradiation lesgor three
different reasons: the notirrigation period ¢ associated to the cropg, the intrinsic
characteristics of th@rigationsystem desigigdirect pumping or pumping toaater pool), and
external circumstanceghat may affect thePRIike the irrigation community habits or the
different rainfall over time. To take them into consideratjtime PRcan be expressed as follows
(R.H. Almeida et al., 2018)

0'Y T “ - = (Eq. 3)

whereBsvis the PV energyP is the irrigation period determined either by the crop and its water
needs;Guseru iS the available useful irradiance during the IP determined by the relationship
between the PV generator nominal powe?'), the PV generator structure, and the type of
irrigation system (water pool atirect pumping; andGuseqis the irradiance effectively used by
the system and dependwainlyon whether thefarmer activates the system during the #ad

on the number and length of abrupt stops of tR€

To clarify these concepts, an example of G during th&H Guseruiand Gusedis shown irFigure

5 for adirect pumpingsystem.Gpis the total irradiance during the irrigation perioBigure5a)
determined by water needs. In the example the irrigation period runs from April to October
because water needs are covered by pumping along that time inte®Bval. is the irradiance
required to deliver the power needed to pump water at the neededstant pressureKigure

5b). It is worth noting that with irradiances belo@sew the system will not be able to pump
because there will not be enougiower to start de pump and reach the required pressure, and
irradiances higher thatuseru Will be partially wasted because the PV generator cannot supply
more power than thatonsumedoy the pump working at the required conditions. FinaByseq

is the part of Guseru that has been used due to the availability of water and the irrigation
scheduling Figure5c). In this last figure, the irradiance fromam to 14 pm was wasted due to
the irrigation scheduling or the lack of water during that day and not becaugecbhical
problems in the P'gystemor the needs of the crop.

Figure6 shows the graphical representation@fserufor aPVI$umping to a water poolorking

at a variable frequengylIn this second examplthe FC starts working when the available power

is geater than a start threshold. That means that when the FC has not been started yet and the
available irradianceGp) is below the minimum needed to reach the power thresh@ghf), the

C/ OFlyQl 0S &aillFNIGSR I yR {KS red paildf@sdul THes8meA & o | a
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happens once the FC is running @edrops belowGswop, (Minimum irradiance level under which

the FC cannot be running anymore and needs to be stopped). From that moment on, if the FC
stops andGe is lower thanGsar, it will not be part ofGuserur In the same way, if the available
irradiance is greater than the one that allows the PV generator to provide the maximum power
that the pump can consume at a given cell temperate.f), the differenceGpe ¢ GnaxWill not

be pat of Gusefut
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Figure5. Graphical representation of the different irradiations considered: (aj . jis the irradiation during the
irrigation period, (b), 0 vg i &he useful irradiation during the IP determined by the design of tR¥ irrigation
system; and (c) 70 v 4i® the irradiation effectively used by the system.
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Figure 6. Graphical representation of theuseful irradiance for aPV irrigation system working at a variable
frequency.

Equation(3) can be rewritten as:

OY 0Y YY TYY Y'Y (Eq. 4)
where:
oY — — (Eq. 5)

PRvis thePRconsidering only losses strictly related to the PV system itself, i.e., actual versus
nominal peak power, dirtiness and thermal losses, DC/AC conversion losskessastaused

by the PLC malfunction (including those provoked by FC abrupt stops)ntitinsic to the
technical quality of the PV component, the correct operation of the PLC control and its
maintenance.

YY — (Eq. 6)

URe is the ratio of the total irradiation throughout the irrigation period to the total annual
irradiation Figure5a). It is intrinsic to the irrigation period, which depends on water needs of
the crop and the climatic conditions, in case of direct pumping, or on the relation between water
needs, pumping qaacity and pumped water storage capacity, in case of pumping to a water
pool. Note that it is one if the analysis is done on a month inside the irrigation period.

O Qo

Y'Y o 006 (Eq. 7)

URbvisis the ratio of the irradiation strictly required teep thePacin between the limits of the

AC power needed to keep the pump running, according to the conditions imposed by the
irrigation system, to the total irradiation throughout the IFdurebb andFigure6). It is intrinsic

to the PV irrigationsydem design: type of irrigation system (direct pumping or pumping to a
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water pool), the ratio between the PV peak power and the PV power required for irrigation, on
the tracking geometry and on the accuracy of the PLC control algorithms setup (start pnd sto
threshold for the FC, time the system remains stopped after a controlled stop of the FC, time
the FC is kept running under the stop threshold before it is stopped in a controlled wHyis.).
ratio is also highly dependent on weather conditions.

A% A — (Eq. 8)

URris the ratio of the irradiation required to keep tiRacin between the limits of the AC power
needed to keep the pump running during the irrigation scheduling to the same irradiation during
the irrigation periodlt consideda G KS A NNA Il G62NNRa RSOAaA2yad

Hybrid systems

In the case of hybrid systenitjs also necessary to define the PV share of the system.

5 0"y %
VO Y5 o (Eq. 9)

where Ewxis the energy of the auxiliar source of energy (usually diesel or grid energy).

Indices calculation

The differentperformanceindices and the passing cloud resistance ratio need to be periodically
calculated to evaluate if th@VISs working properly. @iting from the irradiaceinformation
provided by the calibrated cell or the calibrat&/ module @), it is important to identify
irradiation losses caused by the norigation period, the intrinsic characteristics of the
irrigation system andther external circumstances like the irrigation schedule, and obtain the
irradiation throughout the irrigation period3p), the irradiation strictly required to keep thec

in between the limits of the AC power needed to make the pump run during tigation period
(Guser) @and the same irradiation during the irrigation scheduli@gdy). Both DC and AC power
are alsmecessaryTable2includes all the informationeededto calculatethe proposed indices.

Table2 ¢ Information needed to calculatehe different indices provider, and timeresolution.
If the information required at system startip changes, the new values and the day of change
must be recorded.

Data Provider Time resolution
PV generator nominal peg EPC, and O&M pvaler System starup
power

FCPoc start threshold (eact EPC, and O&M pvider System starup

FC) i.e., the minimum D(
power required to start

pumping

FCPoc stop threshold (eact EPC, and O&M pvider System starup
FC) i.e., the minimum D(
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power
pumping

required to stop

FCfrequency min. threshol¢ EPC, and O&M pvider
(each FQG)i.e., the minimum
frequency required to star

pumping

System starup

FC controlled stop min EPC, and O&M pvider
interval, i.e., the time
between a controlled stoy
and the next start of the FC

System starup

FC abrupt stop min. interva) EPC, and O&M pvider
i.e., the time between ar
abrupt stop and the next star
of the FC

System starup

FC controlled stop alarr] EPC, and O&M pvider
interval, i.e., the time
between a controlled stoy
due toan alarmand the next
start of the FC

System starup

FC abrupt stop alarm intervg EPC, and O&M pvider
i.e.,, the time between a
abrupt stop due toan alarm
and the next start of the FC

System starup

Irrigation period change dat{ EPC, and O&M pvider Whenever the IP i

(calculated from
irradiation and
temperature)

(yyyy/mm/dd) changed

Irrigation period start datg EPC, and O&M pvider Whenever it changes
(mm/dd)

Irrigation period end date EPC, and O&M pvider Whenever it changes
(mm/dd)

FC status Datarelated services provider | 1 sec.

(on/controlled  stop/abrupt

stopfirrigator stop/PV

maintenance stop/I§

maintenance stop/others)

Solar irradiation @) Datarelated services provider | 1 sec.

Cell temperature Tu) Datarelated services provider | 1 sec.

Theoretical DC Datarelated services provider | 1 sec.
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DC currentltd Datarelated services provider | 1 sec.
DC voltage\pqg Datarelated services provider | 1 sec.
DC powerRbg Datarelated services provider | 1 sec.
Output frequency Datarelated services provider | 1 sec.
AC powerRad Datarelated services provider | 1 sec.

FC alarms (optional if H Datarelated services provider | 1 sec.
status is provided)

FC start order (ifnore than 1| Datarelated services provider | 1 sec.
FC)

Examples of the application of these indices are available in the Training ManuVIgr
Installers also developed und8olaQudaProject.
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3. Best practices in Planning a PVIS

3.1. Site identification

Land availabilitio install the PV generator

1) The land on whiclthe PV generators locatedmust beshadowfree and large enough to
install thestructure designed to support a PV generator of the required power

2) PV generatorsnustbe located as close as possible to the frequency conveatgalsnotor-
pumps.

3) PV generators for solar irrigation should preferably be instaltethe ground.

Roofs are not recommended f&WVISxceptif the surface and orientation of the roof allows the
installation of the required Pgyeneratorpower and with the adequate tilted angle.

Floating PV systems refer to installattonounted on structurethat float on a body of water,
like a basin or a lake. This option has not been sufficigalied so far, so its use cannot be
recommended for long term applicatiomsits quality cannot be assured.

Supporting structure

1) The use of Nort¥8outh horizontal axis trackeis highly recommended for solar irrigation
systemgseeFigure?).

Qopshavedifferent waterrequirementsalong the year. While thevater requirementss high
duringthe springsummer season, @tould benegligible or even nil in auturmwinter. Therefore
it is important to design the systems $nicha way that the water being pumped is adapted to
the croprequirements The use of Nort#South horizontal axis tracker supporting structures is a
particularly convenient way to achieveis, mainly due to the followingeasons
9 It is the supporting structureshowing the greatest difference between theater
volumes pumpdin summer and winter seasons.

91 It allows the flow of pumped water to kEmostconstant throughout the day. This same
profile could be achieved using a static generator installed on diffesarfaces with
different orientations, at the expense of increasing the insPV power.

1 It allows to reach the powehresholdto start pumping earlier in the moing, andthe
power threshold to stop later in the afternoon, which means that thenberof daily
working hours of the system increases.

9 It requires less nominal PV power to pump the same volume of water than a static
structure.
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201 Ud

Figure7

The use of two axis trackerBigure8) is dismissd in PVISiue to three main reasons: they are
more expensive than one axis trackers; they need much more maintenance; their energy
production during the irrigation period (summertime) is very similar to -ares tracke® a
production. This recommendation is supported by the fact that the use of two axis trackers in
grid-connectedPV powerplants has been abandoned worldwide during the last years and
replaced by onexis trackers.

Figure8

2) Static supporting structures should bsedwhen the correct operation and maintenance of
a PV tracker cannot be guaranteed.

When the correct operation and maintenance of a PV tracker cannot be guaranteed, a static
supporting structure for PV moduletiouldbe used aghis kind ofstructures needmuch less
maintenance.

0 Southoriented! structure

The tilted angle must be adapted the needs of pumping water period. In general, these needs
are higher in summertime, thus PV generator tilted angle must be the one that optimizes the

1 This structure must be Soutbriented when thesystem is the North hemisphere. If the system is in the
South hemisphere, the structure must be Nodhented.
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pumping of water in that period. In this case the latitug#0° is usuallya good approximation
to edablish that tilted angle. For example, a solar irrigation system located in S&piden)

whoselatitude is 37, would install the souttoriented PV modules at 370°=27 tilted angle.

It is important to highlight that the minimum tilted angle must be 20° to avdigst

accumulation.

o Delta structure

This secalled supporting structure consisis a generator made up of two halves, one oriented
to the East and the other to the West, batialves with an inclination of 80The benefit of this
kind of structureis that it behaves like a NortBouth horizontal axis tracker in terms of water
pumping profile in botldaily andannualwater production.

Figure9 shows thePV peak power needed for southiented and delta structures (represented
as S(25) and {  éespactively)normalized bythe PV peak powesf aNorth-South horizontal
axis trackef1xh) It is possible to see that:

1 Forthe S(25), itis necessary to install twiceRMepeak powenf the 1xh if the irrigation
period is considered.

1 Forthen { 6,dt is becessary to install 1.75 times the PV peak power of 1xh (for both
yearly and irigation period values).

13
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Figure9¢2 | 4 SNJ @2t dz¥$S LzYLISR o6& | t+L{ 6AGK p{ o6cnd FYyR {O0HpPD
1xh (Water volume/Water volumelxh) as a function of its PV peak power normalized byRWpeak power of

1xh (P*/P*1xh). The continuous lines represent yearlglues and dashed lines show the water volume pumped

during the irrigation period. The points with Water volume/Water volumelxh=1 represent the required

20SNBEAT Ay3 2F p{décn0 YR {6Hp0 t+ LFH Ameidaetal.pag)iz Sljdz f (KS

If the reader wants to know more about the performance of the different structuneBV
irrigation systems more detailed information can be found in

1 Solutions for adapting photovoltaics to large power irrigation systemsadoiculture
(Narvarte et al., 2018)

1 PV arrays with delta structure for constant irradiance daily proffedH. Almeida et al.,
2018)
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Landcovering

1) The following table details the need laihdfor each PV structure consideréat PVIS
Table3 - Need ofland per kWp of PV generator
Need ofland per kWp of PV generator (f

1 Axis Static ($25)) Staticf { 0)c n 0
15 8 12

The following examplesf real largepower PVISiemonstrate thatthe land occupation of the
PV generator does naepresent a problem

1 In Alter do Chéao, Portugal, a 200 ha super intensive olive tree farm is irrigsitega
140 kWp PV generatdhat covers3000 n?, which means 0.15% of the total area of the
farm.

1 In Uri, ltaly, a 5.4 ha plantation of artichokes is irrigasthga 40 kWp PV generator
that takes0.15% of the total farm area.

Water sourceand availability

1) It is essential to know the water source to be usé¢hen the water source is a well or
borehde, an aquifer testing is mandatotyg characterize the flow boundaries and water
levels. The quality of the water source must be confirmed by a hydrogeologist to assure the
water availability and its exploitation in a sustainable way.

2) In surface water sarces, such as ponds, rivers, canals and others, it is very important to
know their water extraction capacity during the irrigation months, which usually coincide
with the driest and hottest period.

Crop vater requirements

1) If an irrigation system is working before the installation of BMpart, in principle the crop
water requirementswill not changeln this sense, th®VISnust be adapted to the existing
hydraulic infrastructure, so that must be configured in such a way thaPiSs able to
pump water the number of hours per day that the crop needs in each growing stage.

2) The monthly crop water needs are a fundamenigiut in the design of th@Vpart of aPV
irrigation system.The crop waterrequirementsvaries throughout all its cycle, thus in
designing &@VISit is necessaryo know when that value would be the highest one. If the
PVIScan supply water during the nso demanding period, it will be also feasible to do it
along the rest of the irrigation periotl.

3) Itisimportant to avoid the water resources overexplotatpime monthly crop water needs
will not change with the inclusion of the PV in the irrigatigatem.

2 Detailed information of this point can be foundAmnex Il, sectionCrop water needs
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Restrictions, permits anmegulation

1) The following aspects may affect the PV generator location: electrical lines, watercourses,
RNREJSNRE NRBIFIRX NRIRAYX LIALIStEAYySas aLISOALf

2) An initial study of the relative locations of trackers, buildings, fences, walls, etc. must be
carried out to avoid later modifications to these elements that will increase the final cost of
the civil works. The pictures beloffrom Figurel0to Figurel3) show the consequences of
bad initial planning: shadows of monitoring systems,lsvahd trees are cast over the PV
modules.

FigurelOto Figurel3include some bd examples of relative locations.

Figurell

Figure12 Figurel3

3) All the components of thePVISshould fulfil nationaland international standards,
guaranteeing qualityintegrity,and an optimal performance aftéheir installation.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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4) Some prticularly interesting standards related to PV specific devices suchmaslules,
arrays, and frequency conversare listed in Annex.|

5) All locally applicable standards and needed permits shall be taken into account.

6) PVISinstalled in rural environmentsieed permits and license$rom local authorities.
Execution projects have to meet the local legal framework.

7) PVISmust meet the regional and national regulatory framework in foregardingthe
development, implementation and energy production from renewable energies power
plants

8) PVISnust meet the protected areas legislation and directives when projects are planned in
geographical areas with special habitat protection, suchfasexamplethe Natura 2000
ecological networln the EU.

9) PVISnust comply with current nationalral regional legislation regarding land use

3.2. Participation of end-users

1) Farmers are the ones who know their land, their crops and their irrigation needs best. Any
planning exercise forRYV irrigatiorsystem must be a participatory process that involves the
end-users.
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4. Best practices in Designing a PVIS

4.1. System sizing and design

1) There are multiple tools to design and simul&ésystemsbut there are few that allow the
simulation ofstand-aloneand batteryfree PV irrigatiorsystemsUPMrecommendthe use
of SISIFQ a softwaretool developed at UPM to simulate the energy yield of both PV-grid
connected systems arf@V irrigatiorsystems. It ireely available atvww.sisifo.info

No matter the used softwarehe designer must know the characteristics of the simulation tool,
including the different assumptions that are made.

Input data

General characteristics of the farm

1) The following datanay be availabléo design ePVIS:
1 Location of the farnflatitude and longitude)

2) The following datahould be collectetb have a general overview of the system
T Crop
1 Area of the farm

3) A block diagram detailing the power source, the type and number of riarps and FCs
must be available.

4) The collection ad validation of these datas the responsibility of the farm owner,
individual farmer, agroindustry, irrigation community, etc.

Water needs

1) If the PVISis going to be installed in an already existing irrigation facilkg, following
monthly dataare needed:
1 Water volume
9 Electric energy or combustible consumption
9 Daily irrigation hours

2) If the PVISs going to be installed in a new irrigation facility, the montlgter volume for
the specific crop that will be irrigated is needed.

3) The collection and validation of these daita the responsibility of the farm owner,
individual farmer, agroindustry, irrigation community, etc.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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4) The duration of the irrigation period in the worst monrthill determine the choice of the
type of PVIg; standalone or hybridlf the number of irrigation hours per day is higher than
the number of sun hours, a hybrid system is needed.

5) In the case of hybrid systems, both with the national grid or diesel gemesethe auxiliary
energy source can be used:
9 According to the available PV power.
1 According to the endiser desire.
1 According to the time of the dayfor example, in systems with the national grid, it is
possible to use the energy from the grid only imme periods (according to the
electricity price at different moments).

6) If the irrigation period i®nly a fewmonths of the year, some countries allow the possibility
of export to national grid in the nenrigation period.

In this casea gridinverter must be added to the system. This way, the syssaPV irrigation
system during the irrigation period (tH&V generator is connected to the frequency converters),
while it is a typical gridconnected system outside the irrigation period (the PV generator
connected to the gridnverter) ¢ seeFigure4.

Water sourceand irrigation network

1) The followingnformationis needed to designRRVIS
Geometric head

Friction losses

Total depth of the well

Operating pressure (if direct pumping)
Maximum water flow.

=a =4 -4 -8 -9

2) If the friction losses are ndnown, a good approximation is 10% of the geometric head.
3) If an irrigation automatism is installed, detailed information on its working is needed.

4) Theinformation requested in the next tablés needed to design RVISsystem

IRRIGATION NETWORK
Number of irrigation sectors
Sector 1 (2 |3 |4 |5 |6 |7 |8 |XF
Working pressure of each sectdnar]
Water flow of each sectdma3/h]
Area of each sector [ha]

5) The collection and veracity of these data is the responsibility oétiteuser.

6) If pivots areinstalled in the system, they must be fed by the PV generator.

3 The worst month is the one with the biggest difference between water needs and incident irradiation.
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Pumping system

1) Theinformation requested in the next tables needed to design VIS
For motorpumps and frequency convertera,table must be provided for each individual
model.

PUMPING SYTEM; ENERGY SOURCE
Energy source

Power[kVA|]
Voltage[V]

Maximum currentA]
Specific consumptiofj
Contracted powefkW]
Contracted tariff

If diesel group

If grict

PUMPING SYSTEMMOTCRPUMP
Pump type

Number of pumps

Pump

8 points of the heaeflow curve ‘ ‘ ‘ ‘ ‘ ‘ ‘
8 points of the poweiflow curve

Minimum working frequencjHz]
Motor

8 points of the efficiency curve \ \ \ \ \ \ \
Maximum currentA]

PUMPING SYSTEMREQUENCONVERTER
Frequency converter type
Number of frequency converters
Input voltage rangdV]

Maximum currenfA]

Maximum powellkW]

PUMPING SYSTEMREQUENCY CONVERTER

Type

Number of FC
Efficiency curve
8 points of theP2efficiency ] ] ‘ ‘ ‘ ‘ ‘ ‘

2) The collection of these datatise responsibility of theePC provider.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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Solar resource

1) The typical meteorological year (TMY) or synthetic series shall be used as data input for a
PVISimulation.

2) At least global horizontal and diffuse horizontal irradiations, as well as ambient temperature
need to be available.

Outputdata

1) A simulation othe PVISs mandatory, as well as the following outputs:
a. Final configuration of the PV generatpincluding the type of PV modules, series
and parallel connections and type of structure.

b. Type of systenq stand-alone or hybrid.

c. Final configuration of therigation network.

d. List of components of the complefV irrigatiorsystem.

e. Monthly values of incident irradiation

f.  Monthly values of AC power delivereg the frequency converters

g. Ifinvertersareused monthly values of AC power deliveragthe invertersinto the
grid.

h. Monthly values of water volume

Performance ratio BR, including theutilization ratios as defined in sectidfey
Performance Indicators
j- PV shareRVS.

4.2. Photovoltaic generator

1) Single PV generator for all HGseFigurel4).

The use of a single PV generator to feed all FCs increases the use of P\(@asqye et al.,
2020)¢ for example, at low solar irradiance levels, the full power of the PV generatobecan
assigned to one FH@aking it worls (on the other hand, if each FC has its own PV generator, the
pumping system will be stopped).

Figurelsd
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PV modules

1) Only crystalline silicon PV modules are accepted due to their prouality and reliability,
in addition to their wide availability in allorldwide markets and their competitive market
prices.

Other technologies such as thittim, concentrators, etc. have not been sufficiently proved or
suffer high power degradatioovertime, avoidinghe long term quality that is necessaajong
the 25 years of th&VISifetime.

2) Bifacial crystalline silicon PV modules are accepted.
3) Each PV array must be formed by PV modules of the same manufacturer, type, and model.

4) PV modulesnust be resistant to Potential Induced Degradation (PID) and the Manufacturer
Warranty should include damages caused by PID on PV modules.

5) Allplugs(moduleplugs cable plugsind connection boxgslugs)must beof the same model
and manufacturer (or declaration of compatibility) to ensure good connections. They must
be placed in such a way that they are free of accumulation of dust, sand or water to avoid
short-circuits and/or premature degradation.

6) DC cables must be attached to teapporting structure using UV resistant cable ties or
placed in trays to avoid loose cables that could rub against sharp objects that could damage
their insulation or evertausetrip hazard.

7)t+ Y2Rdz S& Ydzaild y20G SEKAOAIUeignoeshadeichd®dver ¢ 2 NJ &
them and the variable frequency drive is feeding the pump normally.

8) Preferably, as a protection measure against indirect contact, the PV arrays (active poles)
should not begrounded

9) The expected operational ranges of PV arrdyages and currents 04 lsg W and k), due
to expected module temperature and electrical behavior, must agree with the technical
specifications of the FC.

10) In case the PV array is composed by more than three strings in parallel, all the strings must
be protected with fuses in both poles. String fuses must be rated (& )BBetween 2 and 4
times thePVmodules STC shecircuit current, and below the rated DC current of module
cables.

Strictly, electric security at ngroundedPV arrays requiresnly one fuse. However, the second
fuse allows for easy string electrical separation from the rest of the PV array, which can be useful
for inspection and maintenance purposes. An intermediate solution cawisprotecingone

pole with a fuse and providg some easy isolation mean to the other pole.

Extreme desert temperatures reach®n the shadeand anything inside a box can be hotter
than that. Hence, fuses must be rated af@for this extremeenvironment
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Number of PV modules in series

1) The mininum and maximum voltages that are allowed at the input of the frequency
converters (FC) limit the number of PV modules that can be connected in series.

The open circuit voltage of a PV module under standard test conditions (STC) typically
36 V or 43 V for 60 solar cells or 72 solar cells PV modules respectively. Tdepends on the
temperature of the solar cell)Y, according to the following equation:

(Eqg. 10)

where"Y is the temperature of the solar cell at STC’®@5 s the coefficient of variationf
the voltage with the temperature of the solar cell add is the open circuit voltagender
certainambient conditions.

It is significant to observe thatonsidemg that a minimumTcin a certain location can reach
minus10% | G & dzy NA & S-0.BIgHfT, the cafrksporefing @pén circllit voltagevis
(60cells)=39.9 Vand) (72cells)=47.7 V, which leads to a maximum number of PV modules
in series oNy60 cells)= 20 ands(72 cells)= 16. To surpass this number of PV modules means
that the maximum open circuit voltage can be higher than the maximum input voltage of the FC
at certain moments of the year.

2) The motorpump and the national grid (if present) also influence the number of PV modules
in series.

The most common motepumps inPVISare threephase ones with AC input voltagasd of
400 V or 690 V. The following equatiatates the output AC voltage of the FE ( ) and

its input DC voltaget ).

te | w8y, (Eq. 11)
H

In addition to the pump voltage, if there is an extensive length of wires between the FC and the
pump and/or there are filters between them, the voltage drop must be compensatedsare

400 V or 690 V at the motgpump input, which means that higher vafies at the FC output are
needed.Table4 details the required values & ,  _, glepending onthe, , . -

Table4 ¢ The required values ofs ; | _, <g§pending ONEr [y oy &

+ ,[V] o WL t50. o M
400 541

400 415 561
430 581
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690 933
690 705 953
720 973

So, in the case of a staradonePVISumping to a water pool at a variable frequenthe FGwill
be able to track the MPP whenever the corresponding MPP voltage ) is higher than the

t50. <\ga;ues set out iMable4. But ifts ,  _, - Fw , the DC bus voltage will remain at
5. <z:%ng will not be that corresponding to the MPP and someeptial PV energy will be
wasted.

In the case of large hybrid Ryid systems, both the PV generator and the thpdese 400 V
grid are connected to the FC input. The grid imposes the DC bus Vﬁgagq, " sdn accordance

with the following equatior(Fitzgerald, Kingsley, & Umans, 2003)
5, {wDCvPIETi!/Dst (Eqg. 12)

where +,, - is usually 400 \6r 690 V,but it can vary depending on the tuning of the
transformer. In particular, hybrid Ryfid irrigation systems located at the beginning of the grid
line can have highet,, , values.Table5 sets out thets, ,  valyes corresponding to
different+,, ..

Table5¢+s, , . w\/ﬁlges corresponding to different, ;..

i!/DWL[E\/] ts5 :{LpD[,yL]s

400 566
415 587
690 976
705 997

If the PV generator is able to supply enough power to feed the pump at a certain frequency
without the support of the grid and with Siwerhigher than that imposed by the grid

*50 wum‘?‘ﬂlsthe energy will be provided by the PV generator and the voltage of the DC bus will
bew , absorbing the maximum PV energy availabley If 5, » wm@b‘? PV generator

will notworkatw , wasting some PV energy.

Finally, in the cse of direct pumping at constant pressure and water flow (and therefore,
constant power Py-cte) for both standalone or hybrid PAgrid irrigation systems, the previous
analysis is valid just by substitutingevby Vp-cee Where Vp-cieis the PV generatoroltage needed

to deliverPs=cte

3) Electronic devicedo connect/disconnect a module per rgtg according to the cell
temperature are not recommendedilternative solutions can be found {(Narvarte et al.,
2019)
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PV peak power

1) ThePV pealpower at the input of each variable frequency drive must be etual above
93% of the nominal power. In other words, the sum of the losédise PV generatotdue to
initial degradation, mismatching and wiring cannot be above 7%.

This valueof the lossess proposed as an absolute maximum and must be understood in the
absence of anomalous effects (shades, frequency converter saturation, etc.). Lower losses can
be specified, in particular with PV modules offering positive tolerance in rateép&Vhichever

the case, this value must be consistent with the Yield Assessment baseline loss scssthfa

the simulation

Integration of the PV generator in the farm

1) Special efforts should be made to properly integrate PV plants in their surrounding
environment and ecosystem.

Figurelbs Figurel6

4.3. Supporting structure

North-South horizontal axis tracker

1) The only trackers that can be used iR¥lSare NorthSouth horizontal axigackers.

2) If a tracker is usedhe manufacturer musproveits reliabilityby providing a certificate of
absence ofailures in the previous 5 years (for example, with wind evettgny failures
had occurred, full documented proof of analyzing, documenting, sotdngthe problem
provided by independent third parties, shall be requirethis requirement can be
substituted by equivalent warranties for a minimum period of 5 years.
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3) The tracker must be resistant to weather conditioespecially wind) including the
extraordinary ones.

4) The tracker must have ongp portrait configuration.
5) The tracker needs to include a safety position in presence of high winds speeds.

6) Only trackers already testadidentical conditions and showing good performances may be
used.

7) Single, dual or muHiow trackers can be considered.
8) Trackesmust include a backacking algorithm.
9) The rotation angle of the tracker should be uptfab°.

10) The tracker must include, in addition to the tracker control system, a shadow management
system, a wind management system, and a communication protocol.

11) The tracker must be able to do an automatic reset if there is an interruption in the electricity
supply.

12) The tracker statusnformation must be included in thenonitoring system of thePVIS
Remote monitoring must be available.

13) The tracker must have an emergency button to stop it.

4.4. Connection boxes

1) All active electrical components must lakentified with appropriate fixed labels.

The boxes ifrigurel?, Figurel8, andFigurel9 have fixed labels warning of the risk of electric
shock. This is important information, alerting people to the existence of live connectors, bus
bars, fuses and other electrical components in the boxes. This enabidsmical and
maintenance staff to be warned and take appropriatgions before opening the boxes.
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Figurel? Figurel9

2) Connection boxes should have aedpect the proper Ingress Protection rating (IP) selected
according to the environment.

The connection boxes must have (and respect) at least IP54, in accordance with the standard
IEC 60529, and must be resistant to UV radiation.

3) Cable enteringonnection boxes must be correctly installed and seéled
4) All connectors must be correctly crimped and fastened to avoid overheating.

5) Boxes must be cooled and/or heated when they contain electronic components sensitive to
temperature.

When a box contains electronic devices and thermal switchds important to congler if
cooling or heating the box is required. Some of the devices will not operate properly at very low
or high temperatures or will simply be switched off when a threshold temperature is reached.

4 Detailed information of this point can be foundAnnex Il, section Connection boxes.
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To avoid such occurrences, temperature sensors, heatet$ams can be installed, as it is shown
in Figure20.

L

Figure20

6) The parallel association of strings must be done inside connection eee<N1 ifigure
21).

This box must include at least the following protections:

1 ProtectionDCfuses for each string, for positive and negative pdieses can be
installed justin the positive polavhile the negative pole holder can contain just a
cylindrical conductor ("dummy" fuse).

Protection against direct lightning strikes and transient overvoltage

DC switckdisconnector.

String monitoring system.

ERE

If the PV array is composed by only two strings, theyicdh RANB OGf & LI N» ff St SR
connectors.
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Figure21

7) Electrical lines from the parallel boxes must be protected by a line protectiofsbexCN2
in Figure21).

This box must include at least the following protections:

1 Protection DC fuses for each line. Fuses can be inclpggd the positive polevhile
the negative pole holder can contain just a cylindrical conductor ("dummy" fuse).

1 Protection against direct lightning strikes and transient overvoltage

1 DC switckdiscomector.

8) Every individual string must be protected, at least, by a fuse.

The connection box ifrigure22 has fuse holders for each individual conductor. This is the

correct way for electrical lines protection as it allows the connections from thébhtsto the

parallel arrays to be totally isated from connecting cables and to operate them safely. Fuses

are includedustin the positive terminal fuse holder; the negative terminal holder contains just

a cylindrical conductor ("dummy" fuse). In this way every string is protected in the eveighof h

currents and the number of fuses required is reduced by half. Consequently, locating blown

fuses is quicker and the cost of the connection boxes is reduced.

T GKS FdzaS K2f RSNE 6AGK GKS daRdzyyede 062N NBIFfoO
bridging wires, the associated bbar cannot be isolated from that pole of the PV array.
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Figure22

9) Fuses must be properly oversized to avoid overheating and premature degraéation.

10) DC components like fuse holders md&DT be manipulated when DC circuits are switched
ON?>

11) Overvoltage protection devices (operative surge arrestors) between both positive and
negative poles and etr (another one between poles is optional) must be included.

This is not strictly necessary if the cable that connects these boxes and the variable frequency
drive has a length lower than 20 m and the FC input has an equivalent protection. Moreover, in
the case ofgroundconnected PV generators, this protection is only necessary in the pole that is
not connected toground

12) A load breaking switch must be installed (to safely open the DC part in case of emergency).
This is not necessary if the FC has it.

13) The FC lines must be protected by a general DQdeexPDC iRigure21).

This box must include at least the following protections:

1 A leakage current measuremetiéviceconnected between th®Clinesand earth

5 Detailed information of this point can be foundAnnex Il, section Connection boxes.

This project has received funding from the European Union's Horizon 2020 research and innovation programme 44
under grant agreement No 952879



Best Practices for PVIS

AR class protection DC fuses (utegid fuses) for each pole.

DC switckdisconnector.

Protection against direct lightning strikes and transient overvoltage

Shunt resistance for DC currenbnitoring, mounted in the positive pole.

For P©Wgrid/genset hybrid systems, a flyback diode to protect the PV generator against
polarization when there is not solar irradiance and the grid or genset is connected.

1 ForP\grid/genset hybrid systems,@Creactancemust be installed in the frequency
converterDC input line to protect the DC circuit against harmonic distortion effects

=A =4 -4 -8 9

14) Cables in connection boxes should be correctly arranged and not to6 long.

15) The elements inside the connection boxé®uld be correctly ordered and disposed so that
positive and negative poles are as separated as possible

This is donéo minimize the risk of direct contact and to facilitate string testing.
Cables and busbars of different poles should be properly separated from each other.

PolyMethylcMethacrylate (PMMor equivalenj sheets for preventing direct contact with live
wires,fuses, busbars, etc., must be used.

Figure23 shows that he active cables from the positive and negative terminals ofsthiegs

enter the connectiorbox through both the right and left sides. This results in cables passing
behind the positive and negative busbars. Over time, due to vibration and thermal cycling,
continuous contact between cable conductors and copper busbars can damage the cable
insulaion/sheaths and cause shecircuits. A better solution would have been to connect all
the cables from the positive terminals through one side of the connection box and the negative
ones through the opposite side as shoWwigure24. This is a more secure design because it
results in positive and negative cables and busbars being adequately separated.

6 Detailed information of this point can be foundAmnex Il, section Connection boxes.
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+ side cablesaimost

| ¢ sidebusbar

in contact with the
|
\

Figure23 Figure24

16) Individual labels for each cable, reporting about its polarity and its origin are mandatory.
17) Doors and covers must resist chemicals (greaseoémngt).’

18) Doors and covers must contain a blocking system to avoid damage due to wind gusts when
they are oper.

19) DC cables from connection boxedi@nput must preferably ruAn underground tubes (one

tube per pole, except when using wiring with double isolation). The extremes of the tubes
must be sealed once the tubes and cables are totally laid to avoid the entrance of rodents.

4.5. Frequency Converters and control units
1) The control unitan be integrated or not in the frequency converters.
2) If more than one FC is used, an external control unit must be used.

This external control unit must control, at least, the st@nd stop of each motepump.

3) Theefficiency of the FC must be at least 95% for output frequencies higher than 35 Hz.

4) FGshould properly operate at their nominal power and with an ambient temperaiyre
50°C.

" Detailed information of this point can be foundAmnex Il, section Conngtion boxes.
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5) In order to preserve the quality of the general electricity service, the variable frequency
drive should comply with IEC 61062 and IEC 610064 (EMI), with ENb0178 (Grid
quality requirements) and also with particular national codes. The use of ferrites at the
output of the frequency converter to avoid electromagnetic noise is strongly recommended.

6) When the distance between the FC and the mgtamp is long, iis necessary to protect
the motor-pump against harmonics. The protection that must be added at the output of the
variable frequency drive will be different according to this distance:

a. Upto 50 m: AC reactance
b. Between 50 m and 150 m: dV/dt filter
c. Higher than 150 m: a sinusoidal filter.

7) The FC should include protection against inverse polarization in its DC inputcisboits
in its AC output, ovevoltages (operative surge arrestors) in b@kinput andACoutput,
and insulation failure with outputo relay. It is frequent that the frequency converters do
not include the protection against inverse polarization if the connection is directly done in
the DC bus. lthis case, there are two alternatives:

a. To add an external protection against inversdgpization. In any case, if there is a
direct connection to the DC bus, it must be protected by fast fuses or any other
mean to limit the charge/discharge current of the internal capacitor of the
frequency converter.

b. To connect the DC wires to the standamgut of the frequency converter, avoiding
the direct connection to the DC bus. In order to this, the positive pole will be
connected to the FST inputs of the frequency converter. This way, the diode bridge
rectifier will act as protection.

8) The FGhould include detection and protection in case of lack of insulation in accordance
with the requirements of standard IEC 6036412.

9) In order to facilitate the acceptance tests, the electric box of the variable frequency drive
must include means (shurtgroid, etc.) for measuring DC input current with accuracy of, at
least, 0.5%. Such means must be duly certified and fully accessible during reception test.

This specification applies only if acceptance tests consider not &piaaPRrdgneasurement,
but also additional equipment characterization.

10) Own consumption of FCs can be powered by the line of auxiliary services.

11) The FC should be located inside a specific building (electrical room) with adequate fans or
air circulation systems to avoid overhéaj. The building door should have a blocking
system (or alternative option) to avoid damage due to wind gusts when it is open.

12) TheFCmust be able to support a sudden fall¥power due to passing clouds.
13) The passing cloud resistance rafieoud) ¢ Equation 7 cannot be lower than 95%.

14) In the case of an external control unit, it must:
a. comply with IEC 61131
b. be installed in an IP54 waterproof protection box
c. be connected to amninterruptible power supply.
d. have shielded signal cables.
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Specificitie®f the FCand PLC

1) The DC busef the F(heeds to be accessible (because the PV generatyrbe connected
to this part of the FC).

2) If hybridization is done in the electric part tfie system, the P\generator must be
connected directly to the DC bus of the ff@ugh a diode connected in direct biéhis
diode isto allow the flow of the electric current just from the PV generators to thg FC

3) If the only energy source feeding=&is PV the positive pole of the PV generator must be
connected to the AC input of the FC, while the negative one must be connected directly to
the negative part of the DC bus.

It is recommended to shoitircuit the R, $&nd T inputs of the FC. With this connectionan
external diode is not needed sintdee FC is fed before the diode bridge, which will protect the
system.

If the FC does not include an integrated PLC, an external one must be connected.

4) FCparametersneed to be accessiblé (sneededto change some parameters to allow the
correct work of the FC according to the irrigation network).

5) The FC and/or the PLC need to have, at least, analog inputs for:

DC voltage of the PV generator.

Incidence irradiance in the PV generator

Celltemperature

Pressure (if direct pumping)

Water level in the boreholenhen pumping froma borehole)

Water level in the water poolnhen pumping to/fromawater pool)¢ this can be a
digital signal, for example if water buoys are installed for empty anélll water
pool.

-0 o0 oTw

6) The FC and/or the PLC need to have, at least, analog outputs for:
a. Setpoint voltage.
b. Setpoint pressure (if direct pumping)

7) The FC and/or the PLC need to be selected according to the needed digital inputs and
outputs.

8) The FC and/or the PLC must be able to communicate with the irrigation automatism (if an
irrigation automatism ipart ofthe PVI$.

9) The FC and/or the PLC do not substitute the irrigation automatism.

Programming of the FC/PLC

1) The FC/PLC needsitwlude, at least, the following routines:
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i Start and stox; the start and stop of the different FCs must be done according to the
PV power available at each moment (hysteresis must be included in the system to avoid
consecutive starts and stops). Additidigato assure the lifetime of the system, the
number of starts of each pump per hour mustlieited.

1 MPPT (if pumping to a water pool) or constant pressure (if direct pumpingien the
system is pumping to a water pool, the routine must guarantee thatPV generator is
working at its maximum power point. On the other hand, in case of direct pumping, the
routine must guarantee the correct pressure in the system.

1 Cloudpassingg when the PV generatodetectsa huge drop in irradiance due a
passing loud, the FC must activate its clopdssing routine, which will guarantee that
the system will not stop abruptly due to the cloud.

1 Empty and/or full water poot a motorpump that pumps from a water pool to an

irrigation network must stop when theater pool is empty. On thether hand, a motor

pump that pumps water from a borehole oicand to a water pool must stop when the
water pool is full of water.

No-load motor protectiong if the motor is working with ndoad, the motor must stop.

Error ioutine ¢ if an abrupt stop or other internal error is detected by the te,error

routine is activated. It must include the steps to be followed after each error (e.g.:

minimum interval of time until the next start of the FC).

= =

2) The following protectionshould be considered:
1 High and lowlevel pressures.
T Motor temperature.
1 Frequency converter temperature.
1 Leakage current

3) If more than one FC/motgpump is connected to the same PV generator, different power
thresholds must be considerdd start and stopeach FC.

4) If more than one FC/motgpump is connected to the same PV generator, only one FC can
have the MPPT routine at a time.

5) If a system includes a set of pumps to do direct pumping and a set of pumps to feed a water
pool, in case of low level afradiance and in the presence of irrigation needs, priority will
be given to direct pumpingumps unlesshe water pool is empty; in this case, ithere is
enough PV power available, the pumps that will work are the ones to fill the water pool.

Emergencistop button

1) Each FC needs to include an individual emergency button to allow an immediate stop if
needed.It mustbe easily accessihlé this button is pressed, the stop of the FC must be a
controlled one

4.6. Motor-Pumps

1) The traditional way of selectingpump is just to look for the pump that shows the highest
efficiency at the duty point (usually at 50 or 60 H#)is methodology is unsatisfactory for
PVIS particularly for the water pool ones since they work at different frequencies and
working points. Acordingly(R. H. Almeida et al., 2018)oposes a pump selection method
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for PVISoumping to a water podhat should be considered as a best practice. This method

has the following four steps:

T a¢2 &aStSO0 (K clidretlsmHzdvithiihgreatest slopes from those
that can work at a certain duty point.

f ¢2 aStSO0G GKS LlzyLla OoFNRY (GKS LINBOA-2dza 2V
KI'y R KA NReurve2 Fhe dutiy Sointl at the rightand part of the HQ curve,
together with itsgreat slope, will allow a wide range of operating frequencies.

I To identify the lowest operating frequency at which the pump is able to elevate water
into the pool. It will be defined by the-B curve with the lowest frequency that
intersects with the syst® curve. The pumps with the lowest frequencies will be
preferable, as they will allow a wider range of operating frequencies.

f ¢2 &aStSO0 (KS LlzyL) ¢AdK GKS o6Sait STFFAOASyOe

w»
QX

2) In principle, all thregphase motors ca work at variable frequency. Although, it is always
better to confirm this information with the motor manufacturer.

3) The motor must include a thermal protection.

The motor must stop if its temperature is higher than a defined threshold.

4) ltis important to consider the acceleration time allowed by the motor (usually presented in
the motor datasheet).

5) Itis important to know theallowedmaximum number of startips of the motospump per
hour.

This should be included in the start and stoptine of the motorpumps in order to avoid
excessive starts and stops thaiulddamage the pump.

6) When the distance between the FC and the mgtomp is long, it is necessary to protect
the motor-pump against harmonics. The protection that must be adalethe output of the
FCdepends orthis distance:

a. Upto 50 m: AC reactance
b. Between 50 m and 150 m: dV/dt filter
c. Higher than 150 m: a sinusoidal filter.

4.7. Switching elements between the pump and the frequency

converter

1) A connection boxnaybe included betweerthe frequency converter and the motggump.
This box will include a contactor to isolate the mepump and will allow the connection of
an external source gfowerto easily perform an evaluation of the motpump without the
use of the E (seeFigure25). It is extremely important thatif switching elements are
installed, they musbe operated without load.
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Figure25

4.8. Batteries

1) The use of batteries is natlowed

A system with batteries will present a higher cost and complexity, which will decriégmse
reliability and economic feasibility

4.9. Monitoring system

1) The installation of a monitoring system is mandatory PNAS

2) The monitoring is a responsibility of the Dadated services provider.
3) Access to energy meter(s) is mandatory.

4) Access to water volume meter(s) is mandatory.

5) The monitoring system must be able to communicate with and receive relevant information
from:

All FCs

All PLCs

All irrigation automatisms

All the tracker control units

All the referencé®Vmodules

All the energy meters

Pulse flow meter

Dynamic water levaheter (wvhen pumping froma borehole)

Level of the sensors in the water tankhen pumping to/froma water tank)

Pressure transducer (in the case of direct pumping)

=4 =8 =8 -8 -84 _-8_-5_-9_-°

6) Table6 includes all the variables that shall be measured and recorded in the monitoring
system¢ they are categorized as mandatory, highly recommended, recommended, and
optionalg, as well as its id# time resolution for monitoring purposes
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Table6 - Variables that shall be included in the monitoring system, as well as its time resolution

Variable Time resolution
Date (day and time) Mandatory 1 sec.
Solarirradiation (one record per sensor) Mandatory 1 sec.
Cell temperature (one record per sensor) Mandatory 1 sec.
Theoretical DC power (calculated from so Mandatory 1 sec.

irradiation and cell temperature)

DC current (one measure per FC) Mandatory 1 sec.
DC voltage (one measure per FC) Mandatory 1 sec.
DC power (one measure per FC) Highly 1 sec.
recommended
AC current (one measure per FC) Optional 1 sec.
AC voltage (one measure per FC) Optional 1 sec.
AC power (one measure per FC) Mandatory 1 sec.
Output frequency (one measure per FC) Mandatory 1 sec.
Power Factor (one measure per FC) Highly 1 sec.
recommended
FC Temperature (one measure per FC) Optional 1 sec.
FC Status (one measure per FC) Mandatory 1 sec.

FCAlarms/Alarm status (one measure per FC) | Recommended | 1 sec.

FC start order Mandatory  (if| 1 sec.
more than 1 FC)

Water flow (one record per irrigation network) | Mandatory 10 sec.
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Working pressure (in the case of direct pumpin{ Mandatory 1 sec.
Dynamic water level Recommended | 5 min.
AC energy Mandatory 5 min.
Water volume Mandatory 1 day
Position of the tracker Mandatory 5 min.
Reference position of the tracker Optional 5 min.

7) A centralized monitoring system should be used.

8) The monitoring system must includg@mmunicationfacilities through GSM or via internet
and must store locally the data

9) The monitoring system must instantaneously alert the operator to any defects. This way,
they can be repaired immediately, energy andter losses will be minimized, and crop
production will not be affected.

10) The monitoring system can include remote control of the PV installation.
4.10. Irradiance and cell temperature sensors

1) The sensors to measure the effective incident irradiance over the PV a@ayand their
cell temperature in operationlc, shall be reference PV modules of the same manufacturer,
type and model than the ones installed in the PV arrays

Even if it is usual the use of a single calibrated solar cell of the same technology as the PV
modules (which includes a thermocouple to measligg the use of PV modules of the same
technology will improve accuracy in the measurements. Theefévence nodulehas a thermal,
spectral, and angular response closemntme of the PV modules of the array than a calibrated
solar cell.ln addition, a PV module acting as an irradiance sensor is less sensitive to localised
shadowghan a PV cell.

Both a calibratedolar cell and #V reference modulean be seen ifrigure26.
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PV
reference
module

Calibrated
solar cell

Figure26

2)

3)

4)

5)

6)

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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Reference PV modules must be installedh@ same plane as the PV arrays (and must be
fixed the same way than the PV array). Shadows must be avoided.

A good practice is to install the sensor on the top of the structure (for static structures),
on the center (foNorth-Southhorizontalaxis trackers).

The PV reference modules for measuridg has to be shortircuited and the resulting
current has ® be monitored. It will be equipped with class 0.5 shunt resistors in such a way
that the corresponding voltage for the STC irradiance G* = 1000?Vémges from 100 mV

to 200 mV.

The PV reference modules for measuriighas to be opertircuited to measure cell
temperature

Electronic devices needed to use PV modules as irradiance and temperature sensors must
be protected inside boxes with proper IP rating (Ségure27).
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Figure27

7) Asingle PV module can be used both as irradiance and cell temperature $sesbigure
27).
Taking advantage of the fpass diodes, a part of the P\bdule is shorcircuited with a
shunt resistor (to measure irradiance), and the other part remains in @enit (to
measure cell temperature).

8) PV reference modules will be distributed along the PV plant, in order taGgetnd Tc
average representative values, to estimate the dust energy impact (by cleaning just a group)
and to provide redundancy for increasing monitoring reliability. The following rules apply:

a. Atleast, one PV reference module per 1 MWp of PV generator.

b. If onlyone PV reference module is installed, it must be installed in a central point of
the PV generator.

c. The distance between any point of a PV array and a reference module must be less
than 300 m.

9) A PV reference module will be supplied and tkep dark conditims, to allow future
recalibrations of the installed one($3ecalibrationshould bedoneevery two years.

10) Measurement procedures will be in accordance with IEC 60891, IEC-B@IQUEC 60904
5. Stabilization and calibration of reference PV modules rbestone by a weltecognized
independent laboratory.

11) Irradiance sensors should be freelatalizedsoiling.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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4.11. Wind speed sensors

1) Wind speed sensors should be installed on a separate tower (and not at the top of a tracker).
This sensor is mandatory in trackiRyS

2) The wind protection threshold must be carefully determined to prevent production losses
(threshold too low) and material destruction (threshold too high).

When the speed monitored is above a safétyeshold, an alarm is generate@onsequently,
the trackers move to thevind-protection position in order to guarantee their physical safety
against high wind gusts.

It is very important to establish an appropriate threshold to avoid false alarms wiiliatesuce
the final energy production.

3) The tower must be securely anchored to the ground.

Topreventthe tower from collapsing, 3 anchor points separated 120 degrgeat from each
other are required If they are separated by 90 degrees, one more anpoant isneeded

4) It must be prevented that the tower casts shadows oWer PV generator

4.12. Other sensors

1) AC energy meter(s) are mandatory.
2) A shunt to measure DC current of the PV generator must be installed.
3) Water volume meter(s) are mandatory.

4) Asensor to measure the water level in the borehole must be installed.

This way, the motor will not work with Rlead.

5) A sensor to measure the water level in the water pool must be installed.

Although ®me applications may require the exact level of watethe water poo] most of the
timesit is enough to have four water buoys at different levelsvo for empty water pool and
two for full water pool Two buoys areonsidered for each situation in order to add hysteresis
to the system.

6) A sensor to measerthe waterflow must be installed.
7) A sensor to measure the motor temperate must be installed.

8) A sensor to measure the pressugsamandatory

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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4.13. Security of the plant

1) The PV generator and all buildings must be protected against foeftxampleby installing
alarm security system@&igure28).

Figure28

2) Technical buildings must be protected against thefts and vandalism.

Adequate lock systems must be installed in doors of technical buildirfgjglBapplicationsto
avoid attempted vandalism and robberies as showRigure29 and Figure30.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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Figure29 Figure30

3) The PV generator location should not be close to main roads or public patagotd
vandalism

4.14. Feeding of the auxiliary charges

1) If the PVISs a stanealone one and grid connection is not available, a small stdode PV
system must be installed to guarantee the feeding of all the auxiliary charges (such as the
monitoringsystem, the control system or the alarm security system).

This project has received funding from the European Union's Horizon 2020 research and innovation programme 58
under grant agreement No 952879



Best Practices for PVIS

5. Best Practices in Installing a PVIS

5.1. Quality control before installation

1) The quality control before installation must be done by the Technical Adyibarexternal
institution specialized in quality control of staradone largepower PVIH

Testing of PV modules prior to project execution

1) Itis necessaryo check that the PV modules meet the required technical specifications. In
order to do that 12 PV modulesust randomly be selected among the ones that will be
installed in the PV generator. The following measurements will be performed:

1 Peak power: theneasuredPV peak power must be within the toleranaaits specified
by the manufacturer. Thigsneasurement Beds to be done before and after LID
degradation (aftethe modulesexposure to the suq at least 20 kWh/rf).

9 Electrical characterization: the temperature coefficients with power, opiecuit
voltage and shokrtircuit current will be measured. These veduwill be used to a better
estimation of the PV generator productivity.

9 Detection of hidden faults and micieracksof the PV cells: current will be injected into
the modules and electroluminescence will be performed.

91 Detection of visible faults: visualdpection to detect failures in welds, delamination,
bubblesbroken, cracked or torn external surfaces, voids in or visible corra$ey of
the layers of the active circuitry of the module, module markings (label) not present or
unreadable etc.

1 Propensity to PID: a test is performed to check the tendency of the PV module to PID.
Since this test can be destructive, a smradlample of modules will be checked.

Preparation ofrradiance and cell temperature sensores

1) TwoPV modulemust be preparedsirradiance and cell temperature sensors
2) A PV modulewill be installed in the PVIS (in the same plane of the PV generator).

3) A PV module will be kept to perform technical control procedures.

Preparation of reference R¥odules

1) Three eference PV modules must be prepared.
These modules will be usedthe quality control at provisional and final reception of the
installation

2) A referencdPVmodule will beinstalled in the PVIS.

3) Two referencePVmodules will be supplied and kepon dark conditions, to allow future
recalibrations of the installed one(s). That should be made every two years.
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Motor-pump testing

1) When a new motoipump is going to be installed, it is worth recommended that the
manufacturer caty out a bench testing to characterize the heffmv curve, as well as the
motor and pumpefficienciesat different speed ranges. This information will be useful for
subsequent quality controls of the system and monitoring of the mgtamp performance.

2) In the case that the motepump is already working in the irrigation farm, an-site
characterization of the motepump should be made to also obtain the hefdalv curve, as
well as the motor and pump efficiency at different speed ranges.

5.2. Installation

PVgenerator

Supporting structure
1) Tests must be carried out tdjustthe foundationsdesignto soil properties.

Ageologicaktudy of the land on which the PV generator is going to be installed must be carried
out. The objective of such a study is to assess the properties afrthendbefore selecting the
foundations to usgas this selection is determined by the mechanicalst@ints and the soil
quality). Foundations must accommodate the effects of weight and wind (as defined by the
appropriate Eurocode or/and other norms). This study would also eliminate the possibility of
unnecessary works.

Each type of foundation (concreteoting, pile, minipile, etc.) is suited to specific latgpes.
Shallow foundations, such as concrete footings, could be suitable in compacted and stable land
(rocks, aggregates), while deep foundations, such as piles opitgaj could be required inn-
compacted lands which might be prone to seasonal climactic variations (e.g. expansive clays,
areas close to water table).

2) Soil improvement and consolidation will be done, if necessary.

3) Thelandin which the PV generator is going to be installed maesftlat (ensuring a good
level baség.

Sloping lands must be object of earthworks ensuring a level base or minimal slope as previous
step before the foundation works. This is imperative when instaNiagh-Southhorizontalaxis
trackers, which need to bglaced on a flat and stable surfag&h limited slopes

4) Supporting structures must be rigid and resistant to wind gusts in accordance with EN 1991
and to corrosion environments equal to or higher than C4, in accordance with the standard
ISO 9223.
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5) Supporting structures must bmade ofaluminum or hot dipped galvanized steel. The
installation procedures must ensure awgbrrosion protection. This is also applicable to
doors, trays, bolts, nuts, washers and fixation elements in general.

6) All the partsof the supporting structure must be correctly assembled, fit with each other
and be compatible to avoid galvanic corrosion.

7) Supporting structures must allow every single module to be accessible for periodic
inspections.

8) All metallic parts of thetructures must be grounded.

A good earth connection protects people and electronic devices against leakage currents. All
metallic parts of the supporting structure, including those where direct contact cannot be made
as they are separated by nanonductive material, must be interconnected or bonded and
grounded. This is in order to protect people against electric shock in the event of faults or
electrical stormsKigure31andFigure32). Otherwise, the ungrounded components could reach
dangerous voltage levels relative to ground. This could happentiéthost inFigure33 due to

the black insulating layer.

Figure31 Figure32
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Figure33

9) Grounding wires must be clearly identified.

It is advisable to use conductors which are clearly distinguishable from the power cables for
earthing structures. The ground conductor can be bare wire or with a covering of a different
colour, usually yellow/green.

10) PV modules are usually fixed with clgsnon the longedges Figure34). Fixing the PV
modules on the short edge@igure35) may be permitted for certain models and under
certain conditions.

Fixing the PV modules on the short edges reduces the ability to deal with climatic loads such as
wind and snow. The maximurodd due to extreme meteorological conditions depends on the
location of the system and should be compared to the permitted loading on the modules. These
would typically be in the range of 2400 Pa to 5400 Pa.
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Figure34 Figure35
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Clamps must be symmetrically placed to avoid excessive distance between the PV module
attachment point and the edge to achieve better attachment of modules to the structure, as
shown inFigure34, rather thanFigure36.

A

Figure36

NO

It is important to refer to the PV module installation manual for additional information
concerning the installation procedure and appropriate fixing points.

11) Clamps must be used according to their specifications and masth the size and shape
of the modules

12) Anti-theft screws and nuts are recommended when mounting PV modules.

8 Detailed informationon this point can be found ilnnex Il, section Civil workg supporting
structure.
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13) Supporting structures must fit to the module frames, and all parts of the structure must fit
with each other.

Figure37 shows aPV modulethat hasnot beenmounted in an appropriate manner since the
supporting structure does not fit to the PV module frame. It is bent and incorrectly held by a
threaded steel rod. The PV module may become detdcduring heavy winds or even be
irreversibly damagedn addition the screw isoo long and can pose a risk to staff

Figure37

14) Supporting structures and junctions must be rigid.

Qupporting structures have to be attached in a rigid way to avoid loss of shapeFagLire38.
Small rods have been used to attach tatouctures,but they arenot strong enough to keep
them straight.Figure39 shows the proper way to attach them as it uses a rigid piece that fits
perfectly, keeping the two stetures straight, adding strength to the whole structure and
preventing deformation in the future. This type of attachment could be used as a thermal
expansion joint if it is fixed on one side orthowever, are should be taken to ensure that there

is no bss of strength to the structure.
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Figure38

Figure39

15) All material used in the structures must be compatible.

The metallic materials of the PV module frames, the supporting structuregehss screws,
washers, nutsetc. must be compatible. Some materials are not compatible and should not be
used in combination without the proper separation. Otherwise, galvanic corrosion may appear
if incompatible materials are in contact, such as aluminum and stainless steel as istiigure

40.
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Figure40

16) Structures must resist outdoor climate conditions (rain, salt, low temperaguelight).

The structures have to be constructed from stainless steel or be protected against degradation
(mainly oxidation) with a treatment such as galvanizing or special painting. The strength of the
structures could be reduced with time if this protémt is not correctFigure4l to Figure47

show examples of good and bad practide Figure41 to Figure45, galvanized or painted
protection has not been applied or has been carried out incorreEilyure46 and Figure47

show where the correct protection has been applied. Nevertheless, as they are painted or cold
galvanized, they have to be monitored and repdiwhen required before the degradation
becomes evident.

Supporting structures are natecessarilynade of metallic materials Other materials such as
wood can be used. Wood has to be varnished to protect it against the enviroragents.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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Figure4l Figure42 Figure43

Figure44 Figure45

Figure46 Figured7

17) Mounting systems must allow for thermal expansion of all the system compofients.

18) Anti-bird devices should be installed on the top of the PV modulesKigpee48 and Figure
49).

9 Detailed informatioron this point can be found idnnex Il, section Civil works supporting structure.
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Figure48

Figure49

PV modules

1) PV modules must be protected from shocks and vibrations to avoid roiaaks.

2) PV modules mushe transported and installed in good conditions to prevent micro and
macro-cracls, as well as other damages in the modules.

3) PV modules must be protected from vegetation.

The structures ofFigures0, Figure51, andFigure52 are of such a height that low vegetation can
reach the lowest PV modules. As a result of this, vegetation casts shadows over the panels that
decrease the production of the installation and, at worst, can acceletealegradation of PV
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modules causing hot spots. Arranging the structure at a greater height would have avoided this
situation. With appropriate monitoring of the installation, the vegetation could be cut before it
reaches modulef~igure53). Care needs to be taken to ensure that during ground maintenance,
equipment with rotating blades or string cannot cause small stones to be projected which might
damagethe PV modules.

Figure50 Figure51

Figure52 Figure53
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Enclosure of the PV generator

1) PV plansmust be enclosed with a fence or a wAll.

2) The enclosure must be provided with a metallic gate large enough to allow the entry of
maintenance vehicle¥.

3) The space between the fence and the PV generator must be large enough to allow the
passage of maintenance vehicfés.

Shadows

1) Solar tracker drivers must be conceived in such a way they do not project shadows over the
PV modules

SomeNorth-South horizontabxis trackers models have a single motor to move multiple rows.
This is an advantage that optipas the operation, the energy consumption and the cost of the
solar tracker. However, it must be designed in a correct way in order to avoid shadows projected
over the PV moduleszigure54 shows how the tracker transmission beam projects a shadow
over the bottom of the PV module, which can be the origin of future hot spot effects.

Figureb4

10 Detailed information a this point can be found imnnex I, section Enclosure of the PV
generator.
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2) Thebacktracking functiorof the trackermust be well calibrated to avoid shadows

Backtracking function must be calibrated when setting the operation parameters of the tracker
functioning. This calibration mainly depends on latitude, distance betweenaodand slope.

A good calibration leads to a good performance along the year as shdviguire55 (in which

it can be observed a narrow line of surojacted on the ground, that indicates a good back
tracking functioniny However, bad calibration can lead good results for some year periods but
shadow problems in other periods, as showrfFigure56, in which it can be appreciated how
the rows project shadows over the bottom of the PV modules of the rear row.

Figureb5 Figure56

YES

Drainage and water protection

1) Based on the climatic data and specially the rainfall data, andihé Sof¥iguration and
topography, the Contractor will be responsible for designing and building a drainage system
to protect the installation infrastructues against erosion and flash floods. This drainage
system must be properly maintainéd.

2) Service buildings must be waterproof, including cable entry pdints.

Frequency converter(s) and PLC

1) The FC(s) and PLC must be placed in a dedicated bglifiagengine room.

2) The FC(s) and PLC must be inside a specific electric board.

11 Detailed informationon this pointcan be found inAnnex Il, section Drainage and water
protection.
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3) The FC(s) and PL6upporing structuresmust be built with adequate loatdearing
capabilities.

4) TheFC(s) and Plgbpporing structuresmust bemadeof nonflammable materials.

5) Frequency converters cooled down by natural convection must be placed verticelgili
ventilated areas and comply with clearances to walls and obstacles.

The temperature othe FCincreases significantly when operating. Whét€sare cooled by
natural convection, they must be placed vertically, in well ventilated areas with atrteashal
clearance to walls, other objects and other inverters as specified by the manufectoadure

to observe these guidelines may result in overheating, reduced efficiency and reduced life
expectancy

6) The FC must be properly cooledans andair ducts should be installed if necessary.

Buildings which houseCsgenerally operate at an elevated temperature and for this reason
such buildings must have their own air circulation system.

However, the air flow may not reach the internal sectionthefFC Therefore, the temperature
insideit can be higher than the recommended value resulting in a reduction in its efficiency.
Moreover, these high temperatures can cause an deenperature alarm to be activated and
the FCturned off. A good practicesito add fans or air circulation systems which also cool the
internal sections of thé&C

7) FC cooling fans must remain clean and free of dust.

SomeFCshave inbuilt fans to improve their cooling and therefore attain higher efficiencies.
However, these meaures are useless if they are not properly maintairiéthe room is full of
dust and the filters of thé&Cfans are cloggedtscooling and efficiency are reduced.

Wiring

1) Cables trays must be protected during the construction pHase.
2) Cables must bplaced in cable tray¥.

3) Buried cables should be protected by rigid tubing or ddtts.

4) Buried cables should be buriedlbe freezing deptH?

5) Electrical conduits must be sealed in both conduit ends to avoid access to small rodents and
others?!?

12 Detailed information a this point can be found iAnnex Il, section Wiring.
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6) Buried electrical conduits in trenches must be marked with appropriate warning type for
underground cables and pipelinés.

7) Electrical cables installed in the trackers between PV modules ancctiom boxes must
avoid the contact withmovingelements of the structure.

Electrical wires connecting PV modules and connection boxes must be fixed to the metallic
structure in a way that they are not affected by the turn movemetithe tracker.

Wiring should notcome intocontact with mobile elements. Cables must be separated from

mobile elements Kigure57) or/and protected under adequate and resistant condufgg(re

58). Figureb59 shows a couple of wiresominginto contact with a mobile metallic element of

the tracker, which in the short or medium term can damage the wire protection with the risk of
aneBOGNROLFE O2y il O 0SG6SSy GKS 3INBdzyR I yR (GKS

13 Detailed information of this point can be foundAnnex I, section Wiring.
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Figure57 Figure58

Figure59

NO

8) Manholes and chambers must be properigtalled’*
9) Manholes should be raised above the ground for additional protection.

10) Signal cables must be shielded cables.

14 Detailed information of this point can be foundAnnex I, section Wiring.
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11) The underground cable ducts and trenches must be constructed below the depth
established in the National low voltage regulation.

12) The LV cable will blaid in a minimum depth of 0.8 m on a sand bed of 0.1 m thick and
protected with flexible corrugated tube of an adequate section to leave 50% of its space for
future needs. Refilling will be done in layers of 15 cm thickness, each properly compacted.
About15 cm above crest level of the cables a signal band for each of the cables will be laid.

13) The crossings of roads will be made through appropriate cement cable ducts or polyethylene
heavy duty (PEH) pipes, with a wall thickness of not less than 5 mm.

14) Chess or manholes must be installed every 90 m and in any change of direction.
5.3. Start-up of the system

1) All components and materials must be in accordance with the project documentation.

2) The correct labeling of all equipment must be verified.

PVgenerator structure

1) The following should be verified:
1 Grounded of the structure
1 PV modules mechanical integrity.
1 PV modules clamps, screws and nuts.
9 PV modules cableend connections

2) If the structure is a trackethe following must beverified:
9 Trackingalgorithm.
1 Backtracking algorithms
9 Tracker operation under wind alarm
1 Trackemight position.

Control of the systerm frequency converter and PLC

1) An autetunning must be performed in each FC.
2) After the autotuning, motorparameters must be confirmed.

3) The start and stop thresholds of each moemrmp must be defined and adjusted to
maximize PV energy use.

4) The acceleration and deceleration times of the mgbaimps must be defined.

5) The tuning of theproportionakintegral (PI) control parameters must bere.
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This tunning must guarantee the stability of the system in the stprphase of each moter
pump, in normal operating conditions and under clepas occurrences.

Since the dynamic behavior of thdraulic system is different in eaéVIS the definition of
both the proportional gain and integral time mube done insitu. The derivative control is
usuallynot applied due to the electromagnetic noise presented in these systems.

UPM iscurrently looking for a way to auttune the Pl control parameterdJPM isalso trying to
develop a method to test the performance of the system ungassingcloudsoccurrences
without the need for real clouds (trying to simulate the interference ofdlwaids in the system).

6) If theirrigation network includes filters, the stability of the systerhile cleaning the filters
needs to be confirmed. The adjustment of the Pl control can be needed.

7) FC(s) and PLC programs must be tesieciuding the differenworking routines (to verify
its good performance and to test important protections)

8) Thefollowingsystem protections mudie verified:

No-load motor.

Empty well(if the system includes a well)

Empty water poo(if the system includes a water pool)
Full water poolif the system includes a water pool)
High pressure level.

Low pressure level.

= =4 -8 a8 -8 -9

Monitoring system

1) The monitoring system muske in operation since the statip of the PVIS systerall(input
signals must be available @uat time).

5.4. Commissioning of the system

1) The commissioning of the system must be dofteraan initial period of Sun exposure long
enough for the total irradiation on the PV arrays reaches at least 20 kWéwah, in any
case, not less than one month

2) The commissioning of the system must be done by the Technical Advisors.

PV generator characterization

1) IV curves should be measured to at least 3% of the PV modules installed, as well as to all
strings of the P\generator.

2) Visual and thermographic inspections must be performed in all PV modules.
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lye t+ Y2RdzZ Smaar@Aéxz 3 FkEZ da¢ aALISOATASR
rejected.

Thermal (IR) images must be obtained in accordance witB0BQ414, with the PV system in
normal operation and must respect the following conditions:

1 Onplane irradiance higher than 700 Wfm
1 Irradiance variations during the previous 10 minutes less than 20%

Hot-spots acceptance/rejection criterare (Moreton et al., 2015)

T ¥YY x mnnoé/ fSIFRa&a G2 | dzi2 Yl Gspddis dabsedo@ang 2 y =

shadow affecting the PV array.
. ¥'Y > 20°C in absence of shades leads to automatic rejected.
f pm Y'Y ¢ m#in absence of shades wilad to measure the effective power

loss, understood as the decrease of the PV module operation voltage in relation to a
non-defective module of the same string. The PV module will be rejected if such

effective power loss exceeds 20%.

PV generator structe

1) The following should be verified:
1 Grounded of the structure
1 PV modules clamps, screws and nuts.
1 PV modules cables.

2) If the structure is a trackethe following must be verified:
9 Trackingalgorithm.
1 Backtracking algorithms
1 Tracker operatiorunder wind alarm
1 Trackemight position.

Frequency converter and control of the system

1) The efficiency of the frequency converter must be measured according to the

characteristics of the irrigation system:

1 For water pool systenakfferent working frequencies must be tested (from minimum to
maximum frequencies).

1 For directpumping systems, efficiency must be measured for the different working
points of the irrigation network.

2) The frequency converter and/or an external PLC is used to @ootrthe system. The
following routines should be verified:
9 Start and stog; accordingly to the available PV power and arseér needs.
1 Cloudpassing; the system needs to be reliable against PV power fluctuations.
1 MPPT (in the case of water pool systeq)e system must follow the maximum power
point of the PV generator.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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1 Pressure control (for direct pumping systempjessurestability must be guaranteed.

Motor-pump characterization

1) The efficiency of the motgpump must be measured according to the daeristics of the
irrigation system:
1 For water pool systemslifferent working frequencies must be tested (from minimum
to maximum frequencies).
1 For direct systems, efficiency must be measured for the different working points of the
irrigation network.

System productivity

1) The full operation of the system will be measured and monitatedng a full week
The following indices will be calculated:

T PR

PRv

URp

UReus

URer

PVSin the case of hybrid systems).
Passing cloutesistanceatio.

= =4 -4 —a —a -9

2) A comparison with the expected results must be done.

Monitoring system

1) The followingnustbe verified:

The monitoring system.

The recorded variables.

Thefrequency andralidity of the recorded values.
The communication and data storage procediure

= =4 —a

Other aspects

1) The followingsystem protections mudie verified:

i No-load motor.
Empty well(if the system includes a well)
Empty water poo(if the system includes a water pool)
Full water poolif the system includes a water pool)
High pressure level.
Low pressure level.

=A =4 =4 =4 4
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Best Practices for PVIS

. Best Practices in Operating and Maintaining a PVIS

The O&M contractor must carry out the main activities of Operation and Maintainf\ga

The following maintenance activities must be considered: preventive, corrective, predictive
and extraordinary.

An O&M manual for preventive maintenanorist beavalable.

A record of the O&M activities performed must be daed integrated in the monitoring
system

6.1. Preventive maintenance

PV modules must bleept cleaned especially localized dirt must be avoided

PV modules must bgrotected fromvegetation.

PV parallel string boxes must be periodically checked and verify that all fuses are correctly

working. The use of fusdgisconnect switches with light signalintay be useful for this task
In the same way, the overvoltage protection devicessirhe checked.

Tracking algorithm must be periodically confirmed.

The PV tracker must be periodically checked, particularly the hydraulic actuators, the
mechanical drivemechanisms,and the proper functioning of the anemometer, in
accordance with the marfacturer O&M manual.

Regulaenergymetersreadings must be done.

Motor pump performance must be monitoreiy detect the loss of efficiency to schedule
the motor-pump maintenance works.

Motor temperature must be monitored to prevent motor damages wee burning.

Maintenance of buildings, fence and security equipment must be done.

10) An Annual Maintenance Plan must be available

1)

2)

6.2. Corrective maintenance

The corrective maintenance takeplace after a failure detectiorthrough the remote
monitoring, by the plant operator or by the annual maintenance plan.

Three main activities can be performed under corrective maintenantault diagnosis,
temporary repair, andgepair.

This project has received funding from the European Union's Horizon 2020 research and innovation programme
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Fault diagnosis is the process of identification of the fault, temporary repair is the repair to
restore the function or item for a limed period of time (until repair is carried out), and repair is
the restoration of the function or item permanently.

3) The corrective maintenance must be don# possible,during nighthours (to avoid
influencing the PV generation).

4) The corrective mainterme is usually contractually obliged to comply with maximum
response times.

6.3. Predictive maintenance

1) By analyzinghistoric yield assessment and key performance indicatgrsedictive
maintenance activities can be developed.

2) When there is the need to change the FC or the mgumps, several factors must be
consideredegarding both mechanical and electrical installation.

6.4. Extraordinary maintenance

1) An extraordinary maintenands needed in case of
a. theft, fire, or endemic failures.
b. regulatory changes.
C. equipment deterioration.

2) The unavailability of spare parts may lead to repowering and/or revamping of the system.

3) Ifthere is the need to repower the PV modules, special atteriioreeded in whatancerns
PV modules support and electric installation.

6.5. Overall performance

1) The system must beonitored24 hours a day, 365 days a year.

2) A report of the overall performance of the system should be automatically done each
month. This is a responsibilityf the Datarelated services provider or O&M contractor.

3) The weekly report must contain the following information:
AC energyleliveredby the FC

Hydraulic energy

Water volume

PR

PRy

UReus

URr

=4 =4 -4 4 -8 _a_9
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1 PVSin the case of hybrid systems)
1 Passingloudresistance ratio
1 Alarm log.

6.6. Availability of spare parts

1) Themost criticalspare partanust be available close to the PYd8cording to the contracts).

6.7. Final evaluation (after two years of operation)

1) The fhal evaluation of théVISnust be done after two years of operation.
2) The final evaluation must be done by the Technical Advisors.

3) The procedure to follow in the final evaluationlilee the one presented in Chaptér.4 ¢
Commissioning of the systenin addition, the annual performance of theystem along
years 1 and 2 must be includedhe annual values d®Rvmust be equal to or higher than
0.8.
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Annex |

In PVISirrigation methods can be broadly classified as sprinkler and Aiggation.

Sprinkler irrigation systemsnay be stationary or continuous movingheyinclude portable
(nonfixed) set systems, solid set or permanent systems. The latter, automated, consist of
centerpivots, linearmove systems, travelling gun sprinklers and sitm/e systems. These
systems are well described and analyzed(Kgller and Bliesne990) and, in Spanish, by
(Tarjuelo MartinBenito, 2005)who provided an excellent basis for system design. Nevertheless,
the guides and information provided on the internet sites of the manufacturers of sprinklers and
equipment are also relevant falesign and for efficient use of farm sprinkler systems. The water
distribution uniformity throughout the irrigated field is the main objective of system
performance (Mantovani et al.,, 1995)Thus, the considered watsaving practices aim at
achieving kgh distribution uniformity and controlling wind effects, which also leads to high
distribution uniformity. In addition, practices and design also aim at improving water infiltration
and reducing runoff, which can be achieved through appropriate sprirgtéztson. Irrigation
system design, mainly referring to the selection of sprinklers sizes and their spacing, flow rates,
water application depths and diameters of piping, is fundamental to ensure uniform distribution
of pressure and water with reduced evaptive lossegKeller and Bliesner, 1990)\s water is
applied to wet the entire land, neheneficial consumption of water can be substantial under
high wind and evaporative demand of the atmosphere. Wind impacts may be higher when drops
are small and Wwen the canopy cover is low and risers are high. Sprinkler systems perform better
when the soil infiltration is high and wind is low. Modern sprinkler systems that are designed to
frequently apply small irrigation depths, such as cesieot and linear muing laterals, reduce

the risk of crop streséRodrigues and Pereira, 20@2)the expense of increased soil evaporation.
Water losses occur through evaporation from soil and canopy surface. Evaporation losses are
difficult to estimate; they mainly depehon wind speed and drift, the evaporative power of the
atmosphere estimated by ETo, canopy coead the size or the coarseness of irrigation drops.

There are different types of sprinkler heads in use, depending on the actual irrigation purpose
and plotsizes: rotottype sprinklers operate by rotating streams of water over the surface. They
include impact and geadrive sprinklers producing moving streams of water and spray nozzles
that discharge water on the whole wetted pattern at all times. Impacty@ardrive sprinklers

can accommaodate only full or part circle application patterns. Since each sprinkler covers a large
area (typically 12 m heatb-head spacing), they are used on larger plot sizes.

An impact sprinkler is mounted on a bearing that alldivs entire sprinkler body to spin in
circles. It is rotated by the impact of a swinging arm repeatedly striking the body of the sprinkler,
causing it to rotate slightly each time. Cam drive or ball drive sprifRdso impact sprinklers,
however the inpact is caused by either a cam or a ball bearing inside the body of the sprinkler.
Ball and cam drive rotors allow only the nozzle movement.

As impact sprinklers tend not to rotate in a uniform manner, they are replaced bydgean

rotors on the market As with cam and ball drives, only the nozzle on a-geaen sprinkler

head moves. The water moving through the sprinkler spins a turbine, which turns a set of gears,
which again turn the nozzle. These geaive rotors have one or more streams of watetating.

15 Thesesprinklers are no longer present on the market, but may be still in use.
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In agricultural irrigation, these sprinklers are usually in operation on very large plot sizes. They
require a higher input pressure.

Centre pivot irrigation is a form of overhead sprinkler irrigation consisting of several segments

of pipemounted on wheeled towers with sprinklers positioned along its length. The usually self

propelled structure moves in a circular pattern and is fed with water from the pivot point at the

centre of the circle. The amount of water applied is controlled bystheed of rotation. Centre

pivots can be adjusted to any crop height and are particularly suited for lighter soils. With a
computerized control system, the operator is able to program many features for the irrigation

process. Furthermore, itispossiblekoy & G £ £ | O2NY SN | (G QKysy i ae a
which allows irrigation of corner areas missed out by conventional centre pivot systems.

A linear move (also called lateral move) irrigation system is built the same way as a centre pivot;
the mah difference is that all the towers move at the same speed and in the same direction.
Water is pumped into one of the ends or into the centre.

A travelling big gun system uses a lacg@acity nozzle and high pressure to throw water out
over the crop as its pulled through an alley in the field. Travelling big guns come in two main
configurations: haréhose or flexiblenose feed. With the hartiose system, a hard polyethylene
hose is wrapped on a reel mounted on a trailer. The trailer is anchored at therecentre of

the field. The gun is connected to the end of the hose and is pulled towards the trailer. The gun
is pulled across the field by the hose winding up on the reel. With the flexible hose system, the
gun is mounted on a fouwheel cart. Water isupplied to the gun by a flexible hose from the
main line. A cable winch pulls the cart through the field towards the cart.

Due to the high capital investment, centre pivots, linear moves, travelling big guns and side roll
systems are used on higfalue cops such as potatoes and vegetables. A higher level of expert
knowledge is necessary to carry out irrigation with these systems, even though the labor
requirement is relatively low due to the automation. Motors, water supply pipes/hoses and all
mechanicatomponents have to be maintained systematically to avoid damage and high repair
costs. Sprinklers provide efficient coverage for small to large areas. Sprinkler irrigation is suited
for most row, field and tree crops and water can be sprayed over or uhdecrop canopy.

One of the most relevant advantage of sprinkler irrigation systems include the possibility of
irrigating for other purposes such as frost protection or cooling during hot pe(Ddsgios et
al., 2019)

Micro-irrigation systems include higtech methods with large capital and maintenance
investment: surface and subsurface drip irrigation for row crdpsd crops,and orchards,
micro-sprinklers and micrsprayers for horticulture and underee irrigation, and bubblers for
orchards(Keller and Bliesner, 1990; Lamm et al., 2006; Venot et al., 20h8%e lowpressure
irrigation systems consist in wetting a limited portion of the ground targeting the crop root zone,
which may improve the timeliness ofrigation scheduling and reduce ndieneficial water
consumption by reducing soil evaporation. Achieving good performances implies adequate
design, which complexity may be overcome using decision support m@tedsas and Pereira,
2009) The benefits oflrip irrigation compared to the more traditional methods (e.g. surface
and sprinkler irrigation) include reduced water use, controlled operational water losses, less
labour and, comparatively to sprinklers, reduced energy consumption and pumping costs per
unit area, as well as improved management of water, fertilization and pesticides for a range of
high-profit crops(Perry et al., 2017Microsprinklers and micreprayers have similar benefits,

but the wetting pattern is wider and may be affected by wiktbwever, wind drift and soil
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evaporation in the case of undéree irrigation are much less than for field crops. Despite
advantages, managing drip or miespray irrigation systems is very demanding, including when
automation is adopted. This type ofghitech irrigation methods may not be economically
feasible under all conditions since, for field crops, economic returns tend to decrease when
stricter watersaving techniques are applie@arouich et al., 2014; Jacques et al., 2018;
Rodrigues et al., 2@). Darouich et al. (2014) assessed the use of drip and improved surface
irrigation systems for cotton irrigation in Syria and reported that drip irrigation should be
selected when water resources are limited, whilst they recommended surface irrigation t
secure the highest economic returns. Benefits are generally greater for irrigating tree and vine
crops having a better developed root system compared to annual crops, in particular when
proper irrigation management is adopted. Water can be easily appled the root zone of
these crops and it makes it easier to apply deficit irrigation, in particular partiakza drying.

Soil evaporation is therefore controlled because the soil is only partially wetted near the crops,
often under shadow or, when bgurface drip is applied, wetting occurs only by capillarity from
the buried emitters. Advantages of drip irrigation for saline environments were recently
reviewed by(Minhas et al., 202Guch as the reduced accumulation of salts in the root zone and
suitability for salt sensitive crops, as well as reduced toxicity and leaf damage due to avoidance
of direct contact of water with leaves.

Emitters or drippers are devices used to control the discharge of water from the lateral to the
plants. They are usugspaced more than 1 meter apart with one or more emitters used for a
single plant such as a tree. The basis of design is to produce an emitter which will provide a
specified constant discharge that does not vary much with pressure changes, and dokgkot b
easily.

Commercial emitters are eitherdime (spliced into the lateral supply tubes), orlame (plugged

on to the tubes through a hole punched into the tubing wall). Commercial emitters are usually
precalibrated to discharge at a constant rate2o#4, 8 or 16 litres per hour. Regarding the type

of the emitters in drip irrigation systems, two different groups of emitters can be distinguished.
Noncompensating emitters vary their discharge according to the operating pressure. The
inconvenience of natbompensating emitters is that they may produce low irrigation uniformity
when pressure variability in the irrigation sector is high. To avoid this drawback, compensating
emitters are used that keep the discharge constant regardless of their working peebsthese
cases, the total flow in the irrigation sector is constant as well and can be calculated by
multiplying the emitter discharge by the number of emitters per sector. In the case of
compensating emitters, the system curve is Q = constant, andiftharge does not vary even
though the pump speed is changed. To overcome these limitations, different procedures to
regulate flow as a function of the incoming power have been suggested. The first procedure is
based on using variable speed pumps and womgensating emitters that vary their discharge
depending on the pressure. The second procedure is based on subdividing the farm into-smaller
sized irrigation sectors and irrigating a variable number of sectors depending on the power
supplied by the photovitaic system. On the basis of these two configurations, the discharge of
the irrigation system can be varied to adjust the power consumed by the irrigation system to
the power produced by the photovoltaic array. Both procedures can also be applied aintiee s
time (RecaCardefia and Lépdauque, 2018)

This project has received funding from the European Union's Horizon 2020 research and innovation programme 88
under grant agreement No 952879




Best Practices for PVIS

Annex ll

Important standards that affect specific devices of a PV installation:

IEC 61215 Crystalline Silicon Terrestrial Photovoltaic Modules: Design Qualification
and Type approval

IEC 61730 Photovoltaic Module Safety Qualification

IEC 60364-712 Electrical Installations of Building$art #712: Requirements for Special
Installations or Locations Solar Photovoltaic (PV) Power Supply Systems

More general devices (electric lines, cables, gganeters, buildings and protection systems)
should fulfil the national regulations in force. Particularly relevant are:

IEG6010003-2,-3  Electromagnetic compatibility (EMQ) Part 32: Limits ¢ Limits for

harmonic current emissions (equipmentinputcary G X mc .1 LISNJ LIK
IEC 61727 Photovoltaic (PV) system€haracteristics of the utility interface
IEC 62304 Protection against lightning. Part 1: General principles
IEC 62308 Protection against lightning. Part 4: Electrical and electronic systems

within structures.

IEC 60304 Plugs, socketputlets and couplers for industrial purposes Part 1:
General requirements.

EN 1991 Eurocode 1: Actions on structures.

Other standards that must be taken into account, especially in the quality control procedure

are:

IEC 62444 Photovoltaic (PV) systemdRequirements for testing, documentation and
maintenance ¢ Part 1: Grid connected systems Documentation,
commissioning tests and inspection

IEC 61829 Photovoltaic (PV) array: @ite measurement otV characteristics

IEC 60891 Photovoltaic devices; Procedures for temperatures and irradiance
corrections to measuredV characteristics

IEC 61853 Photovoltaic (PV) module performance testing and energy rating: Part1:
Irradiance and temperature performae measurement and power
rating.

IEC 60904 Photovoltaic deviceg, Part 1: Measurement of photovoltaic current
voltage characteristics

IEC 609042 Photovoltaic devices Part 2: Requirements for photovoltaic reference
devices
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IEC 609041 Photovoltaic dewes- Part 4: Reference solar device®rocedures for
establishing calibration traceability

IEC 6090&8 Photovoltaic devices Part 5: Determination of the equivalent cell
temperature (ECT) of photovoltaic (PV) devices by the apeuit
voltage method

IEC 609044 Photovoltaic devices; Part 14. Outdoor infrared thermography of
photovoltaic modules and plants (proposed IEC 66B04r alternatively
IEC 60904.2-2).
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Annex lll

Crop water requirements

The monthly crop wataequirementsare a fundamental input in the design of the

photovoltaic part of #VIS

The month during which the crop water requirement is the highest depends on the selected
crop and plantation location. As consequence, it is required to combine both crop growing
patterns (Kc) with the local weather (ETo) along all the life cycle. Then, the maximum number
can be easily identified. The ETo values keep constant within a selected plot or site, but the Kc
values vary according to the selected crop, and its variety/cultinar phenological stage. The
most important thing here is to determine the crop cycle according to the selected plant variety.
From the sowing/transplanting time to final harvest, this period and duration will depend on the
crop itself and the local condiins: is not the same to calculate it for short cycle maize than a
long cycle one, as well as those growing stages, will differ, depending on the local climate
conditions where those crops will be planted. Also, for some field crops bearing several
harvesing cycles per season, as alfalfa does, the gross irrigation water needs to be calculated
according to that growing period of higher water stress for the plants.

Considering globe artichoke as an example of {pighhectarevalue vegetable, being lItaly,
Egypt, Spain, and Tunisia the world leader in fresh heads production (more than half of the total
cropped area concentrated in just three Mediterranean countries). Artichoke is a high water
requirement plant, in part due to its large foliage biomass andjlproduction cycle (up to 7
months). Drought stress during transplanting and vegetative growth can negatively affect stand
establishment, delay growth and consequently reduce marketable yield. Current Kc values
published for globe artichoke are given on mtlnly basis: December July Kc=0.3; August
Kc=0.36; September Kc=0.89; October Kc=0.77; November Kc=0.62 (Soddu et al., 2004; ISHS Acta
Hort. 660). The maximum Kc=0.89 occurs when the canopy cover for the annual system reaches
over 90% between August arkeptember, thus September is considered the month during
which the highest water need is expected (about 9Ghat in atypical Mediterranean site, see

the figure below to compare).
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Figure60 - Seasonal globe artichoke water requirements (mm)

When tree orchards are considered (e.g. olive tree or citrus), the gross crop water needs differ
from the early growing stages, reaching the maximum demand of nutrients and water at the
mature stage, whe all the vegetative organs have finally developed. For example, citrus orchard
(see figure below), has total gross water need varying depending on the locations between 5000

and 8000 rA hal, the citrus productive cycle lasts the whole year, and (dependin the
pedoclimatic conditions of the site) during summer and spring the full water requirement is
supplied by irrigation being July the month with the highest needs (between 1170 and £850 m

hal).
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Figure61- Seasonal citrusrchard water requirements (mm).

In general, from the above figures and table below, it can be concluded that irrigation needs are
very low from November to April, due to higher rainfall intensity in these months, and from May
to October, a considerable aunt of water is required for irrigation. Indeed, especially in
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Southern Europe Mediterranean area, the lowest values of effective rainfall are in July and

August.

Table7- The month of the maximum irrigation water need for somepical Mediterranean crops for an average

year (total annual rainfall, 489 mim6 ! £ 26 A R

FyR {1 £0as

HAaMgpo

Total irrigation water
requirements(including

Month of maximum water
requirements(including

Species rainfall) rainfall)/minimum water
(m®ha?) need (n¥ hal)

Globe artichoke 4300 August/1160

Tomato 5800 July/2000

Winter wheat 3100 March/400

Sunflower 5600 June/1700

Sugar beet 8100 JulyAugust/2000

Potato 3400 July/1300

Citrus 4800 July/1170

Olive tree 4800 June/1300
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Connection boxes

Connection boxes should have and respect the proper Ingress Protection rating (IP)

selected according to the environment.

Figure62andFigure63show examples of connection boxes that have original Ingress Protection

rating (P degree} 0 2 S Ltno oLt -, Y (i khE pratectibn againd tzlB
infiltration of SOK R F2 NS A 3y 25 RlGt@laitie prdtection FgairduiiéIentry of
water). Although the original boxes meet these specifications, incorrect instadlecan
drastically reduce the degree of protection.

As shown irFigure62, the connection box has been drilled to provide an entry point for the
cable. However, thex@ess space has not been properly sealed to prevent dirt or water entering
the box. Thideads toloss of the original IP degree.

Figure63shows that the boxover has been deformed and the box cannot be closed. Therefore
its IP degree is lost because of this fault and solid objects or water can enter the box.

Figure62 Figure63

Figure64 shows thathe tube which carries the cable is not fixed to the sealing gland and water
or other material could enter the tuband prematurely damage the cabland the onnections
into the box.Figure65 shows the correct way to fit tubes and sealing glands.

Figure66 showsa box with a label fixed to the ¢gide which states that the IP degree protection

is IP65. That is, total protection against dust and protection against water projected with a nozzl
from any direction. However, sealing glands haet installed allowing dust or water coming
from underneath to enter the box(seeFigure67 and Figure68).

This project has received funding from the European Union's Horizon 2020 research and innovation programme
under grant agreement No 952879

A a

e

(o)
H

NJ



7/ N\ Best Practices for PVIS
010 UA

Figure64 Figure65

T\ L AN L
h

\':'L U

>
1

Figure66 Figure67 Figure68

NO

This project has received funding from the European Union's Horizon 2020 research and innovation programme 95
under grant agreement No 952879



Best Practices for PVIS

Cable entering connection boxes must be correctifalled and sealed.

Cables entering a connection or junction box must pass through a sealing gland of the correct
crosssectional area which prevents the ingress of moisture or water into the box. When sealing
glands are installed in such a way that eabénter the boxhroughthe top of the boxthe box

IS not protected against water or moisture ingre$sereforethe rubber seal must be in perfect
condition and the nut seals have to be adequately tightened. Otherwise, water or moisture could
enter thebox, as ifFigure69. In this figure, theusted metallic tracks and th&vhite coverare
evidence that water has entered the box.

It isrecommendedo install the seling gland in théottom sideof the box to reduce the risk of
water entry Eigure70).

Top of themodule

4 TOP OF the MODULE

4 TOP OF the MODULE

Junction

box
Junction
box
4 TOP OF the MODULE

Junction

box
Figure69 Figure70

YES
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All connectors must be correctly crimped and fastened to avoid overheating.

Gonductors not correctlyfixed to the connector by the fixing screand conductorspoorly
crimped at the terminalgan cause switches or cabkesoverheat or burnThe thermographic
pictures show two different situationgrigure 71 shows the consequences of cable not
properly fixed with the fixing screw andvith a poor electrical contactthat could cause an
internal electric arcThe cabldemperature is higher than would be expected (in this particular
case, more than 30°C higher than neighboring cables). This increases vésieg dmd the risk
of fire. When proper contact is made, all conductors (with the same @essonal area and
current) have the same temperature, as figure72. A goa practice to ensure that the
bolts/screws are properly fastened is to seal them as showiigare73 (yellow seal)This seal
allows to identify loosdastenings just with a visual inspectidrhis verification must be carried
out every year during regular maintenance as temperature variations can cause loosening of
bolts or screws.

Figure71 Figure72

YES

Figure73
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Fuses must be properly oversized to awidrheating and premature degradation.

Fusesfor PVapplicationamust be selected to support the maximum DC voltage and current of
the corresponding PV array at any temperature condition. A bad selection can lead to premature
degradation and even tehort-circuit events with the risk of burning as shownRigure74. A
recommendedpractice isusingfuses rated close to twice the current they must conduct under
STC to avoidndesiredeffects.

Figure74
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DC components like fuse holders must NOT be manipulated when DC circuits are

switched ON.

A very poor practice involves opening a firdder under load as this creates a serious risk of
electrical shock and destruction of equipment. DC circuits muserdgised before any
intervention is madeFigure75 shows the consequence of opening a fuse carrying a DC current
of approximately 40 amps. An electric arc developed between the fuse sides and caused a fire
inside the box, leading to the destruction of the connection box. Fuses are a form of protection
which cannot be opened under load and therefore special load breaking switches that are
designed to open the circuit under load are used.

Figure75
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Cables in connection boxes should be correctly arranged and not too long.

Thecables should be arranged neatly in the connection box and the length of cables should be
slightly longer than the required length to facilitatepagrs which might be require@perators
should be able to quickly identify each cabl¢hia event of a faul Figure76shows a connection

box in which insufficient care has been taken in its wiring and where the cables are disordered
and are of excessive length. Therefoites difficult © find a specific cable his arrangement
alsoincreases the wiring losses and the final cost of the installation.
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Doors and covers mustsist chemicals (grease and other) and must be blocked when

open toavoid damage due to wind gusts

The doors and covers of the connection boxes have to serve to prevent the ingress of water or
soil (as described by the IP rating) and protect cables udrenic devices. They must resist or

be protected from degradation duto water or greaserigure77 shows boxes whichave been
damaged because of reaction between grease and the box material. The doors or covers must
be blocked when open to avoid dagmdue to wind gustd=(gure78). Otherwise the boxes can
degrade prematurely, deteriorate and leave theimtent unprotected Figure79).

Figure77

Figure78 Figure79
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Connection boxes must contain all required components

Figure80 and Figure81 show the primary and secondary connection boxes respectively of a PV
installation. They are properly labeled to warn of the risk of electrical shock. The cables are
arranged properly inside the boxes and each single cable is also identified with an individual
label. If all electrical components are properly identified Wéhels, the possibility of incorrect
connections is considerably reducelise holdersare installedin both active poledor each

cable as well asusge arrestors which are requirdd protect electronic deviceRositive and
negative busbars are identikd with labels and are adequately separated with a methacrylate
sheet to avoid direct contact. There are also labels warning of the risk of electric shock.

Nevertheless, three improveemts can be maderirstly, there is no information sheet poovide

detail of the location of modules and strings that arennected in this box. Seconth the
primary box, the positive and negative cables from modules are too close with inadequate
separation to avoid shoitircuit and there is a risk of directmi@ct in the event of a fuse holder
failure or cable movement. Thirdn the secondary box there is no lehatkaking switch which

is required for disconnection under load. Despite these possible improvements, these boxes are
very close to the optimal arrgiement.

Figure80 Figure81

The box showmiFigure82incorporates the improvements described above. There is a map in
the inside cover that presents clearly the locations of the PV modules connected to the box.
Positive and negative cables arasdy identified by colour and are adequately separated to
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avoid shortcircuits or faults and to allow for safe adjustment. Finally, there is aloadking
switch (the grey/white device on the right of the box) which allows the circuit to be opened
underload. The only improvementvhich could be made to this bpis to include fuse holders

in the negative cables also, to allow for the isolation of each individuafsatiboth poles

Figure82
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Civil works i supporting structure

Clamps must be used according to their specifications and must size and shape of the

modules.

In Figure83 to Figure86, the PV modules are fixed to the supporting structure by clamps
designed to suppo®Vmodules. These clamps avoid shading as well as electrical corrosion, but
they must fit perfectly to the PV module framiee(the dimensions of the clamps mustatch

the PV modulgand they have to be propertgnsionedto achieve good attachmenas shown

in Figure83 and Figure84. Otherwise modules carbecome detached as a result of higind
loading, as has happened in the installations showirigure85 and Figure86.

Figure83 Figure84

Figure85 Figure86
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In contrast to the previous picturessigure 87 and Figure 88 show how the modules are
ineffectivelyfixed to the supporting structurel heclamps useare notalignedanddo not match
the shape of thd®Vmodules(Figure87) or theyare not correctly installeth the gapsetween
the PVmodules because the washsto not fix the moduleproperly(Figure88). This could easily
detach as a result of wind loads thermal expansion.

/‘7’ »

-
——

A

B

Figure87

Figure88
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Antitheft screws and nuts are recommended when mounting PV modules.

Thisis one of the security measureore frequently used in PV plants since their emplacement

in the isolated countryside, far from urban centers, tuthsse facilities sensible to theft and
vandalism. The use of astieft fixing elements is a cheap and effective deterrent measure
whose only defect is that it is an obstacle when the modules have to be disassembled, if they
need some kind of maintenandetervention. Figure89 shows a kind of antheft nut installed
between the PV module frame and the supporting structure.

Figure89
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Mounting systems must allow for thernedpansion of all the system components.

The mounting systems must allow for thermal expansion of all the system components (both
longitudinal and transversal expansion). PV modulesastehers such as bolts and nuter
example, mayail if the mountingsystem does not allovior this expansion.

In the case of longitudinal thermal expansjdnis typical to use expansion joints with a
maximum distance of 6 to 10 meters betweenotwonsecutives jointd-{gure90). They should

be placed so that the structure could expand without creating additional mechanical stress (for
example, joints should not be placed insidegd triangle, as ifrigure91).

YES
The maximal distance

between two expansion

joints is about 6m.

Expansion joint
Figure90
The angle bracket
could be stressed.
— -
——
E— /] <
—
Expansion joint
Figure9l

In the case of transversal expansj@ntypical solutiorinvolvesinserting gaps every 10 to 15
meters, as shown iRigure92.

Figure92
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Enclosure of the PV generator

PV plant must be enclosed with a fenceavall.

This elemenbf the installationhas two objectivesto protect the installation againdarceny
and, more importantly, as a barrier tprotect against electric shodgy ensuring adequate
distance betweerpersonneloutside the installation and thdive electrical equipmeninside
Poorinstallationof the fenceor anybreach n the fencewill render it useless

Figure93 shows a goodenceinstallation which allowsomesmall wild animal$o enterthe PV
plant but not people. On the other hand, the remaining pictures show different faults in the
fence. InFigure94 andFigure95, the fences have a gaplarge enough tallow a persorio enter

the enclosed areaFigure96 shows ahole in afence thatmeans that it does not achieve its
function.

Figure93 Figure94

Figure96

Figure95
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The enclosure must be provided with a metallic gate large enough to allow the entry of

maintenance vehicles.

The PV enclosed area needs togdenned for maintenance operations in which vehicles have
to drive around. Some of these O&M activities are cleaning of PV modules and tracker repairs.

Figure97 showsa fence provided with a vehicles entrance whil&igure98a pedestrian access
can be appreciated.

Figure97 Figure98
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The space between the fence and the PV generator must be large enough to allow the

passage of maintenance vehicles.

PV generators mounted on solar trackers allow a separation between trackers large enough for
vehicles circulation. However, the distance between the perimeter trackers and the fence must
also be large enough for maintenance vehicles and free of obstacles.

Figure99 shows a good gap between the PV generator and the fdfigeire100illustrates an
anemometer installedn the corridor between the PV generator and the fence, which makes it
difficult for vehicles to pass throughkigurel01shows on the left side of the PV generatortha
the distance between the fence and solar panetsasnarrow to allow vehicles to pass through.

-

Figure99 Figure100

Figure101
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Drainage and water protection

FASR 2y GKS OfAYFGAO RFEGF FyYyR ALISOALFfE& (K
and topography, the Contractor will be responsible for designing and building a
drainage system to protect the installation infrastructures against erasidriash

floods. This drainage system must be properly maintained.

Water cancauseerosion and landslidewhich canleave concrete footings without earth
support, as is shown iRigure102 and Figurel03, or cause fractures, as shown kigurel104.
Thefracture of concrete footings can also cause separation of structlassshown irFigure
105, and the possibility dPVmodule breakage.

Figurel02 Figure103

Figure104 Figure105
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The absence d properdrainage system can transform foundations, paths and buildings into
dams and lead to flooding as showrHigurel06 and Figurel07.

Figure106 Figure107

Drainagesystem channelmust beclean to allow waterto flow easily Figure108). Otherwise,
the accumulation of vegetation, stones, saretc. could block drainage channels and cause
flooding Figurel09).

Figure108 Figure109
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Service buildings must be waterprpicluding cable entry points.

Service buildingshousing frequency convertersfilters, control and monitoring systems,
transformers,and other equipmeninust be waterproofto avoidelectrical faults and damage
to the devices The buildings have toe watertight to maintainintegrity so that allpossibiities

for wateringress areealed Figurel10, Figurelll, andFigurel12showhow waterhas entered
the buildingthroughthe roofbecause of a leak and through the floor or foundatibigurel13
shows evidence of flooding as the cables are dirty with mud once the water has evaporated.

Figurell10 Figurelll

Figurell2 Figurell3

Cableentry points in buildings must be waterprqaitherwise,water canenter the building.
Pipe or tubingentry pointshaveto be sealedunlike the arrangement iffigurel14. Apart from
the sealing of pipes or tubes, other techniques can be used. Advantage can bet@keni KS & RNER LJ
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2F o6 (0 SNE ehtiMpoiit® anldfvesticar v@aMdith cablescurvingbelow the entrance
(Figurellb) or curved sleeves for entry points on a horizontalfroo

Figurell4 Figurell5

YES
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LI UU
Wiring

Cables trays must be protected during the construction phase.

The next pictures show the case of agevieratorin whichthe cablesarelocatedin trayson the
ground Unfortunately, those trayare close to drainagehannels and during the construction
of the channels, concrete has been allowed to flow into the cable tfaigsiel16 and Figure
117). The oncrete has also reached theires situated in these trays. This couliégradethe
properties of thecableinsulation and sheaths or other cabtovering as a resuttf chemical
reactiors with the cementdecreasing itfisulation propertieor even its external resistante
environmental conditions (low or high temperatureain, frost, etc.)even thoughthesecables
were designedor externaluse

Figurell6

Figure118
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Cables must be placed in cable trays.

Figurell9showscurrentcarrying cables running from the connection boxes to the inverter in

a particular installation. The way the cables have been installed is a hazard as personnel could
trip on them In order tobe able tolocate and trace specific conductors and to avoid a trip
hazard, cable trays should be usedshswn inFigurel18.

Figure119
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Buried cables should be protected by rigid tubing or ducts.

Buriedcablesbenefit from additional protection against mechanical damédgleey are properly
installed Howevercablesshould not be placed directly in trenchas they can be damaged by
backfill Alsg somecablesheaths are madef organic materialg¢for example, vegetale oil) and
could be eaten or damaged by rodents or moles. Additionally, daets tubesallow easy
replacement otablesif needed.

In the case shown iRigure120, cablesbetweenconnection boxesnd inverters are directly
buried in the trench. A better solution walihave been tglacethe cables intubesor pipesto
protect them frommoistureandfrom land animalswhich canrdamage oprematurely degrade
the cablesand causexcessivdeakage currentsr failure

It is also advisable to uddifferent pipesto protect powerand signal cablesrhis way, any
interference from the power to the signal cables willdmided.

Figure120
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Buried cables should liriedbelow freezing depth.

Trenches to accommodate buried cabt#®uld be deep enouglas the cablemust be below
the freezing depthHgh temperature differences cause variationcablelength and thiscan

lead to damageof cables ifstretching is excessivdt isnecessary taefer to local regulations
and construction norms for more information d¢me minimum depth of cables

Figurel2land Figurel22show two trenchesn the same installation. In thegion in which the
installation is locatedhe freezing depthis 60 centimetres §s the freezinglepth is location
specifig. Cables ifFigurel2lare not protected against freezing because the trenatoisdeep
enough On the other hand, theorrect trench depthn Figurel22allowscablego be protected
againstfreezing effects

Figurel21l Figure122

This project has received funding from the European Union's Horizon 2020 research and innovation programme
under grant agreement No 952879

118



