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ExecutiveSummary

The SYMBIOSY $ifoject, supportedby the ECHorizonEuropeProgrammeaimsto bridge the gap between solar
energyproductionand agricultureby developingtailored photovoltaic(PV)solutionsfor both greenhouseand opernt
field agricultureacrossdiverseclimaticconditionsin three nations.Theinitiative includesthe creationof severalagri
PV demonstrators,encompassingscenariosfrom vegetable farming under adjustable tracking systemsto fruit
cultivationwith traditional and Guyottraining systemsAninitial taskwasthe developmentof technicalspecifications
to serve as a comprehensiveguide for these demonstrators,highlighting innovationsin PV module integration,
environmentalconsiderationdike anti-ice featuresandrainwater harvestingand monitoring systems.

Early efforts in specifyingthe demonstratorsleveragedadvancedmodelling tools developedwithin the project,

facilitatingthe seamlessntegrationof photovoltaicsystemsnto agriculturalsettingsfor mutual benefit. Thisinvolved

the useof 3Dsimulationtoolsfor detailedanalysif PVIayoutspatialarrangementsgropconfigurationsandsupport

infrastructures.Techniquesuchasray tracingand GPUbased3D simulationswere employedfor atemporalanalysis
of light distribution over cropsand PVmodules,aimingto evaluatebifacialgains shadingmpacts,andoverallsystem
efficiencycomprehensivelyThemodellingcoveredboth openagriPVsystemdor cropandfruit productionandclosed
systemdor greenhouseagriculture,focusingon optimizingPVarray placementand heighton both fixed and tracker

systemdo encourageoptimal cropgrowth alongsideefficientenergyproduction,andadaptingPVmoduleintegration

for both new and existingagriculturalframeworks.

Thiswork setsout to createacohesiveaelationshipbetweensolarenergyandagriculturalprocessesaimingto develop
a model for sustainable, nearly zeroenergy agricultural systems through the strategic development and
demonstration of innovative PV solutions adaptedto various agricultural environments. The approachinvolves
detailed modellingto inform the designof agrivoltaic systemsthat are effective in diverse agricultural settings.
Throughanalysinglight distribution, crop shading,and energy efficiency, the project guidesthe creation of PV
solutions aimed at boosting crop yields while maximizingrenewable energy production. The goal is to foster
sustainablegenergyefficientagriculturalpracticesthrough precisedesignand modellingefforts.

The project's scientificcontribution lies in its novelmodellingand designapproachto agrivoltaicsystemsensuring
optimal solar photovoltaic integration with a range of agricultural practices. By employing comprehensive3D
simulationsray tracing,andenvironmentalanalysego maximizesolarenergycaptureand enhancecrop production,
the projectaddresseskey sustainabilitychallengespffering scalableenergyefficient agriculturalsolutions.

Preliminaryresultsfrom the SYMBIOSY $toject underscorethe effectivenessof combiningphotovoltaic systems
with agricultural practices. Through advancedmodelling and simulation, increasesin crop yields and enhanced
renewableenergygenerationwere observed Theproject successfullydentified optimal configurationdor agrivoltaic
systemsacrossdifferent agriculturalscenariosshowcasingsignificantstridesin energyefficiencyand sustainability.
Thesdindingsprovideascalablanodelfor sustainableenergyandfarmingpracticescontributingto the advancement
of renewableenergyandagriculturaltechnologysectors.

In essencethe SYMBIOSY $foject undertakesa detailed explorationof integrating solar energy production with
agriculturalpracticesthroughinnovativemodellinganddesign.Theinitiative'sfocuson optimizingagrivoltaicsystems
has revealedthe potential to improve crop yields and solar energy efficiency, offering a model for sustainable
agriculturaland energysolutionson a globalscale.
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1. INTRODUCTION
1.1. DESCRIPTIGDFTHEDELIVERABIEONTENTS

SYMBIOSY 8dversboth openandclosedagriPV.Thefocusof the projectis on specificarchetypesependingon the
levelof integration:

1 ForopenagriPV,solutionsare developedto bringanincreasein P\fcrop synergiesand optimiseyield with a
targetedelectricityproduction.Theselecteddemositesare designedo demonstratethe differencebetween
workingon new (wherethe designof PVandcropscanbe fully integratedtogetherwith auxiliarysystemssuch
asirrigation,water catchment,crop protection, etc) or existingcrops(wherecompromisesandadaptationwill
be needed).

9 ForclosedagriPV similarly,solutionsare studiedto be fully integratedin new greenhousegthe greenhouses
structure canbe modified to accommodatestandardsizePVmodules)or adaptedfor existinggreenhouses.
Theaimisto drivethe developmenttowardsnearlyzeroenergygreenhouses.

In SYMBIOSY Sfie analysedscenariogor demonstrationare:

OpenagriPVScenariofor:

9 Productionof vegetableor horticultural cropscharacterizedy a limited verticaldevelopment. Theheightof
the trackersystemin horizontalconfigurationneedsto consideroptimisedcropyield, preventhumaninjury,
and ensurefree movementof semtautomatic agriculturaldevices.Theideal height is 3.5 m for different
herbaceouscrops(e.g.,trellised tomatoes)and tall equipment. A lower height of 2-2.5 m will allow for low
herbaceougrops(e.g.,lettuce, beansetc.)andlow heightequipment.

1 Productionof fruit trees (apples,pears,citrons,lemons,...) in a "Classic'configuration:tree growth in a 3D
configuration,maximumheight<4 m, inter-row spacingof about 3.00- 3.50m.

1 Appleproductionaccordingo a"Guyot"system:tree growth in a 2D configurationmaximumheight<3.5m,
inter-row spacing< 2.5m. Thissystemis alsoof interestfor grapeproduction.

ClosedagriPVScenariofor:

1 Productionof vegetablesor horticultural cropsin Venlo type greenhouseswhich are usedfor crops like
tomatoes,cucumberspeppersbut alsofor cut flowerslike rosesand manyothersandpot plants. Theseare
characterizedy glassspansof 3.2 m and gutter heightsabout 4-6 m to accommodatdor highwire planting
system thermal screensand supplementanfighting

Thescopeof this deliverableis to report the statusof the TechnicalSpecificatiorand the ConceptuaDesignof the
agriPVdemonstratorsafter 1 yearof projectimplementation.

Thedeliverablecontainsdetailson the processfor the definition of the draft TechnicalSpecificationgor the demos
yetto be built:

1 Bolzangltaly.OpenagriPV.Appletree orchards.
1 BarcelonaSpainOpenagriPV.Tomatoespnions,favabeans lettuce.
1 NetherlandsClosedagriPV.GreenhouseTomatoes.

Forthe demosyet to be built, eachsectionreports on the resultsof the tools developedin WP2and appliedon the
demonstrators.

Thedeliverablealsocontainsthe TechnicaBpecificatiorof one existingDemosite, alsousedasdemodriver:
9 Scalealtaly. OpenagriPV.Citrusfruits.

In this report the TechnicaBpecificatiorandthe ConceptuaDesigrof the agritPVdemonstratorsare definedby
reportingon the resultsof the tools developedin WP2and appliedon the demonstrators.
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1.2. ABBREVIATIONST

Tablel: Abbreviationlist.

Abbreviation
1P

AC
AgriPV/AV
BEG

DC

DHI

DLI

DNI

EW
EOT

FS

Gav
GCR
GHI
GPU

GYef

GTI
HSAT
kWh/m?
MWh/m?

PAR
POA
PV

Ta
W/m?
Wp
Wi

Meaning

PVlayoutwith 1 row of PVmodulesinstalledin Portrait mode
Alternatingcurrent

Agrivoltaics

Bifacialenergygain

Directcurrent
Diffusedhorizontalirradiance
Dailylightintegral
Directnormalirradiance

EastWest

Electricalppticalandthermal

Fullsun

Globalirradiancefor the agrivoltaicsystem
Groundcoverratio
Globalhorizontalirradiance
GraphicdProcessindJnit
Globalirradiancefor the referencesystem
Globaltilted irradiance
HorizontalSingleAxisTracker
Kilowatt-hour per squaremetre
Megawatthour per squaremetre
North-South
Photosyntheticallyactiveradiation
Planeof array

Photovoltaics

Air temperature

Watts per meter square

Watt peak

Wind speed
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2. AGRIVOLTAIBEMONSTRATAR BOLZANO
2.1. TECHNICASPECIFICATIONS

Table2 describesthe envisionedeaturesof the demoof Bolzancandthe updatesin termsof TechnicaBpecifications
at M12 of the project.

Table2: Envisioned features of the demo of Bolzano and the updates in terms of TecBpéaxfications at M12 of
the project

Use case 1 | Bolzano orchard of the future

Unique Solution for the Apple Orchard of the future that can integrate irrigation, antifreeze, hail and i
Value protection, resistant to chemicalroducts keeping the height < 3.5 m for 2D plant growth. Trac
Proposition | will be installed every other row.

Location Province of South Tyrol

Update M12: The coordinates where the prototype will be located are as follows (nearb
existing demo driver):

w NCCHNQOYy ®Ppn QQAbT MMcMCc QI APYHQQIT

Replication | 70 ha of Guyot apple tree, 600 ha/y of renewed apple fields in South Tyrol that could be con

potential to 2D plant growth. Application extended to any type of guyot cultivation. Can be appli
vineyards and pears already in 2D configuration. 2500 hgesarworldwide[1].
Crop The Bolzano demo will be focused on apple tree§ olientation, Guyot (< 3/3.5 m, 2D growi

<2.5 m interrow). Classical tall slender spindle will be studied but not considered for the field
(4 m height with 3D growth,-3.5 m interrow)

Update M12: In Bolzano the final height of the rotation axis will be at 4.7 m. The selected
designated for the cultivation of fruit trees, more specifically, the Ipador (Giga) apple variety

DisseminationLevel[PUBLITC Page8of 111
public



GAN0.101096352  DeliverableD 5.1 W, Symbiosyst

Solut|0ns Existing Ex-novo Mesh protection
1 o om ¢ o o o Area field:
implemented H'H ] H B 8.5mx 5om
. 1 O K o|8le|8l e 425 m?x 2
in the demo of8lofSle o8lof .
(] Ll K (3 ) Ll Area PV modules:
anddemo 1 H R R . : P 17xsox2=170mx2
(1 B K] (1 ] L] 0
i N O 1 0 0 o GCR: 0.4
details som  o|8Io[Me ool som 7
(2 L] EJ (2 L] L] Transparency: 5-35%
[} 1 EJ (2 ) N Nominal power: 410-270 W
] ] K o8l e|8l e No. of PV modules: 88 x 2
(2 L) K] (1 ] L] Max nominal power: 60 kW
(3 L) K (3 L] Ll
M MW M d M N Waterca(chmenlsystem
elelN ¢ NN Integrated irrigation system
2.5m 2.5m z2:5m

7-8.5m

200 m of CONVERfultifunctional trackers with height between 3 and 3.5 m (exact height tc
determined depending on how the hail system is integrated) to ensure free movement of
automatic agricultural device¥Veathering steel will be used to manufacture the trackers, as g
environmental and visual impact in an aBV field. It is proposed to develop a crop + PV s
GNF OTAYy3 fA2NRGKY F2NJ dKAAa LINRP2SOG ¥F20dz

The site will be divided into (i) reference field with no PV system, (ii) trackers installed on e
fields (100 m of trackers), (iii) trackers installed together with new apple trees to allow fd
integration and optimization. In total, the sizéthe PV system will be around 60 kWp (around ]
modules with various levels of semitransparency).

UPDATE M12: The plan is for 240 m of trackers divided into 2 portions (4 + 6 trackers) with
of 240 modules (to be discussed how many can be provided by ALEO using 2 le
semitransparency). The nominal power will be around 90 kWp.

Water Water collectedby the tracking system is comparable to a roof without gutter. Water wil
catchment/ | conveyed to avoid issues to the plants below. Irrigation comes from sprinklers used 4g
irrigation antifreeze systems.

UPDATE M12: Sprinklers are redesigned as actual sprinklers are at a height which is higher
foreseen structures.

Health At the moment, there are no specific norms for agk (grounding, etc). Rapid shutdown as fr

&Safety roof/facade systems will be studied. The use of pesticides which could reach the PV moduy
also be considered.

System 70% of crops in South Tyrol covered by hail protection systemsPXgnieeds to be integrateg

integration Nets against insects are also becoming a new demand.

UPDATE M12: Reuse of existing hail protection sy8teithe existingsection.New hail net will be
fixed to thetracker structures for new AgRV section

Use of LAIMBURG has identified several sites for the installation. The final choice will also depeno
electricity existing availability of electricity connection, and we will create the conditions to electrify v
pumps for irrigation to create an infrastructure fire charging of electrical tools.

't 51 ¢9 amMHY aSS 1 02@3S dzy RSNJ af 20l A2y
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Thelocationof the demonstratoralongwith the agriPVtaxonomyare displayedn Figurel.

ze E ®

8 EX3 | XJT O

[* ENXAS J Nﬂ «z

ms @ 6

Figurel: AgriPVtaxonomyand demonstratorlocation

The appleorchardwith the adoptedtree training configurationalongwith the 2D representationfor modellingare illustratedin
Figure2.

Figure2: Appleorchardtree training configurationand 2D representationfor modelling

In this studywe focusedon the new plant. Themain parametersthat specifyorcharddesignare the pitch and height,
which are basedon the training system.With Guyottraining, the orchardcanbe modelledasa thin wall, or more
specificallya translucentglassenablinga 2D analysis.

Eachorchardrow consistof four groupsof appleplants,with eachgroupcontainingtwo appletrees.In other words,
two appletreesunderone group of 6 PVmodules.Figure3 providesa sideview of an orchardrow, showcasinghe
layoutandheightof the crops.

DisseminationLevel[PUBLITC PagelOof 111
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Figure3: Frontview of anappleorchardrow.

In the preliminaryphase 11 different scenariosvere consideredgeachwith a different installationsolution. The
variousscenariogakeninto accountare summarizedn Table3.

Table3: EnvisionedSummaryof the 11 different scenarioxonsideredn the preliminaryphase

Name Optimised Tracker On Existing On New Description Every Every
Height Orchard Orchard Rowin | Other Row
the in the
Orchard Orchard
Traditional N Y X PV-System installed X

over a traditional
orchard, without
changing the pre-
existing system

L1.E N Y X 1row of PV modules @ X
in landscape mode

L1.N Y Y X 1row of PV modules X
in landscape mode

L2.E N Y X 2 rows of PV modules X
in landscape mode

L2.N Y Y X 2 rows of PV modules X
in landscape mode

P1.E N Y X 1 row of PV modules X
in portrait mode

P1.N Y Y X 1 row of PV modules X
in portrait mode

P1.Fixed Y N X 1 row of PV modules X
in portrait mode -
FIXED

L1.Fixed Y N X 1 row of PV modules X
in landscape mode -
FIXED

L2.Fixed Y N X 2 rows of PV modules X
in landscape mode -
FIXED

V2.Fixed Y N X PV modules mounted X

in a V shape - FIXED

After conductinga comparative analysis,the solution featuring an elevated tracker with PV modulesin a 1P
configuration was confirmed as the optimal choice, striking a favourable balance among economicinvestment
(CAPEXanticipatedproducibility,andgeometricregularityt offeringthe bestintegrationwith the orchard.
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TheBolzanademowill consistof two distinct parts:
1 Thefirst portion, designatedas"A," consistsof four separaterows of trackers,eachcontaining24 modules.
Thisportion will be installedon agriculturallandwhere appletreesare alreadypresent.
1 Thesecondportion, designatedas"B," consistsof a 2 x 3 matrix of trackers,eachwith 24 modules.It will be
installed on agricultural land where, concurrently,a new section of the existing apple orchard will be
establishedThisnew sectionwill differ in termsof the spacingoetweenthe rows of trees.

Thephotovoltaicmoduleswill be mounted on horizontalsingleaxistrackers(HSATalignedalongthe NNESSWaxis
(roll trackers).In the northern Italian climate, this type of singleaxis solar tracking structure enhancesenergy
productionby 15-20%comparedto a fixed systemwith equivalentcapacity[2][3]. Thisimprovementis achievedby
optimizingthe captureof direct solarirradianceon the PVmodule'ssurfacethroughoutthe day.

Moreover, the tracking systemincorporatesa backtrackingalgorithm, which effectively prevents mutual shading
among moduleson adjacenttrackers during periods of low solar declination (early and late hours of the day).
Consequentlya PVfield equippedwith trackersfeaturingthis algorithmgeneratesmore energythan thoselackingit.
Additionally the algorithmcanbe customizedo meet specificcrop-relatedrequirements.

Eachtrackeris designedo accommodate24 modules,organizednto groupsof 6 modulesper span(across4 spans),
and allows for a maximumrotation of £55°for the PV modules.These24 modulesare arrangedin 4 groupsof 6

moduleseach,with eachgroupseparatedby 0.15meters In portion A, the trackerswill be spacedwith a pitch of 6.4

m to alignwith the currentorchardspacingof 3.2m. Forportion B,the pitchissetat 5 m, correspondingo anorchard
spacingof 2.5m. Inboth casesthe rotation axisis positionedat anelevationof approximatelyd.7m, andthe modules
are configuredin a 1P(Portrait 1) arrangementor optimal efficiency.

Thetop of view of the completeAgriPVplant canbe seenin Figure4, whichfurther elucidatesthe placementof the
crops.

DisseminationLevel[PUBLITC Pagel?2of 111
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Aleo Leo 275Wp
(60% transparency)

Aleo Leo 415Wp
(std transparency)

Figure4: Top view of the complete AgRV system.

Thestructureasawhole is staticallyindeterminate (hyperstatic)due to the presenceof beamsperpendicularto the
trackeraxis,resultingin atrusstype structure.

Thephotovoltaicgeneratorwill consistof two different typesof photovoltaicmodules:
1 AleolLeo415Wp bifacial,standardtransparency;
1 AleoLeo275Wp (estimated)bifacial,with a highertransparencyfactor than the standard.
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Figureb providesthe maintechnicalinformationaboutthe PVmodulesof Aleo.

DIMENSIONS [mm] BASIC MODULE DATA
144 40 Length x width x height [mm] 1752 x 144 x 40
« » - —
Weight [kg) 22
A ) —_— im| A
= 3'4 —1] pviianxoate 40 Number of cells 108
‘ Cell size [mm] 182 x9N
L d
13,67 Cell materiol Monocrystalline Si, PERC
o b A profile short frame Number of Busbars 10
S
Front sheet 3.2 mm Solar glass (TSG)
Back sheet Polymer sheet, white
pv laminate %0 Frome material Al alloy, black
gl 8 g
= 8 L ] ) BASIC DATA JUNCTION BOX
30
3 parts junction box r ] left & right: 62 x 58 x 14
B profile long frame ace. to IEC 62790 M middle: 49 x 55 x 14
Ak Bypass diodes 3 (one per box)
1 65 3 le—
v o 2x1200 0 =t KEEN IP class P68
/ Ny | { | >
Cable frind 1200 (+), 1200 ()
= Sl aple MMl ace. to EN 50618
==t = '
MC4 () MC4 (+) — genuine MC4
LI 30 onnectors ace. to EN 62852
- C 4x mounting hole

Figure5: Main technical information about the PV modules of Aleo

The four different solutions proposedby the PV module manufacturerare shownin Figure6, correspondingto
different semitransparencyevels

Possible Designs of PV-modules

Cross-

connectionsat  40/60 % 30/70 % 20/80 % 10/90 %

the edges could
stay uncovered \,

I O . . .
. B . . e = = = = =
B O . . [T ) ] e ) e
B B O . =] [=1=] [ ) e = R
B . . . o] 1) I T O D SR
. B B . - = = I = e
A BN B . Em ] ) T B R
N - = = [ I e
The central/- [ =8 57 B P O
: N D [ ] T [ElE=lE =]
cover strips O O . I=i=l=l=T==] 1= ] S S B
cannot be [ I ] [ === ==
[ = I = e = = 5 e e
removed B B O . 1 I I = =]
N = ] P = B ] e ] e e O
N === 1 [ =
I I = . P ‘DR I ) VAR PO
.. . 8

Figure6: Overview of the four different solutions proposed by therR®dule manufacturer, Aleo

At present, the solution considered to be of most interest and therefore considered is the one with 40/60%
transparency and the 10/90% solution (standard transparency).

Specifically:
1 TheAportion of the demoshouldconsistof No. 96 standardmodules(No.4 trackers);
1 TheB portion of the demo shouldconsistof No. 72 standardmodulesand No. 72 moduleswith increased
transparencyfor atotal of No. 144modules(No.6 trackers).
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Discussioris ongoingregardingthe final numberof PVmodulesto be providedby Aleo(asthe numberexceedsvhat

wasinitially foreseen).
Figure7 providesan overviewof the layout of the PVarraysoverthe orchards.
Drive saddle Side view at max tilt (0°) Drive saddle Side view at max tilt (55°) Drive saddle Side view at max ft (-557)
1752 i & \ - K,
N ) of 2
8} 4 Wi
Q a Juit) \\ "\ A o
= I v £+ : 3
i & © [
E !!’l: ,‘! 4 T E ’:I E THC ’:I ‘
OQJJ“."/’ OQ&H - DQLJL//
& 2 b 2 &
8 o 9| 18 1 g o
5% 99 ¢ ° g g
g8 g g
8 8 &
Ground
_Qleast West Level _Qleast West _Qleast West
= 6000 = 6000 .
Figure7: overviewof the layoutof the PVarraysoverthe orchards
Severahdditionalconsiderationdiavebeentakeninto accountor are currentlybeingdiscussed:

T

Anti-ice system

Thesprinklersare usedfor irrigationandfor anti-ice systemduringcoldnightsin springin the floweringseason
and are installed at a height which is not compatiblewith the mounting structures.A new systemwill be
installedwith dedicatedsprinklersfor eachtree / plant. Thiscould potentially be usedfor treatmentsagainst
pests/ fungi, etc.

Hail-Net
Theexistinghail protection systemwill be reusedfor portion Awhile in portion B will be newlyinstalled.For
both casedliscussions ongoingon the integrationand compatibilitywith the i NJ- Orho8ritidgg Sructure.
Rainwatercollection systems
The analysisof a rainwater collection system,for tracker structuresinstead of fixed ones highlihted the
difficultiesto identify a solutionwithout consideablyincreasingthe amountof iron in structure to gatherthe
water at the extremesof the PVpanels.Theworksto identify a solutionis still ongoing.
Monitoring and sensors
Theprojectwill considerthree distinct monitoring systemsworkingtogether:

o afixedsystemof sensoranounteddirectly on trackers

0 asystemof sensoramountedon arobot guidedby 3D-LIDARsensors

0 asystemof sensoramountedon adrone
A seriesof parameterswill be monitored, evaluatingboth the photovoltaicand agriculturalparts of the agri
voltaicsystem.
Onthe agriculturalside, parameterswill be monitored to help assesshe health of the plant, its vigour, and
cropyield,aswell asenvironmentaland soil conditions.PARradiationwill alsobe monitored.
DisseminationLevel[PUBLITC Pagel5o0f 111
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Forthe photovoltaicpart, ameteostationwill be setupto measureclassigparameterssuchasairtemperature
and humidity, wind speedand direction. POAirradianceand Albedowill alsobe measured.Thecondition of
the modules and their possible damageswill also be monitored through Aerial Thermographyand
Electroluminescence.

Discussioris ongoingto:

9 identify asolutionfor rainwatercollectionsystem

1 identify the exactpositionof the sprinkler

9 identify the exactpositionof the fixed sensors

1 identify the exactlevelof transparencyof portion B2.

2.2. MODELLING

2.2.1.0VERVIEW

Theprimarygoalof this preliminaryinvestigationisto effectivelyapplythe specializedrameworks of severapartners
(LuciSunJmec, TUD)to a horticulture-centric agriPV systemand derive meaningfulinsightsto inform the design
phase.Thestudyis meantto contributeto the followingkeyobjectives:

1. Whatisthe maximumcropyieldreduction,if any?

2. Dowe haveto meetanyspecificelectricalyield or energyyield requirements?

3. Anyother objectivethat couldguidethe optimizationprocess?

2.2.2.MODELLINBYLUCISUN
1) Layout

The AgriPVplant proposalcomprisestwo sections:Sectionl, denoted asthe 'ExistingPlant,' situated on the west
side,and Section2, referred to asthe 'New Plant,' positionedon the eastside. Theprimary distinction betweenthe
two sectiondn LuSim'simulationliesin the transparencyf the PVmodules While both sectionsncorporatemodules
with standardtransparencythe new plant uniquelyfeaturesmoduleswith 60%transparency.

Inthe initial phase(Phasel), our focusis on modellingthe existingplant.

Fromamodellingperspectiven LuSimthe AgriPVplantis segmentednto three components
1 ThePVmodulessupportstructure
1 ThePVsystemlayout
1 Thecroplayout

Forthe frames,a fundamentalgantry systemis utilized, asdepictedin Figure8. It isillustrated with beamsin the x-
direction (indicatedby the red line in the image) aligningwith the N-Sdirectionandspaceds.4 metersapartin the y-
direction (indicatedby the greenline), correspondingo the EW direction. Thesebeamssupporta singlegroupingof
6 PVmodulesarrangedin portrait mode. Thelengthof one beamin the x-directionis 7.225meters;therefore, when
four suchframesare positionedadjacentto eachother, they collectivelycovera length of 28.89metersin the N-S
direction.
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Figure8: Frame design for the AgAV plant is Bolzano.

We aim to model appleorchards,encompassindpoth the plantingand harvestingphases.Thereare a total of eight
orchardrows. However,from the perspectiveof modelingand simulationin LuSimthe westernmostorchardrow is
excluded.This exclusionis due to its insignificancein influencingthe simulation or the target object, a detailed
explanationof whichwill be providedin the subsequentObjectiveand Methodologysection.

Currently, the investigationfocuseson both the 'ExistingPlant’ and the 'New Plant' concerningthe illumination
reachingthe surfaceof the 3D-modeledenvelopeof the applecropandthe correspondingpercentageof shadingoss
causedby the PVsystem.Thekeydistinctionconsideredbetweenthe existingand new plantsis that the 'new' plant
incorporatesAleoPVmoduleswith a semitransparencyfactor of 40 percent.

In the realm of 3D modelling,severalkey questionsariseregardinghow to best representplants and define these
zonesof interest. For plant shapes,it is possibleto select either simple shapes,which approximatethe outer

boundariesof the crops,or more intricate shapeswhichattempt to faithfully replicatethe geometryof plant organs
andleavesin detail. Basiqgeometricshapessuchasparallelepipedsgylinders spherespor cones,canbe employedto

representthe outer envelopeswhereasshapesof varyingcomplexitybetweenthe simplestand mostdetailedforms
are alsoviableoptions.Eachapproachcomeswith its own setof advantagesnddisadvantages.

Complexgeometriesattempt to realisticallyrepresentthe shapeof crops. They facilitate the utilization of more

intricate modelsusedto evaluatecrop photosynthesisand goodestimatesof the 3D optical porosity. Thisapproach,
however not a limiting factor, demandssignificantlyhigher computationalresourcesbecauseof the concomitant
substantialincreasein required spatialresolutionand of the numberof pointswhere irradiancemustbe assessedt

alsorestrictsthe useof simpleragronomiamodelsthat havebeendevelopedbasedon a preliminaryevaluationof the

irradianceincidenton the externalcanopyenvelope Figure9 illustratesthe 3Dmodellingof the agri-PVdemonstrator
6 & 9 E LJ& Ui A sBicusingcomplexshapes
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Y

Figure9: 3D modelling of the gFPV demonstrair 6 Existing_Jt ')A {iLsSim using complex shapes

In contrast, the use of basicshapesthat depict the externalenvelopeof cropsnot only reducesthe computational
complexity significantly by reducingthe number of points where irradiance calculationsare necessaryput the

approachalsofacilitatesthe direct utilizationof parametricmodelsthat assesphotosynthesisn the canopybasedon

the solarirradiationreachingits outer envelope.When employingthese straightforwardmodels,optical properties
includingopticalporositycannotbe directlymodelled but mustbeincorporatedthroughaparametricmodelattached
to the object'stexture. In mostagrivoltaicapplicationamodelledusingLuSimexperiencehasfavouredthe useof basic
geometric shapesalongsideparameterizedoptical properties. If necessarythe optical porosity can be initially
modelledusinga high-resolution3Drepresentationof the plant underscrutiny,andthe resultscanthen be appliedto

all simpleshapesmployedin modellingthe entire agrivoltaicsystem.

Forthesereasonsgoingfor asimplifiedshaperepresentinghe outer envelopeof the cropis consideredat this phase.
In LuSima parallelopipeds consideredo represent2 appletreesor onefourth of the completeorchardrow, with an
assumedwidth (EW direction) of 0.7 m and length of 6.8 m (N-S direction). Height is consideredas 3.5 m.
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FigurelOillustratesthe 3Dmodellingof the agriPVdemonstratoronthe & 9 E A L3l IAgliE&inusingsimpleshapes.
FullPVmoduleswithout addedsemitransparencyare used.Inturn, Figurellillustratesthe 3D modellingof the agri
PVdemonstratoronthe @ b S.df | igLiiSinusingsimpleshapesPVmoduleswith 40%semitransparencyare used.

Figure10: 3Dmodellingof the agriPV demonstratoo Existing_Jt | A fiuSitrusing simple shape$ull PV modules
no added semiransparency,)
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Figurell: 3Dmodellingofthe agrit + RSY 2 y a i NF b $# QESiinsibgSimple shapg®V modules with
40%semitransparency)

2) Methodology

Theassessmentf shadingprofiles affectingboth vegetationand PVmodules,alongwith the calculationof bifacial
energy gain (BEG),s conductedusingthe LuSimsimulation tool. Thistool leveragescutting-edge 3D evaluation
librariesintegratedinto the GraphicProcessotJnits(GPUsJjound in moderncomputers.Althoughinitially developed
for the video game industry, these libraries offer severalcompellingadvantagesin the context of bifacial PV
applications.The achievablespatial resolution rivalsthat of backwardray-tracing techniquesbut demandsonly a
fraction of the latter's simulationtime. The methodologyfollowed to employ GPUsn solarenergyapplicationshas
beendetailedin previouscontributions,suchasfor the assessmenof intricate shadingissueg4] bifacialirradiance
[5] the energysimulationof vertical bifacialPVsystemsin agrivoltaicg6], the assessmenbdf the PVenergyyieldin
agrivoltaic greenhouseswith bifacial PV modules[7]or the 3D-modelling of light-sharing agrivoltaic systemsfor
orchardsvineyardsand berries[8]. Theirradiancedistribution profiles are assessedat high spatialresolution,either
at the leaf scaleor the PVcell level,and with a relatively hightemporalresolutionof 10 minutes. The 3D view-field
method is employedfor the comprehensiveevaluationof the irradiancefield, both incident and reflected, that
involvesthe groundand PVmoduleson a componentby-componentbasis.Theincidentirradianceprofile for eachPV
cellcomprisingthe PVsystemis obtainedat 10-minute intervalsthroughoutthe year. Then,this irradiancedatatime
seriesistransformedinto electricalpower usinga PVsimulationmodelthat accountsfor conversionosseswithin the
entire system.In most casesgconventionalsimulationroutines, suchasthose containedin pvlib [9] are sufficientto
modeltheseenergylosses.

Toassesshe impactof the actualsolarresourceon cropyields,eachconfigurationis comparedto areferencemodel.
Thelatter is intentionally designedto closelyresemblethe basecase wheretreesare plantedin rows, and vertical
structuressupportprotective nets. However,in this basecase neither PVpanelsnor their supportingstructuresare
present.

Theobjectiveis to calculatethe light reachingthe surfaceof the crop'senvelope,i.e., the total incidentirradiance,
alongwith the correspondingshadingpercentagdossdue to the presenceof the PVsystem.Toachievethis, the first
step involvesselectinga target object that is representativeof similarobjectswithin the 3D scene.In this case,the
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target objectisthe outer envelopeof the crop, representingtwo applecrops,asspecifiedin the 'Inputs' section.lIt is

crucialto choosespecificenvelopeghat accuratelyrepresentother crop envelopesn the sceneand are unaffected
by the 'border effect’ or 'edgeeffect.’

Two envelopesor target objectsare primarily selected,eachrepresentinga different casethat is reflective of the
entire scene.Thefirst isthe envelopelocateddirectly underthe PVmodules referredto asthe 'UnderPV'crop. The
secondenvelopeis positionedin the free spacewithout anyPVmodulesor betweentwo rowsof PVmodules termed
the 'Free'crop.Forthesetwo casesthe shadingosspercentagds calculatedand presented definedasthe difference
in light reachingthe specificselectedtarget objects betweenthe configurationwith no PVsystem(referencecase)and
the AgriPVsystem(test case) dividedby the referencecase.Thisreferencecaseis crucialfor determiningobstructed
light, calculatedasthe differencebetweenthe referenceandtest casesandsubsequentlyquantifyingthe percentage

loss.Thetest caseis depictedin Figurel2, showcasinghe two target objectshighlightedin white and appropriately
markedin the 3Dscene.Thereferencecaseis shownin Figurel3.

Figurel2: ¢ ( : . 2 bfthe a§@P¥ dyst&nEnithiciopsyhaicateda® targe? objedts
the simulations
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Whenassessinthe light reachingthe cropsandthe correspondinghadingosspercentagethe verticalsurfaceof the
modelled crop's envelope takes precedence.The effective surface for converting sunlight in the process of
photosynthesiss significantlygreateron the verticalsidesof the canopycomparedto the top part.

Thevertical sidesof the crop are dividedinto three zonesbasedon their heightfrom the ground.Zonel represents
the bottommost segment,spanningfrom 0 to 1.16 meters. Zone?2 coversthe middle segment,rangingfrom 1.16
metersto 2.32meters. Likewise Zone3 representsthe topmost segment,encompassinghe height between 2.32
metersand 3.5 meters.Essentiallythe verticalfacesare evenlysplitinto three equalzones Figurel4 illustratesthis
zoneseparation with the westandskyfacingsidesindicated.Thereare three distinctzonesfor eachone of the sides
of the crops,sothere are 3 zoneson the easternside,and 3 zoneson the westernside.In addition, there is alsoan
additional zonerepresentingthe top horizontalpart of the crops.Thisamountsto 7 different zoneswhenthe solar
irradiancereachingthe cropsis evaluated.Thesouthernand northern sidesare not evaluatedbecausethe length of

the rows of cropsis consideredo be longenoughsothat the impactof thesezonescanbe consideredasnegligible.
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Sky facing.

Figurel4: Zone separation for thapple crops as seen from tlastside

Subsequentlyeachobjectisassignedtexture containingits opticalproperties. Ameshassociatedvith thesetextures
definesthe spatialresolutionusedin irradiancemodelling.

Oncethe 3D meshmodel of the agrivoltaicsystemhasbeencompleted,the irradiancesimulationsare carriedout at

eachinstant and for eachradiation component(direct, isotropic sky diffuse, circumsolarsky diffuse, and ground
reflected). Theirradiancevaluesare then aggregatednto areasof interest within the 3D scenario,aswell asover
periodsof time that arerelevantto the cropyieldto be evaluated.Thoseperiodsdependon the type of cropandthe

correspondinggrowth and harvestseasonsThesentegrationsare typicallydone on a daily, monthly, or yearlybasis,
dependingon what needsto be evaluated

Basedon the coordinatesprovidedin Table2, a TypicalMeteorologicalY ear(TMY )datasetcomingfrom PVGIS
SARAHBasbeenusedfor modelling.Thisdatasetcontainsthe solarresourcedataaswell asthe meteorological
datacorrespondingo the specifiedliocation.

Othervariablesobtainedfrom the PVGISSARAHZre air temperature,wind speed,wind directionandrelative
humidity.

Table4 showsa monthly summaryof the mostrelevantsolarresourceandweatherdatausedin the PVenergyyield
evaluation.GHIcorrespondgo GlobalHorizontallrradiation,DHIcorrespondgo DiffuseHorizontallrradiation, Ws
to the wind speedand Tato air temperature.

Table4: Monthly summary of the most relevant solar resource and weather data used in the crop and PV yield
evaluation.

Month GHI [kWh/mZ] DHI [kWh/mZ] Ta[°C] Ws[m/s]

Jan. 51.06 18.34 131 0.66
Feb. 61.73 24.56 2.34 0.54
Mar. 118.06 44.41 2.94 0.73
Apr. 170.85 51.1 0.33 0.73
May 142.38 71.23 8.58 0.87
June 179.95 77.98 15.22 0.71
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July 212.71 67.18 19.73 0.65
Aug. 167.08 65.06 18.12 0.62
S 117.61 51.75 13.24 0.62
Oct. 59.34 37.98 9.52 0.66
Nov. 44.08 22.84 3.16 0.79
Dec. 41.33 14.64 1.38 0.66
Year 1366.18 547.07 8.13 0.7
3) Results

This section presents the results depicting the total incident irradiation on the crops, accompaniedby the
correspondingshadinglosspercentagesA comparativeanalysidgs conductedamongvariouszonesfor eachcrop or
target object. Additionally,specificzonesfrom diversetarget objectsare juxtaposedto evaluatetheir shadingloss
percentagesTo streamlinethe presentationand managethe visualdata, the comparisonis currently limited to the
top andmiddlezoneson the westsideandthe skyfacingsideacrosdifferent target objects.Thetargetobjectsunder
considerationnclude'under PV'and'free crops.

Figure15 showsthe evolution of the globalirradianceover all the sidesof the Wndert +afp and the individual
respectivezonesfor a clearsky day of summer,the 18th of July(TMY) Notably, irradianceundergoesa significant
reductionaroundsolarnoon,with this diminishedlight persistinglongeron the sideof the canopyfacingthe sky.This
phenomenonresultsfrom the shadowcastby the overheadPVmodules Converselyduring early morningand late

afternoon, irradianceincreaseson the easternand western vertical sidesof the canopy especiallyat the higher
sectionslessaffectedby shading.Theirradianceon the northern and southernsidesis minimal. Theseobservations
stem from the geometry of agrivoltaic systems,where sunlight predominantly strikes the crops at an angle.
Consequentlythe westernand easternsides,havinga larger effective surfaceareafor sunlightabsorption,play a

crucialrole in photosynthesis.

Global irradiance over crop placed under the PV module
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Figurel5s: Globalirradianceon 18th of July(TMY Yor the cropunderPVmodules
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Figurel6 depictsthe percentageof shadingossobservedthroughoutthe day, highlightingthe alternatingperiodsof

shadeand direct sunlight. Thispattern is a direct consequenceof the agrivoltaic(agriPV)system'sdesign,which
consistf sequentialrows of cropsinterspersedwith photovoltaic(PV)panelarrays.

Shading loss percentage for Global irradiance over crop placed under the PV module
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Figurel6: Shading loss percentage dhe global irradiance for th&8th of July(TMY)for the crop under Pvhodules.

Figurel7 presentsa heatmapthat visualizeghe dailydistribution of globalirradiationon the easternsideof the crop
situatedbeneathPVmodules specificallyfor July18" (TMY) Thisheatmapfocuseson aspecificareaof interestwithin
the largercontextof the agrivoltaicsystem.It revealsthat the irradiancelevelsat the uppermostpart of the canopy

are highercomparedto thoseat the bottom. Thisvariationis attributed to the mutual shadingoccurringamongthe
different croprows.
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Figurel?7: Heatmap showcasindgily global irradiation for 18th of JuTMY)over the east facing side of the crop
under PV modules.
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Similarlyto the caseof the cropsunder the PVmodulesshown previously Figure18 showsthe evolution of global

irradianceoverall the sidesof the W C NcFbBafid the individualrespectivezones In contrastto the areasbeneaththe

cropsshadedby PVmodulesthe part of the canopyfacingthe skyreceiveghe highestamountof irradiance gspecially
aroundsolarnoon. Thispeakirradiancecoincideswith the sun'szenith,whenit shinesdirectlyoverhead andthe angle
of incidenceon horizontalsurfacess minimal. Theverticaleasternandwesternsidesof the canopy however,absorb
significantlijessirradianceper unit area.Thisreductionis primarilydueto the obliqueshadowscastby the PVmodules
mountedaboveadjacentrows. Despitereceivinglessirradianceper unit surface theseverticalportionsof the canopy
still play a crucialrole in overallphotosynthesisTheircontribution is significantbecausethe total surfaceareathey

encompasss considerablyarger.

Global irradiance over crop placed in the free space
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Figurel8: Global irradiance on 18th of JUIJMY )for the crop under free space

Figurel9 displaysthe percentageof shadinglossexperienceddy the globalirradiance.Notably,shadingon the side
of the canopyfacingthe skyis minimalaroundsolarnoonand maintainslow levelsfor extendedperiods.In contrast,
the verticalsidesof the canopysuffermore significantreductionsin solarirradiance Thisisdueto the obliqueshadows
castby the structures,which persistandimpacttheseareasfor longerdurations.

Shading loss percentage for Global irradiance over crop placed in the free space
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Figurel9: Shading loss percentage on the global irradiance for the 18th of T\MlY)for the crop under free space
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Figure20 presentsa heatmapthat visualizeghe dailydistribution of globalirradiation on the easternsideof the crop
situatedunder free space(no PVmodulesoverit), specificallyfor July18" (TMY).Thisheatmapfocuseson a specific
areaof interestwithin the largercontextof the agrivoltaicsystemlt revealghat the irradiancelevelsat the uppermost
part of the canopyare higher comparedto those at the bottom. Thisvariationis mainly attributed to the mutual
shadingoccurringamongthe different croprows.

GTI [kWh/m2]

Figure20: Heatmap showcasing total global irradiation for 18th of JliMY)over the east facing side of the crop
underfree space

Two types of crops situation respect to the agriPV system were selected as focal points to represent the

comprehensivescenarioof shadingeffects on cropswithin agrivoltaicsystems.The analysishasyielded significant
findings elucidatingthe effects of shadingon these designatedcrops,termed 'under-PV'and 'free' crops These
insightsunderscorethe importanceof selectingspecificcropsfor detailedexamination Focusingn a particulararea,
the top zoneon the westfacingside Figure21 showsthe shadinglosspercentageon July18th for both 'under-PV'
and'free' crops.Thiscomparisonillustratesthe influenceof the agrivoltaicsystem'sshadingon eachcrop'ssunlight
exposuredeterminedby its heightand positionwithin the field.

Crop comparison Global irradiance Shading Loss %
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—— UNDER-PV: Top-West-Shade %

FREE: Top-West-Shade %

GTI-Shading %
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Figure21: Shading loss percentage for 18th of July comparison for the top zone of west facing side.
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To enhance understanding of the observedading trends and to validate the findings, LuSim allows for the
visualization of shading patterns at any selected moment in time. For a clear comparison of the shading impact on tf
designated target crops, two instances are illustrated: the shadingrebdeat 12:00Figure22) and 16:00Figure23),

both through realistic views and corresponding heatmaps for those times. Additionally, the specific zones targeted o
these crops are marked to emphasize the differences in shading patterns.

. RN
S AT .
Figure22: Realistic shadinfleft) and the correspndingheatmap(right)in 3D space at 12:00 on 18th July (TKbY)
the top zone of west facing side.

/ / ‘ 4 =
Figure23: Realistic shadinfleft) and the corresponding heatmgpght)in 3D space at 16:00 on 18ikly (TMYfor
the top zone of west facing side.

Thevariationin shadingpatternsthroughout the day becomesnotably significantwhen aggregatedover daily and
monthly periods,asshownin Figure24 for daily aggregatiorand Figure25 for monthly aggregationTherefore,the
positioning of cropsrelative to the photovoltaic (PV)systemplaysa crucialrole in managingshadinglossesand
substantiallyaffectsthe availabilityof solarresourcedor the crops.
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Daily global irradiation shading loss %
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Figure24: DailyGTIshading lospercentagecomparisorfor the top zone of west facing side

Monthly global irradiation shading loss %
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Figure25: Monthly GTIshading loss percentage comparison for tbp zone of west facing side

Theobserveddifferencesin shadingtrends between'Under-PV'and 'Free'crops,asshownin the daily and monthly
plots, also extend acrossvariouszonesalongthe vertical facesof the crops'cuboidalenvelopes.Contrarily,when
examiningthe sky-facingside of the crops,the trend reverses.Thiscontrastingshadingpattern trend is depictedin
Figure26 for a clearskydayon July18th of the TypicalMeteorologicalYear(TMY)series
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Crop comparison Global irradiance Shading Loss %
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Figure26: Shadindosspercentagefor 18th of Julycomparisorfor the skyfacingside

Tovisualizehe shadingpattern differencesthe realisticshadeon the sky-facingsidesof the selectedcropisdepicted
alongsideits heatmapat different times. Theshadeat 7:00is capturedin Figure27, while the situationat 12:00is

shownin Figure28.

Figure27: Realisticshading(left) andthe correspondincheatmap(right) in 3D spaceat 7:00 on 18th July(TMY )for
the skyfacingside
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ft) andthe correspondingheatmap(right) in 3D spaceat 12:00 on 18th July(TMY Yor
the skyfacingside
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Aggregatiorof dataon daily (Figure29) and monthly (Figure30) scalegevealsthat the skyfacingsideof 'free' crops,
which are not situateddirectly beneathPVmodules,receivesa notably higherlevel of irradiancecomparedto crops
located under the modules. Thiscontrastis distinct from the trends observedfor the vertical sidesof the crops'
envelope.Furthermore,shadinglossesare higher during the summerseasondue to the sun's elevated position,
leadingto increasedshadingrom the modulesonthe cropsdirectlybeneaththem. In contrast,the winter seasorsees
a lower solartrajectory, allowingmore sunlightto reachthe top of the horizontal,skyfacingpart of the crops.This
areais lessaffectedby mutual shadingbetweencrop rows, resultingin improvedsunlightexposure.

Daily global irradiation shading loss %
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Figure29: Dailyshadingosspercentagecomparisorfor the skyfacingside

Monthly global irradiation shading loss %
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Figure30: Monthly shadinglosspercentagecomparisonfor the skyfacingside
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TheFollowingsectionpresentsthe resultsfor the Wb Spéaf in the similarfashionasabove.

Figure31showsthe evolutionof globalirradianceandthe correspondinghe shadingosspercentageoverallthe sides
ofthe W! y-R SdRpandthe individualrespectivezones and Figure32 showsthe correspondingshadingosses

Global irradiance over crop placed under the PV module
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Figure31: Globalirradianceon 18th of July(TMY Yor the cropunderPVpanels
Shading loss percentage for Global irradiance over crop placed under the PV module
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Figure32: Shadindosspercentageon the globalirradiancefor the 18th of July(TMY )for the cropunderPVpanels
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Figure33featuresa heatmapillustratingthe daily pattern of globalirradianceon the easternsideof the croplocated
beneathPVmodules,for July18th accordingto the TypicalMeteorologicalYear(TMY)data. Thisheatmapzoomsin
on a designatedarea of interest within the broader agrivoltaicsystemsetup. It highlightsthat irradianceis more
intenseat the top of the canopythan at the bottom, a disparity primarily due to the mutual shadingeffect among
variouscrop rows. Thisphenomenonmirrors observationgpreviouslynoted for cropssituatedin openareaswithout
PVmodulecoverage.
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Figure33: Heatmap showcasing total global irradiation for 18th of JUMY)over the east facing side of the crop
underPV module.

Figure34 and Figure35 showsthe evolutionof globalirradianceand the correspondinghe shadinglosspercentage
overall the sidesof the W C N @afidthe individualrespectivezones.
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Figure34: Globalirradianceon 18th of July(TMY )Yfor the cropunderfree space
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Shading loss percentage for Global irradiance over crop placed in the free space
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Figure35: Shadindosspercentageon the globalirradiancefor the 18th of July(TMY)for the cropunderfree space

Figure36 presentsa heatmapthat illustratesthe daily pattern of globalirradianceon the easternside of the crop,
which s situated beneathno PVmodules,for July18th, accordingto TypicalMeteorologicalYear(TMY)data. This
heatmapfocuseson a specificareaof interestwithin the largercontextof the agrivoltaicsystemsetup. It emphasizes
that the irradianceis more intenseat the top of the canopythan at the bottom. Thisvariationis mainlyattributed to

the mutual shadingeffect amongthe different rows of crops.
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Figure36: Heatmap showcasing total global irradiation for 18th of JUiMY)over the east facing side of the crop
underfree space
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Forthe W9 E A @laintthy tBefd betweenthe verticalfaceof the envelopeand the skyfacinghorizontalsurfacehas
beenevaluatedthus herethe skyfacinghorizontalsurfaceof both (i I NE®pcbaidalenvelopewill be compared
for the shadingtrend. In the similarfashionasabove,Figure37 showsthe shadingpattern on the two selectedtarget
ONR 3 DS t sRyfadr@lorizontalsurfacefor a clearskydayon 18" Julyof the TMYtime series

Crop comparison with semi-transparency of 40 % Global irradiance Shading Loss %
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Figure37: Shadindosspercentagefor 18th of Julycomparisorfor the skyfacingsidewith PVmodulesof semi
transparencyd0%

Toillustratethe differencesn shadingpatterns,Figure38 depictsthe realisticimageof shadowscaston the skyfacing
side alongwith the correspondingheatmapfor the timestamp 6:30 AM, while Figure39 showsthe samefor the

timestamp12:00PM.

Figure38: Realisticshading(above)andthe correspondindheatmap(below)in 3D spaceat 6:30 on 18th July(TMY)
for the skyfacingside
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Figure39: Realisticshading(above)andthe correspondincheatmap(below)in 3D spaceat 12:00 on 18th July(TMY)
for the skyfacingside

Aggregatiorof data on daily (Figure40) and monthly (Figure41 for semitransparency40%and Figure30 for semk
transparencyl0%) scalesrevealsthat the skyfacingside of 'free' crops,which are not situateddirectly beneathPV
modules receivesa notably higherlevelof irradiancecomparedto cropslocatedunderthe modules.Thiscontrastis
distinctfrom the trendsobservedfor the verticalsidesof the crops'envelope Furthermore shadingossesare higher
duringthe summerseasordue to the sun'selevatedposition,leadingto increasedshadingfrom the moduleson the
cropsdirectly beneaththem. In contrast, the winter seasonseesa lower solartrajectory, allowingmore sunlightto
reachthe top of the horizontal,sky-facingpart of the crops.Thisareais lessaffectedby mutual shadingoetweencrop
rows, resultingin improvedsunlightexposure.
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Crop comparison with semi-transparency of 40 % Daily Global irradiance Shading Loss %
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Figure40: Dailyshadingosspercentagecomparisorfor the skyfacingsidewith PVmodulesof semitransparency

40%

Figure41: Monthly shadingosspercentagecomparisorfor the skyfacingsidewith PVmodulesof semk
transparency40%

Figure42 showcases yearlyshadinglosscomparisonfor cropsunder PVpanelswithin both the 'Existingplant’ and
the 'Newplant'. In contrast,Figure43illustratesthe comparisorfor cropsin free space Observationsevealthat crops
beneathPVpanelsexperiencereducedshadinglossesespeciallywhen attention is givento the verticalsidesof the
crop'senvelope,which are pivotal for light absorption. Thisadvantageis more noticeablein systemsoutfitted with
semitransparentPVmodulesasopposedto thosewith standardtransparencymodules.However for the skyfacing
horizontalsideof the O N2 dnilape cropsplacedin free spacedemonstrateimprovedoutcomes particularlywhen
the systemincludessemitransparentmodules.

DisseminationLevel[PUBLITC Page370f 111
public

































































































































































































































