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Introduction

Agrivoltaic systems integrate crop cultivation with solar photovoltaic (PV) energy production
on the same land and have gained increasing attention as a strategy to improve land-use
efficiency while supporting both renewable energy and food production (Renno & Di Marino,
2026). This approach is particularly relevant in regions with high solar irradiance, where PV
generation potential is high but agricultural land remains valuable.

Nile Delta region has great potential for Agrivoltaics applications owing to its high solar
resource. PV shading, however, affects the amount and spread of radiation reaching the crops,
which may decrease photosynthesis, crop growth and productivity if shading is too heavy
(Laub et al., 2022a). Potato (Solanum tuberosum) is of particular interest because the
development of potato tubers is highly dependent on the photosynthesis of the canopy, and
previous research has demonstrated that lower irradiance can impact potato yield, water
productivity and tuber production (Witwit et al., 2025)(Ademollo et al., 2026). As integrated
assessments of PV performance, ground irradiance, and potato growth under Nile Delta
conditions remain limited, simulation provides an efficient alternative to costly and complex
field trials.

To address this gap, this study integrates the System Advisor Model (SAM) with AquaCrop to
quantify the effects of PV shading on potato productivity in a simulated agrivoltaic system in
Kafr El Sheikh, Egypt. SAM is used to estimate PV performance and ground-level irradiance,
while AquaCrop is used to compare potato growth and tuber yield under PV-shaded and open-
field conditions. The study therefore evaluates the trade-off between electricity generation and
crop productivity and provides insight for agrivoltaic system design under the climatic
conditions of the Nile Delta.

Literature Review

Agrivoltaic Systems and Land-Use Efficiency

Agrivoltaic systems are designed to combine solar photovoltaic (PV) energy generation and
crop cultivation within the same land area. This approach is important because the expansion
of large-scale PV systems can increase competition for land, especially in agricultural regions

where land is already highly valuable(Asa’a et al., 2024). Instead of separating food production
and energy production, agrivoltaics allows both activities to operate together, which can
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improve the total productivity of the land when the system is properly designed(Widmer et al.,
2024). This makes agrivoltaics a useful option for areas facing pressure from renewable energy
development and food security needs.

Although agrivoltaics is often presented as a win-win solution, the actual benefit depends on
the trade-off between crop yield and PV energy generation. Some designs may increase
electricity output but reduce crop growth due to excessive shading, while other designs may
protect crops from heat stress but produce less energy per land area (Pandey et al., 2025).
Recent systematic review evidence also shows that agrivoltaic systems can improve water-use
efficiency and reduce soil or air temperature but yield reduction may still occur for light-
dependent crops under high shading intensity (Ali Abaker Omer et al., 2025). Because of this,
each agrivoltaic system needs to be evaluated based on local climate, crop type, and PV layout.
This is particularly relevant to the Nile Delta, where high solar irradiance provides strong PV
potential, while crop light requirements must still be considered in agrivoltaic design.

Shading and Irradiance Distribution Under PV Panels

Shading in agrivoltaic systems is not uniform, because PV panels block part of the incoming
solar radiation at different times of the day. The amount of irradiance reaching the crop area
depends on the sun position, panel geometry, row spacing, tilt angle, and whether the light is
direct or diffuse. For this reason, the crop area below and between PV rows usually receives a
mixed pattern of shaded and unshaded zones rather than one constant level of light. This makes
irradiance distribution an important factor to evaluate before connecting crop growth
simulation with PV design (Zainali et al., 2023)(Pulido-Mancebo et al., 2022).

PV-induced light reduction is strongly influenced by panel density and ground coverage.
Higher PV density increases shaded area and decreases photosynthetically active radiation
(PAR), with field measurements showing substantial spatial variation across different PV
configurations. This means that even within the same field, crop rows may receive different
light conditions depending on their position relative to the panels (Prakash et al., 2023)(Santra
etal., 2021).

For crop modelling, irradiance alone may not always be enough because plants respond mainly
to the photosynthetically active part of solar radiation. Recent studies suggest that
photosynthetic photon flux density or PAR-based analysis gives a more direct representation
of light available for crop growth under PV panels. At the same time, PV configuration studies
show that different panel arrangements can change both electricity production and the amount
of useful light transmitted to the crop area (Yajima et al., 2023)(Ali Khan Niazi & Victoria,
2023). Therefore, evaluating the spatial distribution of irradiance beneath PV arrays is essential
for estimating the light available to crops and for linking PV simulation with crop-growth
modelling.

Crop Response to Reduced Irradiance

Crop response to reduced irradiance is not always linear, because some crops can tolerate mild
shading before yield loss becomes serious. In agrivoltaic systems, lower solar radiation may
reduce photosynthesis and biomass production, but the level of impact depends on crop type,
shading intensity, and local climate condition. A meta-analysis by Laub et al. (Laub et al.,
2022b) reported that many crops can tolerate small reductions in solar radiation, but yield
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reduction becomes more obvious as shading increases. Another recent meta-analysis by Tekie
et al. (Tekie et al., 2025) also showed that crop yield under shade is affected not only by shading
level, but also by environmental stress such as drought and evapotranspiration.

Potato plants absorb light for photosynthesis within the 400—700 nm range, and their
photosynthetic response increases with irradiance until it reaches a saturation level (Melmann
& Johansen, 2026). When light is reduced, potato plants may show shade-avoidance responses,
such as changes in plant architecture and resource allocation, which can later influence tuber
formation and yield. Gomez-Ocampo et al. (Goémez-Ocampo et al., 2023) found that simulated
shade caused physiological and transcriptomic changes in potato, and the study also reported
reduction in tuber yield after shade treatment.

Previous potato shading studies show that moderate shade may still be tolerated, but heavy
shade can reduce tuber yield clearly. Schulz et al. (Schulz et al., 2019)found that potato could
cope with reduced irradiance up to about 26%, but 50% shading caused strong reductions in
tuber number, tuber mass, and dry matter yield. More recently, Colauzzi et al. (Colauzzi et al.,
2026) reported from a four-year agrivoltaic potato case study that yield response depends
strongly on shading intensity and timing, with some PV tracking conditions giving only limited
yield penalties. This means that potato can be suitable for agrivoltaic systems, but the shading
condition still needs to be controlled properly.

Simulation Tools for Agrivoltaic Assessment

Simulation tools are useful in agrivoltaic studies because the interaction between PV shading
and crop growth is difficult to measure with one simple field observation. Modelling is useful
for estimating the irradiance at the crop level, as it is a space-time varying light environment
below PV panels. The potential for combining PV light distribution of crops and a crop growth
model for better yield prediction is the integration of dynamic shading, canopy development
and local microclimate (Moretta et al., 2025). Another reason why ground-irradiance modelling
is important is that the pattern of irradiance is influenced by direct and diffuse radiation, the
position of the sun and geometry of the system (Kurumundayil et al., 2025).

The PV layout is modeled in SAM, and the field-level irradiance is estimated, as well as the
expected PV output from the module and inverter performance. It is appropriate for this study
due to its PV model which enables the performance of the system to be evaluated based on
weather data, array geometry, module parameters, and inverter data. In addition, SAM’s flat-
plate PV model has been validated against measured production data from several real PV
systems, which supports its use as a practical simulation tool for estimating PV performance
before field installation (Freeman et al., 2013)(Roberts et al., 2017).

AquaCrop is used for the crop part of the assessment because it links crop development,
biomass, and yield with climate, soil water, and management inputs. This makes it suitable for
estimating how potato yield may change when the available radiation is reduced under PV
shading. Recent potato modelling work described AquaCrop as a water-driven, process-based
model that simulates biomass and yield, and it has been used for potato planning and scenario
analysis under different field and irrigation conditions(Rai et al., 2025). Other recent AquaCrop
validation work also explains that the model uses daily climate data, crop parameters, soil
information, and management files to estimate biomass and harvestable yield through canopy
growth, transpiration, and harvest index processes (Zhou et al., 2024)
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Although both SAM and AquaCrop have been widely applied in their respective fields, limited
work has linked PV-derived ground irradiance directly with potato growth simulation under
Nile Delta conditions. Integrating the two models therefore provides a practical framework for
assessing the trade-off between PV energy generation and crop productivity.

Methodology
Study Area

The study focuses on a simulated agrivoltaic field located in Kafr El Sheikh Governorate,
northern Nile Delta, Egypt. The region consists of flat agricultural land suitable for both PV
installation and crop production. The simulation considers a 1-hectare plot with 50% PV
coverage and potato (Solanum tuberosum) cultivated under partial shading.

Global Solar Atlas data indicate annual GHI, DNI, and DIF values of approximately 2023,
1942, and 763 kWh/m?, respectively. The reported optimum PV tilt is about 26° confirming the
strong solar potential of Kafr El Sheikh for agrivoltaic applications.

Map data Per year Map

Specific photovoltaic

power output PVOUT specific  1744.6  kWh/kw

Direct normal irradiation DNI 19418 KkWh/m

_Glob_al honzontal GHI 20232 kWh/m

irradiation

.lefu_se‘horlzomal DIF 762.6  KWh/m?

irradiation

Glo_bal tilted irradiation at GTlopta 22131 KWh/m

optimum angle

Optimum tilt of PV OPTA 26/ 180 °

modules

Air temperature TEMP 213 : eaﬂe | t tlle © Eri

Figure 1: Satellite Location Map Of The Study Site In Kafr El Sheikh Governorate.
Source: ((Global Solar Atlas, 2026))
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Figure 2: Annual PV Power Potential And Irradiance Data From Global Solar Atlas.
Source: ((Global Solar Atlas, 2026))

The semi-arid climate, with low rainfall and an average temperature of 21.3°C, supports both
PV generation and potato cultivation. The region’s loamy-sandy soil provides suitable drainage
and moisture retention, while its high irradiance and flat terrain make it appropriate for
agrivoltaic simulation.

Crop Selection

Potato (Solanum tuberosum) was selected to evaluate crop response to PV shading because its
productivity is sensitive to light availability and shading distribution. Agrivoltaic studies have
shown that shading can affect potato yield, water productivity, and nutrient responses (Witwit
et al., 2025). while yield also depends on PV array configuration, shading pattern, and the
timing of light reduction (Colauzzi et al., 2026).

The yield of potato tubers is closely related to the amount of photosynthesis in the canopy,
which is the source of assimilates for biomass accumulation and tuber bulking. Thus, light
conditions affect potato growth, gas exchange, yield and quality, and photosynthetic
performance and water-use efficiency are closely related to potato productivity (Pannico et al.,
2025) (Dahal et al., 2023)..

Potato is simulated in AquaCrop through crop canopy cover development, rooting depth,
biomass development, harvest index and yield response to water availability. This is
appropriate because AquaCrop has been recently calibrated and validated for potato yield and
crop water productivity under different irrigation scenarios (Rai et al., 2025). In semi-arid
conditions, AquaCrop has also been parameterized for potato growth modelling and showed
reasonable performance for simulating soil water content, evapotranspiration, tuber dry yield,
and water productivity (Ahmadi et al., 2022).
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In this study, potato is therefore used as the representative crop to evaluate the agricultural side
of the agrivoltaic system. The main crop outputs considered from AquaCrop are canopy
development, biomass, tuber yield, water productivity, and percentage yield reduction
compared with the open-field reference condition. These indicators are suitable because
previous AquaCrop studies on potato have used canopy cover, biomass, yield, and water-use
indicators to evaluate model performance under water-limited or climate-sensitive conditions
(Wale et al., 2022)(Puma-Cahua et al., 2023).

IJIREV

PV System Design in SAM

The photovoltaic (PV) system for this study is modeled in the System Advisor Model (SAM)
to simulate both the energy output and ground-level irradiance in the agrivoltaic field. The
system consists of a single array with one subarray activated, as shown in the DC sizing
configuration (see Figure 3). The subarray includes 2,001 modules, arranged with 23 modules
per string and 87 strings in parallel producing a maximum DC voltage of 1,161.5 V.

DC Sizing and Configuration

To model a system with one array, specify properties for Subarray 1 and disable Subarrays 2, 3, and 4. To model a system with up to four subarrays connected in
parallel to a single bank of inverters, for each subarray, check Enable and specify a number of strings and other properties.

Subarray 1 Subarray 2 Subarray 3 Subarray 4
-Electrical Configuration
enable () Enable () Enable () Enable
Modules per string in subarray 23
Strings in parallel in subarray 87
Number of modules in subarray 2,001
String Voc at reference conditions (V) 1,161.5
String Vmp at reference conditions (V) 979.8

Figure 3: Screenshot Of The DC Sizing And Configuration In SAM Showing Module

Number, Strings, And Voltage Settings.

Source: SAM Simulation

Efficiency Curve and Characteristics

Sungrow Power Supply Co - Ltd : SG125HV [600V]

Number of MPPT inputs

Number of MPPT Inputs is only

100 - . il available for systems with one
//'/' S e CEC weighted efficiency 98.445 9% inverter as specified on System
/ European weighted efficiency 98468 95 ~ Design page.
hsst P
F s
. 90jf
R “ Maximum AC power 125000 wac
“E‘" | Maximum DC power 127418 Wdc
©
5 80 Power use during operation 97.9892 wdc
Vdco Power use at night 5.59 Wac
— Mppt-low Sandia Coefficients
2 < Nominal AC voltage 600 Vac
— Mppt-hi C0 -8.607180e-08 1/Wac
70 L L L L Maximum DC voltage 1200 vdc
0 20 40 60 80 100 c1 1.836020e-05 1/vdc
Maximum DC current 134.834 Adc
% of Rated Output Power c2 4.175070e-03 1/vdc
" 5 —— . Minimum MPPT DC voltage 860 vdc
If you are modeling a system with microinverters or DC power optimizers, c3 2.459600e-03 1/Vdc
see the Losses page to adjust the system losses accordingly. Nominal DC voltage 945 vdc .
Maximum MPPT DC voltage 1200 vdc

CEC Information

CEC hybrid N

CEC type Utility Interactive

CEC date 1/21/2022

Figure 4: Screenshot Showing Inverter Efficiency And Datasheet Parameters In SAM.

Source: SAM Simulation
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The selected Sungrow SG125HV [600V] inverter has a nominal AC power of 125 kW, a

maximum DC voltage of 1,200 V, and a CEC-weighted efficiency of 98.445% (Figure 4),
providing high conversion efficiency for the simulated PV system.

The LONGi LR5-72HPH-570M monocrystalline module has a nominal efficiency of 22.91%,
a maximum power of 570.414 W, and a ground clearance of 1.7 m. The array is configured at
a fixed 26° tilt and 180° azimuth with a ground coverage ratio of 0.5, corresponding to 50%
PV coverage (Figure 5).

rModule Characteristics at Refi e Conditi
Reference conditions: Total Irradiance = 1000 W/m2, Cell temp = 25 C
LONGi Green Energy Technology Co. Ltd. LR5-72HPH-570M Nominal efficiency 2291 % Temperature coefficients
= Maximum power (Pmp) 570.414 wdc -0.375 %/°C -2.139 w/°C
o a
SEl 10F Max power voltage (Vmp) &vm
§ Max power current (Imp) 134 Adc
S I
5 4 Open circuit voltage (Voc) 50.5 vdc -0.282 9%/°C -0.142 v/°C
=
é Short circuit current (Isc) 142 Adc 0.038 9%/°C 0.005 A/°C
-Bifacial
0 L L L L h
0 10 20 30 40 50 [CJ Module is bifacial
Module Volt: lts
eduleNioltage (Volts) Transmission fraction 0.013 0-1
: Bifaciali 07 0-1
Material Mono-c-Si Number of cells 72 ifaciality
Ground clearance height 17 m

Figure 5: Screenshot Showing Module Characteristics And Fixed Tilt Configuration In
SAM.

Source: SAM Simulation

Weather data for Kafr EI Sheikh were obtained from the SAM Solar Resource Library at
31.13°N, 30.94°E and 6 m elevation (Figure 6), providing location-specific irradiance,
temperature, and solar-angle inputs for the PV shading simulation.

Solar R ce Library

The Solar Resource library is a list of weather files on your computer. Choose a file from the library and verify the weather data information below.

The default library comes with only a few weather files to help you get started. Use the download tools below to build a library of locations you frequently model. Once you build your
library, it is available for all of your work in SAM.

Filter: Name 7

Name Latitude Longitude Time zone Elevation StationID Source
phoenix_az_33.450495 -111.983688 psmv3_60_tmy.. 3345 -111.98 -7 358 78208 NSRDB
tucson_az_32.116521_-110.933042_psmv3_60_tmy  32.13  -11094 -7 773 67345 NSRDB
32.90°_e 24.09°_n_38.8904 -77.032 nsrdb-GOES-a.. 38.89  -77.02 -5 22 1145370 NSRDB
aswan_24.0901_32.8986_nsrdb-msg-v1-0-0-tmy 60.. 24.09 329 2 112 1804403 NSRDB
‘ kafr el sheikh_31.13_30.94_tdy-2022 3113 3094 0 6 1704987 NSRDB

Figure 6: Screenshot of the weather file selection in SAM for Kafr El Sheikh.

Source: SAM Simulation
This PV configuration provides realistic irradiance data for the crop simulation stage in

AquaCrop, allowing the study to quantify the impact of partial shading on potato yield while
simultaneously estimating PV energy generation.
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Ground Irradiance Analysis

Ground-level irradiance between PV rows was obtained from SAM using hourly spatial data
that account for panel layout, tilt, and shading. These values were averaged across ground
positions to estimate canopy-level irradiance for the crop simulation (Figure 7).

SAM 2025.4.16: DAUIREVforth paper\kafr elsheikh.sam

File v ®Add

Photovoltaic

Location and Resource

Module iance incident on the ground between rows (W/m2) %

Inverter 0 1 2 3 4 5 6 7 8 9 10 |

System Design 3 1 o (U} [ 0 o 9 0 o o 0

& 4 2 0 0 9| 0 0 0 0 o 0 0

Shading and Layout ( s 3 o o o 0 0 0 0 0| 0 0

Losses 6 s 0 o 0 o E 0 o o 0 o

Grid Limits 7 S| 91333 846845 836146 872367 943105 102209 10829 110293 106755 980452

. 8 6| 221686| 20511 202442] 21.1473) 229109 248801 263962 26.8957| 260134 23842

DC Degradation 9 7| 27.8214] 260817 258018 267496 20152 376505 170.594 327826 31.8567| 29.5777

Installation Costs 10 8 32.1414] 302041 298924 362.163| 506.174 319.209) 37.0824 37.6662] 36.6351 34.0973

1 9 38.5517| 361823 140011 558.142| 560.663 198.743| 445949 453089 44.0478 409439

Operating Cost 12 10| 364920 342911 140928 570091 572434 200581 421085 42772 416001 387158

Financial Parameters 13 11 36378 341265 33.7642] 368042 513.174] 325533 421204 427988 416005 386511

Revehie 14 12| 354427) 331419 327716] 340251 178341 393875 183178 4200425 40.7796] 37.7656)

15 13| 316642 204942 29145 30.3272] 326361 352139 371987 579178 137.024] 3385

Incentives 16 14 214078) 198548 19.6043| 20451 221033 239482 253687 258367 250101 229757

Deoreciation 17 15 0 0 0| 0 0 0 0 o 0 0

18 16 0 0 0| 0 0 0 0 of 0 0

Electricity Purchases 19 T o 0 0 0 0 0 0 ol 0 0

20 18 o o 0 0| o o o o of 0

21 19 0] 0 0| 0| 0 0] 0 0| 0| 0|

22 20 0 0 0| 0 0 [ 0 o q 0

23 21 0 0 0| 0 0 0 0 o 0 0

Simulate > |k 24 22 0 0 9 0 0 0 0 of [ 0

25 23 0 0 0| 0 0 0 0 0| 0 0

Parametrics Stochastic e = 5 5l o of o d o ol ol 3

Uncertainty Macros 27 25 0 o 0| ol o 0 0 o o 0

Figure 7: Spatial Irradiance Values On The Ground Between Rows (W/m?).

Source: SAM Simulation

The hourly irradiance for each position between PV rows is first averaged to represent the
typical light exposure for that hour. These hourly values are then grouped into daily values, and
the daily average irradiance I 44y is calculated using the formula:

1 24
Idaily = ﬁ Z Ihourly,h
h=1

where Iyoyr1y,n The hourly irradiance data were averaged to obtain daily values used as the
PAR input for AquaCrop. Python was used to automate the processing of the full-year SAM
dataset by averaging irradiance across ground positions, grouping the hourly values into daily
sequences, and exporting the resulting daily dataset as a CSV file for AquaCrop (Figure 8).
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»

file_path = "spatial irradiance incident on the ground between rows.csv"
irradiance_data = pd.read_csv(file_path)

irradiance_values = irradiance_data.iloc[:, 2:] # keep o
hourly_canopy_irradiance = irradiance_values.mean(axis=1)

num_hours = anopy_irradiance)

num 24

daily_irradiance = hourly_canopy_irradiance[:num_days*24].values.reshape(num_days, 24).mean(axis=1)

daily_irradiance_df =

Python
PS D:\IJIREV\forth paper\Code> & C: \User\AppData\Local\Python\pythoncore-3.14-64\python.exe

Daily irradiance table created: daily_irradiance_aquacrop.csv

PS D:\IJIREV\forth paper\Code>
OUTLINE

TIMELINE

Figure 8: Python script used to calculate daily average irradiance from SAM outputs.
Source: Python coding

Pseudo-code for processing hourly irradiance to daily AquaCrop input:

# Step 1: Load hourly spatial irradiance CSV exported from SAM

# Step 2: Remove non-irradiance columns (timestamps, indices)

# Step 3: Average irradiance values across all ground positions for each hour

# Step 4: Group hourly canopy-level values into 24-hour sequences for each day

# Step 5: Calculate daily average irradiance by summing 24 hourly values and dividing by 24
# Step 6: Export the daily average irradiance table as CSV for AquaCrop input

This approach ensures that the irradiance values used in AquaCrop reflect both shading effects
and local daily light variability, providing realistic inputs for simulating crop performance
under the agrivoltaic system.

Potato Growth Simulation under Open-Field Conditions

The open-field AquaCrop simulation incorporated local climate, soil, crop, and irrigation
conditions to establish an unshaded baseline for comparison with the PV-shaded scenario.
Daily temperature, precipitation, evapotranspiration, and relative humidity data were obtained
from NASA POWER for Kafr El-Sheikh. The potato growing season was set from 1 August to
29 November (121 days), with temperature and growing degree-day thresholds used to define
heat and cold stress limits in AquaCrop
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Display of crop calendar characteristics == =1

Description I Calendar Growing period Climate ]

Mean climatic conditions

I
1 year Crop egend

Secdtemperanre:. ... 20 C e
. 2 === ETo

I Rainfall and ETo L] Cold stress: ......... ETos2
Mean monthly Rainfall and ETo

sao .

160 / \

N ///"_\\
—_— e

i
Jan Feb ™Mar Apr May Jun Jul Aug Sep Oct Nov Dec

320
mm/ month

Crop growing period
1A - 29 b (121 days)
Onset

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

JAN b

>

Figure 9: Crop Calendar And Mean Monthly Climatic Conditions Used For Simulation.

Source: Aquacrop simulation

The soil profile was defined using measured field properties, with initial soil water content
specified at 0.3 m and 0.9 m depths. Salinity was assumed negligible, with zero electrical

conductivity applied throughout the soil profile.

Initial conditions for: 1 August
Description Initial soil water and salinity content I Initial crop development and production |
Initial soil water and salinity content
|

Display initial soil water content
(+ Soil water profile specified at particular depths
" Soil salinity profile

2 depth(s) considered
Soil water profile

Soil water Soil

soil water content vol % depth content - saliaity
m vol % ds/m

1 |0.30 I 15.00 0.00

2 0.90 I 30.00 0.00

Figure 10: Soil Water And Salinity used For Simulation.

Source: Aquacrop simulation
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Soil hydraulic properties, including total available water, field capacity, permanent wilting

point, and hydraulic conductivity, were defined based on the measured characteristics of the
site’s silty clay loam soil.

= Display of Soil profile characteristics — (] >

Description Characteristics of soil horizons l Soil surface | Capillary rise ]

Plot |

Number °
= Isol water st I
soil horizons :
1 Soil water I Stoniness | Penetrability |
retention hydraulic
thickness TAW in fine soil fraction conductivity
horizon description m mm/m PWP FC SAT Ksat tau
———————— el ———— mm/day -
1 [silty day loam | 4.00 210 | 23.0 | 220 [ 520 | 150.0 [10:50

Figure 11: Soil Properties used For Simulation.
Source: Aquacrop simulation

Irrigation was managed through a weekly irrigation schedule, where water was applied to
maintain the root zone near field capacity. The depletion threshold was set at 40% of total
available water, and the irrigation depth returned soil moisture to field capacity.

, == Display of irrigation management — () >

l Generation of irrigation schedule

i Mode | Irrigation method Time and Depth criteria I
Time and depth criteria

Time Criteria
Allowable depletion (%% of RAW)

Depth Criteria
Back to Field Capacity

wvalid Fn{m whlen? Delpth? Quality

Date Day No. Depleted % RAW |To FC +/-(mm)| EC (dS/m)
1 August <0 o 0.5 I

[
|
’ Day No. 1 - day 1 after planting: 1 August |r]

Growing period

ek

Canopy Cover I
Thresholds I

I-| Day No. 121 - maturity: 29 November I-I

Figure 12: Irrigation Schedule Used For Simulation.
Source: Aquacrop simulation
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Crop-specific growth coefficients, canopy development, root expansion, evaporation, water-
depletion, and senescence parameters were configured to represent potato growth under
optimal conditions. Soil-water processes, including capillary rise and curve-number

IJIREV

adjustment, were also enabled.

Environment, Crop and Simulation files

i Program settings |

Program settings - Crop

4 Evaporation dedine factor for Stage II

1.10 Ke(x) : Soil evaporation coefficent for fully wet and non-shaded soil surface

5 % Threshold for green CC below which HI no longer increase
70 % of Zn Starting depth of root zone expansion curve

5.00 com/day Maximum allowable root zone expansion (fixed at 5 cm/day)
-6 Shape factor for effect of water stress on root zone expansion

20 % TAW Required soil water content in top soil for germination

1.0 Adjustment factor for the FAO-adjustment by ETo of the soil water depletion thresholds (p)
3 days Number of days at which the deficdent aeration conditions in the root zone are fully effective
1.00 Exponent of senescence factor adjusting the drop in photosynthetic activity of a crop losing its green canopy
12 % Decrease of p(senescence) once early canopy senescence is triggered

10 can Thickness top soil in which soil water depletion has to be determined

Program settings - Field Management

30

Program settings - Soil

oam

Depth of soil profile from which water can be extracted by soil evaporation

030 m Considered depth of soil profile for calculation of mean soil water content for CN adjustment
yes Adjustment CN to Antecedent Moisture Class

20 % Salt diffusion factor (capacity for salt diffusion in micro pores)
100 gfliter Salt solubility

16 Shape factor for effect of soil water content gradient on capillary rise

Program settings - Climate (Air temperature)

12.0 c Default minimum temperature if no temperature file is specdfied
28.0 < Default maximum temperature if no temperature file is specified
3 Method number for the calculation of growing degree days

Program settings - Climate (10-day/monthly Rainfall)

USDA Method for estimating effective rainfall
70 % Effective rainfall (when Method is fixed percentage)
2 Number of showers in 10-day period
s n-th root (for estimating reduction in soil evaporation)

Figure 13: Specific Simulation Parameters Used For Simulation.

Source: Aquacrop simulation

Potato Growth Simulation under PV-Shaded Conditions

The PV-shaded AquaCrop simulation used the same crop, soil, irrigation, and management
settings as the open-field baseline, with only the irradiance input changed. Open-field
irradiance was replaced with daily ground-level irradiance derived from SAM and processed
in Python. The shaded and baseline simulations were then compared in terms of canopy
development, biomass, tuber yield, water productivity, and yield reduction.

Results

PV Simulation Results

In the first simulation year, the PV system generated 2,184,179 kWh of net DC electricity and
delivered 2,103,175 kWh of net AC electricity, with a 21.0% capacity factor and a performance

ratio of 0.79. Energy production was higher from March to October, peaking in summer, and
lower during the winter months.
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Detailed Photovoltaic 1.1 DC MW Nameplate 31.13, 30.94
Single Owner $0.78/W Installed Cost UTC +0

Photovoltaic System Electrical Output by Month

200,000

100,000

kWh/month

1 1 1 1 ] 1 1 ] 1 1 1 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 14: Monthly System Electrical Output By Month.

Source: SAM simulation

PV output losses were mainly associated with soiling, module mismatch, wiring, and inverter
inefficiencies. System-level shading loss was 1.769%, compared with a 5% soiling loss.
Despite the relatively small electrical shading loss, PV modules still reduced ground-level
irradiance, providing the shaded input used in the AquaCrop simulation.
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1%
Transformer loss
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Figure 15: Loss Diagram Of The Simulation.

Source: SAM simulation

Crop Open Field Simulation Results

The open-field AquaCrop simulation ended on 29 November 2025, producing a final dry
biomass of 16.149 t/ha and a dry tuber yield of 12.188 t/ha. These values were used as the
baseline for comparison with the PV-shaded scenario.
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INPUT Novem temperature (Transpiration)..... none .... none ..
- 2025
ETo mm/day wdae I29 L"November EI water stresses
= CanNopyY eXpansion. ....u... X ... none ..
Rain l mm/day | outpuT Production — stomatal dosure............. % .| 3% ..
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water weed infestation............ +vee MONE ..
quality ‘ ds/m Yield| 12.188 tonjha—|dry j' SO0 TRrIY. . oo soanssinssansannssannsmpssannioss none ..

Climate-Crop-Soil water I Rain I Soil water profile | Soil salinity I Climate and Water balance ~ Production IEnvironment [

Growth stage: after cropping period

Biomass Growing period
produced since start of simulation ton/ha _ Length (starting from transplanting):....... 105 days
Actual produced ............ o 16.149 '::° .
- no water stress ° ivi
Potential biomass |- unlimited soil fertility ..... 17.400 ET water prOdUCthlty
- no soil salinity stress 1.60 kg (vield) per m3 water evapotranspired
- no weed infestation

Harvest Index (HI)

Effect of water stress on HI HI <= 75.0 % (Reference HI)

Bik ratio (%) { 3

for given soil fertility - <=+ 2 %
at start tuber formation
|— Vegetative period........... +| 1 %
During yield formation...... +| 0 °/°L 1 %=+ 5 9% Harvest Index

HI(adjusted) =75.5 % =101 x|[750 %

& Numerical output | ¥ Main Menu | Update

Figure 16: Results Of The Open Field Simulation.
Source: Aquacrop simulation

The harvest index was also stable under the open-field condition. The reference harvest index
was 75.0%, while the adjusted harvest index reached 75.5%, showing only a small positive
adjustment during the crop cycle. The stress summary showed no temperature stress, weed
infestation, or soil fertility stress. Overall, this open-field result provides the baseline yield and
biomass condition before applying the reduced irradiance input for the PV-shaded simulation.

Crop Reduced Irradiance Simulation Results

The reduced irradiance AquaCrop simulation was also completed at the end of the cropping
period on 29 November 2025. In this scenario, the crop setup remained the same as the open-
field simulation, but the irradiance input in the weather file was reduced to represent the light
condition under PV shading. The simulation estimated a final dry biomass of 13.727 ton/ha and
a final dry tuber yield of 10.360 ton/ha. Compared with the open-field result, both biomass and
yield were reduced by about 15%, showing the direct effect of lower irradiance on potato
production.
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Figure 17: Aquacrop Reduced Irradiance Simulation Output
Source: Aquacrop simulation

The growing period remained 121 days, which means the crop cycle length did not change after
applying the reduced irradiance input. The ET water productivity was also shown as 1.60 kg of
yield per m® of water evapotranspired. The harvest index remained nearly unchanged at 75.0%
(reference) and 75.5% (adjusted), indicating that reduced irradiance primarily affected biomass
accumulation and tuber yield rather than harvest index or other crop growth conditions.

Conclusion

The present study examined the effect of interaction between PVs energy production and potato
(Solanum tuberosum) productivity in the simulated agrivoltaic system under climatic
conditions of Kafr El Sheikh, Nile delta, Egypt. The study combined the System Advisor Model
(SAM) with AquaCrop, to create a modelling framework that first predicted PV performance
and then used the predicted irradiance conditions in the field to estimate crop responses to PV
shading in AquaCrop. The study's integrated approach is an important contribution since the
energy and agricultural parts of an agrivoltaic system are directly coupled in the same
simulation framework.

The PV system results have high potential for energy generation with an average annual energy
generation of 2.1 GWh and capacity factor of 21%. The crop simulation, on the other hand,
exhibited a clear response to the decrease in available irradiance. Under PV-shaded conditions,
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yield of dry tubers was reduced by around 15% and there was a similar reduction in biomass
accumulation. The harvest index, however, did not change significantly, suggesting that the
main impact of the PV shading in the simulation was to reduce biomass production, rather than
to significantly alter biomass allocation to tubers.

The results show quantitatively the trade-off between the generation of renewable energy and
potato productivity in the simulated Nile Delta conditions. It displayed the potential for PV
crop production under PV arrays and also highlight the need to manage shading carefully. Thus,
agrivoltaic design should not be concerned solely with generating the highest amount of
electricity but also include consideration of the solar radiation available to the crop, and its
distribution.

By linking SAM with AquaCrop, this study provides a practical way to evaluate PV
performance and potato productivity together under Nile Delta conditions. The modelling
framework can be useful for early-stage agrivoltaic planning, as different PV configurations
can be assessed before field implementation. Future applications of the framework could
examine panel spacing, height, tilt angle, ground coverage, and crop-row arrangement to
identify configurations that maintain satisfactory energy production while minimizing crop
yield losses.

Because the present findings are based on simulation, they should be interpreted as model-
based estimates rather than direct field observations. Future work should validate the results
using field measurements of ground-level irradiance, crop growth, biomass, and tuber yield
under actual agrivoltaic conditions. Further simulations should also examine alternative PV
layouts and shading intensities to determine configurations that provide a more favorable
balance between electricity generation and agricultural productivity. Such work would
strengthen the practical application of agrivoltaic systems in the Nile Delta and other regions
with similar climatic conditions.

843



International Journal of
Innovation and Industrial Revolution IJIREV

EISSN: 2637-0972
Volume 8 Issue 26 (September 2026) PP. 826-847

Acknowledgements:

Funding Statement:

Conflict of Interest
Statement:

Ethics Statement:

Author Contribution
Statement:

The authors would like to express their sincere gratitude to
[University Malaysia Perlis (Unimap)] for providing the necessary
resources and support throughout the course of this research.
Special appreciation is extended to colleagues and peers who
contributed valuable insights and constructive feedback, which
greatly enhanced the quality of this paper.

No funding

The authors declare that there is no conflict of interest regarding
the publication of this paper. All authors have contributed to this
work and approved the final version of the manuscript for
submission to the International Journal of Innovation and Industrial
Revolution (IJIREV).

This study did not involve any human participants, animals, or
sensitive data requiring ethical approval. The authors confirm that
the research was conducted in accordance with accepted academic
integrity and ethical publishing standards.

All authors contributed to the development of this manuscript.
[Mohammed Elsayed Samier Madboli Ibrahim] was responsible for
carrying out the main work of the study, including the research
process, data collection, analysis, and manuscript preparation.
[Mohd Rafi Adzman] served as the supervisor and provided
guidance, feedback, and overall supervision throughout the study.
[Elsayed Madbouly] was responsible for reviewing and improving
the grammar, language, and clarity of the manuscript. All authors
read and approved the final version of the manuscript prior to
submission.

844



International Journal of
Innovation and Industrial Revolution IJIREV

EISSN: 2637-0972
Volume 8 Issue 26 (September 2026) PP. 826-847
References

Ademollo, A., Ulivi, N., Ferretti, L., Serafini, F., Carcasci, C. & Pacini, C. (2026). Policy-
constrained agrivoltaics in Italy: a potato case study linking shading, crop and
economics. Applied Energy, 405, 127225.
https://doi.org/10.1016/j.apenergy.2025.127225

Ahmadi, S. H., Reis Ghorra, M. R. & Sepaskhah, A. R. (2022). Parameterizing the AquaCrop
model for potato growth modeling in a semi-arid region. Field Crops Research, 288,
108680. https://doi.org/10.1016/j.fcr.2022.108680

Ali Abaker Omer, A., Li, M., Zhang, F., Hassaan, M. M. E., El Kolaly, W., Zhang, X., Lan, H.,
Liu, J. & Liu, W. (2025). Impacts of agrivoltaic systems on microclimate, water use
efficiency, and crop yield: A systematic review. Renewable and Sustainable Energy
Reviews, 221, 115930. https://doi.org/10.1016/j.rser.2025.115930

Ali Khan Niazi, K. & Victoria, M. (2023). Comparative analysis of photovoltaic configurations
for agrivoltaic systems in Europe. Progress in Photovoltaics: Research and
Applications, 31(11), 1101-1113. https://doi.org/10.1002/pip.3727

Asa’a, S., Reher, T., Rongé, J., Diels, J., Poortmans, J., Radhakrishnan, H. S., van der Heide,
A., Van de Poel, B. & Daenen, M. (2024). A multidisciplinary view on agrivoltaics:
Future of energy and agriculture. Renewable and Sustainable Energy Reviews, 200,
114515. https://doi.org/10.1016/j.rser.2024.114515

Colauzzi, M., Sortino, G., Potenza, E., Bellone, Y., Impollonia, G., Nik Zad, A., Croci, M.,
Ghidesi, G., Bossenec, I. Le & Amaducci, S. (2026). Potato cultivation in agrivoltaic
systems in Northern Italy: a four-year case study on array setup, shading patterns, and
yield response. Smart Agricultural Technology, 14, 101989.
https://doi.org/10.1016/j.atech.2026.101989

Dahal, K., Milne, M. A. & Gervais, T. (2023). The enhancement of photosynthetic
performance, water use efficiency and potato yield under elevated CO2 is cultivar
dependent. Frontiers in Plant Science, 14. https://doi.org/10.3389/fpls.2023.1287825

Freeman, J., Katz, J. & Buonassisi, T. (2013). System Advisor Model (SAM) flat-plate PV
performance validation: Technical report NREL/TP-6A20-60204. National Renewable
Energy Laboratory. https://www.nrel.gov/docs/fy130sti/60204.pdf

Global Solar Atlas. (2026). Global Solar Atlas. https://globalsolaratlas.info/download/egypt

Gomez-Ocampo, G., Cascales, J., Medina-Fraga, A. L., Ploschuk, E. L., Mantese, A. 1., Crocco,
C. D., Matsusaka, D., Sanchez, D. H. & Botto, J. F. (2023). Transcriptomic and
physiological shade avoidance responses in potato ( Solanum tuberosum ) plants.
Physiologia Plantarum, 175(4). https://doi.org/10.1111/ppl.13991

Kurumundayil, L., Burkhardt, D., Gfiillner, L., Rupitsch, S. J., Preu, R., Berwind, M. &
Demant, M. (2025). Fast ground irradiance computations for agrivoltaics via physics-
informed deep learning models. Communications Engineering, 4(1), 173.
https://doi.org/10.1038/s44172-025-00523-1

Laub, M., Pataczek, L., Feuerbacher, A., Zikeli, S. & Hogy, P. (2022a). Contrasting yield
responses at varying levels of shade suggest different suitability of crops for dual land-
use systems: a meta-analysis. Agronomy for Sustainable Development, 42(3), 51.
https://doi.org/10.1007/s13593-022-00783-7

Mglmann, J. & Johansen, T. J. (2026). Effects of Irradiance and Temperature on Growth and
Yield in  Potato  cw. Gullauge.  Potato  Research, 69(3), 71.
https://doi.org/10.1007/s11540-026-10043-w

Moretta, M., Moriondo, M., Rossi, R., Carvalho, G. M. da C. P., Padovan, G., Dal Pra, A.,
Palchetti, E., Argenti, G., Stagliano, N., Balingit, A. R. & Leolini, L. (2025). Integrated

845


https://doi.org/10.1016/j.apenergy.2025.127225
https://doi.org/10.1016/j.fcr.2022.108680
https://doi.org/10.1016/j.rser.2025.115930
https://doi.org/10.1002/pip.3727
https://doi.org/10.1016/j.rser.2024.114515
https://doi.org/10.1016/j.atech.2026.101989
https://doi.org/10.3389/fpls.2023.1287825
https://www.nrel.gov/docs/fy13osti/60204.pdf
https://globalsolaratlas.info/download/egypt
https://doi.org/10.1111/ppl.13991
https://doi.org/10.1038/s44172-025-00523-1
https://doi.org/10.1007/s13593-022-00783-7
https://doi.org/10.1007/s11540-026-10043-w

International Journal of
Innovation and Industrial Revolution IJIREV

EISSN: 2637-0972
Volume 8 Issue 26 (September 2026) PP. 826-847

modelling of shading effects on alfalfa growth across different agrivoltaic systems.
Frontiers in Agronomy, 7. https://doi.org/10.3389/fagro.2025.1699126

Pandey, G., Lyden, S., Franklin, E., Millar, B. & Harrison, M. T. (2025). A systematic review
of agrivoltaics: productivity, profitability, and environmental co-benefits. Sustainable
Production and Consumption, 56, 13-36. https://doi.org/10.1016/j.spc.2025.03.006

Pannico, A., Arouna, N., Fusco, G. M., Santoro, P., Caporale, A. G., Nicastro, R., Pagliaro, L.,
De Pascale, S. & Paradiso, R. (2025). Enhancing tuber yield and nutraceutical quality
of potato by supplementing sunlight with LED red-blue light. Frontiers in Plant
Science, 16. https://doi.org/10.3389/fpls.2025.1517074

Prakash, V., Lunagaria, M. M., Trivedi, A. P., Upadhyaya, A., Kumar, R., Das, A., Kumar
Gupta, A. & Kumar, Y. (2023). Shading and PAR under different density agrivoltaic
systems, their simulation and effect on wheat productivity. European Journal of
Agronomy, 149, 126922. https://doi.org/10.1016/j.eja.2023.126922

Pulido-Mancebo, J. S., Lopez-Luque, R., Fernandez-Ahumada, L. M., Ramirez-Faz, J. C.,
Gomez-Uceda, F. J. & Varo-Martinez, M. (2022). Spatial Distribution Model of Solar
Radiation for Agrivoltaic Land Use in Fixed PV Plants. Agronomy, 12(11), 2799.
https://doi.org/10.3390/agronomy 12112799

Puma-Cahua, J., Belizario, G., Laqui, W., Alfaro, R., Huaquisto, E. & Calizaya, E. (2023).
Evaluating the Yields of the Rainfed Potato Crop under Climate Change Scenarios
Using the AquaCrop Model in the Peruvian Altiplano. Sustainability, 16(1), 71.
https://doi.org/10.3390/sul6010071

Rai, A., Ali, N. & Dong, Y. (2025). AquaCrop modeling for sustainable potato irrigation: trade-
offs between yield and crop water productivity. Frontiers in Plant Science, 16.
https://doi.org/10.3389/1pls.2025.1624099

Renno, C. & Di Marino, O. (2026). Agrivoltaics Across Crops and Technologies: A Systematic
Review of Experimental Tests on Yield, Microclimate, and Energy Performance.
Energies, 19(2), 539. https://doi.org/10.3390/en19020539

Roberts, J. J., Mendiburu Zevallos, A. A. & Cassula, A. M. (2017). Assessment of photovoltaic
performance models for system simulation. Renewable and Sustainable Energy
Reviews, 72, 1104—1123. https://doi.org/10.1016/j.rser.2016.10.022

Santra, P., Meena, H. M. & Yadav, O. P. (2021). Spatial and temporal variation of
photosynthetic photon flux density within agrivoltaic system in hot arid region of India.
Biosystems Engineering, 209, 74-93.
https://doi.org/10.1016/j.biosystemseng.2021.06.017

Schulz, V. S., Munz, S., Stolzenburg, K., Hartung, J., Weisenburger, S. & Graeff-Honninger, S.
(2019). Impact of Different Shading Levels on Growth, Yield and Quality of Potato
(Solanum tuberosum L. Agronomy, 9(6), 330.
https://doi.org/10.3390/agronomy9060330

Tekie, S., Zainali, S., Zidane, T. E. K., Ma Lu, S., Guezgouz, M., Zhang, J., Amaducci, S.,
Dupraz, C. & Campana, P. E. (2025). Unraveling the crop yield response under shading
conditions through the deployment of a drought index: A meta-analysis. Energy Nexus,
19, 100523. https://doi.org/10.1016/j.nexus.2025.100523

Wale, A., Dessie, M. & Kendie, H. (2022). Evaluating the Performance of AquaCrop Model
for Potato Production Under Deficit Irrigation. Air, Soil and Water Research, 15.
https://doi.org/10.1177/11786221221108216

Widmer, J., Christ, B., Grenz, J. & Norgrove, L. (2024). Agrivoltaics, a promising new tool for
electricity and food production: A systematic review. Renewable and Sustainable
Energy Reviews, 192, 114277. https://doi.org/10.1016/j.rser.2023.114277

846


https://doi.org/10.3389/fagro.2025.1699126
https://doi.org/10.1016/j.spc.2025.03.006
https://doi.org/10.3389/fpls.2025.1517074
https://doi.org/10.1016/j.eja.2023.126922
https://doi.org/10.3390/agronomy12112799
https://doi.org/10.3390/su16010071
https://doi.org/10.3389/fpls.2025.1624099
https://doi.org/10.3390/en19020539
https://doi.org/10.1016/j.rser.2016.10.022
https://doi.org/10.1016/j.biosystemseng.2021.06.017
https://doi.org/10.3390/agronomy9060330
https://doi.org/10.1016/j.nexus.2025.100523
https://doi.org/10.1177/11786221221108216
https://doi.org/10.1016/j.rser.2023.114277

International Journal of
Innovation and Industrial Revolution IJIREV

EISSN: 2637-0972

Volume 8 Issue 26 (September 2026) PP. 826-847
Witwit, I. M. T., Al-agele, H. A. & Higgins, C. W. (2025). The effect of agrivoltaic system on

nutrient content, yield, and water productivity of potatoes. Frontiers in Horticulture, 4.
https://doi.org/10.3389/thort.2025.1624013

Yajima, D., Toyoda, T., Kirimura, M., Araki, K., Ota, Y. & Nishioka, K. (2023). Agrivoltaic
system: Estimation of photosynthetic photon flux density under solar panels based on
solar irradiation data using all-climate solar spectrum model. Cleaner Engineering and
Technology, 12, 100594. https://doi.org/10.1016/].clet.2022.100594

Zainali, S., Ma Lu, S., Stridh, B., Avelin, A., Amaducci, S., Colauzzi, M. & Campana, P. E.
(2023). Direct and diffuse shading factors modelling for the most representative
agrivoltaic system layouts. Applied Energy, 339, 120981.
https://doi.org/10.1016/j.apenergy.2023.120981

Zhou, D., Wang, H., Wang, X., Wang, F., Zhang, J. & Ma, D. (2024). Evaluation of AquaCrop’s
Ability to Simulate Water Stress Based on 2-Year Case Study of Maize Crop.
Agronomy, 14(2), 354. https://doi.org/10.3390/agronomy 14020354

847


https://doi.org/10.3389/fhort.2025.1624013
https://doi.org/10.1016/j.clet.2022.100594
https://doi.org/10.1016/j.apenergy.2023.120981


    𝑰  𝒅 𝒂 𝒊 𝒍 𝒚


    𝑰  𝒅 𝒂 𝒊 𝒍 𝒚 =     𝟏  𝟐 𝟒     ∑  𝒉 = 𝟏  𝟐 𝟒    𝑰  𝒉 𝒐 𝒖 𝒓 𝒍 𝒚 , 𝒉


    I  h o u r l y , h

