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competing for the country’s limited land and water resources, and this
conflict is particularly prominent in high-yield agricultural regions such
as the Nile Delta. While the agrivoltaics strategy, which enables dual
use of land for both photovoltaic power generation and crop cultivation,
has been proposed, there is a lack of assessment of its actual on-site
performance at the provincial level in Egypt, and a clear research gap
persists in Buhara Province, the nation’s major wheat-producing region.
This study set up two scenarios on a 1-hectare local plot: a standalone
photovoltaic array scenario with 70% coverage, and an agrivoltaic
scenario with 40% coverage, to verify the feasibility of this model for
sustainable land use. PVsyst simulation was used to estimate energy
generation and techno-economic performance, while wheat
productivity was assessed using a shading-based yield reduction
assumption derived from similar agrivoltaics and crop-shading studies.
The 70% solar-only PV scenario recorded an annual PV array output of
2,626.9 MWh/year and exported 2,490.7 MWh/year to the grid,
generating an estimated annual electricity revenue of USD 99,628. It
achieved an LCOE of USD 0.042/kWh, a payback period of 11.7 years,
an NPV of USD 684,422.64, and an ROI of 71.6%. The 40%
agrivoltaics scenario recorded an annual PV array output of 1,502.5
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Innovation and  Industrial MWh/year and exported 1,404.8 MWh/year to the grid, generating USD

Revolution, 8(25), 429-452. 56,192/year from electricity sales. Under partial PV shading, wheat
yield was estimated at 5.14 t/ha compared with 6.59 t/ha under open-
field conditions, giving a combined annual return of USD 57,023.13—
57,112.47. Although the solar-only scenario showed stronger direct
financial performance, the agrivoltaics scenario achieved an LER of
approximately 1.35, indicating 35% higher land-use efficiency than
separate wheat cultivation and PV production. The results show that
agrivoltaics can support food production, renewable energy generation,
carbon-emission reduction, and more efficient land-use planning in
Beheira Governorate.
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Introduction

Agriculture and energy production are two essential pillars for sustaining human societies, but
they often face competing demands, particularly in regions with limited land and water
resources(Ayadi et al., 2024). In countries like Egypt, where agricultural land is scarce and
water resources are under increasing pressure, it is crucial to develop strategies that optimize
the use of available land while also addressing the growing demand for renewable
energy(Ansari et al., 2023). Agriculture in Egypt’s Nile Delta is highly dependent on irrigation,
which consumes a large amount of water resources. However, according to a 2025 study by Al-
Fadhli et al., (Al-Fadhli et al., 2025a) the region is facing two core challenges triggered by
climate change: water scarcity and inefficient water resources management. Identifying a
sustainable solution that balances agricultural production and energy production is critical to
Egypt’s long-term development.

Agrivoltaic systems are regarded as a sustainable solution to mitigate conflicts in land resource
utilization. These systems can improve land use efficiency, while reduce water evaporation and
enhance water use efficiency (Amaducci et al., 2018)(Barron-Gafford et al., 2019). In regions
with abundant sunlight such as Egypt, these systems can balance local agricultural demands
and clean energy production. The 2025 study by Ahmad et al (Ahmad et al., 2025). pointed out
that such systems are particularly suited for regions with limited land resources and can achieve
the stable coexistence of energy and agricultural production.

Egypt’s Beheira Governorate is an ideal site for research on the feasibility and effectiveness of
agrivoltaics systems. The governorate’s fertile land can support large-scale wheat cultivation,
and a 2024 study by Makar et al. (Makar et al., 2024) also confirms that the region has
extremely high potential for solar energy development. Agriculture in this governorate is one
of the core pillars of Egypt’s economy, but the sector faces the challenges of water scarcity and
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low land use efficiency, while a large share of its solar energy potential remains untapped. This
research team will take Beheira Governorate as its study scope, assess the feasibility of
integrating agricultural and solar power production, and explore how such systems can resolve
the competing, critically important demands of local food and energy production.

Objectives and Research Gap

The main objective of this simulation-based study is to assess the feasibility of agrivoltaic
systems in a 1 hectar area located in Beheira, Egypt. In order to be able to determine
effectiveness of it, 2 scenarios were compared: a full PV scenario were 70% of the total land is
covered in PV panels and a 40% coverage scenario were the panels only covers 40% of the
land with the agricultural yield taken into account. Although agrivoltaics has been studied in
different global contexts, most existing studies focus on general land-use efficiency, crop
shading response, and food-energy-water benefits under different climate conditions
(Amaducci et al., 2018)(Barron-Gafford et al., 2019). In Egypt, related studies have mainly
discussed canal-top photovoltaic systems, agricultural grid-connected photovoltaic designs,
solar irrigation, and wider policy planning for multifunctional land use(Alhejji et al.,
2021)(Farghally et al., 2022)(Abouaiana & Battisti, 2022). However, limited work has directly
evaluated an agrivoltaics system for wheat production in Beheira Governorate, despite its
agricultural importance and high solar potential.

This study addresses the current research gaps in the field. It selects two land use strategies,
pure photovoltaics and agrivoltaics, and establishes five core assessment dimensions for
Beheira Governorate, Egypt (photovoltaic energy output, Land Equivalent Ratio (LER),
Levelized Cost of Energy (LCOE), avoided CO: emissions and crop yield). The study breaks
down and refines various quantifiable indicators to carry out a comparative assessment and
aims to provide practical evidence to determine whether agrivoltaics can support local
sustainable land management that balances both renewable energy development and food
production.

Agrivoltaics Potential in Global Context

Photovoltaic (PV) agriculture is an integrated model that combines photovoltaic power
generation systems with agricultural production. Capable of resolving the land-use competition
conflict between energy production and food security, this model has gained steadily rising
global attention in recent years. It is particularly well-suited for regions facing shortages of
water and land and has already been deployed in parts of the Middle East (with conditions
similar to those of Egypt’s Beheira Province), Europe, and the United States. These
deployments aim to maximize land use efficiency and provide sustainable solutions for both
sectors.

The Middle East region generally faces widespread water scarcity and high solar radiation
intensity. Agrivoltaic systems can both reduce evaporation of agricultural water and generate
renewable energy; local empirical research from the United Arab Emirates (UAE) shows that
this system can improve the water use efficiency of tomatoes and lettuce, and lower crop heat
stress through the shading effect of solar panels(Al-Fadhli et al., 2025b). Similarly, in Saudi
Arabia, agrivoltaics projects have demonstrated how the dual use of land can help mitigate the
challenges of desertification while enhancing food production and energy supply(Zubair,
2024).
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In Europe, countries such as Germany and France have become pioneers in agrivoltaics,
particularly in areas with a mix of agriculture and high solar potential. In Germany, studies
have shown that agrivoltaics systems can improve crop yields by protecting plants from
excessive heat while also providing a viable source of renewable energy(Trommsdorff et al.,
2021). The combination of solar panels and crops like strawberries and wheat has proven
beneficial, with both agricultural and energy outputs increasing compared to traditional land-
use practices(Ali Abaker Omer et al., 2025). In France, agrivoltaics systems have been utilized
to support viticulture, with vines benefiting from partial shading, which enhances water
efficiency during drought conditions(Damien Fumey et al., 2023).

In the United States, agrivoltaics research has focused on optimizing systems for a variety of
crops and climates. In California, agrivoltaics systems have been successfully tested for crops
such as lettuce and almonds, where they have helped improve water retention in the soil,
especially during dry spells(Damien Fumey et al., 2023). Furthermore, studies in Arizona have
shown the potential for agrivoltaics to combine solar energy production with the cultivation of
desert-adapted crops like sorghum(Ruth Muir, 2025). These efforts have contributed to a
growing body of evidence suggesting that agrivoltaics can offer a sustainable solution to
address the challenges of food production and renewable energy generation in arid and semi-
arid climates.

Agrivoltaics Potential in Egypt

Agrivoltaics is highly relevant to Egypt because of intense land and water stress alongside
excellent solar resources. Most Egypt-specific work so far sits at the interface of solar
irrigation, canal-top PV and agricultural PV fields, with only a few explicitly “agrivoltaics”
design and policy papers, plus broader global reviews outlining what Egypt could
adopt (Farghally et al., 2022)(Alhejji et al., 2021)(Mamun et al., 2022). Studies on PV-powered
irrigation in Al Minya, Assiut and Lake Nasser show that solar pumping can dramatically cut
both energy costs and water use for crops like wheat, maize, olives and mixed village
agriculture (Adly et al., 2024)(Osama et al., 2023)(El Ghetany et al., 2021). Canal-top PV in
Assiut demonstrates simultaneous evaporation reduction and power generation (Alhejji et al.,
2021). Multiple targeted studies have systematically reviewed the application of agrivoltaics in
Egypt: Farghally et al, (Farghally et al., 2022) documented a 400kWp ground-mounted project
in Bashim and proposed that dedicated shading research tailored to local Egyptian crops must
be carried out. Abouaiana et al, (Agostini et al., 2021) pointed out that this field remains at
the stage of establishing its supporting legal framework, which aligns with Egypt's Vision 2030
global research on arid lands with the same climatic conditions corroborates that this model
can improve the efficiency of land and water use.

Simulation parameters

Location

Beheira which is located at 30.7879° North latitude and 30.3346° East longitude. Situated on
the southern edge of the Nile Delta in northern Egypt, the governorate borders the
Mediterranean Sea to its north. The region’s fertile soil and the waters of the Nile have nurtured
its deep-rooted local agricultural heritage.(Mohamed, 2020). Beheira Province, Egypt, is one
of the country’s most important agricultural regions, playing a core role in the production of
staple food crops including wheat. Covering an area of approximately 10,000 square

432



International Journal of
Innovation and Industrial Revolution IJIREV

EISSN: 2637-0972
Volume 8 Issue 25 (June 2026) PP.429-452
kilometers, it has a population of over six million, and the majority of its residents make their
living through agriculture(Elhini et al., 2024),

Beheira Governorate in Egypt has a hot desert climate. Summer temperatures in the region
often exceed 35°C, while winter temperatures stay between 10°C and 20°C. Rainfall is
extremely scarce, so all local agricultural production relies entirely on irrigation from the Nile
River (Nashwan et al., 2019). Despite these climatic constraints, the governorate has a
favorable geographical location and high solar radiation levels, making it highly suitable for
the integrated development of solar energy projects within agricultural production systems.

PV System Parameters
This section discusses the core parameters of the PV system components and simulation.

PV Cells Specifications

The selected panel is the LR5-72 HPH 550M. It is a high-efficiency monocrystalline silicon
photovoltaic (PV) module manufactured by Longi Solar (LONGI). It is well-suited for harsh
climate agrivoltaic systems that require a balance of high efficiency and high reliability. All
the Specifications Under standard test conditions (STC) are in Table (1).

Table 1: The Key Parameters of The LRS-72 HPH 550M

Parameter Value and Unit
Nominal Power 550.1 Wp
Technology Si-monocrystalline
Short-Circuit Current (Isc) 13.98 A
Maximum Power Point Current (Impp) 13.12A

Open Circuit Voltage (Voc) 50.60 V
Maximum Power Point Voltage (Vmp) 4195V
Temperature Coefficient -0.34%/°C
Efficiency 23.77 %

Unit cost 200 USD + tax

Source: (Longi solar (Longi solar, 2025))

The LRS5-72 HPH 550M photovoltaic (PV) panel can deliver substantial energy output under
optimal operating conditions. Equipped with a high conversion efficiency of 23.77% and a
relatively low temperature coefficient, it meets the core demand for power generation under
high temperatures in hot regions, making it a high-quality option for such application scenarios.

Inverter Parameters — Sungrow SG111 HV
The Sungrow (SG111HV) is chosen because it is a high-voltage three-phase grid-connected
string inverter developed for large-scale photovoltaic power plants and is compatible with

utility-scale and commercial photovoltaic systems. The specification of the inverter is provided
in Table (2).
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Table 2: The Key Parameters of The Sungrow SG111 HV

Parameter Value and Unit
Model Name Sungrow SG111 HV
Max. DC Input Voltage 1500V

Nominal DC Voltage 1015V

Min. DC Startup Voltage 835V

MPP Voltage Range 780—-1450V

Max. DC Current 146 A

Max. AC Output Power 111 kVA (@ 50 °C)
Nominal AC Voltage 540V

AC Voltage Range 432-648V

Max. AC Output Current 121 A

Efficiency (Max / Euro) 98.9 % /98.7 %
Power Factor (Nominal) >0.99

Operating Temperature Range -25°Cto+60°C
Unit cost 8000 USD

Source: (Sungrow SG111 HV(Sungrow, 2025))

These specifications show that the SGI11 HV is built for high-power grid-tied solar PV
systems, providing efficient DC-to-AC power conversion with robust protection and wide
operating voltage range suitable for modern utility-scale installations.

General Simulation Parameters

After choosing both the PV cells and inverter, some other simulation parameters will remain
constant for both scenarios such as the tilt angle and azimuth. A 300 tilt angle is maintained
and azimuth angle is set at 0 In simulation for both scenarios as shown in figure (1)

- RaY 1Y Fixed Tilted Plane f
Field parameters Tilt 30°
Plane tilt {30.0 1
Azimuth (0.0 |

Wil

Azimuth 0°

West % East

South

Figure (1) Tilt and Azimuth Setting In Simulation

Source:( Pvsys Simulation)
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An unavailability period was set in the simulation for 2% of the fraction to ensure that the

system can undergo maintenance once in almost every 2 months for at least 24 hours window
for each maintenance as shown in figure (2).

—Unavailability of the system

Default 0
Unavailability time fraction %

Unavailability duration days/yr
Number of periods D

Figure (2) System Unavailability

Source:( Pvsys Simulation)

a yearly soiling loss factor was set to 3% in both simulations as shown in figure (3) it means
that 3% of the solar panel's potential energy production is lost every year due to the
accumulation of dirt and dust on the panels.

Yearly soiling loss factor-

() Define monthly values

Figure (3) Yearly Soiling Loss Factor

Source:( Pvsys Simulation)

a fixed load consumption is assigned at 100 MWh/yr for both simulations that is used
throughout the year for sustaining the system as shown in fig (4)

General features

Kind of load profile —Fixed constant ¢

) No self-consumption C
. o
@ Fixed constant consumption Fixed constmption il C;):

O Monthly values

O Daily profiles Info system: Defined PV array
O Probability profiles Nominal PV Power 2145 kWp
. Estimated system yield 3540 MWh/yr
() Household consumers )
PnomPV /PLoad average 5.31 Pnom ratio
) Load values from a CSV hourly/daily file 0

A self-consumption with an average of 274
kwh/day has been defined

Figure (4) Load Consumption

Source:( Pvsys Simulation)
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Scenario Definitions

To assess the feasibility and effectiveness of agrivoltaics systems in Beheira Governorate, this
study compares two distinct land-use scenarios simulated on a 1-hectare area of land. These
scenarios aim to evaluate the performance of the land under different configurations, focusing
on solar energy generation, agricultural productivity, and overall sustainability.

1. Solar-only scenario where the total PV covered area is 70% and is totally focused on
Energy generation.

2. Agrevoltaic scenario where the PV coverage is only 40% of the land and is focused on
both energy generation and crop cultivation.

Each of these scenarios is evaluated based on energy generation, agricultural productivity,
resource efficiency, and environmental sustainability. Comparing these approaches will aims
to identify the most effective land-use strategy for the region, considering the competing
demands of energy production and food security.

Simulation Results and Analysis

Full PV Coverage Scenario

The photovoltaic simulation scenario defined in this paper is premised on a 70% coverage rate.

It is configured with 2727 LONGi LR5-72 HPH 550M modules, each with a rated power of
550W. The modules are grouped into 101 strings of 27 modules each, bringing the system’s
total coverage area to 6970 M and total installed capacity to 1500kWp. The system is paired
with 11 Sungrow SG111-HV inverters, each with a rated power of 111kW, resulting in a total
alternating current (AC) capacity of 1221kW. The modules are installed with a tilt angle of 30°
and an azimuth angle of 0°. The system has an annual internal fixed power load of I00MWh,
and all surplus electricity is fed into the grid.

® Grid system definition, Variant VCD:  New smulation variant”

Sub-array 7] List of subarrays (7]
Sub-array name and Orientation Pre-sizing Help 2l o ""“ v A
Neme [PV Array No sizng Enter planned power O [1506.5 | kwp ©@
Tit 30° #Mod  #St
Orient.  Fixed Tilted Plane Admith & v Resize . or available area(modues) @ (00 | m? L= S, et
Select the PV module Py T ,
Avaidable Now Fiter | Al PV modules Maximum nb. of modules 2738 Longi Solar ~LRS-72 HPH 550 2 o

Sungrow - SG111-HV 1 1
Longi Solar 550 Wp 35v Si-mono LRS5-72HPH 550 M Since 2021 Manufacturer 2021 Q Open

Use optimizer
Sizing voltages : Vmpp (50°C) 364V
Voc (-10°C) 556V

Select the inverter
50 Hz
Available Now Output voltage 540 V Tri 50Hz 60 Hz
Sungrow 111kW  780- 1450V TL _ 50/60Hz SGI11-HV Since 2020 c, Open |
Nb. of inverters 11 Operating voltage: 780-1450 v Global Inverter's power 1221 kwac
Input maximum voltage: 1500V  "String” inverter with 1 inputs
Design the array Global system summary
‘Number of modules and strings Operating conditions
(7] Vmpp (60°C) 975 v
Vmpp (20°C) 1137 v
Mod. in series |27 between 22 and 27 ..n?? m—.C_J 1500 v
. stri 101
Nb. strings o R Plane iradiance 1000 W/m? Mox.ndata @ STC
Overtoad loss 01% Impp (STC) 1350 A Max. operating power 1371 kW
Priom ratio 123 S Showstang 9| o) 1424 (at 1000 W/m? and 50°C) I
Nb. modules 2727 Area 6970 m? Isc(atSTC) 1412A Array nom. Power (STC) 1500 kip

Figure (5) Full Pv Simulation Settings

Source:( Pvsys Simulation)
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Balances And Main Results for The Full Coverage Scenario

Under the simulated scenario with 70% photovoltaic coverage, results from PVsyst simulations
show that the system array produces an annual output of 2626.9 MWh/year, with 2490.7
MWh/year of electricity injected into the grid. An average performance ratio (Performance
Ratio, PR) of 82.0% confirms that the system operates well, and all related results and updated
revenue and expenditure records are listed in Table 3.

Table 3: Balance And Main Results of The Full Coverage System

Month GlobHor DiffHor T Amb Globlnc GlobEff EArray E User E Solar E Grid
(kWh/m?) (kWh/m?*» (°C) (kWh/m?) (kWh/m?*) (MWh) (MWh) (MWh) (MWh)

January 93.40 46.21 13.49 131.00 125.40 175.9 8.493 3.231 152.5
February 105.00 55.15 14.75 132.10 126.30 175.9 7.671 3.279 170.6
March 156.10 71.34 17.81 179.90 171.90 233.5 8.493 4.059 226.7
April 183.70 82.40 21.15 189.70 180.80 2423 8.219 4.119 2353
May 215.00 89.83 25.05 203.80 193.70 256.0 8.493 4.391 231.3
June 225.10 79.41 27.52 203.40 193.00 252.1 8.219 4.371 222.7
July 224.50 79.30 29.62 206.70 196.10 253.9 8.493 4.864 245.9
August 202.70 78.79 29.71 201.90 191.90 248.3 8.493 4.351 241.0
September 165.80 60.38 27.20 182.80 174.20 226.0 8.219 4.052 219.2
October 134.50 56.75 24.20 167.90 160.60 213.2 8.493 3.860 206.7
November 100.00 46.09 19.43 137.40 131.60 180.1 8.219 3.403 174.5
December 87.30 41.18 15.33 127.20 121.80 169.9 8.493 3.446 164.4
Year 1893.10 786.85 22.15 2063.70 1967.20 2626.9 100.000 47.428  2490.7

Source:( Pvsys Simulation)

Where:

¢ GlobHor - Global Horizontal Irradiance
DiffHor - Horizontal Diffuse Irradiance
T_Amb - Ambient Temperature
Globlnc - Global Incident on the Horizontal Plane
GlobEff - Effective Global, considering IAM and Shadings
EArray - Effective Energy at the Output of the Array
E_User - Energy Consumed by the System
E_Solar - Energy Consumed from Solar Generation
E_Grid - Energy Injected into the Grid

Scenario simulations conducted for this study show that even if the land coverage rate of this
solar energy system reaches 70%, it still delivers considerable energy output, most of the
electricity it generates can be connected to the grid for off-site sale, and the system can be
implemented as a large-scale solution in Beheira Province.
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Normalized Production Per Installed KWP For Full Coverage Scenario

Figure (6) presents the normalized power generation data for the scenario with 70%
photovoltaic (PV) coverage, with the unit of kWh/kWp/day. The average values of the three
core indicators are collection loss (Lc) = 0.86 kWh/kWp/day, system loss (Ls) = 0.16
kWh/kWp/day and effective power generation (Yt) = 4.64 kWh/kWp/day.

Normalized productions (per installed kWp): Nominal power 1500 kWp

T T T T T T T T T T T
= Lc: Collection Loss (PV-array losses) 0.86 kWh/kWp/day
Ls: System Loss (inverter, ...) 0.16 kWh/kWp/day

Yf: Produced useful energy (inverter output) 4.64 kWh/kWp/day —]

el— =

Nommalized Energy [kWhkWp'day]

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

Figure (6) Normalized Energy Production of The Full Coverage System

Source:( Pvsys Simulation)

Array Loss Diagram for The Full Coverage Scenario

The loss diagram of the 70% coverage system in Figure (7) illustrates the energy conversion
stages and system losses. The total global horizontal irradiation is 1,893 kWh/m?, with a 9.0%
gain in the collector plane. After considering the IAM factor of -1.73% and the soiling loss
factor of -3.00%, the effective irradiation on the collectors reaches 1,967 kWh/m? x 3,987 m?.
This results in an array nominal energy of 1,691 MWh at STC efficiency. The energy is then
affected by +0.34% due to irradiance level, -8.76% due to temperature, +0.25% module quality
loss, -2.10% mismatch loss, and -1.06% ohmic wiring loss. After these losses, the array virtual
energy at the maximum power point (MPP) is 2628 MWh. Further inverter-related losses,
mainly -1.19% during operation and -0.07% over nominal inverter power, reduce the available
energy at the inverter output to 2595 MWh. After applying a system unavailability loss of -
2.20%, the system injects approximately 2491 MWh into the grid.
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e ___18e3kwhim* Global horizontal irradiation
=== +9.0% Global incident in coll. plane
-1.73% IAM factor on global
\>) -3.00% Soiling loss factor
1967 kWh/m** 6970 m* coll. Effective irradiation on collectors
efficiency at STC = 21.56% PV conversion
2956 MWh Array nominal energy (at STC effic.)
L~ +0.34% PV loss due to irradiance level
\3 -8.76% PV loss due to temperature
+0.25% Module quality loss
-2.10% Mismatch loss, modules and strings
-1.06% Ohmic wiring loss
2628 MWh Array virtual energy at MPP
= -1.20% Inverter Loss during operation (efficiency)
N -0.05% Inverier Loss over nominal inv. power
N 0.00% Inverier Loss due to max. input current
> 0.00% Inverter Loss over nominal inv. voitage
5 0.00% Inverter Loss due to power threshold
~ 0.00% Inverier Loss due to voltage threshold
N -0.01% Night consumption
2595 MWh Available Energy at Inverter Output
-2.20% System unavailability
2491 MWh Energy injected into grid
to grid

Figure (7) Loss Diagram of The Full Coverage System

Source:( Pvsys Simulation)
Performance Ratio of The Full Coverage Scenario

The simulation defines the core indicator Performance Ratio (PR) as the ratio of a system’s
actual performance to its theoretical maximum performance. Drawing on the monthly PR data
in Figure 8, measurements show that the system with a 70% photovoltaic (PV) coverage rate
has an average PR of 0.820. Its overall monthly PR values are stable, with only minor
fluctuations: lower-than-typical values recorded in June, and higher-than-typical values in
February, November and December, which stem from fluctuations in air temperature,
irradiance, and system losses.
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Performance Ratio PR

T T T T T T T T T T T
Il ~~: ~orformance Ratio (Yf/ Yr) : 0.820

(RLAANRANRN RRRENLERL

0.8

0.7

0.6
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Figure (8) Performance Ratio Graph for The Full Coverage Scenario
Source:( Pvsys Simulation)

Agrivoltaics Scenario
PV Simulation Part

Under the agrivoltaic scenario set for this study, a total of 1560 LONGi Green Energy LR5-72
HIH 550M photovoltaic modules are deployed. Each module has a rated power of 550W and
is installed in a fixed setup with a tilt angle of 30° and an azimuth angle of 0°. Every 26 modules
are connected in series to form one string, adding up to 60 strings in total. Of the 1-hectare total
land area used for the project, the area covered by modules is 3987 m?, accounting for 40% of
the total land. The system has a rated capacity of 858kWp and a maximum DC power of
830kW. It is equipped with 6 Sungrow SG111-HV inverters, each with a rated power of 111kW,
bringing the total rated AC power to 666kW, with a Pnom ratio of 1.288.
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Name PV Array No sizing Enter planned power O [860.8 kwp @ 2
= g Tit  30° | : - #Mod #String
Orient. Fixed Tilted Plane Adroth. @9 v Resze ... or avaiable area(modules) @ [4000 m? Name #inv. =MPPT
thery Bl Sok R5-72 HIH 550 26 60
Lo lar - LR5-72 HIH 550 M
Available Now Fiter | Al PVmodules Maximum nb. of modules 1564 5
Sungrow - SG111-HV 1
Longi Solar 550 Wp 35V Si-mono LRS-72 HIH 550 M Since 2021 Manufacturer 2021 /| | Q, Open
Use optimizer

Sizing voltages : Vmpp (60°C) 36.1V
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Select the inverter

50 Hz

Available Now Output voltage 540 V Tri 50Hz 60 Hz

Sungrow /] [111kw _780-1450VTL__ 50/60Hz SGI11HV Since 2020 ]| 0pen |
Nb. of inverters 6 Operating voltage: 780-1450 V  Global Inverter's power 666 kWac
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229 8 [ show sizng | ©@| 15csTO) 839 A (at 1000 W/m? and 50°C)
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Figure (9) Simulation Sittings for The Agrivoltaics Scenario
Source:( Pvsys Simulation)

440



International Journal of
Innovation and Industrial Revolution IJIREV

EISSN: 2637-0972
Volume 8 Issue 25 (June 2026) PP.429-452
the agrivoltaics photovoltaic (PV) array set up contains 18 rows of PV panels, with 87 modules
arranged in each row. Calculations performed using PVsyst software show that the total area
of all modules is 3987 m?, which accounts for 40% of the project’s total 1-hectare land parcel.
Assuming the site is 100 meters long, the total usable spacing between all rows is derived as
60 meters.

Remaining space length = 100 — 40 = 60 meters

Since 18 PV rows create 17 spaces between rows, the spacing between each row is calculated
as:

Space between rows = 7= 3.53 meters

Therefore, the approximate distance between each PV row is 3.53 m. This spacing provides
sufficient area for wheat cultivation between the PV rows while also allowing access for
maintenance and field operations.

Balance and main results for agrivoltaics scenario

Under the simulated scenario with 40% photovoltaic coverage, results from PVsyst simulations
show that the system array produces an annual output of 1502.5 MWh/year, with 1404.8
MWh/year of electricity injected into the grid. An average performance ratio (Performance
Ratio, PR) of 81.990% confirms that the system operates well, and all related results and
updated revenue and expenditure records are listed in Table 4.

Table 4: Balance And Main Results of The Agrivoltaics System

Month GlobHor DiffHor T_Amb Globlnc GlobEff EArray E _User E_Solar E_Grid
(kWh/m?* (kWh/m?*) (°C) (kWh/m?*) (kWh/m?*) (MWh) (MWh) (MWh) (MWh)

January 93.4 46.2 13.5 131.0 125.4 100.6 8.494 3.220 85.8
February  105.0 55.2 14.8 132.1 126.3 100.7 7.672 3.260 96.2
March 156.1 71.3 17.8 179.9 171.9 133.4 8.494 4.028 127.8
April 183.7 82.4 21.2 189.7 180.8 138.6 8.220 4.115 132.9
May 215.0 89.8 25.1 203.8 193.7 146.4 8.494 4.293 130.5
June 225.1 79.4 27.5 203.4 193.0 144.2 8.220 4.357 125.6
July 224.5 79.3 29.6 206.7 196.1 145.3 8.494 4.781 138.7
August 202.7 78.8 29.7 201.9 191.9 142.0 8.494 4.307 136.0
September 165.8 60.4 27.2 182.8 174.2 129.1 8.220 4.038 123.6
October 134.5 56.8 242 167.9 160.6 121.9 8.494 3.818 116.6
November 100.0 46.1 19.4 137.4 131.6 103.0 8.220 3.379 98.4
December 87.3 41.2 15.3 127.2 121.8 97.2 8.494 3.414 92.6
Year 1893.1 786.9 22.2 2063.7 1967.2 1502.5 100.004 47.009 1404.8

Source:( Pvsys Simulation)
The system’s energy consumption was set at a fixed 100 MWh/year, with the remaining energy

being exported to the grid. In total, the system exported 1404.8 MWh to the grid, showing a
strong capacity for energy export and revenue generation.
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Normalized Production Per Installed KWP For Agrivoltaics Scenario

The graph in figure (10) the normalized energy throughout the year for the agrivoltaics
scenario, with contributions from collection losses (Lc), system losses (Ls), and productive
output (Yf). The system’s productive output averages 4.64 kWh/kWp/day. Collection losses
(Lc) average 0.86 kWh/kWp/day and remain relatively steady across months. System losses
(Ls) from the inverter contribute 0.16 kWh/kWp/day, with minimal variation throughout the
year.

Normalized productions (per installed kWp): Nominal power 858 kWp

8 T T T T T T T T T T T
| Lc: Collection Loss (PV-arra y losses ) 0.86 KWh/kWp/day
Ls: System Loss (inverter, ...) 0.16 KWh/kWp/day

Yf: Produced useful energy (inverter output) 4.64 kWh/kWp/day -

Normalized Energy [kWh'kWpiday]

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

Figure (10) Normalized Energy Production of The Agrivoltaics Scenario
Source:( Pvsys Simulation)

Array Loss Diagram for The Agrivoltaics System

The loss diagram of the agrivoltaics PV system in Figure (11) illustrates the energy conversion
stages and system losses. The total global horizontal irradiation is 1,893 kWh/m?, with a 9.0%
gain in the collector plane. After considering the IAM factor of -1.73% and the soiling loss
factor of -3.00%, the effective irradiation on the collectors reaches 1,967 kWh/m? x 3,987 m?.
This results in an array nominal energy of 1,691 MWh at STC efficiency. The energy is then
affected by +0.34% due to irradiance level, -8.76% due to temperature, +0.25% module quality
loss, -2.10% mismatch loss, and -1.06% ohmic wiring loss. After these losses, the array virtual
energy at the maximum power point (MPP) is 1,504 MWh. Further inverter-related losses,
mainly -1.19% during operation and -0.07% over nominal inverter power, reduce the available
energy at the inverter output to 1,484 MWh. After applying a system unavailability loss of -
2.20%, the system injects approximately 1,405 MWh into the grid.
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Figure (11) Loss Diagram of The Agrivoltaics Scenario

Source:( Pvsys Simulation)

Performance Ratio of The Agrivoltaics Scenario

The Performance Ratio (PR) shown in figure (12) represents the system's actual performance
relative to the theoretical maximum throughout the year. The system maintains an average PR
of 81.99%, with monthly values fluctuating between 75% and 90%.
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Figure (12) Performance Ratio Graph for The Agrivoltaics Scenario
Source:( Pvsys Simulation)

Agriculture Part

The agricultural component of the agrivoltaics scenario focuses on bread wheat (7riticum
aestivum L.) production under partial PV shading. Bread wheat was selected because it is a
strategic cereal crop in Egypt and is widely used for local food consumption, particularly for
bread-based diets (Emam et al., 2022)(Alshallash et al., 2022). Previous Egyptian wheat studies
have evaluated several bread wheat cultivars under local growing conditions, including Misr,
Giza, Sakha, Gemmiza, Shandawel, and Sids cultivars(Emam et al., 2022)(Darwish et al.,
2023). However, since the present study is simulation-based and does not include field
experiments, no single cultivar was selected for modelling. Instead, the crop was represented
as an average Egyptian bread wheat crop to estimate the likely yield response under the 40%
agrivoltaics coverage scenario. This approach is suitable for a preliminary feasibility
assessment because the main objective is to compare land-use scenarios rather than to evaluate
cultivar-specific agronomic performance.

The agrivoltaics PV system consists of 1,560 Longi Solar LR5-72 HIH 550 M modules
covering 3,987 m?, which represents approximately 40% of the 1-hectare land area. This
arrangement provides partial shade over the cultivated area and may reduce the amount of
photosynthetically active radiation received by the wheat crop. Due to the limited availability
of actual field-based agrivoltaics studies on wheat in Egypt, especially in Beheira Governorate,
the expected yield reduction was estimated using findings from similar agrivoltaics and crop-
shading studies. Based on these studies, a 22% reduction in wheat yield was assumed under
the 40% PV coverage scenario (GENG Xiayun et al., 2025)(Prakash et al., 2023). This
assumption is also consistent with the broader crop-shading approach used in agrivoltaics
research, where reduced light availability is linked to changes in crop productivity.(Laub et al.,
2022)

The baseline full-sun wheat yield was taken as 6.59 t/ha, based on reported wheat productivity
data for Egypt (Abdelbaki & Said, 2024).The reduced yield under the agrivoltaics scenario was

calculated using the following equation:
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Reduced Yield = Full Sun Yield x (1-Reduction Percentage)(Laub et al., 2022)

Reduced Yield = 6,590 x (1 — 0.22) = 5,140 kg/hectare

Therefore, the estimated wheat yield under the 40% simulated agrivoltaics scenario is
approximately 5.14 t/ha.

Domestic Egyptian farmers who sell wheat to the government rely entirely on the government-
set official purchase price for their income. According to information released in 2025 by third-
party media outlet Masrawy, (Masrawy, 2025) the wheat purchase price for the 2025/2026
season is set at 15,000—15,850 Egyptian pounds per ton. When calculated based on a per-ton
production cost of 7,333 Egyptian pounds and an exchange rate of 1 US dollar to 47.3 Egyptian
pounds, this policy can stabilize grain prices and guarantee profits for farmers. Under the
defined scenario where farmers sell wheat for domestic sale to the government, our calculations
show an average per-ton revenue of 317.24-335.47 US dollars, a per-ton cost of 155.44 US
dollars, and a per-ton gross profit of 161.80—179.03 US dollars. Government-set prices can
guarantee price stability, which is critically important for this group of farmers that rely on
domestic sales.

Using the gross profit per ton range (USD 161.80 to USD 179.03), the total gross profit for one
hectare can be calculated.

For the lower gross profit (USD 161.80 per ton):

Profit per hectare = 5.14 tons/hectare X 161.80 USD/ton = USD 831.13

For the higher gross profit (USD 179.03 per ton):
Profit per hectare = 5.14 tons/hectare X 179.03 USD/ton = USD 920.47

Total gross profit per hectare is estimated to range between USD 831.13 and USD 920.47,
depending on the actual market price for wheat.

Comparison Of Profit from Solar-Only PV System Vs. Agrivoltaics System

The solar-only PV system is designed mainly for electricity generation and export to the grid.
Based on the PVsyst simulation, the 70% PV coverage system exported 2,490.7 MWh/year to
the grid. This is equivalent to 2,490,700 kWh/year. Using a feed-in tariff of USD 0.04/kWh,
the annual electricity revenue from the solar-only PV system is calculated as follows:

Annual electricity revenue = 2,490,700 kWh/year x USD 0.04/kWh
= USD 99,628/year

Therefore, the solar-only PV system generates an estimated annual electricity revenue of USD
99,628 from grid-exported electricity.
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The agrivoltaics system combines electricity generation with wheat cultivation. Based on the
simulation, the 40% agrivoltaics PV system exported 1,404.8 MWh/year to the grid, which is
equivalent to 1,404,800 kWh/year. Using the same feed-in tariff of USD 0.04/kWh, the annual
electricity revenue from the agrivoltaics system is calculated as follows:

Annual electricity revenue = 1,404,800 kWh/year X USD 0.04/kWh
= USD 56,192 /year

In addition to electricity revenue, the agrivoltaics system also provides income from wheat
production. The estimated gross profit from wheat cultivation under the 40% PV coverage
scenario ranges from USD 831.13 to USD 920.47 per hectare. Therefore, the total annual return
from the agrivoltaics system is calculated as follows:

Total annual return, low estimate = USD 56,192 + USD 831.13
= USD 57,023.13/year

Total annual return, high estimate = USD 56,192 + USD 920.47
= USD 57,112.47 /year

The results show that the solar-only PV system provides higher direct electricity revenue than
the agrivoltaics system. However, the agrivoltaics system produces both electricity and wheat
on the same land area, which gives it an added land-use advantage. This makes the agrivoltaics
system less competitive in direct electricity revenue, but more balanced in terms of food-energy
production and land-use efficiency.

Land Equivalent Ratio (LER) Assessment

The Land Equivalent Ratio (LER) was used to evaluate whether the agrivoltaics system
provides better land-use efficiency than producing wheat and solar energy separately. The LER
compares the crop yield and energy output of the agrivoltaics system with the open-field wheat
yield and the solar-only PV energy output. The LER is calculated as follows:

Ycro APV Yener APV
LER= P 4 28

Ycrop, ref Yenerg}{ ref

Where Yo;op apvand Yonergy, apyrepresent the crop yield and energy output in the agrivoltaics
system, respectively, and Y rerand Yoperoy, restepresent the yields in open-field (full-sun) crop
cultivation and the full PV coverage scenario.

Using the simulation data:
e Wheat yield under 40% PV coverage: 5.14 t/ha
e Open-field wheat yield: 6.59 t/ha
e Energy yield in agrivoltaics: 1,502.5 MWh/year
e Energy yield in full PV system: 2,626.9 MWh/year
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The LER based on the equation is:

LER = >14 + 1,502.5 0.78 + 0.572 = 1.35
T 659 26269 e

The updated LER value of approximately 1.35 indicates that the agrivoltaics system improves
land-use efficiency by about 35% compared with separate wheat cultivation and solar PV
production. This means that one hectare of agrivoltaics can produce the equivalent output of
about 1.35 hectares of separate land use. The result supports the potential of agrivoltaics as a
dual-use strategy for Beheira Governorate, especially in areas where agricultural land is
valuable and renewable energy expansion is also needed.

Financial and Environmental Performance Indicators

In addition to annual revenue and Land Equivalent Ratio (LER), the two scenarios were further
evaluated using financial and environmental performance indicators. The financial assessment
was based on the PVsyst economic simulation, using a 25-year project lifetime, 3.0% annual
inflation, an 8.0% discount rate, and a feed-in tariff of USD 0.04/kWh. The indicators
considered include total installation cost, annual operating cost, Levelized Cost of Energy
(LCOE), payback period, Net Present Value (NPV), and Return on Investment (ROI).

Table 5: Financial And Environmental Performance Indicators of The Two Scenarios

Indicator 70% Solar-only PV Scenario 40% Agrivoltaics
Scenario

Installed PV capacity 1,500 kWp 858 kWp

Energy exported to grid 2,491 MWh/year 1,405 MWh/year

Total installation cost USD 956,545.00 USD 613,790.15

Operating cost, including 3% USD 21,875.56/year USD 21,875.56/year

inflation

Feed-in tariff USD 0.04/kWh USD 0.04/kWh

LCOE USD 0.042/kWh USD 0.053/kWh

Payback period 11.7 years 16.6 years

Net Present Value (NPV) USD 684,422.64 USD 90,272.63

Return on Investment (ROI) 71.60% 14.70%

CO: emission balance 23,174.3 tCO: 12,118.9 tCO2

Replaced grid emissions 29,064.2 tCO: 16,624.4 tCO-

Source:( PVsys Simulation)

The study conducts a cross-dimensional quantitative comparison between two photovoltaic
(PV) scenarios: a pure solar PV scenario accounting for 70% of total installed capacity, and an
agrivoltaic (farm-solar complementary) PV scenario accounting for 40% of total installed
capacity. Assessment from the financial dimension shows that the pure PV scenario performs
better: the pure PV scenario has an installation cost of 956,545 USD, a levelized cost of energy
of 0.042 USD per kilowatt-hour, an investment payback period of 11.7 years, a net present
value of 684,422.64 USD, and a return on investment of 71.6%; the agrivoltaic scenario has a
total investment of 613,790.15 USD, a levelized cost of energy of 0.053 USD per kilowatt-
hour, a payback period of 16.6 years, a net present value of 90,272.63 USD, and a return on
investment of 14.7%. Judging the advantages and disadvantages of the scenarios solely based
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on financial indicators is one-sided, so this study further introduces an assessment from the
comprehensive sustainability dimension: over a 25-year cycle, the pure PV scenario achieves
23,174.3 tons of carbon dioxide emission reductions, while the agrivoltaic scenario achieves
12,118.9 tons of carbon dioxide emission reductions. The latter scenario enables the
simultaneous operation of wheat cultivation and solar power generation on the same plot of
land, balancing both grain production and energy generation, which corrects the bias of single-
dimensional assessment.

Conclusion

This study evaluated the feasibility of agrivoltaics as a sustainable land-use strategy in Beheira
Governorate, Egypt, by comparing a 70% solar-only PV scenario with a 40% agrivoltaics
scenario on a 1-hectare land area. The results show that the solar-only PV scenario produced
stronger direct energy and financial performance. It recorded an annual PV array output of
2,626.9 MWh/year and exported 2,490.7 MWh/year to the grid. Based on the assumed feed-in
tariff of USD 0.04/kWh, the solar-only system generated an estimated annual electricity
revenue of USD 99,628. It also achieved an LCOE of USD 0.042/kWh, a payback period of
11.7 years, an NPV of USD 684,422.64, and an ROI of 71.6%. These results indicate that the
solar-only system is more financially attractive when the land is evaluated mainly for electricity
generation and grid-export revenue.

The 40% agrivoltaics scenario produced lower direct electricity revenue because a smaller
portion of land was allocated to PV modules. The agrivoltaics system recorded an annual PV
array output of 1,502.5 MWh/year and exported 1,404.8 MWh/year to the grid, generating an
estimated electricity revenue of USD 56,192/year. When wheat production was included, the
total annual return increased to approximately USD 57,023.13-57,112.47. Under the assumed
22% shading-related yield reduction, wheat yield was estimated at 5.14 t/ha compared with
6.59 t/ha under open-field conditions. Although this shows a reduction in crop yield, the
agrivoltaics system still enables simultaneous food and energy production on the same land
area.

The LER value of approximately 1.35 demonstrates that the agrivoltaics system improves land-
use efficiency by about 35% compared with separate wheat cultivation and solar PV
production. This finding is important for regions such as Beheira, where agricultural land is
valuable and renewable energy expansion must be balanced with food production. From an
environmental perspective, both scenarios contribute to carbon-emission reduction by
replacing grid electricity. The solar-only system achieved a higher PVsyst CO: emission
balance due to its larger installed capacity, while the agrivoltaics scenario still provided
meaningful environmental benefits alongside agricultural production.

Overall, the results suggest that solar-only PV is more suitable when the main objective is
maximizing electricity revenue, while agrivoltaics provides a more balanced strategy for food-
energy integration, land-use efficiency, and sustainable agricultural planning. Since the
agricultural assessment was based on simulation and yield-reduction assumptions from similar
studies, future field experiments in Beheira are needed to validate wheat response under PV
shading. Further research should include measured irrigation water use, soil moisture,
evapotranspiration, crop variety performance, and long-term economic analysis using different
crop types. These improvements would provide stronger evidence for the practical
implementation of agrivoltaics in Egypt’s agricultural regions.
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  Remaining space length = 100 − 40 = 60  meters


  Space between rows =  60 17 = 3 . 53  meters


  Reduced Yield = 6 , 590 × ( 1 − 0 . 22 ) = 5 , 140  kg/hectare


  Profit per hectare = 5 . 14  tons/hectare × 161 . 80  USD/ton = USD 831.13


  Profit per hectare = 5 . 14  tons/hectare × 179 . 03  USD/ton = USD 920.47


  A n n u a l   e l e c t r i c i t y   r e v e n u e   =   2 , 490 , 700   k W h / y e a r   ×   U S D   0 . 04 / k W h   =   U S D   99 , 628 / y e a r


  A n n u a l   e l e c t r i c i t y   r e v e n u e   =   1 , 404 , 800   k W h / y e a r   ×   U S D   0 . 04 / k W h   =   U S D   56 , 192 / y e a r


  T o t a l   a n n u a l   r e t u r n ,   l o w   e s t i m a t e   =   U S D   56 , 192   +   U S D   831 . 13   =   U S D   57 , 023 . 13 / y e a r


  T o t a l   a n n u a l   r e t u r n ,   h i g h   e s t i m a t e   =   U S D   56 , 192   +   U S D   920 . 47   =   U S D   57 , 112 . 47 / y e a r


  LER =     Y  crop, APV    Y  crop, ref +     Y  energy, APV    Y  energy, ref


    Y  crop, APV


    Y  energy, APV


    Y  crop, ref


    Y  energy, ref


  LER =   5 . 14  6 . 59 +   1 , 502 . 5  2 , 626 . 9   ≈ 0 . 78 + 0 . 572 = 1 . 35

