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This work presents an enhanced ray tracing-based modeling framework to optimize bifacial
photovoltaic energy generation and crop productivity within greenhouse environments. The
proposed framework integrates a ray tracing-based optical and electrical model to simulate
light dynamics and energy genmeration within greenhouse structures. The optical model
incorporates Uniform Distribution of rear-irradiance (UF) and Non-Uniform Distribution of
rear-irradiance (NUF) principles to simulate irradiance distribution, shading, and
reflection, using Light Saturation Point (LSP) and Photosynthetically Active Radiation (PAR)
measurements. The electrical model estimates energy yield using the LambertW function
based on incident and transmitted light through photovoltaic arrays. Five types of
greenhouse structures using plastic and SG80 materials are analyzed to assess their impact
on system performance under various conditions. The evaluation showed that integrating
bPV increased rear-side energy captured by 25-30%. The optimal configuration was
achieved by combining a plastic cover with a checkerboard pattern, resulting in up to 5%
higher performance than the 35° tilt setup and offering enhanced light distribution
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uniformity. Although the average soil irradiance of 170.801 W/m? slightly exceeded the light
saturation threshold of 164.7 W/m? it remained within a safe range that supports efficient
photosynthesis without causing photoinhibition.

1. INTRODUCTION

The growing demand for residential and industrial development has challenged agricultural land use, leading to the
adoption of agrivoltaic systems that combine solar energy production with farming to optimize land use and maintain
productivity (Mamun et al., 2022). To further enhance the performance of such systems, Bifacial Photovoltaic (bPV)
systems, which capture sunlight on both the front and rear sides of the panels, have become a focal point in optimizing
solar energy generation, particularly when integrated into agrivoltaic systems (Teitel e al., 2023; Zhang et al., 2024).
These systems, designed to combine food production with clean energy generation, are gaining traction as a
sustainable approach to meet the increasing demand for both energy and food (Katsikogiannis et al., 2022). However,
optimizing the energy output from bifacial PV systems while ensuring favorable crop growing conditions requires a
deep understanding of light interactions within the greenhouse environment (Angmo ef al., 2022). This entails
evaluating how light is distributed across the greenhouse, including its effects on both PV modules and plant growth
(Leng et al., 2023).
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Recent studies have highlighted the potential of bifacial PV systems to significantly increase energy production by
utilizing reflected light, especially in environments with high albedo or under overcast conditions (Ernst ef al., 2024a;
Zhang et al., 2025b). Researchers have developed various strategies, such as optimizing panel configurations (e.g.,
tilted or checkerboard patterns), to enhance light distribution and reduce shading, thus supporting crop growth while
maximizing solar energy output (Ayala Pelaez, 2019; Ernst ef al., 2024b; Laue, 2022). Despite these advancements,
computational challenges remain, particularly concerning the precision and efficiency of simulations used to model
light distribution in these systems (Lewis et al., 2024; Robsahm, 2023).

Ray Tracing has proven effective for accurately modeling light interactions in bifacial PV systems (Ernst ez al.,
2022), yet large-scale simulations still demand substantial computational resources (Grommes ef al., 2023; Zhang et
al., 2025a). Moreover, many existing models overlook environmental factors such as temperature and humidity, which
strongly influence both PV performance and crop development (Russell e al., 2022). In agrivoltaic applications, ray
tracing plays a key role by linking solar energy modeling with crop light availability, thus supporting dual
optimization of energy yield and agricultural productivity (Laue, 2022). To overcome current limitations, an integrated
modeling approach that combines geometric, environmental, and material parameters is essential for improving
predictive accuracy and practical applicability (Hansen et al., 2016; Kujawa et al., 2025).

This work presents an enhanced ray tracing-based modeling framework for bPV systems in greenhouse settings to
simultaneously improve energy generation and crop growth. Using Bifacial Radiance, the model simulates irradiance
distribution and estimates energy yield through regression analysis. It also integrates Light Saturation Point (LSP) and
Photosynthetically Active Radiation (PAR) measurements to assess crop light availability. Overall, the framework
provides a reliable basis for optimizing agrivoltaic design toward higher efficiency and sustainable land use.

2. MATERIALS AND METHODS

The proposed bifacial agrivoltaic framework, as shown in Figure 1, begins with the characterization of bifacial PV
modules to determine the bifacial gain coefficient (¢) from short-circuit current measurements. This coefficient
informs a coupled optical-electrical model, where 3D ray tracing produces rear-irradiance non-uniform (NUF), later
refined through regression. NUF and ¢ are used to estimate surface irradiance, capacity factor, and dynamic bifacial
energy yield, while the optical model independently evaluates PAR reduction to optimize both energy production and
crop lighting.
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Figure 2. The illumination states and modeling of bifacial photovoltaic

2.1. Bifacial Photovoltaic Formulation

The bifacial photovoltaic system in Figure 2 captures front and rear irradiance from sunlight, sky, and ground albedo
to boost energy output, while tilt optimization and sensor monitoring assess light effects on shade-tolerant crops below
(Ernst et al., 2024a). Bifaciality, defined as the minimum ratio of rear to front surface performance G, is quantified as
static bifaciality @g.. using Equation (1) in IEC (2022), with factor ¢ calculated from short-circuit current (I g,
I£, st¢) and power output ratios (PRaxster Phaxstc)> normalized by irradiances Gp and Gy using Equation (2), while
dynamic bifaciality (¢,4,-) in Equation (3) accounts for irradiance variations and non-uniform rear distribution.

: Ig,stc/GR P?flaX,StC/GR . Ig,stc Prﬁax,stc
Pste = MIN (IF JGr’ P /G SMIN\F _5F (1)
sc,stc/ UF Pmax,stc/ F sc,stc fmax,stc
. IR/Gr PRax/G
(,0 = min i_c/ R’ 1Ir:Lax/ R (2)
Isc/GF Pmax/GF
Pyar = QCF 3)

The correction factor for bifaciality, abbreviated as CF, measures how variations in irradiance across the rear
surface affect the module’s overall bifacial response. These variations, described by the non-uniform (NUF), represent
differences in the amount of light received at different rear-side areas of the photovoltaic module. The value of NUF is
derived following the formulation provided in Equation (4) as presented in Hansen ef al. (2016); International
Electrotechnical Commission (2022).

Rax—GRin o
NUF = P 100% 4)

The maximum and minimum irradiance intensities on the rear side of the bifacial photovoltaic module are
represented by GR,. and GR,, respectively. Based on these values, the bifaciality correction factor CF, which
accounts for the effects of rear irradiance non-uniformity, is determined using Equations (5) through (7).

CF = $msf (5)
Puf
. I§c,nuf Prﬁax,nuf
Py = min (25t et ©)
scuf maxuf
. Ifc,uf Prlflax,uf
Py = mMin (,F v BF (7
scuf "maxuf

The parameters @, and @, represent the bifaciality under conditions of nonuniform and uniform rear-side
irradiance distribution, respectively. The terms [ f}_nu s and I gc,uf refer to the short-circuit current generated by the rear
side when exposed to nonuniform and uniform irradiance conditions. Correspondingly P,fmx_nuf andP,fmx_uf, describe
the maximum power output from the rear side under these respective conditions. Furthermore, the values Ifc’uf and
PF

'max.us T€present the short-circuit current and the maximum power output of the front side when subjected to uniform

irradiance.

512



Widiyawati et al.: Ray Tracing-Based Modeling of Bifacial Photovoltaic Systems in .................

2.2. Ray Tracing for Optical Model

A ray tracing-based model was developed to evaluate irradiance across user-defined x, y, and z coordinates, as shown
in Figure 3, which illustrates ray interactions including specular and diffuse reflection from the greenhouse structure,
transmission through the cover material, and absorption by PV modules (Kujawa et al., 2025).

Sun

Sky dome
— Greenhouse structure
== PV module

Plant canopy level

=3 Primary Rays
_ Specularly
reflected/transmitted ray

Diffusely reflected ray
— Diffusely transmitted ray

Figure 3. Schematic diagram of the ray tracing procedure for a greenhouse

The bifacial photovoltaic system was modeled using the bifacial radiance tool (Ayala Pelaez & Deline, 2020) to
evaluate light distribution in agrivoltaic settings, incorporating specular and diffuse irradiance. System geometry and
optics were defined as inputs, with module surfaces modeled using a 3D ellipsoidal Equation (8) for accurate light
interaction. The overall sequence of the ray tracing simulation steps is illustrated in Figure 4, which depicts the
flowchart of the algorithm used to compute irradiance at each defined spatial location.
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Parameters Ry, R,, R; denote the ellipsoid radii py, p,, p3 defining curvature in each axis, and x;,, X5,, X3, represent
the center coordinates. Parameters. A ray intersects a panel if f (xly jrX2,j) X3, j) < 1 and ground contact occurs when
x3,; < 0. To simulate solar input, incoming sunlight is discretized into individual rays, each assigned an initial power.

Upon intersecting a surface, the simulation determines the local surface orientation. These processes are governed by
Equations (9) and (10).
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Figure 4. Flowchart ray tracing algorithm
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Equation (9) defines is the initial power per ray P, calculated from the total irradiance Py, which is sourced from
meteorological data. A, represents the cross-sectional area of the beam, and N, is the total number of rays used in the
simulation. Equation (10) defines the inward-pointing surface normal n, obtained from the normalized gradient of the
implicit surface function F. For a flat surface such as the ground, this simplifies to n = [0,0, —1]. After identifying
surface contact, the simulation models the rays' optical interaction calculating the incidence angle, decomposing the
velocity vector, determining the reflected direction, and evaluating reflectance. These steps were described by
Equations (11) to (14).

0 = cos™ (1 417) (n
Vi1 = ||vjl|cosin; (12)
vjref =v; —2v;, 13)
IR(%,0) =1 (14)

Equation (11) calculates the angle of incidence 6; based on the dot product between the ray velocity v; and the
surface normal n; Equation (12) expresses the perpendicular component of the ray’s velocity v; ;, projected onto the

surface normal. Equation (13) determines the direction of the reflected ray v]-ref by subtracting twice the perpendicular

component from the original velocity. Equation (14) defines the reflectance IR as the ratio of reflected to incident
energy, influenced by the angle 8; and the refractive index ratio 71, following the Fresnel model as outlined in (Zohdi,
2021). The process begins with geometry initialization and ray setup, followed by surface intersection checks. When a
ray hits a surface, absorbed and remaining power are updated using Equations (15) and (16). Ray positions are then
advanced via the Forward Euler method in Equation (17). The loop continues until all rays become inactive, producing
the final irradiance distribution.

Paps = (1 = IR)F, (15)

Pres = IRP, (16)

1 (t + At) = 1;(t) + Atv;(¢) 17
[

The time step At is defined as At = &

—to align temporal resolution with light propagation, where ¢ € (0,1) is a

scaling parameter. At each step, front and rear irradiance Efyopt (t), Ereqr(t) contributions are accumulated to compute
monthly insolation, with averages calculated in Equation (18). These values serve as inputs to the energy yield model
using ray-traced front and rear irradiance weighted by CF or ¢.

At

At
1000

1000 k=1 Erear (tx) (18)

~ N . ~
Insfront ~ Zk:lEfront(tk)' Insrear ~

To interpret the simulated irradiance results in an agronomic context, the LSP and LCP of tomato crops were
considered as benchmarks. Based on prior studies, the tomato's LSP and LCP correspond to 164.7 W/m? and 8.53
W/m?, respectively, after converting from PAR using a factor of 4.56 umol J! (Teitel ef al., 2023). Simulated
irradiance was evaluated against crop-specific thresholds to determine whether greenhouse conditions support optimal
photosynthesis or pose light limitation or saturation risks.
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2.3. Electrical Model

The electrical performance of bifacial photovoltaic modules is assessed by correlating spectral input with power
output using circuit-based models. Models for both uniform and non-uniform conditions are applied to evaluate the
impact of rear-side irradiance non-uniform. In the uniform case, an equivalent circuit model estimates power output
based on the single-diode voltage-current relationship in Equation (19) (De Soto et al., 2006; Gu et al., 2020) as
shown in Figure 5.

«—0O
Figure 5. Equivalent circuit for a PV module

V+IR V+IR
=Ly —Iq—1Iy; I'= I, — o {exp (TS)—l}—?S (19)
This expression describes the output current I as a function of the photogenerated current I,, reduced by diode and
resistive losses. The series resistance R, and thermal voltage V; influence both the exponential and linear components,
characterizing the inherent non-linear response of the photovoltaic device.

The parameters embedded in Equation (19), I, Iy, Rs, Ry, and V; are determined under Standard Test Conditions
(STC). These values, denoted as Ipp, st lo stes Rs,stes Rp,ste, and Vi o are calculated using known voltage, current, and
temperature coefficients at characteristic operating points. Due to the implicit and transcendental of Equation (19), an
iterative computational approach is required to resolve the output voltage and current, often incurring significant
computational cost. To alleviate this, the expression is reformulated into an explicit form through the use of the
LambertW function formulated in Equation (20) (De Soto et al., 2006; Fathabadi, 2015; Tripathy et al., 2017).

V =R, (Ipn + I — I) — IRs — V. LambertW (Y)
Y = Iovﬁexp (Rp(lph"'lo—l)) (20)
t

Ve

Under non-uniform rear irradiance, mismatch losses are assessed by evaluating five circuit parameters per cell based
on localized irradiance as shown in Figure 6, with each cell's output compared to the total module output to determine
its performance. Cells with lower irradiance may become reverse-bias, thereby consuming power and reducing the
module’s net output. The module comprises n X m cells connected in series. The parameters for each cell are
calculated using Equation 21 (Xiong ef al., 2022).
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Figure 6. Schematic diagram of the internal circuit of the PV module
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Ipne = Ipniloc = lo; Rpe = — —; 2D
R Ve
R = s . = —
s,c mxn ’ t,C mxn

Where Ipp, ¢, loc, Ry, Rsc and Vy . are the five parameters of the cell in the PV module. The photogenerated currents
for each cell are ordered from minimum to maximum, as expressed in Equation (22).

min _ g1 2 m-—1 m _ jmax
ph,c — Iph,c > Iph,c > "'Iph,c > ph,c — Iphc (22)

The operating state of each cell is determined by comparing the module current / with the photogenerated current

Igh’c. the cell operates normally, and the voltage V; is calculated using Equation (23). This equation incorporates cell-

specific parameters Igh_ o Ig o Rg o and thc Due to its transcendental nature, the voltage expression is reformulated into

an explicit form using the LambertW function, as shown in Equation (23) - (24) (De Soto ef al., 2006; Fathabadi,
2015; Tripathy et al., 2017; Zhu et al., 2019).

Vo =Rl (1. +1d.—1)—IR!. — ViLambertw (Y}) (23)
d.RY RI (1, +1d -1

ch _ Io,cip,c exp D, (ph,; o,c ) (24)
Vee Ve

The intermediate term Y,!, defined in Equation (24), captures the nonlinear current-voltage behavior for the ¢ in
the diode model. The If, ., ¢, Pt uss Toe nuss Praxnugs Iscups a0d Prgy s are calculated by the above electrical model
under uniform and non-uniform irradiance distribution. Electrical parameters under uniform and non-uniform
irradiance are computed and substituted into Equations (6) to (8) to derive the bifacial Correction Factor (CF), which
adjusts energy yield predictions for asymmetrical irradiance. Monthly energy output E,, is calculated using Equation
(25) as the product of module area 4, efficiency Eff, and performance ratio PR from (Pettersen, 2019), multiplied by
the sum of front and rear irradiance weighted by the bifaciality factor CF.

Em = AXEff X PR X (ISfront + IMSyeqr X CF) (25)

2.4. Greenhouse Model

A simulation environment was conducted to assess the performance of bPV modules in a 12 x 6 x 4.5 m gable-roof
structure based on local horticultural practices (Direktorat Sayuran dan Tanaman Obat, 2021). A modular approach
enabled scalability without reconstructing the full model, with structural elements such as walls, roof, planting zones,
and light pathways defined in 3D using the Radiance engine. Five PV configurations, varying in height, tilt, and layout
Figure 7, were tested to assess light distribution, shading, and energy efficiency. Strategic sensor placements captured
irradiance data at both canopy and module levels to support detailed analysis of PAR availability.

Two types of greenhouse cover materials were analyzed, and different materials were used, such as SG80 diffusive
glass and white plastic. These materials were chosen for their distinct transmittance and diffusion properties, which
significantly influence light penetration and the uniformity of PAR distribution. The optical and structural
characteristics of the cover materials are summarized in Table 1.

Monocrystalline PERC bPV modules were simulated in a landscape orientation, accounting for both front and rear
irradiance. Ground reflectivity between 0.2 and 0.3 was considered to capture rear-side gain under different surface
conditions. Technical specifications of the modules are detailed in Table 2.

Table 1. Greenhouse Structural and Optical Parameters

Parameter SG80 Diffuse Glass White Greenhouse Plastic
Light transmittance (%) 78 70
Haze factor (%) 78 70
Thickness (mm) 3 0.2
Material type Glass Plastic
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Figure 7. Greenhouse with different modules (a) structure and modules, (b) empty modules, (c) 35° tilt, (d) 45° tilt, (e)
checkerboard pattern.

Table 2. PV Module Specification

Parameter Value
Cell type Monocrystalline PERC Bifacial
Module dimensions 21mx1.1m
Number of cells 72 (12 % 6)
Cell size 15.6 cm X 15.6 cm
Bifaciality factor 0.7 (70%)
Module efficiency 20.38%
Module orientation Landscape (horizontal)
Rear reflectivity 0.2 - 0.3 (based on floor properties)

3. RESULTS AND DISCUSSION

This section presents ray tracing simulation results of a bifacial agrivoltaic greenhouse, analyzing light distribution,
shading, and energy output across configurations using TMY data from Semarang, Central Java (NREL “EnergyPlus,”
2021). The evaluation focuses on spatial and temporal variations in ground irradiance, PAR, and total energy yield to
support system optimization.

3.1. Evaluation Environment Setup

A custom simulation environment is developed to evaluate the performance of bifacial agrivoltaic greenhouse systems
under varying irradiance conditions. Figure 8 shows the evaluation setup with sensor arrays positioned for ground-
level irradiance analysis. Two irradiance sensor arrays, Groundscan 1 and Groundscan 2, are implemented to monitor
spatial light distribution. Groundscan 1 captures uniform irradiance data across the greenhouse floor, while
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Groundscan 2 targets localized zones with high and low irradiance to assess shading effects. Simulations are
conducted during the tomato cultivation period from mid-May to early October, recording hourly ground irradiance
data. Light thresholds for photosynthesis are based on the LSP 164.7 W/m? and LCP 8.53 W/m?, derived from PAR
values (Bantis ef al., 2024; Rezaei et al., 2024).

Western Side (meters from center)

Sensor Grid @ Groundscan 1 @ Groundscan 2

8

71 @ L

6

5

44 (] L ]

3

2 L] ®

1

o

-1

-2 1 [ ] ®

-3

—4 4 ® o

—5 4

—64

-741 @ ®

-8
T T T T T T T T T T T T T T T T T T T
-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18

Southern Side (meters from center)

Figure 8. Evaluation environment with sensor arrangement for irradiance analysis

3.2. Ground-Level Irradiance Distribution Analysis

The results of ground-level irradiance distribution are presented in Figure 9. This evaluation shows that the structure
and module-only configuration yielded the highest irradiance on all surfaces. In contrast, greenhouse-covered systems,
particularly those using SG80, provided more uniform but moderated irradiance levels. Tilted and checkerboard
configurations with SG80 further improved rear-side irradiance and ground-level uniformity.
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Figure 9. Comparison of ground-level irradiance across various greenhouse configurations in (W/mg?)
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Figure 10. Heatmap of ground irradiance from the model with greenhouse structure and modules only
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This model simulated the light behavior within an agrivoltaic greenhouse featuring a transparent roof without any
diffusive covering, as visualized in Figure 10. Structural rails were intentionally excluded to simplify the system and
to allow better assessment of shadow formation and residual irradiance. The simulated values ranged from 680 to 740
W/m?, closely aligning with the satellite-based irradiance data of 757 W/m? from Solcast (2021) recorded at 11:00 a.m.
on June 17, 2021, and these values were subsequently converted to photosynthetically active radiation using a
conversion factor of 4.56 pmol/J (Fathabadi, 2015).

To evaluate the influence of different greenhouse coverings on light distribution, simulations were performed on
greenhouse models without bPV modules. As shown in Figure 11, white plastic cover resulted in irradiance ranging
from 127.65 W/m? to 223.05 W/m?, while the SG80 glazing provided a more uniform distribution between 163.03 to
292.84 W/m?. These results highlight the superior light diffusion of SG80 compared to conventional plastic.

To evaluate the effect of bPV tilt angle on ground-level irradiance, simulations were conducted using two roof
materials at a fixed 35° tilt (Figure 12). The white plastic roof generated a peak irradiance of 205.0 W/m? and output of
152.51 W but resulted in uneven light distribution due to limited scattering. In contrast, the SG80 roof achieved a more
uniform irradiance with an average of 222.71 W/m?.
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Figure 13. Heatmaps of ground irradiance with modules at a 45°tilt: (a) plastic-based, (b) SG80-based

The effect of increasing the bPV module tilt angle to 45° on irradiance distribution was evaluated using heatmaps
shown in Figure 13. The SG80 cover provided a higher average irradiance of 226.32 W/m? with improved uniformity,
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while the white plastic cover reached 172.17 W/m?. As shown in Figure 14, the SG80 configuration demonstrated
enhanced light availability and more uniform irradiance at 226.05 W/m?, compared to the white plastic cover, which
averaged 170.80 W/m? and exhibited several shaded areas.

This improvement is in line with the findings of Reher et al. (2024), who demonstrated that reducing the Ground
Coverage Ratio (GCR) from 0.6 to 0.2 significantly improved irradiance uniformity and crop productivity. Together,
these results highlight that both cover characteristics and system design play a critical role in controlling spatial light
distribution and overall performance.
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3.3. Photosynthetically Active Radiation to LSP

This work evaluated ground-level irradiance under greenhouse and open-field setups using SG80 and plastic materials.
The checkerboard SG80 configuration achieved the highest average irradiance, with 35° and 45° SG80 tilts following.
Plastic-covered models performed lower, capturing only 74-80% of the irradiance observed in SG80 setups, as
summarized in Figure 15. The standard SG80 configuration recorded an average irradiance of 252.62 W/m?,
equivalent to 1,151.95 pmol/m?/s, exceeding the LSP for tomato crops of 167.4 W/m?. The plastic checkerboard model
reached 170.80 W/m? and 778.85 umol/m?/s, while the standard plastic model achieved 192.00 W/m? and 875.53
umol/m?/s. Figure 16 illustrates that the SG80-based design provides higher light availability and better photosynthetic
conditions, aligning with the findings of Prakash er al. (2023), where partial-density agrivoltaic systems achieved
higher PAR values 282—1,135 pmol/m?*’s and better light distribution than denser configurations.
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Figure 15. Comparison of average ground irradiance

The simulated irradiance results were further analyzed in relation to crop physiology, particularly the risk of
photoinhibition, which occurs when light intensity exceeds the crop’s LSP. In several configurations, such as the
plastic checkerboard and SG80 setups, ground irradiance values slightly exceeded the tomato LSP threshold of 164.7
W/m?. Nevertheless, these values remained within a tolerable range, indicating that although short-term peaks may
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induce partial photoinhibition, the overall light distribution still supports efficient photosynthesis without significantly
reducing crop productivity (Kitao e al., 2022). This finding underscores the importance of integrating ray tracing not
only to optimize PV energy yield but also to evaluate agronomic light conditions, thereby ensuring that agrivoltaic
systems achieve both energy efficiency and sustainable crop growth.
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Figure 16. Daily irradiation profiles of the two optimal configurations

3.4. Energy Yield and Performance Analysis

The monthly energy analysis showed that both the 35° plastic-tilt and checkerboard configurations maintained ground-
level irradiance near the tomato LSP 167.4 W/m?2, producing 50-60 kWh during low-sun months and peaking at about
150 kWh between June and August. As presented in Figure 17, the checkerboard setup outperformed the 35° tilt by up
to 5% from May to September, mainly due to a rear-side irradiance contribution of 25-30% of the total irradiance.
These results, obtained using bifacial modules with 20.38% efficiency and 0.7 bifaciality, are consistent with Prakash
et al. (2023), validated PAR distribution under different panel densities using both field measurements and simulation
models, finding strong agreement correlation coefficient (R = 0.99) but with slight overestimation 3.7-13.5%. Beyond
this validation, the present study extends existing knowledge by linking irradiance distribution to seasonal energy
yield and rear-side bifacial performance, thereby highlighting the checkerboard configuration as a practical design

solution that optimizes both energy generation and crop-level light conditions compared with density-based
approaches.
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521



Jurnal Teknik Pertanian Lampung Vol. 15, No. 2 (2026): 510 - 524

4. CONCLUSION

This work established a simulation framework that combined ray tracing-based optical modeling with irradiance and
energy analysis to evaluate the integration of bPV systems in agrivoltaic greenhouses. Among all tested
configurations, only the 35° plastic tilt and plastic checkerboard models achieved ground-level irradiance values close
to the LSP threshold of 167.4 W/m?, maintaining compatibility with crop photosynthetic requirements while producing
seasonal energy yields ranging from 50.0 to 150.0 kWh. The plastic checkerboard model demonstrated superior rear-
side irradiance utilization, contributing 25-30% of total irradiance and achieving a bifacial gain of 6.84%, compared
to 4.946% in the 35° model. While the tilt configuration relied heavily on front-side irradiance and produced a slightly
higher total energy yield, the checkerboard model provided more uniform light distribution beneath the canopy,
supporting improved growth conditions for light-sensitive crops. Although some setups slightly exceeded the LSP,
irradiance levels remained within acceptable limits, indicating only minor photoinhibition risks. Based on these
findings, the plastic checkerboard configuration is recommended as the most balanced option for optimizing energy
performance and agronomic viability. Future work should integrate dynamic environmental variables and develop
real-time simulation tools to support broader adoption in precision-controlled greenhouse applications. This study,
however, is based entirely on numerical simulations and does not include experimental validation. Therefore, the
results should be interpreted as indicative rather than definitive.
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