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H I G H L I G H T S  

• An agrivoltaic system of bifacial PV and three varieties of olive trees were studied. 
• The raytracing approach and olive light response were used to model the tree yield. 
• The influences of photovoltaic module height and tilt were quantified. 
• The peak land equivalent ratio (LER) of 71% resulted when PV panels were tilted at 20◦. 
• The study revealed that olive trees displayed moderate sensitivity to shading.  

A R T I C L E  I N F O   

Keywords: 
Agrivoltaic 
Bifacial PV technology 
Olive tree 
Energy yield 
Land equivalent ratio 
Dual land use 

A B S T R A C T   

Agrivoltaic systems provide a promising solution for mitigating the competition for land between food and 
energy production. This study examines the performance of an agrivoltaic system in southern Spain, which in-
tegrates bifacial PV technology with three different olive cultivars. Different configurations of clearance height 
and PV modules tilt are analyzed. The findings indicate that PV modules tilted near the site’s latitude achieve the 
highest energy yield, while vertically-oriented modules lead to the greatest olive yield. The variation in tilt angle 
has a more significant impact on PV yield, whereas the height of the PV modules primarily affects olive tree yield. 
To quantify the combined land productivity of energy and crop outputs, the land equivalent ratio (LER) is 
employed. The results demonstrated a maximum LER of 171% when modules are tilted at 20◦, thereby enhancing 
overall land productivity. Moreover, the study reveals that olive trees display a moderate sensitivity to shading. 
These findings underscore the importance of optimizing the configuration of PV systems for dual land use in 
agrivoltaic while taking agricultural productivity into account.   

1. Introduction 

The global consumption of food has been on a rapid rise, reaching a 
staggering 2.5 billion metric tons in 2021 [1]. This significant increase 
has created a growing demand for agricultural land to meet the food 
production requirements. However, the simultaneous growth in the 
world’s population has led to a surge in energy consumption. While 
photovoltaic (PV) technology offers many positive aspects to address 
this energy demand, it also presents a challenge in terms of land use 
conflict with agriculture, necessitating a tradeoff between food and 

energy production. In this context, agrivoltaic (APV) systems emerge as 
a promising solution by leveraging the dual use of land. These innova-
tive systems facilitate crop cultivation for food production while har-
nessing solar energy. APV systems are classified based on several factors, 
including the system type (closed or open) and the structure type 
(interspace PV, overhead PV, PV-integrated greenhouses) [2]. 

The dual food-energy production is not the only advantage of APV 
systems, as they also contribute reducing the irrigation water budget [3] 
and retaining the soil moisture during the summers. Depending of the 
shade level, the water saving can be as high as 29% [4]. Also the tem-
perature under the panel is moderated [5]. In addition, APV systems can 
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produce the energy needed by the irrigation pumping equipment, which 
is particularly important in locations where there is no electricity grid. 
In overhead APV systems, PV panel arrays are strategically designed to 
partially cover crops with an optimal density, elevation, and tilt. These 
factors are determined based on the desired balance for sunlight distri-
bution between the PV panels and the agricultural area. To achieve this 
balance, it is crucial to simultaneously assess the crop and PV yields. 
This assessment helps identify suitable crop types based on the level of 
shading underneath the panels, as well as determine the optimal 
configuration of the PV system to maximize energy harvesting. 

In APV, the incident light is shared between PV panels and plants. As 
a consequence, the available light intercepted by the plants for photo-
synthesis can be reduced. The process of plant photosynthesis is influ-
enced not only by environmental conditions but also by genetic factors. 
Therefore, it is essential to select plant species that can adapt to lower 
levels of incident light. One important genetic factor, which can be used 
to make this selection, is the carbon assimilation pathway. It categorizes 
plant species into C3, C4, and CAM types [6]. C3 species have a tendency 
to saturate at low levels of photosynthesis active radiation (PAR) [7]. 
This means that they are shade-tolerant [8] and, thus, they are suitable 
for APV systems, as they can grow even under reduced light conditions. 
By selecting C3 species, the negative impact of shading caused by the PV 
panels can be mitigated, ensuring that the plants can still conduct effi-
cient photosynthesis in APV systems. Olive trees are C3 species [9] and, 
for this reason, they represent a promising choice for APV systems. Olive 
trees are known for their ability to tolerate shade [10], making them 

adaptable to the reduced light conditions that can occur under PV 
modules. In addition, the global olive tree population is exceeding 850 
million trees and occupies approximately 8.7 million hectares of land 
[11], which indicates that a substantial land area is potentially available 
for APV systems. 

There are several approaches available to evaluate the effects of 
different APV configurations on crops. One option is to conduct simu-
lations that assess crop yield under varying environmental conditions. 
These simulations take into account the interaction between soil and 
plants, farming techniques, as well as microclimate parameters [12,13]. 
A simplified method, which models only the available photosyntheti-
cally active radiation under the PV panels [14], has also been used. 
Another way to evaluate crop productivity is by considering the incident 
spectral irradiance along with the spectral absorption of the plants [15]. 
This approach provides the instantaneous photosynthetic rate (PSN), 
and by integrating the PSN over time, it yields the amount of CO2 
absorbed through photosynthesis during a certain time interval. This 
latter value acts as the main output of the crop model. 

The adoption of orchard trees, as olive trees, in APV systems has also 
been studied in different papers. In [16], apple trees were cultivated 
under different shading levels in the south of France. The results showed 
a decrease in the irrigation requirements when orchard trees were 
incorporated into the APV system. The results also demonstrated that 
the PV panels provided protection against freezing damage on the trees. 
However, it was observed that high levels of shading (40%) had negative 
consequences on the annual yields of the apple trees. Another study 

Nomenclature 

Symbols 
PPV PV power per unit active area, W/m2 

Gfront Front irradiance on the PV module, W/m2 

Grear Rear irradiance on the PV module, W/m2 

Geff Effective irradiance, W/m2 

ƞSTC PV module efficiency under Standard Test Conditions, 
unitless 

φ Bifaciality factor, unitless 
SFfront Front spectral factor, unitless 
SFrear Rear spectral factor, unitless 
SRfront Front spectral response, A/W 
SRrear Rear spectral response, A/W 
Efront,ref Front reference spectra, W/(m2.nm) 
Erear,ref Rear reference spectra, W/(m2.nm) 
Gfront Front broadband global irradiance, W/m2 

Grear Rear broadband global irradiance, W/m2 

Gfront,ref Front broadband reference irradiance, W/m2 

Grear,ref Rear broadband reference irradiance, W/m2 

Tcell PV cell temperature, ◦C 
Tcell,STC PV cell temperature under STC, ◦C 
Ta Ambient temperature, ◦C 
Eplant Incident spectrum of the plant, W/(m2.nm) 
G Global broadband irradiance on the olive tree, W/m2 

GHI Spectral global irradiance, W/(m2.nm) 
PPFDplant Photosynthetic photon flux density, μmol/(m2•s) 
PPFD Corrected photosynthetic photon flux density, μmol/ 

(m2•s) 
NA Avogadro’s number mol− 1 

h Planck’s constant m2 kg / s 
c Light velocity, m/s 
F0 Minimal fluorescence, dark-adapted conditions, a.u. 
F0

’ Minimal fluorescence, light-adapted conditions, a.u. 
Fm Maximal fluorescence, dark-adapted conditions, a.u. 

Fm
’ Maximal fluorescence, light-adapted conditions, a.u. 

ELicor Spectral distribution of Licor LI-6800 light source, W/(m2. 
nm) 

YPV,APV Energy yield for APV system, KWh/m2 

YPV,ref Energy yield of a reference traditional PV, KWh/m2 

Ycrop,APV Olive trees yield, APV system, mol (CO2)/m2 

Ycrop,ref Olive trees yield, the reference open field system, mol 
(CO2)/m2 

RGR Light shading ration, unitless 
m Olive tree sensitivity to shading, unitless 
R2 Coefficient of determination 

Abbreviations 
LER Land equivalent ratio, unitless 
PV Photovoltaic 
bPV Bifacial photovoltaic 
APV Agrivoltaics 
PAR Photosynthesis active radiation 
PSN Photosynthetic rate, μmol (CO2)/(m2•s) 
TMY Typical meteorological year 
BR Bifacial Radiance 
LCOE Levelized cost of electricity 
STC Standard test conditions 
AOIF Angle of incidence factor, unitless 
AOI Angle of incidence, ◦
SF Spectral factor, unitless 
BSF Bifacial spectral factor, unitless 
TF Thermal factor, unitless 
MM Mismatch factor, unitless 
c-Si Crystalline silicon 
NOCT Nominal Operating Cell Temperature 
DC/AC Alternating current & Direct current 
QY Quantum yield 
RMSE Root mean square error 
MBE Mean bias error  
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focused on the growth of kiwi fruit under PV panels at different shading 
levels [17]. The findings indicated that as the shading levels increased, 
there was a decrease in the PSN attributed to a reduction in solar radi-
ation, and a decrease in the tree’s leaf water use efficiency. The case 
study in [18] focused on Arbequina olive trees in an APV configuration 
in southern Italy. The objective of the study was to examine the potential 
for enhancing land utilization through APV systems. By simulating three 
levels of sensitivity to shading, the authors found that it is feasible to 
implement APV systems into olive groves. Another study on the poten-
tial of agrivoltaic systems within olive groves in the Mediterranean re-
gion has assessed the feasibility of integrating photovoltaics into these 
groves [19]. The study has also identified representative locations where 
this application is applicable, and Spain is one of them. Our study holds 
significant novelty and importance in comprehensively evaluating the 
yields of both photovoltaic systems and olive trees within the context of 
APV systems. By considering three distinct olive varieties (Picual, 
Manzanilla, and Chemlali) and exploring various configurations of 
bifacial PV systems, the research aims to optimize the overall yields of 
energy generation and olive production. One key aspect is the investi-
gation of the sensitivity of the olive tree varieties to different levels of 
shading, providing valuable insights into their specific requirements and 
responses. The findings of this study will contribute to the refinement of 
the PV system configurations and to the effective integration of PV 
modules into the olive orchards, thus facilitating the development of 
APV systems. This research fills a crucial knowledge gap in the field and 
offers practical implications for maximizing the sustainability and pro-
ductivity of APV system settings. 

This work is structured as follows. Section 2: The approach used for 
modeling the amount of solar radiation that reaches the trees and PV 
modules in an APV system with olive trees is described, along with the 
details of the methodology adopted to determine the PV and olive yields. 
Section 3: The results are presented, considering different PV configu-
rations and their impact on the performance of both the PV system and 
olive trees. Additionally, the sensitivity of olive varieties to shading 
levels is examined. Section 4: The overall conclusions regarding the 
feasibility of APV systems are provided, along with suggestions for 
future research to further enhance this study. 

2. Material and methods 

The approach used in this study is grounded in modeling the amount 
of solar radiation that reaches the trees and the PV modules in an APV 
system with olive trees. Then, from the modeled values, both the crop 
and the PV yields are calculated. The primary objective of this study is to 
enhance the PV system design in order to optimize its integration into a 
pre-existing olive field. There are different modes of olive cultivation, 
such as traditional, intense, and super-intensive approaches [20]. 
Particularly, this work focuses on super-intensive cultivation. In this 
type of olive farming, the trees are typically arranged in a rectangular 
layout with a planting pattern of 4–5 m × 2–3 m [21], thus providing 
sufficient room between rows to accommodate PV modules. The trees 
themselves have a relatively low height of 2–3 m [22]. Additionally, 
super-intensive plantations require moderately sloping soils, which 
facilitate the installation of PV structures [23]. Despite being utilized on 
only 3% of the world’s olive-growing hectares, this approach provides a 
remarkable 36% contribution to the total global olive oil production 
[24], owing to its higher yields. Furthermore, olive groves are wide-
spread, spanning 66 countries and covering an extensive 11.6 million 
hectares in total, with an 400,000 ha dedicated to super-intensive den-
sity cultivation [25]. This super-intensive layout shows promise as it 
combines olive cultivation with PV energy generation in a space- 
efficient and practical manner. Indeed, it offers a dual-purpose solu-
tion for utilizing the same area effectively. In this study, bifacial PV 
modules are considered to improve the PV yield by capturing sunlight 
from the front and the rear sides of the modules [26]. 

Fig. 1 presents the methodology employed in this study, showcasing 
the systematic approach used to evaluate and analyze the olive tree and 
photovoltaic yields across various PV configurations. The simulations 
have been conducted considering Jaén, Spain (37.77◦ N, 3.78◦ W) as 
location. This selection is motivated by the 2430 km2 of land surface 
covered by olive trees in Jaén province [27]. To obtain the irradiance 
and temperature values of the site, typical meteorological year (TMY) 
data were downloaded from PVGIS [28]. These data were utilized in the 
simulation to account for the meteorological variability of the location. 
The hourly values of direct and diffuse irradiance were utilized as inputs 
for the ray-tracing tool “Bifacial Radiance” (BR) [29], which was 
employed to simulate the radiation that reaches both the olive trees and 
the PV modules. This tool was specifically designed for modeling the 

Fig. 1. Schematic of the agrivoltaic system model with bifacial PV modules. The scene includes a field of olive trees along with the PV modules. Then a scan of the 
scene is performed to calculate the amount of solar radiation captured by both the front and rear sides of the bifacial PV modules, as well as that captured by the 
olive trees. 
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performance of bifacial PV modules and has been used in multiple 
research studies [30–32]. The PV system is characterized by the number, 
size, tilt angle and orientation of the modules that comprise it. On the 
other hand, the olive grove is represented with the olive trees di-
mensions, the distances between trees and the distance between rows of 
trees. In the next subsection, the methodology used to calculate the yield 
of both the PV system and the olive trees is explained. This provides 
insights into the factors that influence the performance of the combined 
APV system. 

2.1. Irradiance simulation 

In the configuration known as “interspace APV”, the modules can be 
installed using the available space between tree rows. This particular 
type of APV system is well-suited for super-intensive cultivation because 
of its row spacing of approximately 3.5 m. This distance between the 
rows allows ample space for the installation of PV in between. One 
crucial factor to consider when designing the PV structure is that it 
should not hinder the normal operation of the harvesting machine. 
Therefore, the structure must be carefully planned and constructed to 
allow the harvesting machine to move freely and work efficiently 
without any impediments. To ensure that the harvesting machines used 
in olive harvesting can operate freely, the minimum height of the PV 
system structures considered for this study was 3 m [33,34]. To model 
the energy yield of the PV system, the hourly TMY data from PVGIS [28] 
was used as input to the Radiance raytracing simulation tool [29]. To 
simplify the simulation process, the scene was divided into two parts: (i) 
the olive trees, which were characterized by the dimensions of the trunk 
and the crown, and (ii) the PV system. Thus, as shown in Fig. 2, each tree 
was approximated as two cylindrical shapes, one above the other, with 
dimensions that reproduce those of real super-intensive olive trees [21]. 
The trunk has a radius of 0.25 m and a height of 1 m, while the crown has 
a radius of 1 m and a height of 1.5 m. The total height for the three 
varieties is therefore considered to be 2.5 m, which represents the 
average height of olive trees in a super-intensive cultivation approach 
[35]. 

The amount of solar radiation that reaches the rear side of the bifa-
cial PV module is directly linked to the albedo coefficients of both the 
trees and the ground. In this study, the broadband albedo used for trees 
is 0.309, which is derived from the spectral albedo data of the Picual 
variety obtained from [36]. An assumption has been made to consider 
the same albedo for all three varieties due to the lack of alternative 
reflectance data available in the literature. Also, the light soil was used 
as ground albedo with a broadband albedo of 0.25. 

The second part of the scene is the PV system, which is defined with 
PV modules tilt angle and the orientation to optimize the energy pro-
duction. In order to determine an appropriate size for the APV system, a 
sensitivity analysis was conducted by considering different numbers of 
tree rows (from 8 to 18). The objective was to determine whether 
increasing the number of rows beyond 8 would have any significant 
impact on the amount of solar irradiance received by a central tree. The 
findings indicated that the increase in the APV field size considered in 

the simulation did not result in any discernible effect on the amount of 
sunlight received by the trees. On average, the solar irradiance received 
by a tree in the central row exhibited a 0.27% variation only. Based on 
these results, it was concluded that an APV configuration comprising 8 
rows of trees was appropriate for the study. A bifacial module with di-
mensions of 1.755 m in height and 1.038 m in width was employed in 
the simulations [37]. The complete scene is presented in Fig. 2. The farm 
area remained constant at 860 m2, which corresponds to a rectangular 
shape with a length of 41.42 m and a width of 20.76 m. This area ac-
commodates 8 rows of olive trees and 7 rows of bPV modules. To 
determine the incident irradiance that reaches the trees and the PV 
modules, multiple sensors were placed on both elements in the Bifacial 
Radiance scene. Five sensors are placed on the PV module: four sensors 
are positioned in each corner, and the fifth sensor is placed in the center 
of the module. PV sensors were positioned on a central PV module 
within the central PV row. This was done to acquire irradiance values on 
PV modules simulated without interaction with edge effects. Subse-
quently, the average irradiance measured by the sensors was calculated. 
For the trees, four sensors per tree were employed, as shown in Fig. 2. 
The positioning of the tree sensors was specifically chosen to measure 
the irradiance at various points on the tree crown, namely E (east), W 
(west), S (south), and N (north). The results of the simulation were then 
used as inputs to the PV and olive models, which are detailed in the next 
section. 

The tilt angle and hub height (h) of the PV modules are the adjustable 
parameters used to optimize both PV and olive yields. However, for all 
simulations, the orientation was fixed to the south. Although varying the 
orientation can yield different results for the PV, the south orientation is 
being considered to maximize annual energy yield [38], particularly in 
regions with latitude angles exceeding 30◦ [38]. Nevertheless, opti-
mizing the income of the APV system, while considering fluctuations in 
energy prices, a different optimum orientation may emerge, potentially 
resulting in a lower levelized cost of electricity (LCOE). One of the pri-
mary reasons for varying the tilt angle and hub height of PV panels, as 
illustrated in Fig. 3, is to assess the impact of shading levels on olive trees 
and investigate their sensitivity to radiation intensity. In order to cover 
all possible angles, the tilt angle of the PV modules was systematically 
altered from 0 to 90◦. While angles as low as 0◦ may raise practical 
concerns related to rainfall, our aim was to gain a comprehensive un-
derstanding of yield patterns by exploring this extensive spectrum of 
angles. Similarly, the hub height was varied between 3 m and 4.5 m. 
Lower heights were not considered to ensure that the harvesting ma-
chine could operate under normal conditions. In super-intensive culti-
vations, a lower height harvesting machine is typically adopted, such as 
the “ALMONDS’LINE” machine [39], which has a height of 3.3 m and an 
overall width of 2.95 m, This machine is well-suited for this purpose and 
can serve as an effective solution for harvesting olives in an olive 
interspaced APV configuration. 

Fig. 2. Modeling of an Agrivoltaic system with olive trees using Bifacial Radiance Raytracing Tool. Scene created to obtain the incident radiation in different points.  
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2.2. APV dual model 

2.2.1. Photovoltaic model 
The PV power per unit active area in W/m2 is calculated by following 

a standard procedure based on the following expressions [40,41]: 

PPV = Geff *ƞSTC*AOIF*BSF*TF (1)  

Geff = Gfront +φ*Grear (2)  

where Gfront and Grear represent the front and rear irradiance, respec-
tively, on both sides of the bifacial PV module (bPV) in W/m2, and 
Geff denotes the bifacial effective irradiance in W/m2, calculated as the 
sum of the front and the rear irradiance corrected by the bifaciality 
factor (φ), which was considered to be 70%. ƞSTC represents the PV 
module efficiency under Standard Test Conditions (STC, 1000 W/m2, 
AM1.5G spectrum and 25 ◦C), which is considered to be equal to 20%. 
AOIF is the angle of incidence factor, which corrects the PV power when 
the sunrays do not fall perpendicularly on the module surface. It is 
assumed that the effect of the AOI is the same on both the front and rear 
sides of the module. The impact has been quantified by using the “iam. 
physical” model from PVLIB library [42]. BSF is the bifacial spectral 
factor that spectrally corrects the PV power [43]. TF is the thermal factor 
that performs the temperature correction. The four factors are 
dimensionless. 

The BSF is calculated as: 

BSF =
Gfront • SFfront + φPmax • Grear • MM • SFrear

Gfront + φPmax
• Grear

(3)  

SFfront =

∫
SRfront(λ)⋅Efront(λ)⋅dλ

∫
SRfront(λ)⋅Efront,ref(λ)⋅dλ

⋅
Gfront,ref

Gfront
(4)  

SFrear =

∫
SRrear(λ)⋅Erear(λ)⋅dλ

∫
SRrear(λ)⋅Erear,ref(λ)⋅dλ

⋅
Grear,ref

Grear
(5)  

MM =

∫
SRrear(λ)⋅Erear,ref(λ)⋅dλ

∫
SRrear(λ)⋅Efront,ref(λ)⋅dλ

⋅
Gfront,ref

Grear,ref
(6)  

where SFfront and SFrear are the front and rear spectral factors that 
quantify the influence of the incident spectrum on the front and rear 
sides of the PV module, respectively. MM is the mismatch factor between 
the two reference spectra (rear and front). Efront(λ) and Erear(λ) represent 
the incident global spectral distribution on the front and rear sides of the 
bifacial module. This global spectrum is generated using the SMARTS 
tool and then scaled with the front and rear broadband irradiances ob-
tained from Radiance simulations. SRfront(λ) and SRrear(λ) are the front 
and rear spectral responses of the c-Si bifacial PV module [44]. 
Efront,ref (λ) and Erear,ref (λ) are the reference spectra considered for the 
front and rear sides. These responses were obtained by averaging the 
measured spectral response curves from the front and rear sides of six 
commercially available bifacial PV modules. Gfrontand Grear are the 
broadband global irradiance values on the front and rear sides, and 
Gfront,ref and Grear,ref are the front and rear broadband reference irradi-
ances. Furthermore, all spectral factors were simulated using the same 
time step as the TMY dataset. 

The TF is calculated by using the PV cell temperature and the thermal 
coefficient of the PV module as: 

TF = 1+ γ⋅
(
Tcell − Tcell,STC

)
(7)  

Tcell = Ta +
TNOCT − 20◦C

800W/m2 ×
(
Gfront +Grear

)
(8)  

where Tcell is the cell temperature and Tcell,STC is the cell temperature 
under STC and equals to 25 ◦C. The Tcell is determined by using the 
ambient temperature Ta data obtained from the TMY dataset, in com-
bination with the global irradiance of the PV module. The global irra-
diance is calculated as the sum of the front and rear irradiances, 
applying the method described in the IEC 61853–1 standard and based 

Fig. 3. Fixed-Tilt Interspaced Agrivoltaic: Schematic Diagram of Olive Tree Farming with PV Solar Panels.  
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on the Nominal Operating Cell Temperature (NOCT). For the PV module 
used in this study, the NOCT is 42 ◦C and γ is equal to − 0.0036 ◦C. An 
integral of the power PPV over the time period of interest is performed to 
determine the energy produced by the PV system in kWh/m2. In this 
study, potential losses, including soiling, electrical mismatch, wire 
heating, and DC/AC conversion, among others, have not been consid-
ered, even though they have the potential to reduce the PV yield. This 
choice is rooted in the observation that these additional losses tend to 
remain relatively constant and do not vary based on the APV system’s 
configuration or operational conditions. 

2.2.2. Olive tree crop model 
The olive tree development depends on the incident spectral irradi-

ance and its spectral absorption. To calculate the incident spectrum on 
the olive tree, Eplant(λ) in (W/m2.nm), a two-step process is followed. 
First, the TMY data obtained from PVGIS serves as the primary irradi-
ance input for the Bifacial Radiance Tool. Within this framework, the 
TMY data provides hourly listings of both direct and diffuse irradiances. 
The BR Tool subsequently conducts Ray tracing simulations with the 
same time step, aided by sensors strategically placed on the olive trees. 
These simulations enable the calculation of the broadband irradiance 
intercepted by the trees. Second, to determine the spectral irradiance 
received by the olive trees, the SMARTS tool is employed. This tool 
generates the spectral profile of the global irradiance under given con-
ditions. Subsequently, this simulated spectral global irradiance is scaled 
using the broadband irradiance data obtained from the Bifacial Radi-
ance tool. The resulting spectral data offers a highly accurate repre-
sentation of the incident irradiance on the olive tree, capturing the 
specific wavelengths and their corresponding intensities in a compre-
hensive manner. This combined approach ensures that the incident 
spectrum on the olive tree is appropriately characterized in terms of 
both broadband and spectral components. 

The scaling was done as: 

Eplant(λ) =
G

∫
GHI(λ)dλ

*GHI(λ) (9)  

where G in W/m2 is the broadband global irradiance received by the 
olive tree from the raytracing simulation, GHI(λ) in W/m2.nm is the 
spectral global irradiance from SMARTS simulated at the same sun po-
sition. Fig. 4 shows an example of a comparison between the spectra 
obtained from the SMARTS model and the spectra derived after the 

scaling process. 
To evaluate the performance of the olive tree, the CO2 absorbed by 

the photosynthesis in mol (CO2)/m2 is considered as the output of the 
olive tree model. It can be obtained by integrating the instantaneous PSN 
in μmol

(
CO2)/(m2.s

)
over time. The PSN depends on the photosynthetic 

photon flux density (PPFD). This relation is a characteristic function for 
each crop. From the incident spectrum on the olive tree in W/

(
m2 • nm

)
, 

the PPFD is calculated in μmol/m2 • s, according to the next expression 
[45]: 

PPFDplant =

∫ 700

400

Eplant(λ)⋅λ
NA⋅h⋅c

⋅dλ (10)  

where NA is the Avogadro’s number, h is the Planck’s constant and c is 
the light velocity. 

In this study, an analysis was conducted on three distinct olive va-
rieties: Picual, Manzanilla, and Chemlali. These particular cultivars were 
chosen due to their wide availability and prevalence in specific regions. 
Picual olives are predominantly found in the Spanish province of Jaén, 
Spain [46]. Manzanilla olives, on the other hand, are endemic to Seville 
in Spain [47]. Lastly, Chemlali olives can be found in various Mediter-
ranean countries, particularly Tunisia [48]. Moreover, we chose them 
because they exhibit different light responses. To accurately measure the 
photosynthetic light-response curves of these trees, a Licor LI-6800 
portable photosynthetic system was used. This device is widely recog-
nized and used for characterizing the light response of various crops 
[49,50]. It incorporates an automatic control mechanism that adjusts 
the concentration of CO2 in the air stream. 

By utilizing the Licor LI-6800 system, the response of gross carbon 
assimilation to absorbed light was assessed, which serves as a reliable 
indicator of the quantum efficiency of photosynthesis in olive tree 
leaves. Therefore, our analysis provides valuable insights into the 
photosynthetic performance of these trees. The experiment involved 
one-year-old plants cultivated within a controlled culture chamber, 
maintaining constant conditions of 40% humidity and a temperature of 
21 ◦C. These plants adhered to a fixed daily light cycle of 16 h of light 
and 8 h of darkness. To enhance the reliability of the results, six plants of 
each type were employed, and measurements were repeated five times. 
The primary instrument for measurement was the LI-Cor 6800 photo-
synthetic analyzer. Before conducting measurements, the plants under-
went a period of acclimatization to darkness the day prior. 
Subsequently, they were exposed to saturated pulsed light (3000 μmol 
m− 2 s− 1, 300 ms duration) to determine both the minimum (F0) and 
maximum (Fm) chlorophyll fluorescence levels. These values represent 
the status of the plant’s photosystem II (PSII) reaction centers when they 
were fully closed (after dark acclimation) and fully open, respectively. 
Additionally, these fluorescence levels were measured when the plants 
were adapted to light (F0’ and Fm’). Utilizing this dataset, 
photosynthesis-light curves were constructed. Throughout these mea-
surements, specific conditions were maintained within the analyzer, 
including a constant CO2 concentration of 400 ppm, a relative humidity 
of 40%, an ambient temperature of 21 ◦C, a flow rate of 500 mmol/s, a 
fan speed of 10,000 rpm, and a light spectrum with specific color pro-
portions (R90 B10). The light intensity varied in a gradient from 0 to 
2000 μmol m− 2 s− 1, with controlled waiting times between different 
light levels (ranging from 60 to 180 s). This gradient facilitated the 
precise modeling of the relationship between light intensity and the rate 
of net photosynthesis PSN in μmol (CO2)/m2s. Fig. 5 presents the light 
responses of the three olive varieties. 

The light source of the Licor LI-6800 unit used to characterize the 
different olive trees has a spectral distribution ELicor(λ), which differs 
from the incident spectrum on the trees. Thus, in order to improve the 
accuracy of the results, a spectral mismatch factor MM is considered. 
The mismatch can be obtained as: Fig. 4. A comparison between the spectrum obtained from SMARTS (Clear-sky 

Spectrum) and the scaled spectrum (Real Spectrum) on the 21st day of Mars at 
10:00 AM with G = 596 W/m2. 
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MM =

∫
Eplant(λ)⋅QY(λ)⋅λ⋅dλ

∫
ELicor(λ)⋅QY(λ)⋅λ⋅dλ

⋅
∫

ELicor(λ)⋅λ⋅dλ
∫

Eplant(λ)⋅λ⋅dλ
(11)  

where QY(λ) represents the quantum yield of the tree. In this particular 
case, we have adopted the typical quantum yield proposed by McCree 
[51], which is recognized as being representative of various crops [51]. 
Additionally, the ELicor(λ) corresponds to a characteristic of the Licor LI- 
6800 light source, as illustrated in Fig. 6. 

To accurately relate the PPFD emitted by the Licor to the 
PPFDuncorrected received by the plant, the following expression can be 
used: 

PPFD = MM⋅PPFDuncorrected (12) 

PPFD refers to the amount of light available for photosynthesis, 
while PSN represents the rate at which plants convert that light energy 
into organic compounds through photosynthesis. Generally, until 
reaching a saturation point, the relationship between PPFD and PSN is 
positive, indicating that the higher the PPFD, the greater the PSN. 
Beyond the saturation point, further increases in PPFD may not signif-
icantly enhance photosynthesis and can even lead to a decrease in PSN 
due to factors such as photoinhibition. Photoinhibition occurs when the 
plant’s photosynthetic apparatus becomes overwhelmed by an excess of 
light energy, leading to a reduction in the photosynthetic efficiency and 
to a potential damage to the plant [52]. However, this relationship is not 
linear and is influenced by several factors that affect the overall 
photosynthetic efficiency of a crop, including temperature, humidity 
and CO2 concentration. In order to characterize this relationship, we 
employed a fitting process and determined that a fourth-order poly-
nomial provides the best fit. This approach allowed us to accurately 
establish the relationship between the PPFD and the PSN for each olive 
cultivar as: 

PSN = a0 + a1⋅PPFD+ a2⋅PPFD2 + a3⋅PPFD3 + a4⋅PPFD4 (13) 

It is noteworthy that the photosynthetic rate PSN was modeled with 
high accuracy, as evidenced by an average coefficient of determination 
(R2) value of 0.98. This outcome provides strong evidence supporting 
the quality of the crop photosynthesis PSN modeling conducted in this 
study. However, it is important to note that the light-response curves 
were measured under specific conditions of CO2 content, temperature, 
and soil humidity. It is crucial to acknowledge that the light-response 
curves of crops can vary significantly based on these parameters. In 
this study, we assume that the light-response curves remain unchanged, 
considering the specified conditions. The integration of the instanta-
neous PSN over the relevant time interval enables the quantification of 
the CO2 absorbed by photosynthesis in mol (CO2)/m2, which represents 
the primary output of the crop model. Since the critical periods affecting 
olive tree yield due to radiation are not clearly defined [53], this study 

Fig. 5. Photosynthetic light response curves of three different olive tree vari-
eties plotted against photosynthetic photon density. 

Fig. 6. Standard ASTM G173–03 global spectrum, typical quantum yield (QY) of crops, as proposed by McCree [51], ELicor(λ) spectrum, and front and rear side spectral 
response of c-Si bifacial module. 
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performs an annual calculation of olive yield to account for the uncer-
tainty of when these critical periods occur throughout the year. 

2.2.3. Measuring the benefits of APV: Land equivalent ratio 
To evaluate the efficiency and productivity of an APV system, the 

Land Equivalent Ratio (LER) is a commonly used performance indicator 
[12]. LER quantifies the land productivity of the combined energy and 
crop outputs of an APV system compared to the productivity of stand-
alone PV and crop systems, both using the same land area. The LER can 
be expressed as follows: 

LER =
Ycrop,APV

Ycrop,ref
+

YPV,APV

YPV,ref
(14)  

where YPV,APV is the energy yield for the APV and YPV,ref is the energy 
yield of a reference traditional PV farm. Ycrop,APVis the yield of olive trees 
grown in an APV system, and Ycrop,ref represents the yield of reference 
super-intensive olive trees grown in an open field with a tree row 
spacing of 3.5 m and a tree height of 2.5 m. The reference PV farm under 
consideration is a fixed-tilt PV system without an APV configuration. It 
features PV modules tilted at 30◦, a pitch of 3.5 m, a hub height of 3.5 m, 
and a ground albedo of light soil, with a broadband value of 0.25. No 
tracking system was considered in the reference PV farm to prevent an 
increase in PV yield. This ensures that any variation in yield ratio is 
solely attributed to the APV configuration and that it not a result of the 
inherent advantages of tracking systems. The number of sensors placed 
on PV modules and on the trees is kept the same in both the APV and 
reference configurations, simplifying the impact of the number of sen-
sors under consideration. A LER value >1 indicates that the combined 
yield on the same land is higher than the yield of each system when 
implemented separately on the same land area. 

2.2.4. Simplified approach for olive yield prediction 
In this study, we have employed an approach to determine the olive 

yield in an agrivoltaic system. Our approach considers several key fac-
tors, including the spatial variation of sun irradiance, the spectral 
variation of sunlight, and the configuration of the APV system. Addi-
tionally, we consider the photosynthetic light response of the olive va-
rieties to account for the variation in olive response at different PPFD 
values. Another approach to estimate crop yield, as suggested by Riaz 
et al. [54], utilizes a linear and quadratic model based on the light 
shading ratio RGR. The shading ratio RGR is defined as the ratio of the 
annual irradiance received by the crop in an APV configuration to the 
annual irradiance received by the same crop in an open field with no PV 
panels shading the crop. 

The authors express the linear relationship as follows: 

Ycrop,APV

Ycrop,ref
= m*RGR +(1 − m) (15)  

where (m) represents the linear slope and signifies the sensitivity of the 
crop to shading, taking values between 0 and 1. In the ideal scenario 
where m equals 0, the shade has no effect on the crop. This method 
simplifies the calculation by reducing the dependency of crop yield on 
sunlight to solely the shading ratio, which can be easily determined 
using various commercial software packages, such as PVsyst [55] and 
SAM [56]. However, knowledge of the crop sensitivity is essential for 
accurate crop yield calculations. In a previous study [18], the same 
model was employed to estimate the yield of Arbequina olive trees under 
different shading conditions. The study considered the linear model with 
three levels of sensitivity: m = 0 (indicating no sensitivity to shading), m 
= 0.5 (average sensitivity to shading), and m = 1 (maximum sensitivity 
to shading). Nevertheless, precise determination of the sensitivity 
parameter m can significantly enhance the model’s accuracy. In our 
study, we consider the determination of sensitivity for the three olive 
varieties and conduct a comparative analysis of the two approaches. 

3. Results 

An assessment of the performance of the APV system for different 
configurations of PV modules has been made. The energy production 
and the olive yield were computed based on the varying levels of 
shading cast on the trees, which were determined by the panel tilt angle 
and the hub height to the ground. The tilt angles of the PV panels 
considered ranged from 0 to 90◦, while the hub height varied between 3 
and 4.5 m with half-meter increments. The orientation of the panels was 
maintained towards the south. 

3.1. Impact of the photovoltaic configuration on APV yields 

In order to investigate the impact of the modules tilt and hub height 
on the PV annual energy and olive yields, these were normalized against 
reference cases: an open field bPV with a 30◦ tilt and a 3.5 m pitch for the 
PV yield, and an olive grove without PV for the olive yield. Typically, for 
monofacial PV modules in the northern hemisphere, the annual PV en-
ergy production reaches a maximum at a tilt close to the latitude of the 
location [57–59]. Similarly, for bifacial PV, the optimal tilt angle is often 
found to be equal to or slightly higher than the latitude [60,61]. This is 
the case for large values of the ground coverage ratio, which is defined as 
the ratio between the PV collector length and the row pitch [62]. 
However, it should be noted that for bifacial PV, the optimal tilt angle 
may be affected by surrounding albedo [63], as well as clearance, 
though the latter has a negligible effect for values >1 m [61]. 

The energy yield results of varying the bPV tilt angle are presented in 
Fig. 7 (left). The figure illustrates that the annual energy yield increases 
with an increase in the tilt angle from 0◦ to 30◦. The maximum energy 
yield is achieved when the tilt angle is close to the Jaén latitude, which is 
37.77◦. However, as the tilt angle exceeds this value, the annual energy 
yield drops rapidly. When the tilt angle reaches 90◦, the drop in the 
energy yield is 50%. The maximum PV yield ratio does not reach 1 for 
hub heights of 3 m and 4.5 m because it differs from the reference 
configuration at a height of 3.5 m. Furthermore, the reference case does 
not include olive trees, which means that all the irradiance received by 
the ground will be reflected to the rear side of the PV module, with a 
ground albedo. In the case of the APV, a portion of the reflected light 
from the ground is intercepted by the trees. 

However, determining the optimal tilt angle is a tradeoff between 
maximizing the energy yield and ensuring adequate sunlight sharing 
between the PV panels and the olive trees. Fig. 7 (right) presents the 
annual olive yield for the three varieties of olive trees at a hub height of 
4.5 m. The results show that the olive yield decreases with an increase in 
the bPV tilt angle. An increase in the PV tilt angle from 0◦ to 40◦ has 
resulted in a drop in the olive yield of about 1.48%, 1.76%, and 1.50% 
for Picual, Manzanilla, and Chemlali, respectively. The Manzanilla’s 
yield decreases more when exposed to moderate light levels due to its 
relatively lower light saturation point. However, beyond this point, the 
olive yield rapidly increases to reach its maximum at 90◦ with a rise of 
10.1%, 10.8%, and 10.7%, respectively. 

The effect of height h on the energy yield of PV panels becomes 
noticeable when the height is lower than 1 m. This is because the in-
tensity of light reflected on the rear side of the module increases with 
height. However, this effect becomes minimal above that height [64]. 
The results confirm this observation. For instance, a maximum variation 
in PV yield of 2.67% is observed between a height of 3 m and 4.5 m at a 
tilt of 90◦ (Fig. 7, Left). On the other hand, the olive yield is susceptible 
to shading caused by the PV modules. However, all three varieties show 
the same pattern of variation in olive yield with the PV module tilt and 
height. The annual average difference in olive yield between the three 
varieties is approximately 1.2%. Fig. 8 illustrates the variation in 
normalized annual Picual olive yield with the PV module tilt angle for 
different heights. The yield variation of three varieties of olive trees with 
hub height and PV tilt angle is listed in the annex. 

The olive yield demonstrates an overall decrease in yield as the 
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height of the PV modules increases in the horizontal configuration (tilt 
= 0◦), resulting in a total decrease of 6.9%. This decline in olive yield is 
attributed to the increase in shading ratio, which rises as the height 
increases. In the inclined PV configuration (tilt >0◦), there are two 
distinct cases to consider. The first case occurs when the tilt angle is 
<80◦. In this scenario, as the hub height increases, the olive yield 
initially decreases until it reaches a minimum point between 4 and 4.5 m 
in height. However, beyond this minimum point, the yield starts to in-
crease again. The second case pertains to tilt angles between 80◦ and 
90◦. In this situation, the yield shows a minimal increase with the height 
h, followed by a subsequent decrease until reaching a minimum between 
4 and 4.5 m in height. After reaching this minimum point, the yield 
begins to increase once more. In the inclined PV configuration, as the PV 
panels are not directly positioned above the trees but rather in rows 
between the tree rows, increasing the PV hub height results in general in 
more shading on the olive trees. However, beyond a certain height 
threshold, the distance between the tree crowns and the PV modules 
becomes sufficient to allow irradiance to enter in between, reducing the 
shading ratio. This, in turn, leads to an increase in the olive yield. 

3.2. Land equivalent ratio 

The land equivalent ratio LER serves as a valuable metric to evaluate 
the combined influence of PV module tilt and hub height on PV and olive 

yields. It can also offer insights into the land efficiency of an APV system 
that incorporates bifacial PV panels and olive tree cultivation. The LER 
exhibits a consistent pattern of variation across the three olive varieties, 
with an average difference of approximately 0.6% between them. Fig. 9 
displays the variation of the LER with the tilt and hub height for the 
Picual variety. The results indicate that, across all configurations and for 
all three olive cultivars, the LER remains >1. This suggests that the 
combined yield on the same land is higher than what each system would 
produce individually if implemented separately on the same area. The 
LER gradually increases from a tilt of 0◦, reaching its maximum increase 
in overall land productivity at around 71% when the tilt falls between 20 
and 40◦. This increase is primarily due to the increase in PV yield, which 
approaches the optimum tilt angle. However, beyond this point, the PV 
yield starts to decrease as the tilt angle increases, resulting in a decline in 
the LER. At a tilt of 90◦, the LER reaches its minimum value, with a drop 
of 30%. 

In contrast, when the height of the PV modules is increased from 3 m 
to 4 m, the LER decreases due to a corresponding decrease in the olive 
yield. However, when the PV module height reaches 4.5 m, the LER 
starts to increase again for all tilts except the horizontal tilt. This in-
crease is observed because the shading level decreases with the 
increased height for these specific tilt angles. These findings suggest that 
at an optimum height, the optimization of PV yield is primarily deter-
mined by the module’s tilt angle. Overall, the results of this analysis 
indicate that the variation in tilt angle has a greater impact on PV yield, 
while the variation in PV module height has a stronger effect on olive 
yield. This conclusion implies that finding the right balance between tilt 
angle and module height is crucial for maximizing the overall produc-
tivity of the land. Increasing the height of PV modules can indeed reduce 
shading on nearby trees. However, it is crucial to note that this 
improvement comes with a potential drawback: a significant increase in 
system costs, as highlighted in reference [65]. Therefore, optimizing an 
APV system involves a delicate balance between maximizing yields and 
minimizing economic expenditure. The ideal configuration may vary 
based on different perspectives, with some favoring higher profitability 
and others emphasizing lower initial costs. 

3.3. Comparative analysis of olive yield models 

To assess the sensitivity of olive trees to shading, a linear regression 
analysis was conducted. The analysis involved fitting the ratio of 
Ycrop,APV/Ycrop,ref calculated with the olive model against the shading 
ratio, denoted as RGR (as shown in Fig. 10). The shading levels of 
RGR were determined based on the PV configuration considered in this 

Fig. 7. (Right) Yield response of three olive tree varieties to variations in PV module tilt angle. (Left) PV yield variation plotted against PV tilt angle at h = 3 m and 
4.5 m. 

Fig. 8. Yield variation of Picual olive trees plotted against both hub height and 
PV tilt angle. 
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study, which included tilt angles ranging from 0 to 90◦ and a hub height 
between 3 and 4.5 m. The resulting RGR values ranged from 60% to 75%. 
The sensitivity values obtained for each variety of olive trees are pre-
sented in Table 1. The resulting sensitivity of the three olive tree vari-
eties was found to be moderate, which explains the lower decrease in 
olive yield under APV system configurations. 

To compare our olive model with the simplified linear model, we 
utilized the obtained sensitivity values m to calculate the ratio Ycrop,APV/

Ycrop,ref using the linear model. In Fig. 11, we present a comparison of the 
olive yield ratio results between the two models. To assess the accuracy 
of the simple model, we employed the coefficient of determination (R2). 
Among the different olive varieties, the Chemlali variety demonstrated 
the highest accuracy, with an R2 value of 0.893. It was closely followed 
by the Picual variety with R2 = 0.879 and the Manzanilla variety with 

R2 = 0.845. On the other hand, the linear model shows low values of 
errors compared to our model, with an average root mean square error 
(RMSE) value of 0.97% and an average mean bias error (MBE) of 0.73%. 
These low values indicate that the linear model can simplify the calcu-
lation of olive yield with high accuracy. 

These results indicate a good correlation between the two methods. 
However, it is important to investigate other levels of shading, such as 
very low and very high shading ratios, to ensure that the correlation 
holds across all ranges. Additionally, this correlation was verified at an 
annual scale, but further investigations should explore lower time steps, 
such as daily and hourly, to capture more nuanced dynamics. Moreover, 
this comparison opens doors to studying additional types of crops on a 
global scale. Investigating different crops will allow us to generalize the 
findings and expand the applicability of our models. However, it is 
worth mentioning that these results can be further enhanced with 
experimental validation. Experimental validation will provide more 
robust evidence for the accuracy and reliability of our models. 
Furthermore, the APV system with olive orchard demonstrates prom-
ising yield results. However, to fully evaluate the feasibility and prac-
ticality of this system, an economic study is needed as future work. 
Assessing the profitability of the APV system will provide crucial in-
sights for its implementation and adoption in real-world scenarios. 

Fig. 9. Bar Plot of the Variation of Land Equivalent Ratio (LER), Olive Yield, and PV Yield of Picual Olive at Different PV Tilt Angles and Hub Heights.  

Fig. 10. Olive yield ratio from the olive model plotted against the shading ratio 
for three olive varieties, with the R2 between olive yield ratio and shade ratio 
highlighted. 

Table 1 
Sensitivity to Shading of Three olive varieties in APV Systems.  

Olive Variety Sensitivity to shading, m 

Picual 0.639 
Manzanilla 0.666 
Chemlali 0.671  

Fig. 11. Comparison of the simulated olive yield using two models.  

E. Mouhib et al.                                                                                                                                                                                                                                 



Applied Energy 359 (2024) 122660

11

4. Conclusions 

In conclusion, this study offers significant insights into the perfor-
mance of an APV system installed in southern Spain, particularly in 
relation to various bPV configurations. The findings demonstrate that 
the PV energy yield is maximized when the tilt angle closely aligns with 
the latitude, whereas a vertical inclination results in the lowest PV en-
ergy yield. Interestingly, the vertical inclination proves to be optimal for 
maximizing the yield of olive trees. The impact of varying the PV module 
height between 3 and 4.5 m is found to have minimal influence on the 
PV energy yield. When examining the inclined PV configuration, two 
distinct cases emerge. For tilt angles below 80◦, the olive yield initially 
decreases with increasing hub height until reaching a minimum point 
between 4 and 4.5 m. Beyond this threshold, the yield begins to rise 
again. In the case of tilt angles between 80◦ and 90◦, the yield experi-
ences a slight increase with height, followed by a decline until reaching a 
minimum between 4 and 4.5 m. Subsequently, the yield starts to in-
crease once more. Overall, the results indicate that the variation in tilt 
angle has a greater impact on the PV yield, while the variation in PV 
module height primarily affects the yield of olive trees. Additionally, the 
assessment of olive tree varieties reveals a moderate dependency on 
shading, making all varieties suitable candidates for APV applications. 

Furthermore, a comparison between this model and a simplified 
linear model demonstrates a strong correlation between the two 
methods within the considered shading level. To summarize, this study 
provides valuable insights into the performance of APV systems and 
underscores the importance of considering optimal configurations to 
maximize both PV energy yield and olive tree yield. These findings can 
provide guidance for future agrivoltaic projects involving olive trees and 
contribute to the development of sustainable and efficient dual land use 
in agrivoltaic setups. However, experimental validation would be 
beneficial to verify the models using real crop yield data. Such validation 
would not only assess model accuracy but also underscore the potential 
utility of the study. 
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Appendix A. Annexes  

Table 2 
Yield Variation of Chemlali, Manzanilla, and Picual Olive Trees with Hub Height and PV Tilt Angle.   

Tilt (◦)  

Height (m) 0 20 40 60 80 90 

Chemlali 

3.00 0.825 0.804 0.798 0.808 0.814 0.826 
3.50 0.790 0.770 0.766 0.772 0.810 0.817 
4.00 0.776 0.747 0.740 0.753 0.783 0.798 
4.50 0.765 0.760 0.754 0.761 0.799 0.834 

Manzanilla 

3.00 0.831 0.808 0.800 0.809 0.813 0.825 
3.50 0.794 0.773 0.768 0.771 0.809 0.817 
4.00 0.781 0.749 0.740 0.752 0.782 0.798 
4.50 0.770 0.764 0.756 0.762 0.801 0.838 

Picual 

3.00 0.835 0.814 0.808 0.817 0.822 0.834 
3.50 0.801 0.781 0.777 0.783 0.818 0.825 
4.00 0.788 0.759 0.752 0.764 0.793 0.807 
4.50 0.777 0.772 0.766 0.773 0.809 0.843  
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aceituna. n.d. https://www.pellenc.com/es-es/nuestros-productos/arboricultura- 
frutal-y-olivicultura/olivicultura/cosechar/arrastrada-olives-line (accessed June 
19, 2023). 

[35] How important is the pruning of the olive grove?. 2021. https://blog.esao.es/en/h 
ow-important-is-the-pruning-of-the-olive-grove#:~:text=The olive grove in hedge, 
from 1 to 2 meters. (accessed September 27, 2023). 

[36] Gomes L, Nobre T, Sousa A, Rei F, Guiomar N. Hyperspectral reflectance as a basis 
to discriminate olive varieties—A tool for sustainable crop management. 
Sustainability 2020;12:3059. https://doi.org/10.3390/su12073059. 

[37] Solar L. LR4-60HBD 350 - 380M. https://solarshop.baywa-re.lu/core/media/m 
edia.nl?id=172589&c=6376560&h=sz4zIXjDuHhyGuue0iyqpUxxBzLYNo 
1fQ9H_U0BcllaUBRd9&_xt=.pdf; 2013. 

[38] Sun X, Khan MR, Deline C, Alam MA. Optimization and performance of bifacial 
solar modules: A global perspective. Appl Energy 2018;212:1601–10. https://doi. 
org/10.1016/j.apenergy.2017.12.041. 

[39] ALMONDS’’LINE. Olive harvester machine CV5045 n.d. https://www.agriexpo.onl 
ine/prod/pellenc/product-168153-13285.html. 

[40] Fernández EF, Soria-Moya A, Almonacid F, Aguilera J. Comparative assessment of 
the spectral impact on the energy yield of high concentrator and conventional 
photovoltaic technology. Sol Energy Mater Sol Cells 2016;147:185–97. https://doi. 
org/10.1016/j.solmat.2015.12.003. 

[41] Fernández EF, Talavera DL, Almonacid FM, Smestad GP. Investigating the impact 
of weather variables on the energy yield and cost of energy of grid-connected solar 
concentrator systems. Energy 2016;106:790–801. https://doi.org/10.1016/j. 
energy.2016.03.060. 

[42] Holmgren F, Hansen W, Mikofski A. pvlib python: a python package for modeling 
solar energy systems. J Open Source Softw 2018;3:884. https://doi.org/10.21105/ 
joss.00884. 

[43] Mouhib E, Rodrigo PM, Micheli L, Fernández EF, Almonacid F. Quantifying the 
rear and front long-term spectral impact on bifacial photovoltaic modules. Sol 
Energy 2022;247:202–13. https://doi.org/10.1016/j.solener.2022.10.035. 

[44] Gostein M, Marion B, Stueve B. Spectral effects in albedo and rearside irradiance 
measurement for bifacial performance estimation. In: 2020 47th IEEE Photovolt. 
Spec. Conf. IEEE; 2020. p. 0515–9. https://doi.org/10.1109/ 
PVSC45281.2020.9300518. 

[45] Wu B-S, Rufyikiri A-S, Orsat V, Lefsrud MG. Re-interpreting the photosynthetically 
action radiation (PAR) curve in plants. Plant Sci 2019;289:110272. https://doi. 
org/10.1016/j.plantsci.2019.110272. 

[46] Beltrán G, del Rio C, Sánchez S, Martínez L. Influence of harvest date and crop yield 
on the fatty acid composition of virgin olive oils from Cv. Picual J Agric Food Chem 
2004;52:3434–40. https://doi.org/10.1021/jf049894n. 

[47] Morales-Sillero A, Fernández JE, Torres-Ruiz JM, Montero A. Influence of 
irrigation scheduling on fruit quality of young potted “Manzanilla De Sevilla” Olive 
trees. Acta Hortic 2011:177–82. https://doi.org/10.17660/ 
ActaHortic.2011.888.19. 

[48] Khlif M, Ayadi M, Grati-Kammoun N, Arous MN, Rekik H, Hamdi MT, et al. 
Identifying chemlali olive variety in its traditional area. Acta Hortic 2002:117–20. 
https://doi.org/10.17660/ActaHortic.2002.586.16. 

[49] Lawrence EH, Stinziano JR, Hanson DT. Using the rapid A-C i response (RACiR) in 
the Li-Cor 6400 to measure developmental gradients of photosynthetic capacity in 
poplar. Plant Cell Environ 2019;42:740–50. https://doi.org/10.1111/pce.13436. 

[50] Li T, Heuvelink E, Dueck TA, Janse J, Gort G, Marcelis LFM. Enhancement of crop 
photosynthesis by diffuse light: quantifying the contributing factors. Ann Bot 2014; 
114:145–56. https://doi.org/10.1093/aob/mcu071. 

[51] McCree KJ. The action spectrum, absorptance and quantum yield of photosynthesis 
in crop plants. Agric For Meteorol 1972;9:191–216. https://doi.org/10.1016/ 
0002- 1571(71)90022-7. 

[52] Demmig-Adams B, Adams WW. PHOTOSYNTHESIS AND PARTITIONING | 
Photoinhibition. In: Encycl Appl Plant Sci. Elsevier; 2003. p. 707–14. https://doi. 
org/10.1016/B0-12-227050-9/00091-0. 

[53] Lémole G, Weibel AM, Trentacoste ER. Effect of shading in different periods from 
flowering to maturity on the fatty acid and phenolic composition of olive oil (cv. 
Arbequina). Sci Hortic (Amsterdam) 2018;240:162–9. https://doi.org/10.1016/j. 
scienta.2018.06.005. 

[54] Riaz MH, Imran H, Younas R, Butt NZ. The optimization of vertical bifacial 
photovoltaic farms for efficient agrivoltaic systems. Sol Energy 2021;230:1004–12. 
https://doi.org/10.1016/j.solener.2021.10.051. 

[55] PVsyst. PVsyst – Logiciel Photovoltaïque. V 7211. https://www.pvsyst.com/; 2022. 
[56] SAM. Home - System Advisor Model (SAM). Nrel. https://sam.nrel.gov/; 2020. 

E. Mouhib et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.eja.2013.05.004
https://doi.org/10.1016/j.eja.2013.05.004
https://doi.org/10.3390/en16073012
https://doi.org/10.1016/j.ecolmodel.2018.06.012
https://doi.org/10.1016/j.njas.2009.07.001
https://doi.org/10.2135/cropsci1974.0011183X001400040021x
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0045
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0045
https://doi.org/10.3390/horticulturae7100369
https://theolivecentre.com/product/World-Catalogue-of-Olive-Varieties#:~:text=Some
https://theolivecentre.com/product/World-Catalogue-of-Olive-Varieties#:~:text=Some
https://doi.org/10.1016/j.renene.2011.03.005
https://doi.org/10.1016/j.renene.2011.03.005
https://doi.org/10.1016/S1161-0301(02)00110-7
https://doi.org/10.1016/S1161-0301(02)00110-7
https://doi.org/10.1016/j.rser.2020.110694
https://doi.org/10.1016/j.apenergy.2021.118474
https://doi.org/10.1016/j.apenergy.2021.118474
https://doi.org/10.1016/j.scienta.2022.111434
https://doi.org/10.1016/j.agwat.2022.107675
https://doi.org/10.1109/UPEC55022.2022.9917595
https://doi.org/10.1016/j.apenergy.2023.121988
https://doi.org/10.3390/agriculture11060494
https://doi.org/10.3390/agriculture11060494
https://doi.org/10.1016/j.scienta.2008.10.006
https://doi.org/10.3390/s18041242
https://doi.org/10.3390/s18041242
https://olivolio.net/superintensiva_en.html
https://olivolio.net/superintensiva_en.html
https://www.oliveoiltimes.com/production/one-third-of-global-olive-oil-production-comes-from-intensive-farming/112809
https://www.oliveoiltimes.com/production/one-third-of-global-olive-oil-production-comes-from-intensive-farming/112809
https://www.olimerca.com/noticiadet/el-olivar-en-seto-controla-el-36-del-aove-mundial/b84be72ca4ce1d048706ce3312bf2320
https://www.olimerca.com/noticiadet/el-olivar-en-seto-controla-el-36-del-aove-mundial/b84be72ca4ce1d048706ce3312bf2320
https://doi.org/10.1016/j.egyr.2023.02.011
https://doi.org/10.1007/s11625-022-01236-6
https://doi.org/10.1007/s11625-022-01236-6
https://doi.org/10.1016/j.solener.2012.03.006
https://doi.org/10.1016/j.solener.2012.03.006
https://doi.org/10.21105/joss.01865
https://doi.org/10.21105/joss.01865
https://doi.org/10.1109/JPHOTOV.2018.2877000
https://doi.org/10.1109/JPHOTOV.2019.2892872
https://doi.org/10.1109/JPHOTOV.2019.2892872
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0150
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0150
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0150
https://demolicionescordoba.es/maquinaria/maquinaria-ligera-de-demolicion/ficha-tecnica-bobcat-t770/
https://demolicionescordoba.es/maquinaria/maquinaria-ligera-de-demolicion/ficha-tecnica-bobcat-t770/
https://www.pellenc.com/es-es/nuestros-productos/arboricultura-frutal-y-olivicultura/olivicultura/cosechar/arrastrada-olives-line
https://www.pellenc.com/es-es/nuestros-productos/arboricultura-frutal-y-olivicultura/olivicultura/cosechar/arrastrada-olives-line
https://blog.esao.es/en/how-important-is-the-pruning-of-the-olive-grove#:~:text=The
https://blog.esao.es/en/how-important-is-the-pruning-of-the-olive-grove#:~:text=The
https://doi.org/10.3390/su12073059
https://solarshop.baywa-re.lu/core/media/media.nl?id=172589&amp;c=6376560&amp;h=sz4zIXjDuHhyGuue0iyqpUxxBzLYNo1fQ9H_U0BcllaUBRd9&amp;_xt=.pdf
https://solarshop.baywa-re.lu/core/media/media.nl?id=172589&amp;c=6376560&amp;h=sz4zIXjDuHhyGuue0iyqpUxxBzLYNo1fQ9H_U0BcllaUBRd9&amp;_xt=.pdf
https://solarshop.baywa-re.lu/core/media/media.nl?id=172589&amp;c=6376560&amp;h=sz4zIXjDuHhyGuue0iyqpUxxBzLYNo1fQ9H_U0BcllaUBRd9&amp;_xt=.pdf
https://doi.org/10.1016/j.apenergy.2017.12.041
https://doi.org/10.1016/j.apenergy.2017.12.041
https://www.agriexpo.online/prod/pellenc/product-168153-13285.html
https://www.agriexpo.online/prod/pellenc/product-168153-13285.html
https://doi.org/10.1016/j.solmat.2015.12.003
https://doi.org/10.1016/j.solmat.2015.12.003
https://doi.org/10.1016/j.energy.2016.03.060
https://doi.org/10.1016/j.energy.2016.03.060
https://doi.org/10.21105/joss.00884
https://doi.org/10.21105/joss.00884
https://doi.org/10.1016/j.solener.2022.10.035
https://doi.org/10.1109/PVSC45281.2020.9300518
https://doi.org/10.1109/PVSC45281.2020.9300518
https://doi.org/10.1016/j.plantsci.2019.110272
https://doi.org/10.1016/j.plantsci.2019.110272
https://doi.org/10.1021/jf049894n
https://doi.org/10.17660/ActaHortic.2011.888.19
https://doi.org/10.17660/ActaHortic.2011.888.19
https://doi.org/10.17660/ActaHortic.2002.586.16
https://doi.org/10.1111/pce.13436
https://doi.org/10.1093/aob/mcu071
https://doi.org/10.1016/0002- 1571(71)90022-7
https://doi.org/10.1016/0002- 1571(71)90022-7
https://doi.org/10.1016/B0-12-227050-9/00091-0
https://doi.org/10.1016/B0-12-227050-9/00091-0
https://doi.org/10.1016/j.scienta.2018.06.005
https://doi.org/10.1016/j.scienta.2018.06.005
https://doi.org/10.1016/j.solener.2021.10.051
https://www.pvsyst.com/
https://sam.nrel.gov/


Applied Energy 359 (2024) 122660

13

[57] Ullah A, Imran H, Maqsood Z, Butt NZ. Investigation of optimal tilt angles and 
effects of soiling on PV energy production in Pakistan. Renew Energy 2019;139: 
830–43. https://doi.org/10.1016/j.renene.2019.02.114. 

[58] Kaddoura Tarek O, Ramli Makbul AM, Al-Turki Yusuf A. On the estimation of the 
optimum tilt angle of PV panel in Saudi Arabia. Renew Sustain Energy Rev 2016; 
65:626–34. 

[59] Kacira M, Simsek M, Babur Y, Demirkol S. Determining optimum tilt angles and 
orientations of photovoltaic panels in Sanliurfa. Turkey Renew Energy 2004;29: 
1265–75. https://doi.org/10.1016/j.renene.2003.12.014. 

[60] Faiman D, Dolev A. Optimum orientation of bi-facial PV modules. 19th Eur 
Photovoltaics Sol Energy Conf 2004:2470–3. 

[61] Asgharzadeh A, Marion B, Deline C, Hansen C, Stein JS, Toor F. A sensitivity study 
of the impact of installation parameters and system configuration on the 
Performance of Bifacial PV arrays. IEEE J Photovoltaics 2018;8:798–805. https:// 
doi.org/10.1109/JPHOTOV.2018.2819676. 

[62] Tonita EM, Russell ACJ, Valdivia CE, Hinzer K. Optimal ground coverage ratios for 
tracked, fixed-tilt, and vertical photovoltaic systems for latitudes up to 75◦N. Sol 
Energy 2023;258:8–15. https://doi.org/10.1016/j.solener.2023.04.038. 

[63] Yusufoglu UA, Lee TH, Pletzer TM, Halm A, Koduvelikulathu LJ, Comparotto C, 
et al. Simulation of energy production by bifacial modules with revision of ground 
reflection. Energy Procedia 2014;55:389–95. https://doi.org/10.1016/j. 
egypro.2014.08.111. 

[64] Asgharzadeh A, Lubenow T, Sink J, Marion B, Deline C, Hansen C, et al. Analysis of 
the impact of installation parameters and system size on bifacial gain and energy 
yield of PV systems. In: 2017 IEEE 44th Photovolt. Spec. Conf. IEEE; 2017. 
p. 3333–8. https://doi.org/10.1109/PVSC.2017.8366690. 

[65] Thomas SJ, Thomas S, Sahoo SS, G AK, Awad MM. Solar parks: A review on 
impacts, mitigation mechanism through agrivoltaics and techno-economic 
analysis. Energy Nexus 2023;11:100220. https://doi.org/10.1016/j. 
nexus.2023.100220. 

E. Mouhib et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.renene.2019.02.114
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0265
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0265
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0265
https://doi.org/10.1016/j.renene.2003.12.014
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0275
http://refhub.elsevier.com/S0306-2619(24)00043-6/rf0275
https://doi.org/10.1109/JPHOTOV.2018.2819676
https://doi.org/10.1109/JPHOTOV.2018.2819676
https://doi.org/10.1016/j.solener.2023.04.038
https://doi.org/10.1016/j.egypro.2014.08.111
https://doi.org/10.1016/j.egypro.2014.08.111
https://doi.org/10.1109/PVSC.2017.8366690
https://doi.org/10.1016/j.nexus.2023.100220
https://doi.org/10.1016/j.nexus.2023.100220

	Enhancing land use: Integrating bifacial PV and olive trees in agrivoltaic systems
	1 Introduction
	2 Material and methods
	2.1 Irradiance simulation
	2.2 APV dual model
	2.2.1 Photovoltaic model
	2.2.2 Olive tree crop model
	2.2.3 Measuring the benefits of APV: Land equivalent ratio
	2.2.4 Simplified approach for olive yield prediction


	3 Results
	3.1 Impact of the photovoltaic configuration on APV yields
	3.2 Land equivalent ratio
	3.3 Comparative analysis of olive yield models

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Annexes
	References


