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Abstract. This study evaluates the performance of an

agrivoltaic system located in Valencia (Spain) over a 6-month 

period (mid-March to mid-September) by analysing the interaction 

between photovoltaic (PV) generation, water consumption, and the 

physiological requirements of the crop, in this case Citrus limon 

(lemon). The research compares fixed-tilt panels against single-

axis trackers. For the tracking system, two algorithms were 

modelled: pure energy maximisation, and a yield-constrained 

model. 

While the model is based on empirically validated equations, the 

results represent simulated potential and have not yet been field-

validated. Results indicate significant variations relative to a 

conventional farm. The yield-constrained single-axis model 

decreased crop yield by 24.84% and reduced water consumption 

by 4.02%, achieving a total economic benefit of 6,437.29 €. The 

energy-maximisation single-axis model resulted in a decrease in 

yield (26.75%) and water consumption (4.95%), generating an 

income benefit of 6,676.08 €. The fixed-tilt system provided the 

highest economic return for the period (6,808.03 €), with yield and 

water consumption decreasing by 25.04% and 4.10%, 

respectively. 

Regarding energy production relative to the fixed-tilt baseline, the 

energy-maximisation tracker achieved a 9.14% increase, whereas 

the yield-constrained tracker resulted in a 7.14% increase. These 

findings suggest that while agrivoltaics reduce overall crop yield 

due to shading in Mediterranean climates, their energy generation 

heavily compensates for agricultural deficits, ensuring strong 

economic viability despite biological and market sensitivities.  

Key words. Agrivoltaics, energy, agriculture, electricity, 

solar panel. 

1. Introduction

Food and energy security are deeply interlinked [1], as the 

current global energy crisis [2] [3] and the climate 

emergency necessitate a 42% reduction in greenhouse gases 

to reach the 1.5°C by 2030 [4]. The agricultural sector, 

responsible for over 10% of Europe’s greenhouse gas 

emissions in 2022 [5], is highly sensitive to energy 

consumption [6] [7]. Agrivoltaics is the dual use of the land 

for solar energy and farming [8], offers a sustainable 

solution to increase land yield, and is currently being 

considered in various European Union countries [9]. 

While the study and implementation of agrivoltaics have 

increased in recent years [10], most existing models do not 

fully consider specific crop requirements or current 

legislation. Research typically focuses on static design 

parameters [11] (such as height, row spacing, and 

orientation) and general crop behaviour [12]. There is a 

lack of focus on the hourly optimization of adjustable solar 

panel variables to ensure the specific needs of each plant 

are met, as well as the subsequent effects on the farm’s 

overall water and energy consumption. 

2. Objective

This paper presents a novel methodology for evaluating 

the crop parameters, including PV energy generation,  

 the modelled behaviour of a 1-axis agrivoltaic system, 

focusing on the maximisation of electrical energy 

generation while satisfying the physiological needs and 

biological constraints of the underlying crops. The study 

aims to evaluate how these operational changes affect the 

overall energy and water consumption of the farm. 

The crop specimens used for the simulation are adult citrus 

limon, commonly known as lemon trees. 

3. Parameters

The maximisation methodology considers the following: 

A. Location and Time Range 

The geographical coordinates of the site are essential to 

accurately model solar positioning and irradiance. The 

simulation is set in Valencia, Spain. The temporal scope 
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covers the six warmest months of 2021 to capture peak 

thermal stress and irrigation demand. 

 
Table I. – Time range, latitude, longitude, altitude 

 VALUE 

Time range [15/03/2021, 01:00] – [16/09/2021, 00:00] 

Latitude 39.47391 

Longitude -0.37966 

Altitude 150 

 

B. Dimensions of agrivoltaic farm 

 

The base agrivoltaic system comprises 176 solar panels 

covering a 2,678.5 m2 area. This plot contains 89 lemon 

trees with canopy dimensions of 3x3 m and a spacing of 5x7 

m. To ensure rigorous comparison, the baseline scenario 

consists of a conventional Lemon citrus farm with the same 

dimensions, plant density, and location, but without the 

presence of photovoltaic structures. 

 

 
Fig. 1. Visualisation of the agrivoltaic farm 

 

C. Solar Plant and Panel Typology 

 

Panel typology determines both solar irradiance and the 

physical-mechanical behaviour of the system. Following 

the trans-disciplinary approach of Toledo et al. [13], this 

study distinguishes between agrivoltaic patterns and 

photovoltaic greenhouses. The analysis focuses on 

orientation (azimuth and tilt) and system typology, 

comparing fixed-tilt and 1-axis tracking configurations. 

 

CAPEX and OPEX values of the solar plant (Table II) are 

based on average 2021 industry estimates for elevated 

agrivoltaic structures [14] [15]. 

 
Table II. - Solar panel characteristics (source: own elaboration) 

 VALUE UNITS 

Size X axis 2.27 m 

Size Y axis 1.13 m 

Size Z axis 0.05 m 

Height 4.00 m 

Capacity PV array 600 W 

Derating factor 0.85 % 

Radiation test 1000 W / m2 

Temperature Coeff. -0.0049 % / °C 

Temperature Standard 25 °C 

Installation cost, fixed 1,200.00 € / kWp 

Installation cost, 1-axis 1,500.00 € / kWp 

Maintenance cost, fixed 25.00 € / kWp 

Maintenance cost, 1-axis 35.00 € / kWp 

Lifespan 20 years 

D. Weather and economic data 

 

Hourly weather data (rainfall, temperature, GHI, and 

humidity) has been obtained from Open-meteo [16]. 

 

E. Energy, Water, and Crop Prices 

 

Electric pricing data (purchase and sale) were obtained 

from the e-sios platform [17], for the Spanish market in 

2021, reflecting hourly market volatility. Water prices are 

based on the 2021 Segura-Júcar basin costs of 0.16 € / m3 

[18]. Lemon prices were set at 0.10 € / kg based on 2021-

2022 market reports [19]. 

 
F. Crop Typology 

 

Crops have different needs depending on their type and 

their growth phase. The biological model simulates the 

actual biological process of the plant using 

evapotranspiration (ET) and photosynthetic active 

radiation (PAR), together with different stress factors to 

calculate the final yield of the crop. This information is 

needed to calculate solar and irrigation needs. 

 

Data for lemon trees can be found in FAO databases [20]. 

 
Table III. – Crop and soil characteristics for citrus limon [20] 

FORMULA VARIABLE VALUE UNITS 

Evapotranspiration 

Crop factor (Kc) 
[0.65 – 
0.70] 

[0 – 1] 

Canopy Cover (CC) 0.80 [0 – 1] 

Maximum evaporation 
(Kex) 

0.45 [0 – 1] 

Crop transpiration 

coefficient (KcTr) 

[0.52 – 

0.56] 
[0 – 1] 

Harvest Index 

Percentage of energy used 
by the plant for respiration 

(Rm) 

0.45 [0 – 1] 

Partition factor (Pf) 0.65 [0 – 1] 

Percentage of dry matter 
in the fruit (DMconc) 

0.15 [0 – 1] 

Crop yield 

Fraction of light 

intercepted (fint) 
0.80 [0 – 1] 

Radiation Use Efficiency 
(RUEmax) 

1.6 g / MJ 

 

G. Energy consumption 

 

This study assumes no additional electrical energy 

consumption besides the hydraulic pump. Pump data is 

based on technical specifications provided by Chandel et 

al. [21] 

 
Table IV. – Pump characteristics (source: [21]) 

 VALUE UNITS 

Efficiency 60 % 

Head height 25 m 

Flowrate 5000 L / h 

Mode Interval with wilting point 

Time between pumps 7 days 

 

4. Methodology 
 

The proposed methodology integrates established sub-

models into a novel decision-making loop. While sun-
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position (SPA) [22], evapotranspiration (FAO-56) [23], and 

panel performance (Sandia/HOMER) [24] [25] are based on 

validated literature, the methodological novelty lies in the 

hourly iterative coupling of physiological crop constraints 

with 1-axis tracker optimization to prioritize biological 

survival over energy harvesting. 

 

The model consists of a loop that iterates hourly during the 

established period. These loops include calculations for the 

agrivoltaic system and for a non-agrivoltaic farm. The steps 

within the loop are detailed below. 

 

 
Fig. 2. Methodology diagram for each iteration 

A. Initial solar values and solar panel orientation 

 

First step before starting the loop is to indicate the 

coordinates and dimensions for the crops and the solar 

panels. Crops must be positioned individually to understand 

the shadow effects on them. The orientation of the cropland 

is crucial to proceed adequately with future calculations. 

 

Calculations are performed at hourly time steps, consistent 

with FAO Penman-Monteith requirements [23]. 

 

The sun position is obtained via NREL’s solar position 

algorithm (SPA) [22] based on both timescale and location. 

Solar panels are assumed to not receive shadows due to a) 

ensured minimal no-shadow distance between panels and b) 

panels being at minimum the same height of the crops. 

 

Initial orientation of the solar panels is either calculated 

internally following the point of maximum power or based 

on PVGIS optimum inclination [26], depending on the type 

of solar panel (1-axis or fixed). For tracking configurations, 

the optimal angle is determined using fmincon with a multi-

start strategy employing up to five initial points to avoid 

convergence to local minima, particularly around solar noon 

when the optimal tracking angle changes sign abruptly. 

 

B. Solar panel temperature and power output 

 

Temperature of the solar panel module and cell are 

calculated using the simplified Sandia National 

Laboratories model, developed by King et al., [25], with the 

Faiman parametrisation [27]. To calculate the PV array 

power output, HOMER equation is used, with temperature 

effect included [24]. 

 

C. Initial solar values and crop radiation calculation 

 

Radiation values of each crop are needed for 

evapotranspiration and yield. Net radiation Rn is the 

difference between net shortwave radiation (Rns) and net 

longwave radiation (Rnl).  Both values calculated using 

FAO equations [23] depend on the total incident radiation 

(Rs) obtained from sun position calculations, the shading 

percentage experienced by each crop, and the Sky View 

Factor (SVF). 

 

Total incident radiation (Rs) is calculated as: 

𝑅𝑠 = [𝑆 ∙ 𝑅𝑑𝑖𝑟] + [𝑆𝑉𝐹 ∙ 𝑅𝑑𝑖𝑓] (1) 

Where: 

Rs total incident radiation [MJ m-2 hour-1], 

S shading percentage experience by the crop each 

instant [%]. 

Rdir direct radiation on the crop [MJ m-2 hour-1], 

SVF sky view factor of the crop [%], 

Rdiff diffuse radiation on the crop [MJ m-2 hour-1]. 

 

The shading percentage experienced by each crop is 

calculated using computational geometry (MATLAB 

polyshape). Shadows of both the solar panels and their 

support structures are projected onto the ground plane. The 

convex hull of each projected shadow is computed and 

merged into a global shadow polyshape, which is then 

intersected with each crop’s projected canopy area to 

determine the overlap percentage.  

 

The Sky View Factor (SVF) is a dimensionless parameter 

primarily used in urban climatology that measures the 

proportion of sky visible from a specific point on the 

ground [28]. Rather than assuming a homogeneous 

distribution, the SVF is calculated individually for each 

crop position using Howell’s analytical view factor 

integration [29]. For each plant-panel pair, the angle of the 

panel as seen from the plant is computed using the 

rectangular view factor equation: 

𝑉𝐹𝑝 =  𝐹(𝑥2, 𝑦2) − 𝐹(𝑥1, 𝑦2) − 𝐹(𝑥2, 𝑦1) + 𝐹(𝑥1, 𝑦1) (2) 

Where: 

𝐹(𝑥, 𝑦) =
1

2𝜋
[

𝑥

√1 + 𝑥2
𝑎𝑟𝑐𝑡𝑎𝑛 (

𝑦

√1 + 𝑥2
)

+
𝑦

√1 + 𝑦2
𝑎𝑟𝑐𝑡𝑎𝑛 (

𝑥

√1 + 𝑦2
)] 

(3) 

 

And x1, x2, y1, y2 are the dimensionless coordinates of the 

panel edges relative to the plant position, scaled by the 

vertical distance h between the panel and the plant canopy. 

The total SVF at each plant position is obtained by 

subtracting the accumulated view factors of all panels: 

 

𝑆𝑉𝐹𝑚𝑎𝑡𝑟𝑖𝑥 =  𝑚𝑎𝑥 (0.05, 1 − ∑ 𝑉𝐹𝑝

𝑁

𝑝=1

) (4) 
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This approach accounts for the actual 3D geometry of each 

panel (position, height, tilt, and projected dimensions) 

relative to each individual plant, yielding a spatially 

resolved SVF matrix rather than a single aggregate value. 

 

D. Crop evapotranspiration for biological model 

 

Evapotranspiration (ET) is the combination of two separate 

processes by which water is lost from the soil surface 

through evaporation and crop transpiration [23]. Crops have 

evapotranspiration needs depending on their type and their 

growth phase. This value is composed of the multiplication 

of two different factors: the reference evapotranspiration 

(ETo), which is divided into evaporation and transpiration, 

and the crop factor (Kc). 

 

ETo value is calculated using FAO Penman-Monteith 

equation [23] with hourly time steps and updated for day 

and night changes according to ASCE-EWRI [30]. 

  

Both evaporation and transpiration are calculated using 

AquaCrop model [31]. 

 

Final evapotranspiration (ET) is individually calculated for 

each of the plants in the crop and subtracted from the current 

soil moisture affecting it. 

 

A microclimate temperature model is included to capture 

the thermal effect of the panel structures on the near-ground 

environment. The model computes the microclimate air 

temperature and canopy temperature at each plant position. 

For the agrivoltaics scenario, the convective heat released 

by the heated panel surfaces is included as an additional 

energy input. These microclimate temperatures feed 

directly into both the evapotranspiration calculation and the 

heat stress factor used in the yield model. 

 

E. Water pump function for biological model 

 

Depending on the current humidity of the soil, affected by 

evapotranspiration and rain, the water pump will activate 

according to the time interval stated. 

 

Soil moisture is tracked individually for each plant position 

as a grid, for the agrivoltaic scenario and the baseline. When 

the soil moisture of any plant in the farm reaches the wilting 

point, the water pump actives earlier and restarts the interval 

count. Irrigation affects the entire farm uniformly, as no 

individual drip irrigation is modelled. 

 

The energy source for the pump is determined hourly: if the 

current PV generation exceeds the pump’s power demand, 

the energy is self-consumed at zero marginal cost; 

otherwise, electricity is purchased from the grid at the 

hourly rate. 

 

F. Crop yield calculation for biological model 

 

Knowing both the photosynthetic radiation received and the 

evapotranspiration of the crop, hourly yield data is 

calculated and compared to the baseline. A comparison is 

then made to the original farmland. Based on DIN SPEC 

91434 [32], if the hourly yield is below 66% and the solar 

panels can be moved, then those will be moved. If the solar 

panels cannot be moved, it will only take this information 

into account and inform at the end of the iteration if the 

threshold has been reached. 

 

Photosynthetic active radiation (PAR) typically accounts 

for between 44% and 69% of global solar radiation [33]. 

Current values used are Zhu et al. [34] of 48.7%, which 

will be used also during the yield calculation. 

 

Environmental conditions can penalise the growth of the 

crop in the form of heat stress (Kh) and water stress (Ks). 

 

For heat stress, a trapezoidal model based on the 

acceptable temperature ranges of the plant due its 

simplicity and high sensibility towards heat stress [35]. 

 

For water stress, the model considers the wilting point, 

which is the soil moisture level at which plants cannot 

extract water from the soil, and the depletion fraction, at 

which point plants start suffering the effects of drought. 

 

Crop yield is estimated following Monteith radiation use 

efficiency approach [36] with AquaCrop structure 

adjusted by environmental stress indices and the harvest 

index [31]. 

 

G. Minimum yield condition 

 

Based on DIN SPEC 91434 [32], the farm yield must be at 

least 66% of a non-agrivoltaic system. In this study, a 

stricter constraint is applied: each individual tree must 

reach 85% of its potential yield. This constraint is enforced 

within the fmincon optimisation loop as a nonlinear 

inequality. Yield percentages are calculated as the 

cumulative biomass production over the 6-month period, 

individually tracked per plant and then aggregated to the 

farm level for both constraint evaluation and economic 

assessment. It should be noted that evapotranspiration is 

not recalculated within the optimisation sub-routine: the 

soil moisture state from the previous time step is used as 

an approximation to reduce computational cost. 

 

5. Results 
 

Three simulations were performed based on solar panel 

movement restrictions: fixed-tilt, 1-axis without minimum 

yield, and 1-axis with minimum yield. 

 
Table V. – Results for the 6-month period for all three 

simulations. (Source: Own elaboration) 

 
AGRIPV 

FIXED 

AGRIPV 

ONE AXIS, 

NO 

MINIMUM 

AGRIPV 

ONE AXIS, 

MINIMUM 

YIELD 

BASELINE 

PV energy 

generated 

(kWh) 

143,026.04 156,102.77 153,245.07 0.00 

Pump energy 

consumed 

(kWh) 

174.01 172.45 174.14 181.43 

Pumped 

water (L) 
1,532,529.15 1,518,826.16 1,533,709.29 1,597,985.29 

https://doi.org/10.24084/eqj26-247 69 E&QJ, Volume 4, July 2026



Crop yield 

(kg / m2) 
3.73 3.65 3.75 4.98 

Relative crop 

yield (%) 
74.96 73.25 75.16 100.00 

Econ. benefit 

PV energy 

sold (€) 

11,251.86 12,447.41 12,203.36 0.00 

Economic 

benefit crop 

yield (€) 

299.15 292.34 299.98 399.11 

PV prorated 

depreciation 

(€) 

3,174.90 3,968.63 3,968.63 0.00 

Solar panel 

maintenance 

cost (€) 

1,322.88 1,852.03 1,852.03 0.00 

Pump energy 

cost (€) 
0.00 0.00 0.00 29.64 

Pump water 

cost (€) 
245.20 243.01 245.39 255.68 

Total 

economic 

benefit (€) 

6,808.03 6,676.08 6,437.29 113.79 

 

There is an increase in PV energy generated of 9.14% in the 

1-axis model that disregards the minimum yield of the crops 

and focuses on the maximisation of energy compared to the 

fixed model, and an increase of 1.86% compared to the 

yield-constrained 1-axis model.  

 

Regarding crop production, the cumulative relative yield 

between the different setups varied, with the lowest overall 

yield being 73.25% (energy-maximizing 1-axis system) and 

the highest reaching 75.16% (yield-constrained 1-axis 

system), both remaining below the 100% baseline. 

 

Water consumption decreased across all agrivoltaic setups 

(between 4.02% and 4.95%), largely due to the reduced 

temperature (both soil and crops) and the reduced yield in 

the agrivoltaic models. While the panels mitigate extreme 

heat stress and excessive evapotranspiration during the 

Mediterranean summer by providing a protective 

microclimate, this was not enough to fully compensate for 

the reduction of Photosynthetic Active Radiation (PAR) 

caused by the shading, resulting in lower yields across all 

PV configurations compared to the baseline. 

 

The fixed-axis system offers a superior economic outcome 

(6,808.03 €) due to the reduced capital and maintenance 

expenditures, practically matching the total benefit of the 

energy-maximizing model. The low market price of the 

crops does not economically justify higher installation costs 

for the trackers. However, all three agrivoltaic systems are 

financially viable and highly positive compared to the 

baseline model, which achieves a total benefit of only 

113.79 € for the period due to the low price paid to the 

farmers for their crops. 

 

6. Conclusions 
 

The presented simulation framework provides a theoretical 

estimation of yield values, radiation, and humidity 

requirements at the individual plant level, facilitating the 

dynamic adjustment of solar panel inclination to meet 

specific physiological needs. However, it is important to 

note that these results are derived from numerical 

simulations and have not yet been empirically validated. 

While the model indicates a yield decrease these findings 

should be interpreted as theoretical potentials within the 

modelled constraints, as the reported gains in crop yield 

and economic benefit are subject to the uncertainties of the 

biological sub-models. 

 

Currently, the model relies on fixed initial space 

coordinates for both panels and crops. Later versions will 

include the option of placing solar panels in the optimal 

position based on specific crop physiology and panel 

typology. Furthermore, the model is designed to evolve 

into a multi-objective optimisation tool, capable of 

prioritizing variables such as total economic benefit, crop 

yield maximisation, or water conservation through 

independent panel tracking. 

 

This framework provides agricultural stakeholders a 

strategy for revenue diversification and operational cost 

reduction, specifically regarding irrigation pumping, 

without compromising farm’s overall financial stability. 
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