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Abstract: This study evaluates the integration of reused PV modules within an agrivoltaic
system designed for sustainable horticultural production, focusing on energy performance
and agricultural outcomes. The experimental setup included both new and partially re-
paired PV modules, installed over tomato crops under real operating conditions. The results
demonstrate that reused PV modules exhibit a strong and consistent energy performance,
achieving correlations between irradiance and energy output comparable to new panels.
Despite slightly lower performance ratios, reused modules maintained stable efficiency
and operational viability, emphasizing their potential for sustainable applications. On
the agricultural side, shading provided by PV panels protects the crop yield. This study
highlights the environmental and economic advantages of incorporating reused PV mod-
ules into agrivoltaic systems, including reductions in raw material extraction, electronic
waste generation, and overall environmental impact. By leveraging the circular economy
principles, agrivoltaics with reused PV modules provide a sustainable pathway to balance
energy production and food security while optimizing land use efficiency. These findings
establish the potential of agrivoltaics as a key technology in advancing the sustainable
energy transition.

Keywords: agrivoltaics; sustainable horticultural production; reused PV modules; circular
economy in agriculture

1. Introduction

The rapid expansion of solar photovoltaic (PV) energy is recognized as a pivotal
element in the global transition toward renewable energy sources. Solar PV installations
have grown exponentially in recent decades, playing a central role in the decarbonization of
energy systems and the achievement of climate targets [1]. However, as solar PV continues
to be deployed on a massive scale, concerns have emerged regarding land use conflicts,
resource scarcity, and the lifecycle management of PV technology. At the intersection of
these issues lies the concept of agrivoltaics (AGVs), which integrates photovoltaic electricity
generation with agricultural activities, offering a dual land use solution that addresses both
energy generation and food production [2].
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The concept of agrivoltaics has gained significant attention as a means of optimizing
the use of arable land. This dual-use approach mitigates the diminishing returns that
are commonly associated with the dedication of land to the production of either energy
or food, commonly known as the “food versus fuel” debate [1,2]. The key advantage of
agrivoltaics lies in its capacity to simultaneously address food security, energy demand,
and land use efficiency by leveraging the symbiotic relationship between PV systems and
crops. Solar panels can provide shading that reduces water evaporation from the soil,
thereby lowering the need for irrigation while still allowing sufficient sunlight for the
photosynthesis of crops, including perennial crops, such as fruit species [3]. Additionally,
they shield crops from extreme weather conditions, such as excessive heat, wind, frost, or
hail, which could damage either the yield or the plant, thus contributing to higher yields
and improved produce quality [4-6]. Meanwhile, crops beneath PV arrays can help cool
the panels through evapotranspiration [7], potentially improving PV efficiency by reducing
overheating [8].

A key factor in optimizing agrivoltaic systems is the efficient utilization of the entire
solar spectrum—mainly within the visible (VIS) and near-infrared (NIR) ranges—while the
remaining spectral components, such as ultraviolet (UV) and longer infrared wavelengths,
are either underutilized or dissipated as heat. However, the spectral pattern under the
panels tends to change its composition, i.e., UV, red, and green. Recent advances in full-
spectrum solar energy utilization seek to overcome this limitation by employing spectral
splitting technology, which separates incoming sunlight into different wavelength bands,
directing each to the most suitable conversion mechanism [9]. This approach maximizes
energy efficiency by enabling simultaneous photothermal, photovoltaic, and photochemical
processes, enhancing the overall system performance. The integration of such strategies in
agrivoltaics can improve both agricultural productivity and energy generation by optimiz-
ing the spectral distribution available to crops and PV.

Several studies have explored the performance of different crops under agrivoltaic
systems, focusing on key parameters, such as yield, water-use efficiency, and crop quality,
including variables like size, nutrient content, and resistance to diseases. In particular,
Bruhwyler and Feuerbacher et al. demonstrated in their research that crops such as
wheat and lettuce show an improved performance when grown under PV arrays due
to microclimate changes induced by shading from the panels [10,11]. Another study on
agrivoltaic grape cultivation demonstrated that moderated sunlight exposure and reduced
water stress could enhance the water-use efficiency and grape quality [12]. Similar results
were found in the research on chili peppers and Welsh onions cultivated under controlled
greenhouse conditions, where shading provided by PV panels enhanced crop quality
while maintaining comparable yields to those achieved through conventional farming
practices [10,13].

Regarding water content in the soil, Van de Ven et al. [6] proved that agrivoltaic
systems result in a reduction in water evaporation from the soil, thereby reducing irrigation
needs while still allowing sufficient sunlight for the photosynthesis of crops. Additionally,
the protective effect of the PV panels shields crops from extreme atmospheric conditions,
such as excessive heat, frost, or hail, which contributes to higher yields and better-quality
produce [14,15]. These results highlight the potential of agrivoltaic systems to enhance
the sustainability of both food and energy production, especially in regions facing water
scarcity or extreme climatic conditions.

Studies conducted in diverse environments have demonstrated how AGV systems
respond to variations in climate and soil properties. In Mediterranean regions, shading
from PV panels has been shown to significantly reduce evapotranspiration, leading to
water savings up to 30% in crops such as cucumber while maintaining stable yields [16]. In
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temperate climates, experiments with rainfed maize have revealed that AGV conditions not
only stabilize yields but also improve crop resilience during drought periods by preserving
soil moisture and moderating temperature extremes. In tropical regions, AGV systems
implemented in large-scale solar farms have demonstrated benefits beyond agricultural
productivity, such as improving soil conductivity and reducing erosion, which enhances
both plant growth and the stability of the electrical infrastructure [17]. Meanwhile, in semi-
arid environments, AGV projects have been successfully used to rehabilitate degraded land.
A large-scale AGV park in Jiangshan, China, has shown that integrating PV panels with
layered crop cultivation can restore soil fertility, reduce erosion, and generate economic
benefits by combining agriculture and renewable energy production [18].

An important and emerging aspect that can be considered in agrivoltaic applications
is the reuse of decommissioned PV modules, which aligns with circular economy prin-
ciples while contributing to the sustainability of solar energy systems. Since agrivoltaic
installations often combine moderate energy demands with the dual function of energy
production and agriculture, they provide a suitable opportunity to reuse PV modules that
have been decommissioned but still retain sufficient efficiency for practical applications.
This approach offers both environmental and economic benefits, extending the useful life
of PV modules and reducing the demand for new raw materials, such as silicon, silver,
and aluminum. Moreover, repurposing second-hand panels in agrivoltaics systems helps
mitigate the growing issue of PV waste mass while maintaining the energy output required
for such applications.

By integrating reused PV panels into agrivoltaics systems, the solar industry can move
toward a more sustainable and resource-efficient model, reducing electronic waste and
lowering the environmental footprint associated with the manufacturing and disposal of
solar modules. Recent studies have shown that second-hand PV modules can be easily
repaired and reintegrated into new installations, significantly extending their operational
lifespan while supporting the transition to a more circular economy in the photovoltaic
sector [19].

Nieto Morone et al. [20] showed that partially repaired or second-hand PV modules
can still perform adequately despite experiencing some degree of electrical degradation.
For example, a recent analysis of partially repaired modules from Spanish PV plants
found that 87% of the modules exhibited less than 20% power loss, demonstrating that
these panels can still generate energy despite the presence of defects. This highlights
the viability of second-hand panels for reuse in systems like agrivoltaics, where energy
demands are lower compared to grid-connected solar farms, and minor performance losses
do not significantly affect overall productivity. An important consideration in agrivoltaic
systems is the difference between the lifespan of PV modules and the life cycle of crops.
While new PV modules typically last 25-30 years, reused modules, as considered in this
study, have already been in operation for 12 years, meaning their remaining lifespan is
shorter. In contrast, agricultural crops have much shorter cycles, usually measured in
months or a few years. This disparity allows for multiple crop rotations under the same
PV infrastructure, optimizing land use over time. However, when integrating reused
PV modules, it is necessary to consider their remaining operational life to ensure that
their energy production remains viable throughout the agrivoltaic system’s operation. This
highlights the importance of circular economy approaches, where repurposing second-hand
PV modules can enhance sustainability while maintaining agricultural productivity.

The aim of this study is to evaluate crop productivity in a plantation of 384 m? designed
to support sustainable horticultural production in which part of the land is also used to
produce electricity with a small photovoltaic installation (agrivoltaic systems) in which
part of the modules are reused. This experimental project at the Universidad Politécnica de
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Madrid (UPM) focuses on assessing the effects of the agrivoltaic system in the plantation,
comparing the results of repaired and conventional PV modules both on energy production
and agricultural productivity. Specifically, this study analyzes the impact of PV systems on
tomato (Solanum lycopersicum L.) productivity while also examining the stability of electrical
parameters, energy output, and reliability of second-hand PV modules compared to new
ones under real operating conditions.

2. Materials and Methods
2.1. Location and Conditions of the Test

This study was carried out at the Escuela Técnica Superior de Ingenieria Agronémica,
Alimentaria y de Biosistemas (ETSIAAB) of UPM (40°26’ N, 3°44’ W). The geographical
site recorded average maximum temperatures of 30.6 °C, reaching a peak of 42 °C. The
average temperatures were 11.8 °C, with the lowest recorded value of 0.2 °C. During the
period of study, the mean precipitation was 85.2 mm. The average relative humidity in the
experimental plots was 49.34%, fluctuating between a minimum of 3.52% and maximum of
99.98%. The average wind speed during the growing cycle was 1.1 m/s, with a minimum
daily average of 0.7 m/s recorded on 2 August 2024 and 21 May 2024, and a maximum of
1.8 m/s on 14 May 2024. The wind direction was 274°, which means the wind was coming
from the west (W), slightly northwest.

The agrivoltaic installation covered an area of approximately 65.20 m?. Soil was
Anthrosol, deeper than 1.5 m and with three horizons. The first was 30 cm, had a sandy
loam texture, pH of 7.8, and 3.68% of organic matter and 1.3% of total limestone. A second
horizon was from 30 cm to 90 cm, had a sandy loam texture, pH of 7.9, and a percentage
of 1.5% of total limestone. The third horizon was from 90 cm to deeper with a loamy
sand texture.

2.2. Installation of the Photovoltaic System

The experimental PV installation, designed for testing purposes, consisted of a system
with a total capacity of 9.3 kWp. The system consisted of 30 monocrystalline silicon modules
facing south-east (25° from the north—south axis), arranged in 6 strings of 5 modules each,
connected in series. These strings were then wired in parallel, with the output of each string
fed into the Maximum Power Point Tracking (MPPT) inputs of SAJ R5-5K-T2-15 inverters.

The PV modules included 15 newly installed JNMM144-450L modules, each of 450 Wp,
and 15 repaired TopSolar TSM 160M modules with a lower peak power of 170 Wp. The
used modules, approximately 12 years old, were selected based on their availability and
were repaired to restore their functionality. Prior to reuse, the modules were characterized
as a preliminary step, as detailed in our previous work [20]. The panels were characterized
using the IEC 61215 [21] standard tests: visual inspection (MQT 01), maximum power
determination (MQT 02), insulation test (MQTO03), wet current leakage test (MQT15),
electroluminescence, and infrared imaging. These analyses confirmed that the repaired
modules were functionally stable and suitable for deployment in the agrivoltaic system.
The technical specifications of the new and used modules are summarized in Tables 1 and 2,
respectively.

The experimental setup consisted of two single pole structures per plot, each support-
ing 5 monocrystalline silicon modules. Three replications were performed for statistical
purposes, resulting in a total of 6 single poles across the experimental plots. Each single
pole presented a height of 2.5 m, where the center of the PV modules was positioned. The
monopoles had a horizontal axis that allowed the tilt angle of the modules to be adjusted.
Within each plot, one monopole was equipped with new PV modules, while the other
monopole held used modules, with each monopole forming an independent string. The
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distance between the monopoles in the same plot was 5 m, which allowed for the inclu-
sion of two internal ridges between them. Figure 1 shows a schematic representation of
the monopole.

Table 1. Nominal electrical characteristics of new PV modules under STC, installed at ETSIAAB
agrivoltaic facility.

JINERGY PV MODULE—JNMM144-450L

Max. Power at STC [W] 450

Max. Power Voltage [V] 41.36
Max. Power Current [A] 10.89
Open circuit Voltage [V] 49.98
Short circuit Current [A] 11.50
Module Efficiency [%] 20.70
Temperature Coefficient Voltage [%/°C] —0.29
Temperature Coefficient Current [%/°C] 0.04

Temperature Coefficient Power [%/°C] —0.35

Table 2. Nominal electrical characteristics of reused PV modules under STC, installed at ETSIAAB
agrivoltaic facility.

TOP SOLAR PV MODULE—TSM-160M

Max. Power at STC [W] 165
Max. Power Voltage [V] 35.00
Max. Power Current [A] 471
Open circuit Voltage [V] 43.70
Short circuit Current [A] 5.14
Module Efficiency [%] 15.50
Temperature Coefficient Voltage [%/°C] —0.34
Temperature Coefficient Current [%/°C] 0.05
Temperature Coefficient Power [%/°C] —0.5
Front view Side view
| soom | PV Panel

Tiltangle manual

T T selector
2.50m

2.50m

5.00m

Figure 1. Schematic representation of the PV system structure with an adjustable tilt angle: front and
side views.

This configuration ensured the system’s structural and operational integrity and made
it easier to assess the performance and feasibility of reusing modules.

Following one of the most common options, the panels were not cleaned manually.
They were simply cleaned naturally by the rain. This was to ensure greater sustainability,
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even though soiling is a known effect and can affect production by 1 to 5%, with the effect
being equivalent in both systems due to their location. On the other hand, maintenance was
limited to monitoring the electrical protection elements, just as it happens in commercial
installations, since photovoltaic systems have the advantage of minimal maintenance.

2.3. Design of the Plantation and Treatments

The planting was carried out on ridges that were 1.10 m wide, each containing two
rows of plants spaced 50 cm apart. The distance between plants within each row was 30 cm,
arranged in a triangular planting pattern. The spacing between ridges was 60 cm, resulting
in a final planting density of 47.619 plants/ha. To reduce weed emergence, the ridges were
mulched with a 1.50 m wide black polyethylene plastic film.

Each experimental plot consisted of ridges 8.5 m wide, with the outermost ridges
designated as borders. Data collection was focused on the central area of the ridge, leaving
at least 2 m as a border.

Each row of plants was equipped with a drip line positioned 10 cm inside the inner
side of the ridge below the plastic film, with drippers spaced 30 cm apart. The drippers,
integrated into the drip line, which was 16 mm in diameter, were self-compensating with a
nominal flow rate of 4 L/h.

Irrigation was equal for both treatments, totaling 242 mm for the whole season.
The crop needs, calculated by Food and Agriculture Organization (FAO) method, were
369 mm [22]. Deficit irrigation was used based on the hypothesis that shaded plants require
less water than those cultivated in an open field.

Soil moisture was determined weekly in the first 20 cm of soil with Hydrosens II
equipment (Campbell Scientific Inc., Logan, UT, USA). The measurements were taken
between the two crop rows of a ridge, with no significant differences between treatments,
showing values ranging from 5.6% to 27.1%, depending on the proximity of irrigation to
the time of measurement.

The planting was carried out on 24 April 2024 using tomato plants (Solanum lycop-
ersicum L.) of the AB8058 variety from Bayerat with a phenological stage in the range of
15-16 according to the BBCH scale [23]

Two treatments were considered: one in the inner space of the PV system, which was
shaded during part of the day, and one outside the PV system without any shade.

2.4. Sampling and Measures

Harvesting was conducted on 6 August 2024, 104 days after planting. To obtain
a representative measurement of plant productivity, six plants were harvested per plot.
Harvested tomatoes were divided into two groups: commercial or reds, which included
all tomatoes without defects, and non-commercial, which included tomatoes with defects,
such as a green color, blossom end rot, sun scald, cracking fruits, or others.

After harvesting the fruit, the aerial parts of the six plants were cut and dried in a
stove at 60 °C until they reached a constant weight.

Photosynthetically active radiation (PAR) was measured 70 cm above the soil, the
height expected for the plant plus 10 cm. Each shaded experimental plot was equipped
with an SQ-421X-SS SDI 12 digital output quantum sensor (Apogee, Logan, UT, USA). An
additional sensor was installed outside the shaded zone, above one experimental plot of
the non-shaded treatment. This data allowed us to calculate the daily light integral as a
summatory of PAR during a day.

The experimental procedure involved operating both sets of PV modules—new and
second-hand—under identical environmental conditions. PV modules were positioned
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as shown in Figure 2, where PV panels in the blue range are new and reused in the green
range. Any differences in shading, orientation, or incident solar radiation were minimized.

Figure 2. Situation plan of new and reused PV panels in the field. The panels in the range of blue are
the new panels, while those represented by the range of greens are the reused panels.

2.5. Statistic Analysis

Data were statistically analyzed by a one-way analysis of variance (ANOVA) us-
ing Python 3.12.9. Significant differences were evaluated using the ANOVA test. The
probability level for significance determination was 0.05.

2.6. Photovoltaic Data Collection and Parameters Monitored

Several parameters were continuously monitored to assess the reused PV modules’
performance and their integration feasibility in this agrivoltaic environment. The following
key metrics were evaluated:

e  Electrical performance: the power output of the reused string PV modules was moni-
tored continuously using a data acquisition system integrated into the selected invert-
ers. Variables like current and voltage output were recorded every 5 min to capture
diurnal and seasonal performance variations.

e  Thermal response and cooling effect: module temperature was measured using tem-
perature sensors attached to the backsheet of the PV panels.

e Infrared thermography (IR) images: IR images were captured under operational
conditions using a FLIR SC640 Thermal Imaging camera, which had a temperature
reading accuracy of £2 °C, a focal plane array of 640 x 480, and a thermal sensitivity
of 60 mK at 30 °C. The images were acquired periodically for optimal thermographic
analysis depending on favorable weather conditions.

3. Results

This study analyzed the impact of shading and photosynthetically active radiation
(PAR) on tomato crop performance under agrivoltaic conditions. The first part of the
results is organized into three sections: total yield, commercial tomato production, and fruit
production analyses. This one examines dried plant weight and the effects PAR variability.
Each section discusses the findings, their implications, and potential insights for optimizing
agrivoltaic systems. The second part presents the outcomes of the electrical parameters’
analysis, energy output, and reliability of reused PV modules compared to new ones in
real operating conditions.
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3.1. Crop Total Yield

Figure 3 illustrates the average total production, defined as the total weight of all
harvested fruits, regardless of their maturity, color, or condition. This metric includes both
fully developed, ripe fruits, and those that have not yet reached full maturity, including
green and yellow fruits. It also includes damaged fruits, such as blossom end rot (BER) and
sunscald tomatoes. Additionally, it also represents the average commercial production.
This metric represents the weight of fruits ready to be commercialized. Total crop yield, a
key indicator of productivity, did not differ significantly between shaded and non-shaded
plots, although the average yield under panels (shaded conditions) was 706 g/plant, while
in non-shaded plots it was 822 g/plant.

1200
W Shaded

1000 m Non-shaded

800
600

400

Production (g/plant)

200

Average Commercial Production Average Total Production

Figure 3. Average total production and average red production. Error bars indicate the standard
deviation.

This aligns with the findings of Song et al. [24]. Similarly, H.-P. Kldring and A. Krum-
bein [25] observed a decrease in the yield in shaded tomato plants, although the reduction
was less than expected, suggesting that plants can adapt their metabolism to mitigate yield
losses. Moreover, a positive correlation was found between solar radiation and both yield
and fruit number in tomatoes, with photosynthetically active radiation (PAR) directly influ-
encing the yield, particularly before anthesis [26]. A similar trend was observed in lettuce,
where Marrou et al. [27] reported that the yield was maintained in shaded plots due to an
increase in the total leaf area per plant, compensating for lower light availability. However,
Tani et al. [28] found that, despite this adaptation, lettuce growth was still inhibited under
solar panels compared to greenhouse conditions, likely due to the greater reduction in
light intensity.

In shaded plots, data productions ranged from 546 g/plant to 1008 g/plant (261.3 stan-
dard deviation), while in non-shaded plots they ranged from 638 g/plant to 1133 g/plant
(270.8 standard deviation). The coefficient of variation was 55% in shaded plots and 46% in
non-shaded plots.

3.1.1. Commercial Tomato (Mature Fruit) Production

The commercial tomato yield showed no significant differences with productions of
472 g/plant in shaded plots, while in the non-shaded ones this was 350 g/plant (Figure 3).
The first one ranged from 289 g/plant to 687 g/plant, and in the other treatment it ranged
from 184 g/plant to 598 g/plant.

The high variability of our data may be one of the reasons for the lack of statistical
significance, although other studies have found no differences when tomatoes were grown
in an agrivoltaic system, even increasing the yield [29]. Although tomatoes have a high
radiation requirement [30] and significant differences have been found in other works [31],



Agronomy 2025, 15, 730

9 of 22

these differences may be due to the experimental design. In the study carried out by
Scarano [31], tomatoes were grown in pots under the shade of the panels, while ours was
an in-field experiment in the area between panels. The lack of significant differences may
be due to deficit irrigation, which can cause water stress and limit the yield [32] more than
shading. Additionally, these findings suggest that irrigation requirements in shaded plots
are not lower, contrasting the results obtained by [29].

3.1.2. Fruit Production Analysis

Plant dried weight is a robust indicator of vegetative growth. In our study, plants
grown under non-shaded conditions exhibited a higher average dry weight (65 g/plant
=+ 10 standard deviation) compared to those in shaded plots (55 g/plant & 4 standard
deviation) although the difference was not statistically significant, as shown in Figure 4.
This lack of significance may be attributed to the small sample size, which represents a
limitation of our study. Future research with a larger sample size could provide a more
conclusive assessment of the impact of shading on plant dry weight.

80

W Shaded
70

m Non-shaded

60

50

40

30

20

Average plant dried weight (g/plant)

10

0

Figure 4. Comparison of plant dried weight (g/plant) under photovoltaic shading and non-shaded
conditions across different plots. Error bars indicate the standard deviation.

Figure 5 shows the daily light integral (DLI) evolution monitored for the four months
during the crop development.

100
90 ~——Shaded
80

70 ~——Non-shaded

60

50

40

30

Daily Light Integral (mol m2dia™)

20

10

0
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Figure 5. Daily photosynthetically active radiation (PAR) evolution in non-shaded plots and PV-
shaded plots from 30 April to 6 August.

DLI values are consistently lower in the shaded plots compared to the non-shaded
ones. This clearly reflects the light-blocking and scattering effects of the photovoltaic
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infrastructure. While the shaded plots show a consistent attenuation pattern throughout
the observation period, there are occasional dips, such as those observed in late May and
mid-June, which can be attributed to environmental factors, in fact the time of the dips
aligns with the dips in non-shaded plots. The non-shaded plots show higher DLI values
with greater variability, in line with direct sunlight exposure, which is subject to fluctuations
caused by weather patterns.

Seasonal light integral was calculated as summatory of DLI during the whole trial.

Figure 6a,b show the relationship between total production and commercial produc-
tion vs. the seasonal light integral (SLI) to analyze the seasonal variability of the amount of
photosynthetically active light.

1200.0 % Shaded TP 80.0
Non-shaded TP 6]
- 70.0
1000.0 ® Non-shaded DW X o)
N @ Shaded DW ° 60.0
e =
< 800.0 <
= s 500 o
. X .
) . K-
§ 6000 % 400 =
g z
§ 400.0 il -
5 g
:—3 20.0
2 2000
10.0
0.0 0.0
0 1000 2000 3000 4000 5000 6000

Seasonal light integral (mol/m?)

(a)

800
£ 700 @ Shaded
s L J
o ® Non-shaded
ED 600
c
.2 500
S
= L ]
-5 400
a.
s 300 °
°
g 200 o
§
S 100

0
0 1000 2000 3000 4000 5000 6000

Seasonal light integral (mol/m?)
(b)

Figure 6. (a) Relationship between total production and dry weight with seasonal light integral;
(b) commercial production relationship with seasonal light integral under two light conditions:
non-shaded and PV-shaded plots.

Figure 6a shows that, in shaded plots, the SLI is 3415 mol/ m2, much lower than in the
non-shaded plots (5239 mol/ m?).

The reduction in radiation did not result in a decrease in either the total or commercial
yield, nor was there an apparent relationship between these parameters. As previously
mentioned, this may be due to the fact that plant production is limited by deficit irrigation
or that the radiation received by the shaded plants was enough for crop development.

3.2. Electrical Performance Analysis

The second part of the study presents the outcomes of the electrical parameters’
analysis, energy output, and reliability of second-hand PV modules compared to new ones
in real operating conditions.
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3.2.1. Irradiance and Energy

In order to evaluate the electrical performance of the PV system, it is necessary to
monitor both the production of the panels (new and reused) and the climatic variables
that affect it. In our case, we measured the global irradiance and PAR radiation data, and
in this section, we present the results of the relationship between these variables and the
monitored electrical parameters.

The global incident irradiance at the plane of the PV panels was recorded every 15 min
for the months of May, June, July, August, and September. The median, interquartile ranges,
and outliers are shown in Figure 7. The interquartile range (IQR) is the statistical measure
that describes the dispersion of a dataset. It represents the range in which the central 50%
of the data lies and is calculated as the difference between the third quartile and the first
quartile. This analysis illustrates seasonal variability and irradiance peaks for each month.

35000

IQR: 14,7282 Wh/m?
30000 s 10R: 12,517.2 Wh/m?

10R: 11,655.6 Whfm?
1QR: 16,665.6 Wh/m? QR:15,288.6 Wh/m? = B o

25000
20000
15000
10000
5000
0
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Global Radiation (Wh/m?)

Figure 7. Distribution of global radiation in W/m? during the months of May, June, July, August,
and September.

The data analysis in Figure 7 reveals significant seasonal variations in solar irradi-
ance, characterized by differences in the mean values, variability, and high irradiance
phenomena. Our records show that July has the highest median irradiance, approximately
7680 Wh/m?, reflecting consistently high solar exposure this month, with the highest
intensity in the summer of 2024. In contrast, September has the lowest median irradiance,
around 6120 Wh/m?, which corresponds to the seasonal transition to autumn, with shorter
days and lower solar intensity. Despite this decrease, September has a maximum radi-
ation value of 26,856 Wh/m?, indicating periods of high solar input under non-shaded
conditions. The seasonal variations in irradiance values observed in Figure 7 are primarily
influenced by changes in solar elevation throughout the year. During summer months
(June-July), the sun reaches a higher altitude, resulting in increased direct irradiance on the
PV modules. In contrast, during September, the lower solar elevation leads to a reduction
in the total incident radiation. This variation is consistent with the expected seasonal shift
in the solar angle and daylight duration, impacting the overall energy generation potential
of the system. Regarding the variability of the irradiance records, June shows a moderate
average irradiance of around 6816 Wh/m?, with a relatively large IQR, highlighting the
variability of daily irradiance levels. The maximum irradiance reaches 28536 Wh/m?,
indicating occasional high peaks. Similarly, August, with an average irradiance of 7152
Wh/m?, shows greater variability with a wider IQR than that obtained for July. The records
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also show outliers, suggesting intermittent high irradiance events, possibly caused by
atmospheric conditions of scattered clouds.

This trend in irradiance values translates into the power generated by the PV panels
and, therefore, the energy fed into the grid by each inverter. Figure 8 below shows the ratio
of energy generated per month by the new and reused panels for each of the three inverters.

B May MJune MJuly mAugust © September

New New N;

Reused Reused ew Reused

kWh/kWhp (%)
o o o o o o o o
N w B wv o ~N (o] o

o
-

INV 250 INV 252 INV 255

Figure 8. Monthly energy production comparison in kWh/kWhp (%) of new and reused PV panels
across three inverters.

In Figure 7, it is possible to see that the irradiance IQR in June is slightly higher than
that observed in September. However, Figure 8 shows that the energy generated in June is
24% lower compared to September for all inverters. The values in Figure 8 were obtained
by computing the monthly accumulated measured energy (kWh) ratio to the theoretical
cumulative peak energy (kWhp). For new panels, the nominal output from the factory
was used, and for reused panels, the output from curve IV measured in the solar simulator
was used. This discrepancy is due to the absence of electricity generation data during June
due to plant maintenance periods. In contrast, during the remaining months, July and
August, there is a more direct correlation between irradiance and the corresponding energy
production variables.

Subsequently, the correlations between the energy generated by the new and reused
panels and the daily cumulative global irradiance per month were evaluated. the results
for May and August are presented in Figure 9, while for the rest of the months they are
included in Appendix A.

Throughout the analysis period (May to September), the relationship between the
irradiance and energy output exhibited a generally strong and stable correlation, with June
being the notable exception.

In May, correlation coefficients were high, with values of 0.987 for new PV panels
and 0.943 for reused ones, reflecting a robust relationship under favorable late-spring
conditions. These results highlight the effective response of both panel types to consistent
irradiance levels.

However, in June, there was a noticeable decrease in the correlation coefficients, at-
tributed to external events affecting the plant’s normal operation, leading to a significant
reduction in energy generation. These disruptions also resulted in a lower number of
data points in the energy vs. irradiance graphs, which impacted the calculated correlation
coefficients. As summer progressed into July, the correlation coefficients increased signifi-
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cantly (Figure A1l in Appendix A). New PV panels demonstrated a maximum performance
level of 0.947, while reused panels also exhibited an enhancement, with coefficients reach-
ing approximately 0.927. These outcomes are indicative of the stabilizing effect of peak
summer conditions, which were characterized by higher and more consistent irradiance
levels. However, the performance disparity between new and reused panels became more
pronounced, as the new panels consistently achieved higher correlations.
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Figure 9. Relationship between daily cumulative global irradiance and energy output for new and
reused PV panels for (a) May and (b) August.

In August, late-summer conditions brought greater atmospheric variability, including
increased cloud cover and fluctuations in solar intensity, causing a slight decline in correla-
tion coefficients compared to July. New panels exhibited values around 0.974, while reused
panels showed slightly lower coefficients of 0.953. Despite this decline, the relationship
between irradiance and energy output remained strong, underscoring the panels’ resilience
to moderately intense conditions.

By September, climatic conditions had stabilized considerably, resulting in the highest
correlation coefficients observed during the entire period. Both new and reused panels
demonstrated good relationships with cumulative irradiance. New panels achieved coef-
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ficients of 0.987, while reused panels closely followed with values of 0.993 (Figure A1l in
Appendix A). These results highlight the importance of well-distributed and stable irradi-
ance during early autumn, which minimized performance differences between the panel
types. Under these optimal conditions, reused panels almost matched the performance of
new ones.

These correlations illustrate the seasonal variability of the PV system’s response to
irradiance; however, they do not account for other significant variables, such as atmo-
spheric temperature or the operational temperature of the PV modules. As a result, these
correlations represent only a partial relationship between irradiance and power output. To
gain a deeper insight into the system’s performance, Figure 10 presents an analysis of the
plant’s performance ratio (PR), evaluating both new and reused panels.
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Figure 10. Daily performance ratio (PR) of new and reused PV modules in August.

3.2.2. Performance Ratio (PR)

The performance ratio is determined in accordance with the IEC 61724 standard, which
defines PR as the ratio of the system’s final yield (Yf) to its reference yield (Yr), providing
a measure of the overall impact of system losses. In the case of monofacial systems, it is

Y E /D
f out/ IQ
PR=—==|——— 1

Yr (Hi/ci,ref> ( )

specified as:

where Eyy; is the output energy in kWh and Py the nominal power in kWp. H; is the
irradiation, that is, irradiance integrated over a specified time interval in kWh/ m?, and G;
is the in-plane irradiance, also known as the plane-of-array (POA) irradiance in W/m?.

For the new PV panels, the PR was calculated using their nominal power as the
reference. In contrast, for the reused panels, the PR was determined based on their expected
nominal power after 12 years of degradation, assuming a degradation rate of 0.5% per year,
as specified by the manufacturer’s data.

Analyzing Figure 10, we observe a consistent performance advantage of new PV
modules over reused PV modules across all the studied months. Figure 10 shows the
PR in August, and the remaining months are presented in Figure A2 in Appendix A.
While the PR of new modules is consistently higher, the reused modules demonstrate a
stable and predictable performance, maintaining a relatively constant gap between the two
types. In May, the PR remains high and uniform for both module types, with minimal
daily fluctuations. However, June shows notable PR drops on specific days, caused by
operational issues. By July, the PR stabilizes, resembling the consistent behavior observed
in May. In August and September, the PR exhibits a more homogeneous pattern. However,
a slight decline is noticeable in September, potentially linked to seasonal factors such as
reduced irradiance or higher temperatures affecting system efficiency.
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Overall, the reused modules demonstrate operational viability despite their slightly
lower performance compared to new modules. Seasonal trends indicate a gradual decline
in the PR toward the end of the period, suggesting external environmental influences.
These observations underscore the stability of reused PV modules and their potential for
sustainable energy applications, particularly when performance predictability is crucial.
These findings are supported by the study carried out by Muiioz [33], which analyzes
performance in Si-m PV modules and other technologies in a PV facility located near our
agrivoltaic plant in the ETSIAAB. In that study, Mufioz concludes that the energy produced
and the performance ratio are still good even after more than 10 years of operation.

In Figure 11, we observe the average evolution of the PR over the period studied. In
August, when the recorded temperatures were the highest, both types of panels experienced
a similar reduction in PR. This is to be expected, as the photovoltaic system was operating
without crops underneath the panels, and the higher temperatures reached by them led to
a noticeable decrease in efficiency [34]. The difference in the PR between May and June is
that the system was not operational on some days of June due to maintenance, making June
unsuitable for a direct comparison. For July, there is a slight increase in the PR compared
to May, which can be attributed to higher power generation due to increased irradiance.
It should be noted that the reused panels are more sensitive to changes in irradiance and
temperature than the new panels. By analyzing the evolution of the performance ratio (PR)
over the months studied, it can be seen that reused panels have, on average, a 12.3% lower
PR compared to new photovoltaic panels.
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Figure 11. Performance ratio evolution from May to September.

3.2.3. Infrared Thermography Inspection

Infrared thermography (IR) images were periodically recorded throughout the testing
period during the months when optimal climatic conditions were present, specifically when
the irradiance levels exceeded a stable 800 W/m?, and there was no wind. Images were
taken for all the pergolas, covering both new and reused panels. The IR technique captures
near-infrared electromagnetic radiation emitted from objects with temperatures above
absolute zero in the wavelength range of 8-12 pm. In the photovoltaic modules, the incident
radiation is converted into electricity and heat; by altering the current flow conditions,
temperature changes due to irradiance fluctuations can be registered, creating distinctive
cell temperature patterns that provide precise insights into potential failures. This allowed
us to track any potential degradation caused by environmental factors, such as temperature
fluctuations, humidity, or wind exposure. The results of the thermographic analysis
confirmed that no additional damage was observed in the reused modules after installation,
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reinforcing the reliability of their integration into the AGV system. IR thermographies
images of the new and reused panels are shown in Appendix A.

3.2.4. Reused Panels’ Operational Characteristics

The reuse of photovoltaic (PV) modules in agrivoltaic systems represents a promising
strategy to extend their lifespan and promote circular economy principles. By preventing
premature disposal, reuse reduces PV waste while maintaining energy generation capacity.
Studies show that many decommissioned modules retain 70-85% of their original power
output, making them viable for second-life applications [35] This approach optimizes
resource efficiency, reducing the demand for new raw materials and lowering the carbon
footprint associated with module manufacturing and disposal.

Although failure mechanisms have been documented in aged PV modules, these
findings do not necessarily apply only to repaired modules. In practice, monitoring reused
modules does not require significantly higher maintenance efforts compared to conven-
tional ones. Low-cost diagnostic techniques, such as infrared thermography, allow for early
fault detection, ensuring a reliable performance without additional operational burdens.
Furthermore, agrivoltaic environments benefit from lower operating temperatures due
to crop evapotranspiration, which helps mitigate potential efficiency losses and enhances
module longevity.

From an economic perspective, reusing PV modules reduces initial investment costs,
offering a financially viable alternative to new installations. Additionally, the development
of a second-life PV market fosters new opportunities in refurbishment, resale, and decentral-
ized solar applications. By extending module lifespans, reuse supports sustainable energy
deployment, minimizes environmental impact, and reinforces the long-term viability of
solar technologies without compromising the system’s performance [36].

4. Conclusions

This study demonstrates the significant potential of agrivoltaic systems as an inno-
vative solution to optimize land use by integrating energy generation with agricultural
production. The findings highlight several key outcomes that underscore the advantages
of this dual-use approach, including the effective addressing of challenges related to land
use conflicts and resource efficiency.

The reduction in PAR did not cause a decrease in yield. Additionally, no significant
reduction in water consumption was observed in the agrivoltaic system. These results
emphasize the capacity of agrivoltaic systems to balance agricultural productivity with
energy sustainability by optimizing both quantity and quality in food production.

This study also confirms the operational viability of reused PV modules within the
agrivoltaic system. Despite the slightly lower performance compared to new panels,
the reused modules displayed strong and consistent correlations between irradiance and
energy output, with coefficients consistently exceeding 0.93 during peak irradiance months
and reaching up to 0.993 in September. Performance ratio (PR) analysis further revealed
the stable and predictable behavior of reused modules, with efficiency losses remaining
within acceptable margins. These findings affirm the potential of repurposed PV panels for
sustainable applications, particularly in scenarios with moderate energy demands, such as
agrivoltaics.

Furthermore, the integration of reused PV panels within agrivoltaic systems con-
tributes substantially to circular economy principles by extending the lifespan of solar
panels, reducing the need for new raw materials, and minimizing environmental impacts
associated with waste generation. By reusing partially repaired modules, the approach
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addresses growing concerns about electronic waste and resource scarcity, while maintaining
sufficient energy production levels.

Consequently, the integration of agrivoltaic systems with reused PV modules is poised
to play a pivotal role in driving the sustainable energy transition and offering effective
solutions to pressing global challenges related to food security and land use efficiency.
These findings emphasize the critical role of agrivoltaics in maximizing socioeconomic and
environmental benefits, positioning this technology as a vital component in the context of a
sustainable energy future.
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Figure A1. Relationship between daily cumulative global irradiance and energy output for new and
reused PV panels for (a) July and (b) September.
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Figure A3. IR thermographic images of new PV panels and reused PV panels captured trough
different months. All temperatures marked in the figures are medium temperatures. (a) New PV
panel in 12 March, (b) reused PV panel in 12 March, (c) reused PV panel in 7 May, and (d) new PV
panel in 4 December.
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