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Abstract: The growing need for clean energy and food production are favoring the use of underused
spaces, such as rooftops. This study aims to demonstrate the compatibility of the use of rooftops
both for the production of photovoltaic energy and for the production of food, despite the fact
that both compete for the same resource, sunlight (rooftop agrivoltaic). In the experiment reported
in this study, which was carried out in Almeria (Spain) during the spring and summer of 2021,
three shade treatments were tested for a lettuce crop, produced by photovoltaic modules with differ-
ent arrangements: concentrated shade (CS), scattered shade (SS) and full sun (FS). This experiment
was repeated in two seasons with high radiation levels and temperature. The results show that in
these environmental conditions, the cultivation of plants that demand little sunlight, such as lettuce,
is compatible with the shading produced by photovoltaic panels. In addition, it is shown that the
same percentage of the area covered with shade (22%), but using mini-PV modules arranged in
patterns, improves the productivity (fresh weight, dry matter, number of leaves, maximum length
and dry matter of roots) of lettuce cultivation, both in spring and summer.

Keywords: rooftop farming; rooftop agrivoltaic; photovoltaic energy; urban farming; green roof;
pattern; PV mini modules

1. Introduction

Natural resources are under pressure, mainly due to the constant increase in the world
population, as well as the demands for food and energy production. Therefore, it is more
necessary to implement sustainable practices, such as electricity self-consumption and the
self-production of food. Moreover, rural exodus increases urban populations and leads
to the abandonment of agricultural and rural areas. It is estimated that, within 30 years,
almost two thirds of the world’s population will reside in urban areas and that these will
absorb the increase of the entire population [1,2]. Thus, cities will expand at the expense of
agricultural land [3], causing the abandonment of productive areas [4]. This transition will
require cities to be more sustainable, reuse natural resources, and adapt their infrastructure
systems [5,6]. Until now, urban planning focused electricity, water and other infrastructure
supplies. However, food production has not caught the attention of planners [7].

For all these reasons, the use of underutilized urban areas, such as the roofs of build-
ings, for the production of food (rooftop farming) is of interest. In this frame, some studies
have concluded that rooftop farming could supply up to 77% of the needs of some cities [8].
Furthermore, it could help conserve the energy of buildings [9] and maintain an aestheti-
cally pleasant environment (green roofing) [10]. Many other benefits have also been cited,
such as the decrease inair pollution [11], the management of runoff waters [12], as well as
the reduction of the urban heat island effect, carbon sequestration, and the reduction of the
noise pollution [13-19].

Agronomy 2021, 11, 2554. https:/ /doi.org/10.3390/agronomy11122554

https://www.mdpi.com/journal/agronomy



Agronomy 2021, 11, 2554

2of16

On the other hand, the use of solar panels on rooftops for self-consumption is becom-
ing increasingly popular, mainly due to the continuous decrease in the purchase prices of
photovoltaic modules and to the increase in their performance [20], making electricity self-
consumption competitive against the traditional supply of energy by electricity companies [21].

Southern Europe offers great advantages for combining both technologies, roof farm-
ing and electricity self-consumption, with photovoltaic panels on rooftops, mainly due
to high solar radiation, which allows a good transformation of sunlight into electricity
for each kWp installed [22]. The region also enjoys mild winters, variable springs and
autumns, and warm summers [23]; this allows open field cultivation during almost all
seasons of the year, although this region is fundamentally dry, especially in summer, which
could be an important limitation. However, some researchers have published strategies for
the adequate use of water in rooftops, especially in Mediterranean conditions [24].

Agrivoltaic systems, the combined use of photovoltaic panels and agricultural production
in the same area unit, has been proposed by some researchers since the last decades of the 20th
century [25]. However, further multiple investigations in this area were only developed at the
beginning of this century [26-30]. In parallel, a similar line of research has been developed,
but applied exclusively to the use of solar panels on the roofs of greenhouses [31-41].

In both lines of research, the results have been mostly similar: the shadow cast by
the photovoltaic panels on the crops produces a reduction in incident radiation and a
decrease in the commercial harvest [42,43]. This reduction depends on several factors, such
as the percentage of the area covered with shade, the outside radiation, the crop used, the
arrangement and dimensions of the photovoltaic panels, and the height of placement of
the panels [44]. Plant competition for radiation further results in a decrease in production.
However, three studies carried out in areas of high solar radiation, such as Almeria (Spain)
and Agadir (Morocco), led to different results. In these cases, the shading on the crops,
produced by the photovoltaic modules, did not decreased the yield of the harvest [32,45]
and, in one of them, there was even a slight increase in production when compared to
the control [46].

In recent years, a promising, but still underdeveloped, research line has been devel-
oped, in which crops and photovoltaic panels share the same space on top of the roofs
(rooftop agrivoltaic), and several of the aforementioned synergies are present [47]. How-
ever, the break-even point of this food production system is still far from being reached.
Therefore, a more appropriate focus seems to be the self-consumption of both food and
energy produced. In fact, in general, most rooftop farming projects do not have a commer-
cial purpose [48].

In this sense, this study intends to assess the feasibility of using the same space on
rooftops, simultaneously, by photovoltaic modules and by lettuce crops (rooftop agri-
voltaic), and whether this approach offers synergies or mutual benefits. The compatibility
between the simultaneous rooftop uses is evaluated by comparing biomass production
values, fresh weight, humidity, number of leaves, and the maximum length of leaves under
specific conditions, created by different shades of photovoltaic panels.

2. Materials and Methods
2.1. Experimental Design

A factorial experiment with two factors and three replications with random arrange-
ment was designed. The first factor is the growing cycle, which features two treatments:
Su (summer) and Sp (spring). The second factor is the type of photovoltaic shade, which
features three treatments: CS (Concentrated Shadow), SS (Scattered Shadow), and FS (Full
Sun). FS is the standard light regime in Almeria, so in this experimental design it acted as
a control.

2.2. Experimental Site Location

To carry out the experiment, a rooftop totally free of shade was chosen. It was located
in the vicinity of the Higher School of Engineering of the University of Almeria (Spain),
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with the coordinates 36°51'12.5” N, 2°18'41.8"” W; (36.853466, —2.311604), 62 m above sea
level. The rooftop was raised 3.5 m above ground level and featured a surface area of
100 m?. It was designed as a non-walkable roof with a maximum load-bearing capacity
of 400 kg m~2. Average temperatures in this location varied around 23 °C in the studied
period, the maximum being around 27 °C, with an absolute maximum of 34 °, and the
minimum around 19 °C, and an absolute minimum of 11 °C. The average temperature
rose during the study period from 16 °C to 25 °C. Rain was very scarce: only 42 mm fell
during the whole period, concentrating in May and the beginning of June. Regarding the
wind, the average was around 16 km/h, reaching maximum values of 37 km/h, with a
predominant southwesterly direction.

2.3. Experimental Setup

Nine cultivation containers arranged in three rows and three columns were placed on
the rooftop, all of them oriented southwards, with a separation of 1.2 m between rows and
0.85 m between columns (Figures 1 and 2). The containers were 81 cm long x 48 cm wide
and 20 cm high. All the containers featured a drainage system to eliminate excess water in
case of rain.

Appar BPN

BPN BPN

CS-R1

Figure 1. Experimental design. SS (Scattered shade), CS (Concentrated shade), FS (Full Sun),
R (treatment replication), BPN (Bird proof net), PAR (quantum PAR sensor, within a discontinuous
line indicated below the panel), TM (Thermometer).

Figure 2. Aerial photograph of the experimental design.
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The cultivation substrate used was a mixture of organic materials (blond peat, black
peat, coconut fiber, vegetable compost and perlite) that were subjected to a composting
process, with high porosity that allows the aeration of the roots and moisture retention. The
technical characteristics of the commercial product used were as follows. Apparent density:
0.54 g cm 3, granulometry: 0/20 mm, humidity: 35-40%, porosity: 80-90%, pH: 5.5-6.5,
electrical conductivity: 1640 us cm~!, and total organic matter: 80-85%. Each container
received a substrate layer of 200 mm.

The photovoltaic installation envisaged in the experimental design allowed the com-
parison of three shading treatments, corresponding to two arrangements of solar panels
and one without panels, with full exposure to the sun (FS), which served as a control. The
concentrated shade treatment (CS) corresponds to the most commonly used treatment in
photovoltaic installations for domestic self-consumption. In this treatment, a photovoltaic
panel with dimensions 270 mm x 304 mm was placed at a minimum height of 20 cm above
the cultivation surface, facing south with an inclination of 36°. The panel was arranged so
that the shadow generated at solar noon (12:00 GMT) was projected in the center of the
cultivation area of each container, covering 22% of the total area of the container (21.52%
corresponding to the photovoltaic panel itself and 0.4% corresponding to the supports)
with shade. The scattered shade treatment (SS) was obtained by arranging four mini-
photovoltaic modules 213 mm x 92 mm each, in a design forming patterns (Figure 1), with
a separation between rows and columns of 120 mm. They were also located at a height of
20 cm, facing south and with an inclination of 36°, with the average percentage of the crop
shading being 22%, 18.4% for the four photovoltaic panels, and 3.7% for the supports. The
third treatment, full sun (FS), served as the control, with 100% of the incident radiation.

A protection system against birds was built, consisting of a translucent green PVC
mesh, with mesh grid dimensions of 18 mm X 18 mm, which could be fixed on one side of
the containers and was able, if necessary, to be spread out on top of photovoltaic panels
and growing containers. Every day, the leaves were inspected to see if they were being
attacked by birds, so that, in case of significant damage, the protective mesh could be
extended. During the two growing cycles, spring and summer, it was not necessary to
use the protective mesh on any day. Finally, a verification of the resistance capacity of the
rooftop was carried out by calculating the weight of all the containers saturated with water,
to which the weight of the photovoltaic panels, plus the weight of a worker, was added,
and divided by the surface used for the cultivation system, resulting in a load of 60 kg m2,
a value that is within a safe use range.

2.4. Crop Management

The lettuce plants (Lactuca sativa L. cv. “Baby”), (n = 216) were transplanted from
the nursery with 4-5 true leaves, 12 plants for each container with a planting distance of
21.5 x 16.0 cm, resulting in 4 rows and 3 columns for each culture container. The experi-
ment was repeated in two different seasons, spring (108 plants) and summer (108 plants),
the planting dates being 2nd May and 16th June 2021, respectively.

The cultural practices were the same for all the treatments, consisting of eliminating
weeds, checking the deterioration of the leaves by bird bites to extend or not the protection
mesh, fertilization and irrigation. The supply of irrigation was carried out daily until the
saturation of the cultivation substrate and surplus drainage were achieved. The nutrient
solution was adjusted to achieve the following composition (mmol L~1): 10.50 NO;_,
3.30 NH;—, 1.0 H,PO,,1.0S0,~,4.0K*, 2.0 CaZ*, 1.0 Mg2+, plus micronutrients, adjusting
pH between 5.5 and 6.5, and the electrical conductivity (EC) to 1.33 dSm 1.

The harvesting was performed 45 days after plantation, 15 June for the spring cycle
and 31 July for the summer cycle.

2.5. Measurements

At the time of the harvest, all the plants were measured, obtaining the maximum
length (cm) of each plant, without roots. The control of the fresh weight (g) was carried out
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for each replica of the treatments CS, SS, and FS, at the end of each crop cycle, immediately
after harvesting. For the measurements, a Star LS-DS-4000 digital scale (Star, Fujian, China)
with a resolution of 1 g was used. All the harvested lettuces were considered.

In the laboratory, the number of leaves (n) of each plant was counted, discarding
leaves shorter than 3 cm. Subsequently, the dry matter was obtained by drying the samples
in an INDELAB IDL laboratory oven, A-180 (Inde-lab, Lima, Peru) at 70 °C, for 48 h, for
subsequent weighing on a digital scale, obtaining the humidity by difference and the dry
matter by direct weighing.

The roots of all the plants were also collected and taken to the laboratory for washing,
and were subsequently dried with absorbent paper, weighed fresh and later dehydrated in
a laboratory oven using the procedure described above.

Photosynthetically active radiation (PAR, 400-700 nm) was determined by three sen-
sors of the LI-190R quantum sensor type (LI-COR Corporate Offices-US, Lincoln, Nebraska
USA) capable of measuring the incident photosynthetic photon flux density PPFD (umol of
photons m~2 s71), with a typical sensitivity of 5 pA per 1000 pmol s~ 'm~2 and an absolute
calibration of 5% by the National Institute of Standards and Technology (NIST). One of
the sensors was installed in an area without shade at a height of 35 cm above the ground,
and the other two were placed under the photovoltaic panels of the CS and SS treatments,
as shown in Figure 1. The height of the sensors was modified every 4 days to match the
growth of the plants, so that the sensors were always at the same height as the surrounding
plants and did not cast shadows. The air temperature was measured using a digital probe
thermometer with a data logger, model SBS-DL-125E (Steinmberg Systems, Hamburg,
Germany), with an accuracy of 0.3 °C and an error of +0.3 °C. This sensor was placed at a
height of 0.5 m, protected from direct radiation, located in the position indicated in Figure 1.
Solar radiation was available for the experimental period from a nearby meteorological
station in Viator (Almeria, Spain. Coordinates 36.810351000000004, —2.37924428).

2.6. Statistical Analysis

An analysis of variance (ANOVA) was performed following the additive linear model.
The significance level considered in the statistical analysis was 5% (x = 0.05) and the LSD
(Least significant difference) test was applied to discriminate between treatment results. In
addition, the hypotheses of normality and of equality of variances were verified [49]. To
this end, the software Statgraphics Centurion XVII-X64 was used.

3. Results
3.1. Environmental Variables

The environmental variables measured at the site were: PAR radiation, in three differ-
ent positions, and temperature, as described in Section 2.5, and they were complemented
by solar radiation data from a nearby station (vd. 2.5).

The minimum and maximum temperature values followed an increasing trend during
the whole study period, peaking around 35 °C and reaching the lower values around
11 °C. The daily amplitude of air temperature tended to decrease during summer, being
approximately 10 °C in the beginning of May and 7 °C in the end of July (Figure 3).

The daily solar radiation showed a tendency to increase from the beginning of the
study (2nd May) until 19th June, when a maximum for the whole period was obsrved, with
a value of 28.7 M] m~2. After this date, this value remained approximately constant until
the middle of July, later presenting a smooth decline in the last fortnight of the experimental
period (Figure 4).

During the month of May, PAR reached a daily average of 939 umol m~2 s~! under
direct exposure conditions (FS), increasing to 1,116 pumol m~2 s~! in June and stabilizing
around this value in July (Figure 5). As expected, the sensors located under the solar panels
provided lower values, but following a monthly trend similar to that of treatment FS: lower
PAR levels in May and approximately stable in June and July.
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Figure 3. Maximun and minimum temperatures during May-June-July (°C).
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Figure 4. UVI (Ultra Violet Index) and daily irradiance during May-June-July (M] m~2),
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Figure 5. Average daily values of photosynthetically active radiation (PAR) and errors, during
May-June-July (umol m~2 s~1). Different letters indicate significant differences, with ANOVA
significance level « = 0.05. (CS) Concentrated shadow treatment. (SS) Scattered shadow treatment.
(FS) Full sun treatment.
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It is noteworthy that the PAR values were higher for treatment SS than for treatment
CS for all the months of the experiment.

The daily evolution of PAR radiation showed that the sensors that were exposed to
sunlight without shading (FS) displayed values with an increasing trend until 12:15 h, after
which the values remained more or less stable until 14:30 h, after which they presented
a decrease.

These time bands were repeated during the three months of the study, but with dif-
ferences in the maximums reached, since, in the month of May, FS reached a maximum of
1620 umol m~2 s~1, while in the months of June and July these maximums were close to
1800 umol m~2 s~ (Figure 6).
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000 1000
800 800
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00 400
2
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000 1000
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A RKN® O S S
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(b) ()

Figure 6. Monthly daily average evolution of photosynthetically active radiation (PAR) during May-June-July (umol m—2 s~1).
(a) Concentrated shadow treatment. (b) Scattered shadow treatment. (c) Full sun treatment.

When comparing the daily evolution of the PAR radiation between the CS and SS
treat-ments, we verified that there were significant differences between both: CS slightly
exceeded SS in the two time periods, 7:45-8:30 and 18:30-19:15, while SS clearly outper-
formed CS between 11:00 and 15:30. This situation caused the integral of radiation received
throughout the day to be significantly higher in SS than in CS.

These same hourly evolutions of CS and SS were repeated in the whole period of the
study, although, as with the FS treatment, the peaks reached during the month of May
were lower than those reached in June and July.
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3.2. Agronomic Variables

The data obtained for fresh weight at harvest time show that treatment SS was 46.4%
more productive than CS treatment and 68.8% more than the FS treatment during the
spring cycle. This situation occurred more markedly in the summer cycle, with increases in
fresh weight production of 61.2% compared to CS and 87.6% compared to FS. Significant
differences were obtained in all the treatments (Figure 7).

180
164.4a
160
115.4b
140
5 120 100 ¢
-
TED 100 86.7d
9]
2 716 €
Z 80 61.5f
(%]
9]
L 60
40
20
0
Spring Summer Spring Summer Spring Summer
cs SS FS

Figure 7. Average lettuce fresh weight (g) and errors, during spring and summer season. Different
letters indicate significance differences, with ANOVA significance level x = 0.05. (CS) Concentrated
shadow treatment. (SS) Scattered shadow treatment. (FS) Full sun treatment.

Regarding the average number of leaves (Figure 8), the SS treatment was the most
productive both in spring and in summer. The CS and FS treatments also featured signifi-
cant differences between them, with the treatment fully exposed to the sun (FS) displaying
a lower number of leaves during the summer. However, in spring, there were no signifi-
cant differences between these two treatments. There were also no statistically significant
differences between the spring and summer seasons in the CS treatment.

60
47.2 a

33.6d s7ic
I I 306€
0 I

Spring Summer Spring Summer Spring Summer

N w B wv
o o o o

Number of leaves (n)

=
o

CS SS FS

Figure 8. Average lettuce number of leaves (n) and errors during spring and summer season. Different
letters indicate significance differences, with ANOVA significance level « = 0.05. (CS) Concentrated
shadow treatment. (SS) Scattered shadow treatment. (FS) Full sun treatment.

This greater growth shown by the lettuces subjected to scattered shading resulted from
these plants having a greater number of leaves (Figure 8) and greater lengths (Figure 9), as
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well as larger roots (Figure 10). Regarding all these variables, the SS treatment was more
productive than the others.

30
25 21.6 a
{ 18.3 b
170 €
20 16.2 C

‘lr 1od I 124 €

Maximum length (cm)
o G

Spring Summer Spring Summer Spring Summer

cs SS FS

Figure 9. Average lettuce maximun length of the leaves (cm) and errors, during spring and summer
seasons. Different letters indicate significance differences, with ANOVA significance level o = 0.05.
(CS) Concentrated shadow treatment. (SS) Scattered shadow treatment. (FS) Full sun treatment.

16

14

. !

10

8 6.2 C

Roots dry matter (g)

44¢ 1 38f

Spring Summer Spring Summer Spring Summer

Cs SS FS

Figure 10. Average lettuce roots dry matter (g) and errors, during spring and summer seasons.
Different letters indicate significance differences, with ANOVA significance level « = 0.05. (CS) Con-
centrated shadow treatment. (SS) Scattered shadow treatment. (FS) Full sun treatment.

Regarding the maximum length of the leaves (Figure 9), the SS treatment was the most
productive both in spring and in summer. The CS and FS treatments featured significant
differences only in the summer season, demonstrating better results for CS versus FS.
However, in spring, there were no significant differences between these two treatments.

Significant differences were obtained for all the treatments of the root dry matter
variable (Figure 10). The most productive was the SS treatment, both in the spring and
in the summer seasons. The CS treatment was more productive than FS in both spring
and summer.

For all the agronomic variables studied, all the treatments performed better in the
spring season than in the summer season, except in the CS treatment for the number of
leaves variable, in which no statistically significant differences were obtained.

When comparing the CS and FS treatments, it was observed that the plants subjected
to the CS treatment showed a greater development in fresh weight, number of leaves,
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maximum length and dry matter of roots; although the differences between the means
were statistically significant, they were not as marked as in the comparison made with the
SS treatment. This situation occurred both in the spring and in the summer cycles. The
only exception occurred in the values of the number of leaves in the spring cycle, in which
the plants fully exposed to the sun (FS) displayed a slightly higher average than those
subjected to concentrated shade. However, these small differences were not statistically
significant (Table 1), and the same occurred with the difference between the means of
maximum lengths.

Table 1. Multifactorial ANOVA and LSD test. Different letters indicate significance differences, with
ANOVA significance level o = 0.05.

Fresh Dry Matter Number of Maximum Root Dry
Weight (g) (%) Leaves (n) Length (cm) Matter (g)
A: season
Spring 111.0a 9.3b 40.2a 18.3a 8.9a
Summer 82.9b 9.6a 35.1b 14.9b 5.1b
p-value 0 0.0444 0 0 0
B: treatment
CS 85.8b 9.5b 35.0b 15.4b 5.3b
SS 130.9a 8.1c 442a 19.9a 8.1c
FS 74.1c 10.6a 33.9b 14.3b 4.6a
p-value 0 0 0 0 0
Interactions
AB 0.5995 0.0315 0.2337 0.8405 0.5071

By contrast, the same did not occur with the percentage of dry matter. In this case,
the lettuces exposed to the sun without shade (FS) showed higher levels of dry matter (%)
than those grown under some type of shade (CS and SS), although when the dry matter
data were analyzed in weight (g), the results were identical to those mentioned in previous
paragraphs (Figure 11). The same situation occurred with respect to the growing cycle,
since, in summer, the dry matter (%) was almost equal to or higher than in spring, being
especially significant in lettuces exposed to the sun (FS); nevertheless, the dry matter (g)
was higher in the plants that showed higher levels of developement (SS).

= 1 11.9
3 12
10.4
10 9.4 9.4 9
82 81
3 6.8 6.8
oo
6
4
2
0
SS FS cs ss FS

Dry matter summer (%) ® Dry matter spring (g) Dry matter summer (g)

(b)

Figure 11. Lettuce plants dry matter results for the spring and summer cycles: (a) percentage (%); (b) mass (g). (CS) Concen-
trated shadow treatment. (SS) Scattered shadow treatment. (FS) Full sun treatment.

The Least Significance Differences (LSD) test (Table 1) showed that the three shade
treatments adopted in this study (CS, SS, FS) were, since they presented significant sta-
tistical differences, with very small or null p-values. The results were also significantly
different between the spring and summer cycles, with statistically different means for all
the treatments. Nevertheless, when studying the possible interactions between cycles and
types of shading, the results showed that there were no combined effects (the change in
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cycles does not depend on the shade treatments and vice-versa), except in the percentage
of dry matter, albeit with a value of low significance.

4. Discussion

The results show two relevant facts, the first of which is that the same proportion of
the total area covered with shade, CS (22%) and SS (22%), produced different results. In
both the spring and summer cycles, the SS treatment was more productive, in relation to all
the variables studied (fresh weight, number of leaves, maximum length, dry matter), than
CS. Therefore, the effect of a patterned mini-module design had positive consequences
in the environmental conditions studied, which allowed higher plant productivity. This
result is consistent with those obtained by Perma et al. [50], although the proposal made
by these authors was limited to optical modeling, consisting of the implementation of a
computer model that simulates the movement of the sun and the shadows projected on
the ground, based on different variables, such as geographic location, the height above
the ground of the photovoltaic panels, and the dimensions and shapes of the panels.
Some authors [29,30,34,41,42,51] have shown that an increase in the percentage of the area
covered with shade led to a decrease in production, but none of them compared the same
percentage with different patterns in the design of the photovoltaic modules.

The second relevant fact is that, in the SS treatment, an inverse relationship between re-
ceived PAR radiation and productivity was not observed, while in the CS and FS treatments
that inverse relationship was apparent (Figures 12 and 13). In both the spring and summer
cycles, the plants fully exposed to the sun (FS treatment) were the least productive, yet they
received the highest amounts of PAR radiation. Furthermore, comparing the FS treatment
in spring versus summer (Figure 12), it was observed that in spring it receivesd slightly
less radiation (998 umol m—2 s~1) than in summer (1091 umol m~2 s~1), while the mean
fresh harvested mass decreased from 87 g to 61 g. It seems, therefore, that higher radiation
is detrimental and led, in this case, to poorer production results. However, when analyzing
the SS treatment, the above premise was not met. The results obtained for the CS and FS
treatments were consistent with the results published in previous investigations [52-55]
but these do not coincide with the result of the SS treatment.

1200 160
1000 P 140
Y "' _,--"".: )
— 120 _
W an L b
A — 100 %
E pre SN )
o 600 B0 U
E | =
= 400 & o
= a0 -
200 28
0 0
cs 55 FS cs 55 FS
spring summer

average PAR M Fresh weight

Figure 12. Comparison between levels of radiation input (PPFD) PAR and resulting lettuce fresh
weight for each treatment, during spring and summer seasons. (CS) Concentrated shadow treatment.
(SS) Scattered shadow treatment. (FS) Full sun treatment.

In Figure 12, the blue arrows mark the trend of radiation, and the orange arrows
mark the trend of expected production. The SS treatment corresponds to an intermediate
radiation level between CS and FS. However, the fresh weight does not follow the same
trend of radiation. For the SS treatment, it is higher than expected (marked in Figure 12
with an orange dot). The radiation flux measured in the different treatments presents the
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following order: FS > SS > CS. Therefore, the expected production should be the inverse:
FS <SS < CS. However, the production obtained followed the order, FS < CS < SS.
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average daily PAR M Height of the letucce

Figure 13. Comparison between levels of radiation input (PPFD) PAR and resulting height of the
lettuces for each treatment, during spring and summer seasons. (CS) Concentrated shadow treatment.
(SS) Scattered shadow treatment. (FS) Full sun treatment.

It can also be observed that the CS treatment suffered a decrease in PAR radiation,
around 40% in both spring and summer, a result that is consistent with previous studies of
PV-green roofs [56].

A similar situation occurred when we compared the PAR radiation and the resulting
height of the lettuces for each treatment (Figure 13).

A possible explanation for the fact that the CS treatment receivesd less PAR radiation
than the SS treatment, even though both displayed a 22% shaded cultivation surface,
can be observed in Figure 6. The arrangement in patterns of the PV mini-modules (SS
treatment) allowed the passage of light in the hours of greatest solar incidence, while in
CS, direct radiation could only access the plants located under the panel when the solar
angle was very low, during sunrise and sunset. It seems clear that the arrangement of the
modules, their size, placement, height, and orientation can affect the amount of radiation
reaching crops.

Another factor that can explain this inverse relationship between radiation and pro-
ductivity is the relative incidence of ultraviolet radiation. Some authors, [57] note that UV-B
radiation can induce photooxidation damages, and cellular membrane or DNA changes
in plants. Thus, under higher amounts of radiation, particularly at high intensity levels,
damages directly effecting decreases in productivity can occur.

Figure 4 shows the levels of UV radiation, measured according to the Ultra Violet
Index, verifying that they were very high (8-10) both in spring and summer. This could
explain the fact that the lettuces in shade, better protected from UV radiation, demonstrated
level of a productivity that was somewhat higher than the FS lettuces. However, it does
not explain the decreases in productivity experienced by the three treatments between the
spring and summer cycles, since the UV radiation was similar in both seasons. Therefore,
other variables might explain the differences between spring and summer.

The evolution of temperature during the period studied (Figure 3) seems to explain
the differences in productivity between spring and summer. An increase in temperature
increases cellular respiration, decreasing net photosynthesis, from a level considered
optimal. Some authors have investigated this optimum level in lettuce cultivation [58],
placing it around 22 °C, although it is highly dependent on other environmental variables.
As shown in Figure 3, the temperature iwa often higher than that value and higher in
summer than in spring. A higher temperature in summer, around 28 °C, would imply less
net photosynthesis when compared to the spring cycle, when the temperature is around



Agronomy 2021, 11, 2554

13 of 16

25 °C. However, temperature alone does not explain the productivity differences between
the CS and SS treatments.

A factor that could explain the better performance in treatment SS is the continuous
exposure time to excessive radiation (without interruption by shading), which, for this
treatment, was shorter than for the other treatments. The use of mini-PV modules submit-
ted the plants below them to short periods of direct radiation and shading. As described by
some authors [57,59], the photoinhibition process induced by high radiation levels, during
the periods of excessive direct radiation, results in the degradation of the photosystems II
(PSII), and also the photosystems I (PSI), to a smaller extent, with a decrease in photosyn-
thetic activity. During shading periods, or periods of non-excessive radiation, PSII and
PSI recover at a faster rate than they degrade. In the case of SS treatment, the interchange
between direct radiation and shading, after long periods, allowed the damage in PSII and
PSI to remain low and to be quickly recovered during the shading periods.

In future studies, other variables, such as the dimensions, placement height, orienta-
tion, and patterns of the mini-PV modules should be optimized, adapting them in relation
to the light saturation points of selected crops, with more efficient arrangements. This
increase in efficiency must be observed from the agronomic point of view and considering
the photovoltaic yield, since some studies [37] show that the use of PV modules with a
patterned arrangement could reduce the energy yield of the photovoltaic installation by up
to 5%. Other studies also show the beneficial effects on PV panel performance when the
latter are installed over vegetated roofs and other constructions [60-62].

This study features limitations, since it is not usable on a large scale because the
metallic frames and PV panels used were small, since they were designed for use on
rooftops. However, the results obtained, especially in the case of scattered shadow, allow
us to design photovoltaic panels of greater size than and of different shapes to those those
currently in use, which could be used in large agricultural areas.

5. Conclusions

In this study, the behavior of different percentages of the total area covered with shade
produced by photovoltaic modules on rooftop lettuce crops was compared. The test was
repeated in two seasons with high temperature and radiation levels: spring and summer.

The results suggest that in regions with high radiation levels and temperatures, it is
possible to use the same space on rooftops to produce photovoltaic energy and cultivate
plant species that demand little light, such as lettuce.

The use of solar panels that shaded the crop (CS and SS treatments), under the
mentioned conditions produced an increase in the productivity of the crop (fresh weight,
dry matter, number of leaves, maximum length, dry matter of roots).

The same coverage area percentage (22%) can produce different productivity results,
depending only on the arrangement of the photovoltaic modules. The results showed
that the use of mini-PV modules with pattern design, which produce a scattered shadow
(SS treatment), achieved higher productivity than when using the same percentage of
coverage area, but concentrated (CS).

The productivity differences between the spring and summer treatments showed
that spring conditions are better for the development of lettuce crops. However, all the
conclusions previously mentioned are valid for both seasons.
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