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Abstract: Agro-photovoltaics (APV) could be the optimal means of sustainable development in
agricultural areas once a few challenges are overcome, perhaps the greatest of which is the constant
shading from AVP structures. This study examined how the growth and yield of rice, potato, sesame,
and soybean crops could be optimized when grown underneath different APV systems. The solar
radiation, shading levels, and temperatures during crop cultivation were measured. In addition, the
photosynthetic efficiency was measured at different growth stages. Adjacent to the APV systems
were the control plots with full sun. In these studies with potato crops grown under APV systems,
most growth and yield parameters were similar to those grown in the control plot except for the
plant height. On the other hand, sesame crops grown underneath the APV systems had a lower stem
length, effective branching number, 1000 seed weight, and a reduced yield of 19% compared to the
crops from the control plot. In two distant locations (Paju and Youngkwang), soybean crops grown
underneath APV systems at both sites showed increased ungrained ratios per pod and a reduced
yield of 18-20% compared to the control plot. Finally, rice crops cultivated underneath the APV
systems had a lower panicle number per hill, spikelet number per panicle, 1000 seed weight, and yield
reduction of 13-30% compared to the control plot. Overall, crops grown underneath the APV systems
had a greater plant height and stem length. Moreover, the solar radiation and PAR underneath the
APV systems were also lower than in the control plots. The photosynthetic efficacy in rice plants
grown underneath the APV systems was lower than in the control plots. The photosynthetic efficacy
may help lower the crop yield when cultivation is underneath an APV system.
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1. Introduction

Fossil fuels are heavily relied upon as energy sources and are still the largest source
of greenhouse gas emissions in the power generation sector [1,2]. On the other hand,
to comply with the Paris Agreement and meet its objective of limiting global warming,
the demand for establishing an alternative energy supply in the world has led to the
use of renewable energy, which has favorable mitigating effects on carbon dioxide with
minimal environmental impact [3-5]. Common renewable energy sources include biomass,
hydropower, geothermal, wind, and solar. Furthermore, the development of renewable
energy sources for replacing fossil fuels has become one of the major societal challenges in
solving the energy and climate change crisis.

Among the renewable energy technologies available, photovoltaic power generation
requires a huge land area which can no longer be used for agricultural applications. Pho-
tovoltaic systems have been adapted to reduce their negative effects on agriculture. The
concept of the agro-photovoltaic (APV) system was introduced by Goetzberger and Zas-
trow [6] more than three decades ago. Since then, APV systems have become an innovative
facility to encompass photovoltaic power production and crops in the same agricultural
fields [4]. The Korean government is implementing APV systems in rural areas as part of
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the “Renewable Energy 3020 Implementation Plan”and the “2050 Carbon Neutral Strat-
egy”. The Korean government aims to increase the target level from APVs to 10.0 GW by
2030 [7,8].

The solar energy generated from APV can have the following benefits: a more than
30% increase in the economic value of the land [9] if yield losses through shading effects
are minimized by the selection of suitable crops, and a 60-70% increase in overall land pro-
ductivity [4]. As integrated photovoltaic systems contribute to conciliate food security and
green energy supply [10], an APV may be the optimal means of sustainable development
in agricultural areas [11].

Nevertheless, the main challenge faced by these systems is that they still adversely
affect crop productivity and quality because of the shading effects [12]. A decrease in solar
radiation intercepted by the crops due to shading in APV systems can negatively affect crop
production [13]. Thus, the effects of shading must be considered when exploring potential
APV conditions [14,15].

The light quantity is a vital component of crop cultivation that links the photosynthetic
rates and morphological processes of plants to their growth and development [15,16]. In
previous studies, the yields of maize and potatoes were reduced under shading conditions
when applied at growth stages in limited periods [17-19]. On the other hand, the AVP
structure is shaded for all periods of crop cultivation [20,21]. For example, the potato tuber
yield was decreased by 38.2% in crops grown under APV compared to the conventional
potato tuber yield [22]. In a modified crop model adapted to the shading conditions
underneath an APV, Homma et al. [23] reported that a 20% reduction in solar radiation
led to a 20% reduction in rice yield. In another study, Marrou et al. [24] showed that light
reduction had a significant impact on the final crop yield of spring and summer lettuces
in APV.

Although APV technology is being applied worldwide, there is very little accompa-
nying scientific research to examine its impacts on agronomic parameters, such as crop
performance and crop yields. Thus, this study examined how the growth and yield of rice,
potato, sesame, and soybean crops could be optimized when grown underneath different
APV systems. The solar radiation, shading levels, and temperatures were measured during
crop cultivation, and the photosynthetic efficiency was measured at different growth stages.

2. Materials and Methods
2.1. APV Research Facilities

This study was conducted across seven APV facilities across South Korea. Potato and
sesame crops were planted at one facility each, whereas soybean and rice were planted
at two and three APV facilities, respectively. The areas of APV facilities were 1980 m? for
potato, 1815 m? for sesame, 1030-2800 m? for soybean, and 1180-3267 m? for rice. The areas
of control plot for each crop were over 1000 m?. The shading rates of the APV used in this
study ranged from 25% to 32%. The panel height of the APV ranged from 4.0 to 4.5 m. The
power generation of the APV ranged from 97 to 150 KW. The average total precipitation
during the crop growing season, from March to October, at seven APV facilities ranged
from 920 to 1600 mm. Table 1 and Figure 1 provide more detailed information on these
APV structures.
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Table 1. Agrophotovoltaic (APV) facilities used in this study.
APV Power Shadin
Crop . Latitude Longitude Generation o 8 Panel Shape Module
Location Rate (%)
(KW)
. O met Anl I, Individually 36 cell, 3 x
Potato Cheongju 127°27'42 36°41'55 99 31.6 distributed 12 type
onQ/1n/! ool 1l Individually 36 cell, 3 x
Sesame Goesan 127°38'10 36°48'48 99 31.6 distributed 12 type
. orglnnll ool I Individually 36cell, 4 x 8
Soybean Paju 126°56'33 37°58'16 150 32.0 distributed type
onglnill onlaQl . 72 cell x4, 6
Youngkwang 126°26'26 35°24'38 97 28.0 Holding type x 12 type
Seungju 127°24/36" 35°01/37" 100 25.0 Double axis 119 cell, 7
Rice tracing 17 ’?lrpe
: 040/21!" oM Al . 72 cell, 6 x
Naju 126°49'31 35°01'44 107 32.0 Stationary type 12 type
Boseong 127°02/55" 34°44'14" 99 316 Stationary type ge:;;ez x

R LT,
P e

l“ll.'.l', lel!‘ll o

Figure 1. APV facilities used in this study (a), potato in Cheongju; (b), sesame in Gaesan; (c), soybean
in Paju; (d), soybean in Youngkwang; (e), rice in Seungju, (f), rice in Boseong; (g), rice in Naju.
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2.2. Growth and Cultivation Conditions under APV

For the potato study, potatoes (cv. Sumi) were planted in 20 x 100 cm spaces and
covered with black vinyl mulch on 29 March 2021. The crop was harvested on 21 June 2021.
Other cultivation conditions followed the standard Rural Development Administration
cultivation methods.

At harvest, the plant height, stem number, stem diameter, leaf number, leaf length,
and leaf width of the crops grown under the APV systems were measured. For comparison,
these same parameters were measured in the crops grown in open, control plots neighboring
the APV systems. When the yield components, such as tuber number and weight per plant,
were measured, high (over 30 g of weight) and low-quality (less 30 g of weight) potatoes
were also separated. In addition, the fresh shoot weight of the aboveground parts, tubers,
and roots per plant was measured. The high-quality yield per 10a (1000 m?) and total yield
were also measured. Since potato crops did not significantly vary between the control crops
and those grown underneath APV systems, we conducted another study in 2022 in order
to confirm what was observed in 2021. For this study, potato was planted in 25 x 95 cm
spaces on 24 March and harvested on 18 June 2022. Cultivation conditions were the same
as those in our 2021 study.

For the sesame study, sesame (cv. Asankkae) was planted with colored vinyl mulching
in 100 x 20 cm spaces on 28 April 2021 and harvested on 10 August 2021. The plant
height, leaf number, and branching number of sesame were measured on 5 July 2021. At
harvest, the stem length, stem diameter, branching number, effective branching number,
ratio of effective branching, capsule length, capsule width, capsule number, seed number
per capsule, 1000 seed weight, seed weight/m?, and yield (1 m?) were measured in both
crops grown under the APV systems or in a control plot.

For the soybean study, soybean was planted by machine with the Jangdan cultivar
in Paju and the Daewon cultivar in Youngkwang. The seeding date was 9 June 2021, and
the planting distance was 80 x 10 cm in Paju. In Youngkwang, the seeding date was
3 July 2021, and the planting distance was 70 x 10 cm. The stem length, node number on
the main stem, and stem diameter were measured on 10 July and 5 August in both Paju
and Youngkwang. The pod weight, pod number per plant, seed number per plant, grain
weight per plant, 100 seed weight, population number/m?, liter weight, and yield (1 m?)
were measured at harvest in Paju and Youngkwang.

For the rice study, 15-day-old seedlings of rice (cv. Saecheongmu) were transplanted
by machine in 30 x 15 cm spaces on 26 May 2021, in Seungju. Eighteen-day-old seedlings
of rice (cv. Cheongmu) were transplanted by machine in 30 x 15 cm spaces on 31 May 2021,
in Boseong. Fifteen-day-old seedlings of rice (cv. Ilmibyeo) were transplanted by machine
in 30 x 16 cm spaces on 15 June 2021, in Naju. The fields were managed with N-P,0s5-K,O
fertilization of 60-30-40 kg ha~! for Seungju and 90-45-57 kg ha~! for Boseong and Naju,
respectively. The plant height and tiller number were measured on 9 July 2021, in Seungju
and Boseong, and on 26 July 2021 in Naju. We measured 10 plants in each experimental
plot for the plant height and tiller number. At harvest, the culm length, panicle length,
panicle number per hill, spikelet number per panicle, ripening rate, 1000 seed weight,
and yield were measured in Seungju, Boseong, and Naju. The crop yields were measured
by harvesting from sample plants in each experimental plot (1 m?). Standard chemical
products were used to manage disease, insects, and weeds.

2.3. SPAD Value and Photosynthetic Efficiency

The SPAD value and photosynthetic efficiency were measured in crops grown under
the APV facilities in Seungju. The SPAD value and photosynthetic efficiency of crops
growing in the neighboring control plot were also measured for comparison. Twenty-
five-day-old seedlings of paddy rice (cv. Saecheongmu) were transplanted by machine
on 26 May 2022. The other cultivation conditions followed standard Rural Development
Administration cultivation methods. The SPAD value of chlorophyll content was measured
using a SPAD-502 Plus meter (KONICA MINOLTA Co., Ltd., Tokyo, Japan) at 10 (35 days
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after seeding) and 20 days (45 days after seeding) after transplanting. The electron transport
rate (ETR) of photosynthetic efficiency was measured using a PAM-2500 (Heinz Walz
GmbH, Effeltrich, Germany) 10 (35 days after seeding) and 20 days (45 days after seeding)
after transplanting. The leaves were adapted in the dark for 20 min to measure their
photosynthetic efficiency. We measured 10 plants from 1:00 p.m. to 2:00 p.m. in each
experimental unit for SPAD values and ETR.

2.4. Meteorological Parameters

Meteorological instruments were installed to measure air temperature, soil tempera-
ture, and solar radiation in Seungju and Bosung, South Korea. The atmospheric temperature
at the sites was obtained using temperature smart sensors (5S-THC-M002, Onset Co., MA,
USA), which were attached to metal poles 1.2 m above the ground. Site soil temperatures
were measured using 12-Bit temperature smart sensors (5S-TMB-M0002, Onset Co., MA,
USA), which were placed at a soil depth of 3 cm. Photosynthetically active radiation (PAR,
umol m~2 s~ 1), which is a unit of measurement that quantifies the light effect of solar en-
ergy at specific wavelengths, was also measured. The measurements were performed using
a PAR smart sensor (S-LTIA-MO003, Onset Co., MA, USA). Solar radiation was measured
using a Silicon Pyranometer smart sensor (S-LIB-M003, Onset Co., MA, USA). We installed
sensors of meteorological instruments at two points in the field in each experimental unit.
All data measured by the equipment were recorded at 10 min intervals.

2.5. Statistical Analysis

Data were collected from the area under the APV systems divided into three parts.
The data were analyzed using the Statistical Analysis Systems software [25]. The means
were separated using a t-test. p values < 0.05 were considered significant.

3. Results and Discussion
3.1. Growth and Yield of Various Crops Underneath APV Systems

The potato growth levels were evaluated by measuring the growth parameters, such
as the plant height and leaf number (Table 2). The stem number per plant, stem diameter
per plant, leaf number per plant, leaf length per plant, and leaf width per plant were similar
in the crops grown under the APV system and in control plots. However, the plant height
of the crops underneath the APV system was almost two times higher than in the control
plot. Higher plant height underneath the APV system may be related to the shading rate
caused by the APV panel.

Table 2. Growth of potato underneath an agrophotovoltaic (APV) system in Chongju, South Ko-
rea, 2021.

Plant Stem Stem Leaf Num- Leaf Leaf
Condition Height Number Diameter ber/Plant Length Width
(cm) /Plant (mm)/Plant (cm)/Plant  (cm)/Plant
APV 41.2* 1.7 11.0 13.0 249 16.3
Control 24.9 2.1 10.8 11.6 24.9 174

* significantly different between APV system and control plot using a t-test (p = 0.05).

At harvest, tuber number and weight per hill were not significantly different between
crops grown under APV systems and control plots (Table 3). The shoot fresh weights
of the aboveground parts and roots per hill were similar. On the other hand, the shoot
fresh weight of tuber underneath the APV system was significantly higher than in the
control plots. In 2022, in order to reconfirm yield levels in crops grown underneath APV
systems, we carried out an experiment at the same APV facility that was used in 2021
(Table 4). Consistent with the 2021 study, the growth and yield of potato crops did not
vary significantly whether they were grown underneath APV systems or in control plots.
However, in other studies, the potato tuber yield decreased by 38.2% in crops grown under
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APV systems compared to the assumed conventional potato tuber yield [22]. In another
study, the tuber number and tuber yield of potatoes was decreased by shading [17,18], but
in regions with high solar irradiation, the yields were increased when shading was applied
either during early plant development [17] or around 12 p.m. [18] Moreover, the shade
pattern under the APV systems varies depending on the season and other factors. In this
respect, the potato growth and yield in this study were not adversely affected when the
crops were grown under APV systems.

Table 3. Yield of potato underneath an agrophotovoltaic (APV) system in Cheongju, South Ko-
rea, 2021.

Tuber Number per Hill  Tuber Weight per Hill (g) Tuber FW.  Root FW.  Yield of Good Total
. Shoot FW. . . . .
Condition Good Poor Good Poor . per Hill per Hill Quality Yield
. ! ' ! per Hill (g) Ke/h Ke/h
Quality Quality Quality Quality (8 (8 (kg/ha) (kg/ha)
APV 4.6 1.1 427.0 10.4 124.7 437.4 7.3 21,130 21,650
Control 59 1.3 491.0 12.2 140.7 503.2 8.2 24,303 24,907
FW., fresh weight. A t-test result showed non-significant difference.
Table 4. Growth and yield of potato underneath an agrophotovoltaic (APV) system in Cheongju,
South Korea, 2022.
Tuber Weight per Hill (g) Yield Ofl.(t; ood Total Yield
. Stem Leaf Quality
Plant Height Numb Numb Cood
umber umber 00 .
Quality Poor Quality (kg/ha) (kg/ha)
APV 32.6 1.5 12.0 4724 199 20,995 21,879
Control 249 2.3 12.2 529.4 14.2 23,313 24,089

A t-test result showed non-significant differences.

In the case of sesame crops, when the plant height, leaf number, and branching number
were measured 58 days after seeding on 5 July 2021, all parameters underneath the APV
were lower than the control plot (Figure 2). At harvest, the stem length, adequate branching
number, 1000 seed weight, and yield underneath APV were also lower than the control plot
(Table 5). On the other hand, the stem diameter, branching number, effective branching
ration, capsule length, capsule width, capsule number, seed number per capsule, and
seed weight/m? were not significantly different between the crops grown under the APV
systems and in the control plots. Based on the authors’” knowledge, this study is the first
report on sesame crop production underneath the APV system.

Two APV facilities (Paju and Youngkwang) were used for the soybean study. The
plant height and node number on the main stem underneath APV in Paju were significantly
lower than the control plot 30 days after seeding (19 July 2021) (Figure 3). On the other
hand, at 54 days after seeding (5 August 2021), the parameters were similar in the crops
grown under APV systems and the control plots. The stem diameter underneath APV
was significantly lower than the control plot at 54 days after seeding. In the Youngkwang
APV system, the plant height and node number on the main stem were similar in crops
grown under the APV systems and in control plots at 16 days after seeding (19 July 2021).
In contrast, the node number on the main stem and stem diameter underneath the APV
were lower than the control plot at 33 days after seeding (5 August 2021). Most parameters,
such as pod weight, pod number per plant, seed number per plant, grain weight per plant,
100 seed weight, plant number/ m2, and liter weight at harvest, were similar in the crops
grown under APV systems and in the control plots (Table 6). On the other hand, the
ungrained ratio per pod underneath the APV was significantly higher than that in the
control plot. Furthermore, the yield underneath the APV was reduced by 18% compared
to the control plot. Similar to Paju, the ungrained ratio per pod underneath the APV in
Youngkwang was significantly higher than the control plot. In addition, grain weight
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per plant underneath the APV was significantly lower than the control plot. The yield
underneath was reduced by 20% compared to the control plot. Yield reduction underneath
the APV in both Paju and Youngkwang may be caused by an increasing ungrained ratio
per pod. In another study at a different APV facility, the soybean yield declined by 21%
underneath the APV system compared to the control plot [26]. This APV system was a 20%
solar radiation reduction regime.

120

100 -

80 1

60 1

40

Plant height (cm)

20 +

0

30 1

20 1

Leaf number

10 A

Branching number

Agrophotovoltaic Control

Figure 2. Growth of sesame underneath an agrophotovoltaic (APV) system in Goesan, South Korea.
* significantly different between APV system and control plot using a f-test (p = 0.05).

Table 5. Growth and yield of sesame underneath an agrophotovoltaic (APV) system in Goesan,
South Korea.

Effective Ratio of Seed
Branch- Effective Capsule Capsule Capsule Number 1000 Seed Seed Yield
Condition ing Branch- Length Width Number per Weight Weight (kg/ ha)
. . 2
Number :;g) (mm) (mm) per Hill Capsule ®) (g/m")
APV 43 86.0 28.8 7.7 60.0 57.5 2.02 143 429
Control 51* 86.4 294 7.6 68.2 60.9 2.24*% 176 528 *

* significantly different between APV system and control plot using a t-test (p = 0.05).



Agronomy 2022, 12, 1842

8 of 15

60

A B 1 Agrophotovoltaic
Control

50 4

40 -

30 4

20 -
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Node number
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N

0

July 19 August 5 July 19

Figure 3. Growth of soybean underneath agrophotovoltaic (APV) systems in Paju (A) and Youngk-
wang (B), South Korea. * significantly different between APV system and control plot at different
investigation dates using a t-test (p = 0.05).

Table 6. Growth and yield of soybean underneath agrophotovoltaic (APV) systems in Paju and
Youngkwang, South Korea.

Pod Pod Seed Grain Weight per Plant (g) Ungrained 100 Seed Plant Liter Yield
Area Condition ~Weight Number  Number Grain Unerained Ratio Weight Number Weight e
© per per : 8] Total (%) ®) (m?) g/ (kg/ha)
Plant Plant Weight Weight

Paiu APV 20.1 34.9 55.8 14.8 0.2 15.0 1.8* 25.2 14.0 755.9 2029

) Control 24.8 40.9 64.7 16.9 0.3 17.2 0.8 259 16.0 732.1 2463 *

Young- APV 20.1 26.9 41.8 13.3 0.4 13.7 3.1* 32.7 13.5 756.9 1665
kwang Control 27.2 33.5 53.4 18.7* 0.4 19.1* 1.6 35.8 12.3 732.1 2092 *

* significantly different between APV system and control plot using a t-test (p = 0.05).

Three APV facilities were used (Seungju, Boseong, and Naju) for the rice study. The
plant height at 44 days after transplanting in Seungju and 39 days after transplanting in
Boseong was similar in the crops grown under the APV systems and control plots (Figure 4).
On the other hand, the plant height 41 days after transplanting underneath the APV in
Naju was higher than that of the control plot. The tiller number in Seungju and Boseong
was similar in the crops grown under the APV systems and control plots. In contrast, the
tiller number underneath the APV in Naju was lower than that of the control plot. At
harvest, the culm length, panicle length, spikelet number per panicle, and ripening rate in
Seungju were similar in the crops grown under APV systems and control plots (Table 7).
The panicle number per hill and 1000 seed weight underneath APV were lower than the
control plot. The yield underneath the APV was reduced by 13% compared to the control
plot. The yield may be reduced because of the panicle number per hill and 1000 seed
weight. In the case of Boseong, the panicle length and panicle number per hill were not
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significantly different between the crops grown under the APV systems and in the control
plots. On the other hand, the spikelet number per panicle, ripened grain, 1000 seed weight,
and yield were significantly lower underneath the APV system than in the control plot. In
contrast, the culm length underneath the APV system was significantly higher than that of
the control plot. The yield underneath APV was reduced by 14% compared to the control
plot. The lower yields could be caused by spikelet number per panicle, ripened grain, and
1000 seed weight. In the Naju APV system, the panicle length, panicle number per hill,
and ripened grain were not significantly different between the crops grown under the APV
systems and in control plots. On the other hand, spikelet number per panicle, 1000 seed
weight, and yield underneath the APV system were significantly lower than those of the
control plot. Similar to rice crops grown in Boseong under APV systems, the culm length
underneath the APV systems was significantly higher than that of the control plot. The
yield underneath the APV was reduced by 30% compared to the control plot. This decrease
in yield was attributed to the spikelet number per panicle and 1000 seed weight. Overall,
the yield was reduced by 13-30% in three APV systems. The yield reduction may be related
to many factors, such as the shading rate of APV, cultivars, and cultivation methods. The
extent of yield reduction depends on the shading level, time period, and the stage of crop
development under which the shading was applied. For example, rice yield can be reduced
by up to 73% under severe shading conditions, with aa reduction of incoming radiation of
up to 77% [27]. In the APV system, however, the shading conditions are constant during
all crop growth and development stages. In Japan, a 20% reduction in solar radiation
underneath an APV led to a 20% reduction in rice yield [23]. In South Korea, the rice yield
underneath three different APV facilities (Gosung, Jeongju, and Naju) was approximately
20% lower than the control plot [26,28,29]. From these results, it was assumed that the
reduction of rice yield underneath the different APVs was similar regardless of the APV
facilities with different shading rates and types of fixing and tracing for light.

100 -4 [ Agrophotovoltaic
Control
*
~ 80 H ]
IS
o)
S 601 _
‘©
ey
S 40
o
20 A
0
30 A
3
e 20 1
>
c
3
=
10 A

Seungju Boseong Naju

Figure 4. Growth of rice underneath agrophotovoltaic (APV) systems in different areas of South
Korea. * significantly different between each APV system and control plot using a f-test (p = 0.05).
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Table 7. Yield of rice underneath agrophotovoltaic (APV) systems in different areas of South Korea.

B Culm Panicle Panicle Spikelet Ripen 1000 Seed Yield
Area Condition Length Length Number Number Grain (%)  Weight (2) (ke/ha)
(cm) (cm) per Hill per Panicle ’ shtis &
Seuneiu APV 69.8 17.2 11.8 75.0 81.0 26.7 5248
& Control 68.6 16.6 13.8* 77.8 86.2 274 % 6037 *
Boseon APV 88.2* 17.8 17.2 70.0 77.3 26.4 5537
J Control 78.8 18.4 18.1 754 87.1* 27.8* 6464 *
Naiu APV 81.2*% 19.2 14.0 94.3 86.1 27.0 6040
) Control 75.3 19.5 15.8 104.8 * 91.6 27.8*% 8580 *

* significantly different between APV system and control plot using a t-test (p = 0.05).

3.2. SPAD Value and Photosynthetic Efficiency

The parameters 10 and 20 days after transplanting were measured to determine the
SPAD value (chlorophyll content) and photosynthetic efficiency between rice plants grown
under APV systems and in control plots. The SPAD values underneath the APV system
10 days after transplanting were lower than in the control plots (Figure 5). On the other
hand, the SPAD values 20 days after transplanting were similar in the rice plants grown
under the APV systems and control plots. Similar to the SPAD values, the electron transport
rate (ETR) underneath the APV system 10 days after transplanting was lower than in the
control plots (Figure 6). Although the ETR underneath the APV system 20 days after
transplanting was lower than in the control plot, the ETR was not critically different under
both conditions. In another study, the ETR underneath APV in rice and soybean was lower
than in the control plot [20].

50
1 APV
Control
40 A
T T
-
0
S 30 A -
©
>
(@)
< 20 -
)]
10 -
0 . .
10 DAT 20 DAT

Figure 5. SPAD values of rice plants at 10 and 20 days after transplanting (DAT) underneath an
agrophotovoltaic (APV) system, Seungju, South Korea. Error bars represent standard deviation.
* significantly different between APV system and control plot at different investigation dates using a
t-test (p = 0.05).
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A —o— APV
—O— Control

80

60 - . *

40 ~

ETR (umol/m?/s)
o

80 -

40 A

20 1

0 O T T T T
0 500 1000 1500 2000 2500

PAR, pmol/m?/s

Figure 6. Effect of various PARs on ETR of rice plants at 10 (A) and 20 days (B) after transplanting
(DAT) underneath an agrophotovoltaic (APV) system, Seungju, South Korea. Error bars represent
standard deviation (n = 3). * significantly different between APV system and control plot using a
t-test (p = 0.05).

3.3. Differences in Meteorological Parameters between APV Facilities and Control Plots

The solar radiation, photosynthetically active radiation (PAR), air temperature, and soil
temperature during rice cultivation in Seungju and Boseong were measured to understand
the cause of the yield reduction in crops grown underneath the APV systems. During
September in Seungju, the solar radiation and PAR were lower in the APV systems than
in the control plot (Figure 7). During August in Boseong, where a different APV system
was used, the solar radiation and PAR were also lower than the control plot. Furthermore,
solar radiation from 6:00 a.m. to 6:00 p.m. (3 September 2021) in Seungju was lower than
that of the control plot (Figure 8). During this time, the greatest reduction in solar radiation
underneath the APV system was at 11:00 a.m. At this time, the solar radiation was reduced
by 57% compared to the control plot. Furthermore, the PAR from 6:00 a.m. to 6:00 p.m.
(3 September 2021) in the Seungju APV system was lower than that of the control plot. The
air temperature from 6:00 a.m. to 6:00 p.m. (3 September 2021) was generally similar under
the Seungju APV system and the control plot. On the other hand, the air temperature in the
control plot from 10:00 a.m. to 1:00 p.m. (3 September 2021) was slightly higher than under
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Figure 7. Solar radiation and PAR underneath APV stems in Seungju ((A), September) and Boseong
((B), August), South Korea.

In Boseong, the solar radiation from 6:00 a.m. to 6:00 p.m. (3 September 2021) was
lower under the APV systems than in the control plot; the PAR was also reduced similarly
(Figure 9). The greatest reduction in solar radiation under the APV system was at 1:00 p.m.
(38% reduction compared to the control). The air temperature from 6:00 a.m. to 6:00 p.m.
(3 September 2021) underneath the APV system in Boseong was similar to the control plot.
The soil temperature was similar at both locations in the morning, but at 1:00 p.m., the
control plot soil temperature was less than 1 °C higher than the soil temperatures under
the APV system.

The reduction in solar radiation underneath the APV canopy is expected to be the
most apparent change, and several other microclimate factors may also be altered. In
the present study, however, the air and soil temperatures were similar under the APV
systems and the control plots. Marrou et al. [21] did not find any significant changes in the
daily mean temperatures between an APV system and a control plot at the French location
of Montpellier. On the other hand, other studies found that the soil and maximum air
temperatures were lower in the shaded areas compared to full-sun conditions [30,31]. Crop
cultivation often suffers from the adverse effects of high solar radiation. In other studies
of rice cultivation, solar radiation under the APV systems was approximately 30—42% less
than in their respective control plots [32,33]. These results were similar to those of the
APV systems in Boseong and Seungju used in this study. The extent of the reduction
in solar radiation under the APV systems depend on the APV facility, measuring times,
seasonal solar altitude, the position underneath the array, and the technical implementation
of the facility.
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Figure 8. Solar radiation (A), PAR (B), air temperature (C), and soil temperature (D) from 6:00 to
18:00 (3 September) underneath APV system in Seungju, South Korea.
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Figure 9. Solar radiation (A), PAR (B), air temperature (C), and soil temperature (D) from 6:00 a.m.
to 6:00 p.m. (3 September) underneath APV system in Boseong, South Korea.



Agronomy 2022, 12, 1842 14 of 15

4. Conclusions

The potato yield was similar in the APV system and the control plot. On the other
hand, the yields of sesame, soybean, and rice crops grown underneath the APV systems
were 19%, 18-20%, and 13-30% lower than those grown in the control plot, respectively. The
SPAD and photosynthetic efficacy in the rice plants grown underneath the APV systems
were also lower than in the control plots.

The reduction of light resources could be directly responsible for the slower growth
and development of crop plants in the shade. Based on the experimental results, the upper
limits of the shading rate ranged from 25-32%. Furthermore, solar radiation and PAR
underneath the APV systems were lower than in the control plots. These factors may
adversely affect the crop yield. The crop yield is also influenced by multiple conditions
(i.e., temperature, CO, concentration, soil nutrients, and water) and cultivation methods.
Thus, using APV systems requires modifications in terms of the shading effects of the
system and using the appropriate crops for the fluctuating shade [15,21]. In addition
to shading, the light requirements of each crop used in the APV should be chosen and
managed carefully [14]. Thus, the effects of shading must be considered when exploring
potential APV conditions. This result implies that the APV system could be applicable to
potato without yield reduction.

Author Contributions: Data curation, H.J.L., HH.P, and Y.O.K., writing, review, and editing, Y.LK.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Korea Institute of Planning and Evaluation for Technology
in Food, Agriculture and Forestry (IPET) through the Agricultural Energy Self-Sufficient Industrial
Model Development Program, funded by the Ministry of Agriculture, and Food and Rural Affairs
(MAFRA) (Project No. 321075022HD020).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.

=0 »® N

Masson-Delmotte, V.; Zhai, P.; Pértner, H.O.; Roberts, D.; Skea, J.; Shukla, PR.; Pirani, A.; Moufouma-Okia, W.; Péan, C.; Pidcock,
R.; et al. Global Warming of 1.5 °C: Summary for Policy Makers; IPCC: Geneva, Switzerland; WMO: Geneva, Switzerland; UNEP:
Nairobi, Kenya, 2018; p. 32.

Trencher, G.; Downie, C.; Hasegawa, K.; Asuka, J. Divestment trends in Japan’s international coal businesses. Renew. Sustain.
Energy Rev. 2020, 124, 109779. [CrossRef]

Barron-Gafford, G.A.; Pavao-Zuckerman, M.A.; Minor, R.L.; Sutter, L.F.; Barnett-Moreno, I.; Blackett, D.T.; Thompson, M.;
Dimond, K.; Gerlak, A.K.; Nabhan, G.P.; et al. Agrivoltaics provide mutual benefits across the food-energy-water nexus in
drylands. Nat. Sustain. 2019, 2, 848-855. [CrossRef]

Dupraz, C.; Marrou, H.; Talbot, G.; Dufour, L.; Nogier, A.; Ferard, Y. Combining solar photovoltaic panels and food crops for
optimizing land use: Towards new agrivoltaic schemes. Renew. Energy 2011, 36, 2725-2732. [CrossRef]

Irie, N.; Kawahara, N.; Esteves, A.M. Sector-wide social impact scoping of agrivoltaic systems: A case study in Japan. Renew.
Energy 2019, 139, 1463-1476. [CrossRef]

Goetzberger, A.; Zastrow, A. On the coexistence of solar-energy conversion and plant cultivation. Int. J. Sol. Energy 1982, 1, 55-69.
[CrossRef]

Kim, YJ.; Seo, D.S.; Heo, ].H.; Lee, ]. M. Net Zero: Issues and Challenges of Rural Solar Power; KREI: Naju, Korea, 2021; p. 199.
Ministry of Trade. Industry and Energy. In Renewable Energy 3020 Implementation Plan; MOTIE: Sejong, Korea, 2017.

Dinesh, H.; Pearce, ].M. The potential of agrivoltaic systems. Renew. Sustain. Energy Rev. 2016, 54, 299-308. [CrossRef]
Reca-Cardenia, J.; Lopez-Luque, R. Design Principles of Photovoltaic Irrigation Systems. Adv. Renew. Energ. Power Technol. 2018,
1, 295-333.

Marucci, A.; Monarca, D.; Cecchini, M.; Colantoni, A.; Manzo, A.; Cappuccini, A. The semitransparent photovoltaic films for
Mediterranean greenhouse: A new sustainable technology. Math. Probl. Eng. 2012, 2012, 451934. [CrossRef]


http://doi.org/10.1016/j.rser.2020.109779
http://doi.org/10.1038/s41893-019-0364-5
http://doi.org/10.1016/j.renene.2011.03.005
http://doi.org/10.1016/j.renene.2019.02.048
http://doi.org/10.1080/01425918208909875
http://doi.org/10.1016/j.rser.2015.10.024
http://doi.org/10.1155/2012/451934

Agronomy 2022, 12, 1842 15 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Loik, MLE.; Carter, S.A.; Alers, G.; Wade, C.E.; Shugar, D.; Corrado, C.; Jokerst, D.; Kitayama, C. Wavelength-selective solar
photovoltaic systems: Powering greenhouses for plant growth at the food-energy-water nexus. Earth Future 2017, 5, 1044-1053.
[CrossRef]

Cockshull, K.E.; Graves, C.J.; Cave, C.R.J. The influence of shading on yield of glasshouse tomatoes. J. Hortic. Sci. 1992, 67, 11-24.
[CrossRef]

Cossu, M.; Ledda, L.; Urracci, G.; Sirigu, A.; Cossu, A.; Murgia, L.; Pazzona, A.; Yano, A. An algorithm for the calculation of the
light distribution in photovoltaic greenhouses. Sol. Energy 2017, 141, 38-48. [CrossRef]

Marrou, H.; Dufour, L.; Wery, J. How does a shelter of solar panels influence water flows in a soil-crop system? Eur. ]. Agron.
2013, 50, 38-51. [CrossRef]

Emmott, C.J.M.; Rohr, J.A.; Campoy-Quiles, M.; Kirchartz, T.; Urbina, A.; Ekins-Daukes, N.J.; Nelson, J. Organic photovoltaic
greenhouses: A unique application for semi-transparent PV? Energy Environ. Sci. 2015, 8, 1317-1328. [CrossRef]
Kuruppuarachchi, D.S.P. Intercropped potato (Solanum spp.): Effect of shade on growth and tuber yield in the northwestern
regosol belt of Sri Lanka. Field Crop Res. 1990, 25, 61-72. [CrossRef]

Midmore, D.J.; Berrios, D.; Roca, J. Potato, (Solanum spp.) in the hot tropics V. intercropping with maize and the influence of
shade on tuber yields. Field Crop Res. 1988, 18, 159-176. [CrossRef]

Reed, A.].; Singletary, G.; Schussler, J.; Williamson, D.R.; Christy, A.L. Shading effects on dry matter and nitrogen partitioning,
kernel number, and yield of maize. Crop Sci. 1988, 28, 819-825. [CrossRef]

Cho, Y.N; Kim, HK; Jo, EL; Oh, D.H,; Jeong, H.J.; Yoon, C.Y.; An, K.N.; Cho, J.I. Effect of partial shading by agrivoltaic systems
panel on electron transport rate and non-photochemical quenching of crop. KJAFM 2021, 23, 100-107.

Marrou, H.; Guilioni, L.; Dufour, L.; Dupraz, C.; Wery, J. Microclimate under agrivoltaic systems: Is crop growth rate affected in
the partial shade of solar panels? Agric. For. Meteorol. 2013, 177, 117-132. [CrossRef]

Schindelea, S.; Trommsdorff, M.; Schlaaka, A.; Obergfell, T.; Bopp, G.; Reise, C.; Braun, C.; Weselek, A.; Bauerle, A.; Hogy, P; et al.
Implementation of agrophotovoltaics: Techno-economic analysis of the price-performance ratio and its policy implications. Appl.
Energy 2020, 265, 114737. [CrossRef]

Homma, M.; Doi, T.; Yoshida, Y. A field experiment and the simulation on agrivoltaic-systems regarding to rice in a paddy field.
J. Jpn. Soc. Energy Resour. 2016, 37, 23-31.

Marrou, H.; Wery, J.; Dufour, L.; Dupraz, C. Productivity and radiation use efficiency of lettuces grown in the partial shade of
photovoltaic panels. Eur. J. Agron. 2013, 44, 54—66. [CrossRef]

[SAS] Statistical Analysis System, SAS/STAT Users Guide, Version 7; Statistical Analysis System Institute, Electronic Version: Cary,
NC, USA, 2000.

Ko, J.H.; Cho, ].I; Choi, ].S.; Yoon, C.Y.; An, K.N.; Ban, ].O.; Kim, D.K. Simulation of crop yields grown under agro-photovoltaic
panels: A case study in chonnam province, South Korea. Energies 2021, 14, 8463. [CrossRef]

Islam, ML.S.; Morison, J.I.L. Influence of solar radiation and temperature on irrigated rice grain yield in Bangladesh. Field Crop Res.
1992, 30, 13-28. [CrossRef]

Ban, H.Y; Jeong, ]. H.; Hwang, W.H.; Lee, H.S.; Yang, S.Y.; Choi, M.G.; Lee, C.K. Evaluating cultivation environment and rice
productivity under different types of agrivoltaics. KJAFM 2020, 22, 258-267.

Kim, H.; Jee, S.; Kim, J.; Kang, M.; Yun, S.; Kim, M.; Kim, ].; Lee, Y.; Son, J.; Song, G.; et al. Rice and electric power production by
adjusting the module angle of grid-connected agro-photovoltaic plant. KSCS 2020, 91, 2020.

Ehret, M.; Gra83, R.; Wachendorf, M. The effect of shade and shade material on white clover/perennial ryegrass mixtures for
temperate agroforestry systems. Agrofor. Syst. 2015, 89, 557-570. [CrossRef]

Pang, K.; van Sambeek, ].W.; Navarrete-Tindall, N.E.; Lin, C.H.; Jose, S.; Garrett, H.E. Responses of legumes and grasses to
non-, moderate, and dense shade in Missouri, USA. I. Forage yield and its species-level plasticity. Agrofor. Syst. 2019, 93, 11-24.
[CrossRef]

Kang, M.; Sohn, S.; Park, J.; Kim, J.; Choi, S.W.; Cho, S. Agro-environmental observation in a rice paddy under an agrivoltaic
system: Comparison with the environment outside the system. KJAFM 2021, 23, 141-148.

Lee, S.I; Choi, J.Y;; Sung, S.J.; Lee, S.J.; Lee, ].M.; Choi, W. Simulation and analysis of solar radiation change resulted from
solar-sharing for agricultural solar photovoltaic system. JAKSAE 2020, 62, 63-72.


http://doi.org/10.1002/2016EF000531
http://doi.org/10.1080/00221589.1992.11516215
http://doi.org/10.1016/j.solener.2016.11.024
http://doi.org/10.1016/j.eja.2013.05.004
http://doi.org/10.1039/C4EE03132F
http://doi.org/10.1016/0378-4290(90)90072-J
http://doi.org/10.1016/0378-4290(88)90006-8
http://doi.org/10.2135/cropsci1988.0011183X002800050020x
http://doi.org/10.1016/j.agrformet.2013.04.012
http://doi.org/10.1016/j.apenergy.2020.114737
http://doi.org/10.1016/j.eja.2012.08.003
http://doi.org/10.3390/en14248463
http://doi.org/10.1016/0378-4290(92)90053-C
http://doi.org/10.1007/s10457-015-9791-0
http://doi.org/10.1007/s10457-017-0067-8

	Introduction 
	Materials and Methods 
	APV Research Facilities 
	Growth and Cultivation Conditions under APV 
	SPAD Value and Photosynthetic Efficiency 
	Meteorological Parameters 
	Statistical Analysis 

	Results and Discussion 
	Growth and Yield of Various Crops Underneath APV Systems 
	SPAD Value and Photosynthetic Efficiency 
	Differences in Meteorological Parameters between APV Facilities and Control Plots 

	Conclusions 
	References

