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Abstract

This study aims to evaluate the feasibility and benefits of integrating photovoltaic (APV)
systems with rice cultivation, focusing on growth characteristics, chlorophyll content and
fluorescence, yield components, and electricity production. An APV system was installed
over a rice paddy area in Namhae-gun, Gyeongsangnam-do, with 607 modules providing
a total capacity of approximately 97.12 kW. The Baegokchal variety of rice was cultivated
following standard practices, and growth characteristics, chlorophyll content, and fluores-
cence were measured throughout the growing period. Yield components were analyzed,
and electricity production was monitored to assess the performance of the APV system.
The rice growing period in 2021 experienced lower than average temperatures and higher
rainfall. Despite these conditions, rice in the APV systems showed increased chlorophyll
content and fluorescence, indicating an adaptive response to reduced sunlight. Rice plants in
APV systems exhibited greater plant height but fewer tillers compared to the control group.
Leaves were significantly longer and wider, enhancing photosynthetic efficiency under
shading. The yield of rice in APV systems was reduced by approximately 9% compared to
the control, less severe than that reported in other studies. The APV system demonstrated
stable electricity production, with consistent output throughout the year, despite variations
in solar radiation. Integrating photovoltaic systems with rice cultivation is feasible and
beneficial, providing a reliable source of renewable energy and enhancing farm income
despite a slight reduction in rice yield. This study highlights the potential of APV systems
to contribute to sustainable agriculture and renewable energy expansion, suggesting the
need for further research on various crops and conditions to optimize system performance.

Keywords: agriphotovoltaic systems; renewable energy; rice

1. Introduction
Energy is a fundamental aspect of global economic development. The development

of renewable energy sources is emerging as a crucial issue to meet energy demand while
replacing fossil fuels, which are major contributors to climate change. Among various new
renewable energy sources, photovoltaic systems have great potential and are considered the
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system with the highest realistic expansion potential [1]. Photovoltaic systems have unique
characteristics that provide significant advantages for electrical energy production. One
key benefit is significant cost savings: according to a report by the International Renewable
Energy Agency (IRENA), the global weighted average levelized cost of electricity (LCOE)
for large-scale solar power plants decreased by 89% from USD 0.445/kWh in 2010 to USD
0.049/kWh in 2022. Additionally, the price of crystalline solar PV modules sold in Europe
decreased by 91% from December 2009 to December 2022 [2].

The Korean government announced the ‘Renewable Energy 3020’ plan to increase the
proportion of renewable energy from 7% to 20% between 2017 and 2030 [3]. To achieve this,
plans are in place to expand agriphotovoltaic (APV) systems in agricultural areas. Recent
research has reported on the production and quality of various crops in APV systems.
For instance, the production of broccoli showed no difference compared to open field
cultivation [4], while cabbage exhibited a 9.7% yield reduction in APV systems [5]. The
yield of lettuce in APV systems varies depending on the variety, but under severe shading
conditions, the yield was significantly reduced to 58% of the control [6]. In tomatoes, yield
increased under semi-arid conditions with high light intensity and medium shade (25–36%
reduction in sunlight) [7,8]. However, at 50% shading, tomato leaf thickness decreased by
up to 25%, and the ratio of chlorophyll a/b also decreased. When sunlight was reduced to
above medium intensity, tomato yield also decreased [7,8].

Rice is a critical component of the farm economy, accounting for a larger portion of
agricultural income than any other crop. Approximately 85% of all farm households are
engaged in rice cultivation, which accounts for more than 49% of total domestic agricultural
income and more than 22.9% of total farm household income [9]. As of 2021, the paddy
field area was approximately 760,000 ha, accounting for 50.5% of the total cultivated land
in Korea [10]. The decline in rice prices, compared to the recent rise in inflation, has
been identified as a barrier to sustainable agricultural development. With increased food
diversity and income, per capita rice consumption decreased from 93.6 kg in 2000 to 56.4 kg
in 2023 [11]. This decrease in consumption has led to a decline in rice prices, thereby
reducing farmers’ real income and creating significant challenges for the farm economy.
Various strategies to improve farm income are being explored, including agricultural solar
power generation systems that combine renewable energy and rice farming, which are
gaining attention.

APV systems can offset the limitations of photovoltaics in mountainous areas and have
the advantage of not damaging farmland. Additionally, they are a convergence system that
can produce electricity while simultaneously producing rice, making efficient use of solar
energy. As interest in APV systems grows, the importance of analyzing the impact on rice
yield reduction due to shading from solar power modules increases. Several recent studies
have demonstrated the feasibility of cultivating rice in these systems, reporting that rice
yield was maintained at about 80% when the shading rate was between 27 and 39% [12].
Nevertheless, there is a lack of information on sustainability in APV systems, such as rice
yield and quality under various conditions, including regional weather variations and
differences in solar modules. Therefore, this study aims to analyze the potential for rice
yield and electric power production using the glutinous rice variety in an APV system in
Namhae-gun, Gyeongsangnam-do.

2. Materials and Methods
2.1. APV System and Rice Cultivation

A photovoltaic system was installed at a height of 3.5 m on a rice paddy area of
2939 m2 in Gohyeon-ri, Namhae-gun, Gyeongsangnam-do, to ensure that there are no
problems using agricultural machinery such as rice transplanters, tractors, and combines.
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Photovoltaic modules were installed at 60 cm intervals to facilitate adequate solar radiation
penetration between units, thereby minimizing shading effects on crops. The inclination
angle of photovoltaic modules can be adjusted in accordance with the solar altitude and
azimuth or alternatively maintained in a fixed position. In the present system, the modules
are fixed at an inclination of 30◦, which represents the optimal angle for maximizing power
generation efficiency relative to installation and maintenance costs. A total of 607 modules,
each with a 160 W capacity, were installed in a southeastern configuration, providing
a total capacity of approximately 97.12 kW. Structural design considerations, including
load-bearing capacity and cost-efficiency, were incorporated into the installation process
(Figure 1). The Baegokchal variety of rice was mechanically transplanted on 7 June, with
a planting distance of 30 × 15 cm. The fertilization comprised 9 kg of nitrogen, 4.5 kg
of phosphorus, and 5.7 kg of potassium per 10 a. In total, 50% of nitrogen was applied
as basal fertilization, 30% as topdressing at the tillering stage, and 20% as fertilization
at the panicle initiation stage. Phosphorus was applied entirely as basal fertilization,
while 70% of potassium was applied as basal fertilization and 30% at the panicle initiation
stage. Additionally, the cultivation method followed the standard rice cultivation practices
recommended by the Rural Development Administration [13].

 

Figure 1. Theoretical background and practical installation of agriphotovoltaic systems (installation
location: Ogok-ri, Gohyeon-myeon, Namhae-gun, Gyeongsangnam-do in South Korea; facility scale:
2939 m2; installed capacity: 97.12 kW).

2.2. Agricultural Characteristics

The growth characteristics of rice were investigated according to the agricultural science
and technology research and analysis standards. To observe growth changes at each stage of
rice development, plant height and the number of tillers were examined at two-week intervals
after transplanting. The yield components of rice, such as the number of panicles, number
of spikelets per panicle, ripening rate, and thousand-grain weight, were also analyzed. To
measure the ripening rate, three plants were sampled three times each, and the ripening and
non-ripening grains were separated using a salt solution. The ratio of ripening grains was
then calculated. The yield was converted to the quantity per 10 a by harvesting 100 plants.

2.3. Chlorophyll Content and Fluorescence Analysis

During plant photosynthesis, the amount of fluorescence emitted changes as the activity
of photochemical reactions increases or decreases. These photochemical and fluorescence
reactions respond sensitively to external environmental conditions. The degree of stress
caused by reduced sunlight due to solar power modules in rice was measured using a
chlorophyll fluorescence reaction meter (OS30P+, Opti-Sciences Inc., Hudson, NY, USA),
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and leaf aging was assessed. To measure the extent of chlorophyll content non-destructively,
a CCM-300 (Opti-Sciences Inc., Hudson, NY, USA) was used.

2.4. Statistical Analysis

Statistical analyses were conducted to obtain the arithmetic mean and standard error.
These statistical procedures were performed using Microsoft Excel 2019.

3. Results and Discussion
3.1. Climate Characteristics of Rice Growing Period

For this study, the minimum temperature, maximum temperature, average temper-
ature, precipitation, and sunshine hours during the rice cultivation period are shown in
Figure 2. During the rice growing period in 2021, the monthly average temperature was
often lower than normal in August and September, exhibiting a typical Korean climate
with heavy rainfall in July and August. Despite this, there was more rainfall than usual.
Additionally, September had many cloudy days, resulting in less sunlight compared to
the average year, while October had a similar amount of sunlight to the average year.
These weather conditions are thought to have negatively impacted yield formation due
to a lack of sunlight during the critical ripening period after the heading date. However,
the restored sunlight in October likely had a positive effect on yield formation as the rice
plants reached maturity. These sunlight conditions in September and October are believed
to have similarly affected both rice yield and electricity production.

Figure 2. Comparison of the weather at the field where rice was grown with the average weather
over the past 30 years: (A) minimum temperature; (B) maximum temperature; (C) mean temperature;
(D) sunshine duration; (E) precipitation.
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3.2. Changes in Agricultural Characteristics of Rice

Starting two weeks after transplanting, the plant height and number of tillers of rice
were examined in the APV system and the control site. In the early stages of growth, there
was no difference in plant height and the number of tillers. However, in the later stages of
growth, the plant height of the rice plants in the APV system tended to become greater and
the number of tillers less compared to the control group (Figure 3). This trend became more
pronounced as growth progressed. These findings are consistent with a report that 55%
shading increases the plant height of rice and reduces the effective number of tillers [14].

Figure 3. Change in rice height and tiller number of agriphotovoltaic systems: (A) plant height;
(B) no. of tillers. Each value represents the mean ± SE of twenty biological replications.

To determine whether a decrease in sunlight affects the morphology of rice leaves, the
length and width of leaves were examined. The shape of the flag leaves just before harvest
showed that the leaves of rice plants in the APV system were significantly longer and wider
(Figure 4A,B). This is thought to be the response of rice plants to sustain photosynthesis
and increase efficiency when faced with the decrease in sunlight caused by solar power
modules. However, there was no difference in the length of the panicle between the control
and APV systems (Figure 4C). These results align with reports that shading significantly
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increased leaf area, decreased leaf thickness, and improved plant height [15,16]. It has been
reported that these responses vary depending on the rice variety [14,15,17,18]. Accordingly,
the rice variety used in this study, Baegokchal, is presumed to be sensitive to the decrease
in sunlight caused by the solar modules.

Figure 4. The flag leaf shape (heading date) and panicle length (harvest period) of agriphotovoltaic sys-
tems: flag leaf length (A); flag leaf width (B); panicle length (C). Each value represents the mean ± SE
of twenty biological replications.
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3.3. Changes in Chlorophyll Content and Chlorophyll Fluorescence

Chlorophyll content was analyzed to investigate the effect of reduced sunlight due
to APV facilities during the entire growth period of rice. The chlorophyll content was
measured on the fully developed leaves among the top leaves during the vegetative growth
period, and then on the flag leaves as they developed. Measurements were taken from
four weeks after transplanting, when the rice leaves had grown sufficiently, to immediately
before harvest. The chlorophyll content of rice in APV systems was generally higher than
that in the control group throughout the entire growing period and remained higher until
harvest (Figure 5). While the chlorophyll content of the leaves in the control group de-
creased as harvest time approached, the chlorophyll content in the APV systems remained
significantly higher even as the plants matured. These results align with reports that
photosynthetic pigments chlorophyll a and chlorophyll b increase under shaded condi-
tions, although the chlorophyll a/b ratio decreases [18,19]. This adaptation improves light
harvesting and usage capacity by blocking solar radiation with the solar module [15,20].

Figure 5. Changes in chlorophyll content of rice under agriphotovoltaic systems. Each value represents
the mean ± SE of twenty biological replications.

Chlorophyll fluorescence analysis of rice leaves was performed to evaluate the effect of
reduced sunlight due to solar power modules in the later stages of rice growth. Fluorescence
variables such as initial fluorescence yield (F0), maximum fluorescence yield (Fm), and
maximum photochemical efficiency (Fv/Fm) were measured [21]. This analysis is used as a
basis for stress evaluation. Generally, when a plant is stressed, the F0 value increases, and
the Fm value decreases, and these values vary depending on the chlorophyll content [22].
As growth progressed to the later stages, the difference in chlorophyll content increased.
Accordingly, the F0 and Fm values of chlorophyll fluorescence were higher in rice in APV
systems compared to the control (Figure 6A,B). Consequently, the maximum photochemical
efficiency of rice leaves in APV systems was higher than that in the control site (Figure 6C).
These results suggest that rice in the control group grew at a normal rate, while the growth
of rice in APV systems slowed, causing the aging of rice leaves to progress more slowly.
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Figure 6. Changes in the chlorophyll fluorescence parameters of rice under agriphotovoltaic systems:
minimum fluorescence, F0 (A); maximum fluorescence, Fm (B); maximum quantum yield (C). Each
value represents the mean ± SE of twenty biological replications.

3.4. Yield and Yield Components

The yield of rice is determined by the interaction between the source, which supplies
assimilates through photosynthesis; the sink, which accumulates these assimilates; and the
translocation pathway, which serves as the conduit for the movement of these assimilates.
To increase the yield of rice, the ratio of the source to the sink, the vitality of the related traits
of the source and sink, and factors such as temperature and sunlight are crucial [23,24].
The effect of insufficient sunlight on rice varies by variety during the vegetative growth
stage, with reports indicating that even with 75% shading, rice growth is not significantly
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affected [25]. However, during the reproductive growth stage, which is crucial for yield,
the yield increases in proportion to the amount of sunlight.

In a system with APV panels, rice yield was approximately 541 kg/10 a, compared to
about 595 kg/10 a in the control group, showing a yield reduction of about 9% (Table 1). Al-
though the number of panicles per plant was slightly lower in APV systems, the number of
grains per panicle was higher, somewhat offsetting the deficit in panicle number. However,
the lower ripened grain rate in APV systems, due to reduced sunlight, is thought to have
impacted the yield. Recent reports indicate that 55% shading increases plant height, re-
duces the effective tiller number, delays flowering, increases small panicle sterility, reduces
biomass and grain yield, and alters rice quality [14–17,26,27]. Despite the slower growth in
APV systems, the harvest time did not differ significantly, likely due to the characteristics
of the Baegokchal rice used in this study.

Table 1. Rice yield and yield components of agriphotovoltaic systems.

Treatment No. of
Panicles/Hill

No. of Grains
per Panicle

Grain Filling
Ratio (%)

1000 Grain
Weight (g)

Yield
(kg/10 a)

Yield Ratio
(%)

Control 12.70 ± 3.36 89.67 ± 4.25 92.34 ± 1.55 22.66 ± 0.23 595.02 ± 43.39 100

APV 11.53 ± 2.77 104.41 ± 3.74 86.81 ± 8.53 22.42 ± 0.10 541.20 ± 33.86 91

In Chiba Prefecture, Japan, APV systems reported a yield reduction of about 20% [28],
whereas in this study, the yield reduction was around 9%, possibly due to favorable
weather conditions and the genetic traits of the glutinous rice. Thus, experiments with
various rice varieties and weather conditions are needed. To achieve carbon neutrality and
sustainable agriculture, continuous research on various crops and varieties within APV
systems is necessary.

3.5. Electric Power Production of APV System

The APV system had a total installed capacity of approximately 97.12 kW and was
installed at intervals of 3.5 m in height and 5 m in width. The monthly electric power
production and solar radiation for one year are shown in Figure 7. The month with the
highest electric power production was April, at 14,414 kWh, while the month with the
lowest electric power production was September, at 8943 kWh, a decrease of approximately
38%. This decrease is thought to be due to a 61% reduction in solar radiation caused by
weather conditions. Except for September, changes in solar radiation throughout the year
were minimal and consistent, resulting in stable electricity production.

The capital investment for the agriphotovoltaic (APV) system was approximately
KRW 170 million. The installation yields an estimated annual electricity sales revenue
of KRW 13.4 million and an additional 11.52 million KRW from the sale of Renewable
Energy Certificates (RECs), resulting in a combined annual income of approximately
KRW 24.9 million. Based on these figures, the simple payback period is projected to be
approximately seven years. Given the manufacturer’s operational guarantee of approxi-
mately 20 years for the photovoltaic modules, the system is expected to generate net profits
for the remaining 13 years of its operational lifespan.

Moreover, it was confirmed that as long as a certain amount of solar radiation is
secured, the variation in power production is less than the variation in solar radiation,
ensuring steady electricity output. The results of this electric power production indicate
that APV systems can positively impact the spread of renewable energy generation by
increasing farmers’ income through energy sales profits.
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Figure 7. Annual incoming solar energy (A) and overall electricity yield (B) from agriphotovoltaic
systems deployed at the study site.

It was confirmed that, in the absence of limiting factors related to the weather environment,
a uniform amount of electricity was produced annually in Namhae-gun, Gyeongsangnam-do.
Therefore, with support for research on the productivity of various crops in APV systems, it
is believed that APV systems can significantly contribute to the spread of renewable energy
power generation systems and improve farm household income.

4. Conclusions
This study explored the integration of photovoltaic systems with rice cultivation,

assessing the impact on growth characteristics, chlorophyll content and fluorescence, yield
components, and electricity production.

The rice growing period in 2021 experienced lower than average temperatures and
higher than usual rainfall, especially in July and August. Despite these conditions, rice in
the photovoltaic (APV) systems showed increased chlorophyll content and fluorescence,
suggesting an adaptive response to reduced sunlight. Rice plants in APV systems exhibited
greater plant height but fewer tillers compared to the control. This trend became more
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pronounced during later growth stages, aligning with previous studies on the effects of
shading. The leaves of rice plants in the APV systems were significantly longer and wider,
enhancing photosynthetic efficiency under reduced sunlight conditions. Although the
yield of rice in APV systems was reduced by approximately 9% compared to the control,
this decrease was less severe than reported in other studies, such as in Chiba Prefecture,
Japan, where a 20% reduction was observed. The reduction in yield was primarily due
to fewer panicles and a lower ripening rate, influenced by decreased sunlight. However,
favorable weather conditions and the characteristics of the Baegokchal rice variety used
in this study helped mitigate the impact. The APV system demonstrated stable electricity
production, with the highest output in April and the lowest in September, correlating
with solar radiation levels. Despite the variations in solar radiation, the APV system
maintained consistent electricity production, suggesting that such systems can provide
reliable renewable energy.

Overall, this study confirms that integrating photovoltaic systems with rice cultivation
is feasible and beneficial. While there is a slight reduction in rice yield, the stability of elec-
tricity production can enhance farm income and contribute to renewable energy expansion.
Further research on various crops and conditions will be essential to optimize APV systems
and maximize their benefits for sustainable agriculture and energy production.
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