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Abstract. The understanding of the impacts of shading on crop growth plays a vital role in
promoting agrivoltaics. This study explores how the shading of photovoltaic panels affects the
growth of corn, upland rice, lettuce, sweet potato and bok choy, and evaluates the performance
of photovoltaics taking into account crop growth and power generation. Two static
configurations were used with full-density and half-density layouts of photovoltaic panels of
shading rates of 86% and 43%, respectively. Among the five crops evaluated and harvested,
the dry weights of corn and upland rice per plant were less affected by shading than lettuce,
sweet potato and bok choy. This suggests the potential for integrating corn and upland rice
into agrivoltaic systems. Upland rice, lettuce, sweet potato and bok choy are all C3 plants that
are known to require about half of full sunlight for saturation of photosynthesis under the
subtropical spring conditions of this study. The growth of these C3 crops is severely affected
under a shading rate of 86% while that under a shading rate of 43% reaches at least 68% yield.
Thus, an upper shading limit of 40% should be considered for growing C3 crops in an
agrivoltaic system. The growth of corn, a C4 crop, under 43% shading reached 92% of the
control, indicating its potential as an agrivoltaic crop. The growth performance of these crops
under a shading rate of 86% was better than expected, suggesting that the small system
allowed for radiation from sides. The distance between solar panels should be considered as
a factor influencing crop growth in addition to shading rate.
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1. Introduction

Crop growth has been affected more frequently by rising temperature and drought in
subtropical countries like Taiwan due to global warming, while these countries are urgently
searching for ways to produce electricity from renewable energy in place of fossil fuels. The
application of agrivoltaics (AV) can bring synergistic effects in ways that it increases the
adaptive ability of crops to future high-temperature and arid environments, and produces food
and electricity simultaneously. This study aims to use agricultural photovoltaic facilities to
establish growth data for crops, e.g., corn, upland rice, sweet potato and vegetables.
Furthermore, microclimate data such as temperature, humidity and light intensity are to be
gathered. Finally, the impacts of light transmittance, layouts of different photovoltaic (PV)


https://doi.org/10.52825/agripv.v4i.2807
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8966-8247
https://orcid.org/0000-0002-9137-5638
https://orcid.org/0000-0002-3379-7357
https://orcid.org/0000-0001-5447-5229
https://orcid.org/0000-0001-9844-6139
https://orcid.org/0009-0009-0615-0855

Yue et al. | AgriVoltaics Conf Proc 3 (2025) "AgriVoltaics World Conference 2025"

panels on microclimate conditions, crop growth, and power generation are to be analyzed
simultaneously.

2. Literature review

The topic of crop-shading interactions has been a key focus of agrivoltaic research for many
years. According to recent research in dryland areas, partial shadowing from PV panels
significantly changes the microclimate and plant physiology. Barron-Gafford et al. [1] found
that agrivoltaics not only ameliorated the long-recognized midday depression of photosynthetic
capacity across multiple plant types (e.g., basil, red beans, and tomatoes) but also
fundamentally changed the diurnal pattern of photosynthesis across crops. In two of the most
widely grown and studied crop types (tomatoes and beans), plants grown in an agrivoltaics
system maintained higher photosynthetic rates for longer periods, except for a brief period in
the early morning when full-sun crops outpaced those in an agrivoltaics setting. This led to
greater cumulative carbon uptake each day for beans and tomatoes in agrivoltaics than in the
traditional full-sun setting. Partial shading can extend periods of effective photosynthesis in
some crops, maintaining or even increasing yield compared to full sun. Elamri et al. [2]
employed a modeling approach to assess agrivoltaic management strategies. They found that
optimized panel operation could lead to a reduction in irrigation requirements by approximately
20%, while allowing for about a 10% decrease in crop yield. Their findings indicate that
agrivoltaic systems could enhance water-use efficiency while still maintaining acceptable
levels of agricultural productivity.

System design and optimization is another area of agrivoltaics research. Integrated
modeling and simulation methods have been utilized in studies to balance crop results and
energy. Ding et al. [3] determined the ideal tilt angles, spacing, and panel arrangements that
maximize light uniformity and energy yield while reducing shading effects using parametric and
light environment models. A strategy for designing the arrangement of photovoltaic panels was
suggested based on the characteristics of seasonal light distribution and the harmony between
agricultural and energy production objectives. System architectures that balance crop light
requirements and energy outputs are guided by light environment models. In order to
incorporate important variables, such as crop production responses, climatic changes, and PV
system design characteristics, into a single analytical framework, Zhang et al. [4] carried out a
thorough meta-analysis. According to the study, crop reactions to shading differ depending on
the species, growth stage, and climate. These context-dependent effects necessitate
customized agrivoltaic designs.

The majority of agrivoltaic datasets and optimization models stem from temperate and
semi-arid contexts (Europe, North America, East Asia), despite recent studies demonstrating
that crop responses to shade differ by species and environmental variables throughout climate
zones. Existing temperate-centric studies are unable to capture the distinct shading impacts
that subtropical circumstances can have on crop water stress and photosynthesis. Additionally,
the existing literature usually highlights the effects of shade. Meta-analyses indicate a range
of crop responses, but they don't offer shading criteria that may be applied to different climates.
This study focused on analyzing crop responses to shading rates in Taiwan's subtropical
climate, which differ in light intensity, humidity, and monsoonal seasonality. This study aimed
to close contextual and quantitative gaps in agrivoltaics by creating crop-specific reactions,
subtropical-specific shade thresholds, and a comprehensive optimization framework that
improves food and energy outputs. This could address well-known requests for context-
dependent system design principles and crop-specific agrivoltaic guidelines.
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3. Materials and methods

3.1 PV panels

This study uses 430 Wp bifacial monocrystalline silicon panels in the agrivoltaic system (see
Table 1). The AV system is located at the experimental farm of the National Chiayi University
in Taiwan (see Figure 1). The foundation employs four-legged inclined piles to withstand strong
winds and earthquakes and avoid disturbance to the soil as caused by the use of cement. The
PV panels are oriented 45 degrees from due south to southeast. The panels have an inclination
angle of three degrees, and the heights of the highest and lowest points of the panels are 4
and 3.8 meters above the ground, respectively. Two static AV system configurations are used
with full-density (FD) and half-density (HD) layouts. The length and width of the solar panels
are 8.5 m and 3.7 m, respectively, and the distance between the solar panels of the FD and
HD systems is 4.5 m. Shading rates were defined based on the projected panel coverage
relative to ground area and were validated by the long-term DLI reduction observed in each
configuration.

Table 1. Arrangement of PV panels and selection of crops in this study.

System FD HD Control
PV panel Bifacial mono-Si Bifacial mono-Si None
Number of PV panels 14 7 0
Panel layout Full Checkerboard -
Shading rate (%) 86 43 0
Crop grown below Corn, upland rice, sweet potato, lettuce and bok choy

Figure 1. The AV with the FD (left) and the HD (right) systems at the experimental farm of the National
Chiayi University (23.5°N).

3.2 Crop cultivation

The crop planting areas in the FD and HD systems were set up in a stepped configuration in
order to properly match the dynamic shade zones produced by the PV panels (Figure 2).
Instead of focusing on spatial uniformity, this layout aims to achieve light treatment consistency.
This pattern was purposefully created to ensure that crop sub-plots in both FD and HD
treatments had a similar daily shading period of approximately 3—4 hours. The PV geometry's
usual midday shade window during the growth season is reflected in this shading duration.
Under various density configurations (FD/HD), each crop treatment group receives uniform
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and comparable shade hours and shading intensity at the critical times of each day. Instead of
adhering to a geometrically regular field layout, planting boundaries were established based
on the spatial-temporal trajectory of PV-induced shadowing. By reducing intra-treatment
variability in the daily light integral (DLI), this light-driven experimental design enhances the
comparability of FD and HD treatments. The reasons for the stepped planting area were as
follows:

1. Precise alignment with PV shading zones
The shading beneath agrivoltaics exhibits dynamic movement in both time and place
and varies with the angle of solar altitude. Rectangular furrow planting will lead to the
result that different crops will receive different actual hours of shade within the same
treatment. The stepped configuration is to align each crop unit with iso-shading bands.
2. Ensuring consistent daily shading duration across treatments
The experimental unit is "shading treatment” rather than "geometric location", so the
planting areas are arranged according to shading time contour lines rather than plot
boundaries.
3. Reducing intra-plot light heterogeneity
The function of stepped planting area is to ensure consistent light conditions within

each sub-block, and to avoid excessive variation in actual DLI within the same
treatment. This, in turn, improves statistical power.

FD HD Control

1 2 4 6(m)

Solar panels DPIanting area \;® " —

Figure 2. Layout of solar panels and planting areas in the FD, HD and control systems. The planting
areas in the FD and HD systems were positioned where solar panels provide shade for approximately
3-4 hours a day, and arranged in a stepped configuration to properly match the dynamic shade zones

produced by the PV panels.

The crops examined include the C4 crop corn and C3 crops, e.g., upland rice, sweet
potato, lettuce and bok choy. These crops are known to have different light intensity
requirements for maximum photosynthesis. Also, shading is known to affect plant
morphogenesis and development. The experiment was conducted to test the growth of these
crops under different light levels as brought by the PV panels in the growth season from April
to June. This study tested the shading effects of two different arrangements of PV panels in
the FD (86%) and HD (43%) systems, and the absence of photovoltaic panels in the control
system (0%) for comparison of plant growth, measured as dry weight of total aboveground
biomass, using a randomized block design with three replicates. Each block (85 cm x 85 cm)
contained 16 plants (upland rice, lettuce, bok choy), 9 plants (corn) or 4 plants (sweet potato).
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3.3 Monitoring of microclimatic conditions

The microclimate in this study was primarily monitored by measuring the illumination, air
temperature and humidity, soil temperature and humidity. The equipment was installed under
the photovoltaic panels in the middle of the open field, as listed in Table 2. The control system
was unshaded by solar panels, and plants were not shaded during the entire growth phase.
Therefore, a UA-002-64 illuminance meter with a wide illuminance range was used to ensure
sufficient illuminance monitoring.

Table 2. Deployment of microclimate monitoring instruments in this study.

Parameters Model

FD/HD system: HOBO MX2202
Control system: HOBO UA-002-64/BASE-U-4
Air temp. and humidity HOBO MX2301A
Soil temp. and humidity HOBO MX2307

Ambient illumination

4. Results and Discussion

4.1 Shading effect on microclimate

The solar radiation, soil temperature, soil moisture content, air temperature and relative
humidity were monitored and analyzed to demonstrate the microclimate in the test field. The
measured illuminance is used to calculate the photosynthetic photon flux density (PPFD
[umol/m?/s]). The daily average PPFD in the control system was clearly higher than that in the
HD and FD systems (Figure 3), indicating that PPFD under the shade was affected by PV
panels. The PPFD fluctuated consistently in all three zones on the same day. The PPFD in the
control system fluctuated much more markedly than that did in the FD and HD system
throughout the period of the crop growth. The lowest PPFD values were monitored on June
13, 2025 with values of 259 umol/m?/s for the control system, 92 ymol/m?/s for the HD system
and 53 pmol/m?/s for the FD system. The highest PPFD values were reached on May 15, 2025
with values of up to 2291 umol/m?/s for the control system, 433 umol/m?/s for the HD system
and 343 pmol/m?/s for the FD system. Low PPFD values in all three zones on the same day
could be identified throughout the period and were mostly caused by rainy conditions at the
test site.
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Figure 3. PPFD values in the FD, HD and control systems during May 6 — June 14, 2025.
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The PPFD is used to calculate the DLI [5]. The lowest DLI values appeared on June 13,
2025 with values 12.9 mol/m?/day for the control system, 4.7 mol/m?/day for the HD system
and 2.8 mol/m?/day for the FD system (Figure 4). The highest DLI values were reached on
May 15, 2025 with values of up to 112.7 mol/m?/day for the control system, 21.8 mol/m?/day
for the HD system and 12.4 mol/m?/day for the FD system.
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Figure 4. DL| values calculated from the mean PPFD during May 6 — June 14, 2025.

The correlation coefficients of shading rates in FD (86%) and HD (43%) systems with DLI,
daily mean air temperature and relative humidity during May 6 — June 14, 2025 were calculated
to be -70%, -7% and 6%, respectively. Higher PV shading rate resulted in substantially lower
average DLI compared with the HD configuration, while air temperature and relative humidity
differed only marginally during the observation period.

Further observations can be made of more detailed microclimate changes with a more
typical microclimatic pattern during the period from May 26 to 28. Under the solar panels, the
average solar radiation on the level of the crops in the control, HD and FD systems were 70,955
(100%), 16,833 (23.7%) and 9,133 (12.9%) lux, respectively, indicating that the solar radiation
in the control system was clearly higher than those in the FD and HD systems, especially
around noon while the solar radiation in the control system reached 286,580 lux on May 27
(Figure 5). The radiation in the HD system is generally higher than that in the FD system.
Sunlight shone through the gaps between PV panels onto the crops in the FD and HD systems
at certain times, causing a sudden increase in illumination.
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Figure 5. Solar radiation in the FD, HD and control systems during May 26-28, 2025.

The average soil temperatures in the control, HD and FD systems during May 26-28, 2025
were 28.7, 27.6 and 26.9 °C, respectively, indicating that the soil temperature in the control
system was clearly higher than those in the HD and FD systems, especially in the afternoon
while the soil temperatures in the HD system on May 26 and 27 were only slightly higher than
those in FD system throughout the day (Figure 6). The major change in soil temperature
between the control vs. the HD/FD systems appeared at about 10 am when the ground was
shaded by the PV panels in the HD/FD systems, causing a slower increase in soil temperature.
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Figure 6. Changes in soil temperature in the FD, HD and control systems during May 26-28, 2025.

The average soil moisture contents in the control, HD and FD systems during May 26-28,
2025 were 0.14, 0.16 and 0.18 m®/m?®, demonstrating that the soil moisture contents became
progressively higher with the increased shading rate (Figure 7). The sudden increase in soil
moisture denoted the time of watering the crops.
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Figure 7. Soil moisture contents in the FD, HD and control systems during May 26-28, 2025.

The average air temperatures 1.4 m above the ground in the control, HD and FD systems
during May 26-28, 2025 were 26.3, 26.6 and 26.4°C, respectively (Figure 8). The average air
temperature in the control system was slightly lower than that in the HD and FD system,
presumably due to good ventilation. Overall, the differences among the air temperatures in the
three systems were not evident. The biggest difference occurred at 8:26 on May 27 when the
air temperature in the HD system increased to 31.6°C, while those in the control and FD
systems were 28.4 and 27.7°C, respectively.
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Figure 8. Air temperatures in the FD, HD and control systems during May 26-28, 2025.

The average relative humidities in the control, HD and FD systems during May 26-28,
2025 were 75.7, 75.3 and 76.2%. As expected, the relative humidity in the FD system was the
highest (Figure 9). The humidity in the control system is slightly higher than that in the HD
system. The biggest difference occurred on May 27 at 8:16 when the relative humidity in the
HD system decreased to 58.3%, while those in the control and FD systems were 69.6 and
71.7%, respectively. The lower humidity in the HD system can be attributed to the higher air
temperature during this time period (Figure 8) that facilitated evaporation.
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Figure 9. Relative humidities in the FD, HD and control systems during May 26-28, 2025.

4.2 Shading effect on the crops

The crops were planted on April 20, 2025, and harvested during May 27 — June 14, 2025
(Figure 10). The growth of corn, upland rice, sweet potato, lettuce and bok choy was measured
by the dry weight accumulated over the period. Their growth was significantly affected by
shading in this study, especially sweet potato and lettuce which appear to be more sensitive
than corn, bok choy and upland rice to shading during April 20 — June 14 (Figure 11). The dry
weights accumulated decreased progressively from the control system to the HD and FD
systems, with the correlation coefficients (R?) of weight ratios ranging from 0.99 for upland rice
to 0.95 for lettuce.

Figure 10. The growth of crops in the FD (left), HD (middle), and control (right) systems with crops
from left to right for the FD and HD systems: sweet potato, bok choy, lettuce, upland rice and corn; for
the control system: corn, upland rice and lettuce.
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Figure 11. Dry weight ratios (%) of lettuce, bok choy, upland rice, sweet potato and corn in the FD, HD
systems, relative to that (100%) of the control system.

In general, all five crops demonstrated a progressive decrease in growth with increasing
shading. The dry weight accumulated by lettuce decreased from 100% in the control system
to 80% and 32% in the HD and FD systems, respectively, while that by sweet potato decreased
from 100% to 68% and 31% in the HD and FD systems, respectively. In slight contrast, the
degrees of decrease in dry weight accumulation with shading were slower in bok choy (100%,
71%, 53%) and upland rice (100%, 86%, 66%). These trends are in line with previous findings.
Surprisingly, the dry weight of corn decreased less significantly from 100% in the control to
92% and 67% under 43 and 86% shading conditions, respectively. The growth rates, as
measured by dry weight accumulated over the period, were 164.0, 115.7, 16.6, 8.7 and 10.0
g/plant for corn, sweet potato, upland rice, bok choy and lettuce under the control system,
respectively (Table 3), with the total dry weights accumulated of 556, 463, 265, 160 and 138
g/block for these crops. Among the five crops tested, corn and sweet potato exhibited a
superior productivity in terms of dry matter accumulation per plant or per land area over the
same growth period.

Table 3. Average dry weights of lettuce, bok choy, upland rice and sweet potato in the FD, HD and
control systems and weight ratios relative to that of the control system.

Crops ltem Control HD FD
Lettuce Avg. dry weight per plant (g) 10.04 7.99 3.17
Weight ratio (%) 100 80 32
Avg. dry weight per plant (g) 8.65 6.11 4.59
Bok choy Weight ratio (%) 100 71 53
. Avg. dry weight per plant (g) 16.57 14.39 10.9
Upland rice Weight ratio (%) 100 86 66
Avg. dry weight per plant (g) 115.7 79.0 35.5
Sweet potato Weight ratio (%) 100 68 31
Corn Avg. dry weight per plant (g) 164.0 151.0 110.0
Weight ratio (%) 100 92 67

Correlation analysis was used as an exploratory approach to examine the microclimatic

spatial variations caused by PV panel layout in FD and HD systems and their correlation with
crop growth. This analysis was intended to identify dominant microclimatic drivers rather than
to establish causal temporal dynamics. Crop dry weight exhibited moderate to strong positive
relationships with DLI (r = 0.65-0.82) using daily microclimatic data (n = 40), whereas
associations with daily mean air temperature and relative humidity were negligible (Table 4).

10
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These findings suggest that the primary factor linked to biomass accumulation during the study
period was light availability.

Table 4. Pearson correlation coefficients (n = 40 days) between daily DLI, mean air temperature and
relative humidity, and final per-system crop dry weight in FD, HD and control systems.

Lettuce Bok choy Upland rice Sweet potato Corn

DLI 0.682 0.822 0.728 0.763 0.649

Air temperature 0.002 -0.025 -0.005 -0.011 0.007
RH -0.015 0.003 -0.01 -0.006 -0.018

*Crop dry weight was measured at harvest and treated as a fixed system-level response
variable for correlation with daily microclimatic data.

4.3 Power generation

4.3.1 Daily power generation curve

The power outputs of the 430-Wp photovoltaic panels in the FD and HD systems were mostly
maintained at around 400 watts (Figure 12). Both configurations indicated inverted U-shaped
diurnal power curves, with slightly higher and more fluctuating output in the afternoon than in
the morning. The fluctuating power outputs were possibly caused by the typical cloudy weather
in the afternoon. The power generation between 16:00 and 17:00 on June 11 decreased due
to rainfall. Disparities between FD and HD systems can be observed during the period between
6:30 and 8:00 where more power was generated in the FD system than in the HD system.
Overall, performance disparities between FD and HD systems are not obvious.
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Figure 12. PV output power of a 430 Wp panel in the FD and HD systems during June 10-11, 2025.
AP>0: HD power generation is higher than FD; AP<0: FD power generation is higher than HD.

4.3.2 Daily energy yield

The measured power output over each 24-hour period of typical sunny days on June 10-11,
2025, was integrated to determine the daily electricity generation. In line with the ratio of
installed PV capacity (7 vs. 14 panels) and shading rates (43% vs. 86%), the results showed
that the HD system produced approximately 50% of the daily electricity generated by the FD
system (Table 5).

11
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Table 5. Daily energy yield in the FD and HD system on typical sunny days during June 10-11, 2025.

System Installed capacity Daily energy yield (6/10) | Daily energy yield (6/11)
(kWp) (kWh/day) (kWh/day)
FD 6.02 66,6 68,1
HD 3.01 33.0 341

4.3.3 Power generation per unit capacity

The specific yields represent an important indicator, since it denotes whether power generation
in HD system with sparser configuration of panels is more efficient than that in FD. It can be
calculated by using Eq. (1).

ip . _ Daily energy yield

SpeC|f|c yleld "~ Installed capacity (1)
The specific yields of FD and HD during June 10-11 were calculated to be 11.2 and 11.1
kWh/kWp/day, respectively, indicating that the specific yields of FD and HD were almost
identical. This denotes that 1) sparse configuration of panels does not significantly improve
efficiency; 2) there are no serious shading losses or mutual shading issues; 3) the two
configurations are electrically and geometrically comparable. The comparable specific energy
yields between the FD and HD configurations display similar PV conversion performance

under identical environmental conditions.

Electricity generation was monitored over two representative clear-sky days during June
10-11, 2025. The FD system, with an installed capacity of 6.02 kWp, consistently produced
approximately twice the daily electricity of the HD system (3.01 kWp). When normalized by
installed capacity, both systems exhibited comparable specific energy yields, displaying similar
PV performance. The observed electricity generation ratios are consistent with the PV panel
numbers and corresponding shading rates (86% for FD and 43% for HD), confirming the
robustness of the experimental configurations.

4.4 Land Equivalent Ratio

The Land Equivalent Ratio (LER) was used to evaluate the integrated land-use efficiency of
AV systems by combining both agricultural productivity and photovoltaic energy generation.
LER was calculated as the sum of the relative crop yield and the relative energy yield,
expressed as:

LER,y= Yagi, AV, Epv, av 2)

Yagri, mono EPV, reference

where

Yagri,av denotes crop yield under agrivoltaic condition,
Yagrimono denotes crop yield under monoculture (control) condition,
Epy av represents electricity generation under agrivoltaic configuration,

Epy reference €Presents electricity generation under reference photovoltaic system.

Due to limited availability of continuous seasonal power generation data, the energy
component of LER was evaluated using a relative-performance approach rather than absolute
seasonal energy yield. The FD configuration, which represents the maximum photovoltaic
deployment on the experimental land area, was defined as the reference PV system
(Epy reference)- The HD configuration was assigned a relative energy yield based on the

proportion of installed PV capacity and confirmed by representative full-day measurements.

12
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Electricity generation was continuously monitored during two representative clear-sky
days (June 10-11, 2025). The HD system consistently produced approximately 50% of the
daily electricity produced by the FD system, which closely matched the installed panel numbers
(7 vs. 14 panels). This result supports the assumption that the relative power generation
performance between FD and HD configurations remains stable over the growing season.

Accordingly, the relative energy yield term was set to 1.0 for the FD system and 0.498 for
the HD system. Instead of focusing on seasonal energy output, this method compares the
land-use efficiency of various PV scheme densities. The LERs can be calculated by using Eq.
(3) and (4):

1. FD (86% shading, 14 panels):

LERpp=—22F0_ 41 0 (3)

Yagri,mono

2. HD (43% shading, 7 panels):

LERyp=52- +0.498 (4)
agri,mono
The LERs of planting various crops in the HD and FD systems are indicated in Table 6.
The crop ratios were calculated based on the weight ratios presented in Table 3. In the FD
system, corn and upland rice achieved LERs of 1.67 and 1.66, respectively, indicating a higher
efficiency than their counterparts. Sweet potato and lettuce represented LERs of 1.31 and 1.32,
respectively, indicating a lower efficiency.

Table 6. LER of planting various crops in the HD and FD systems.

Crops . HD . FD
Crop ratio LER Crop ratio LER
Lettuce 0.80 1.30 0.32 1.32
Bok choy 0.71 1.21 0.53 1.53
Upland rice 0.86 1.36 0.66 1.66
Sweet potato 0.68 1.18 0.31 1.31
Corn 0.92 1.42 0.67 1.67

The LERs of planting various crops in the HD and FD systems are compared in Figure 13.
Switching the configuration from the HD to the FD system leads to a decrease in the yield of
the five crops while increasing power generation, thereby enhancing the overall LER. Although
the FD configuration maximized electricity generation, the HD system achieved comparable
land-use efficiency when crop yield was considered, as reflected by the LER values. Agrivoltaic
efficiency lies in the combined output of food and electricity.
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Figure 13. Comparison of LER of planting various crops in the HD and FD systems.

5. Conclusions

This small-scale study examined the impacts of shading by solar panels on microclimatic
conditions and growth of several crops in different AV systems. The novel findings are as
follows:

1. Under solar panels, the soil moisture increased while soil temperature clearly
decreased.

2. With shading, the relative humidity also increased, and air temperature decreased only
slightly.

3. Lettuce and sweet potato seem to be more sensitive than bok choy and upland rice
under solar panels of 86% shading rate.

4. The dry weight of corn and upland rice per plant was less affected than its vegetable
counterparts. This implies a chance for these crops to be cultivated in agrivoltaic
systems under future global warming.

5. Upland rice, sweet potato, lettuce, bok choy are all C3 plants that are known to require
about half of full sunlight for saturation of photosynthesis under the subtropical spring
conditions of this study. An AV system of a shading rate of 86% affects their growth
significantly, while that of 43% could still maintain at least 68% yield.

6. Among the five crops tested, corn and sweet potato exhibited a superior productivity in
terms of dry matter accumulation over the same growth period.

Based on the findings above, an upper shading rate of 40% should be considered for
growing the tested crops (upland rice, sweet potato, lettuce, bok choy and corn) in an AV
system for reaching a 70% crop growth under subtropical conditions in Taiwan. Our results are
consistent with those of earlier studies with rice in Japan, in which the upper limit of shading
was found to be 27-39% for sustaining at least 80% of the rice yield [6,7]. These studies find
that the main effect of shading on rice growth is reduced tillers and panicles. Takashi and
Nagashima's research [8] found that corn yield increased by 4.9% at low-density shading, but
decreased by 3.1% at high-density shading. Kim's research [9] also observed that under
agrivoltaic conditions with 21.3% shading, corn yield increased by 6% compared to the control
group, but at 25.6% and 32% shading levels, yield decreased by 21% and 30%, respectively.
These results are in line with the findings of this study that the growth of corn was affected by
only 8% under a 43% shading rate. In contrast, the dry weight of lettuces in this study was
systematically lower for plants grown under agrivoltaics. This result is consistent with other
studies in which the lettuce exposed to the sun without shade showed higher levels of dry
matter than those grown under concentrated shade and scattered shade [10]. Elamri et al. also
demonstrated that agrivoltaic management strategies can reduce irrigation requirements by
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approximately 20% while tolerating about a 10% decrease in crop yield, indicating the possible
trade-off between water savings and agricultural production in agrivoltaic systems [2].
Regarding bok choy, Lee et al. [11] evaluated organic leafy vegetable cultivation conducted in
a rooftop photovoltaic greenhouse with a 40% shading rate. They revealed that the yield per
unit area of most varieties of bok choy reached the minimum yield requirement of 70% of
regular production. Another study reported that the yields of leafy sweet potatos were
progressively reduced in accordance with increasing shading rate of 30%, 50% and 70% [12].

The performance of the four C3 crops under a shading rate of 86% in this study is
somewhat better than expected, suggesting that the small system employed in this study
allowed radiation from sides. Clearly, the distance between solar panels should be considered
as a factor influencing crop’s growth in addition to shading rate.

6. Future works

This study mainly focused on exploring the responses of different crops to different shading
rates in subtropical environments where light intensity, humidity, and monsoonal seasonality
differ from studies in mid-latitude regions. There are topics beyond the scope of this study but
deserving further exploration, e.g. whether PV panel layout causes significant spatial variations
in microclimatic parameters between panel gaps and under-panel centers, and how such
variations correlate with crop growth. Issues over the impact of PV panel arrangement on crop
growth are worthy of further research. In addition, future studies are also needed to evaluate
the effects of shading on the yield and quality of economic parts (e.g. corn and rice grains and
sweet potato tubers). Evaluation of other crops, e.g. forage crops, for agrivoltaics is underway.
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