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Abstract

To study the impact of photovoltaic facilities on the climate of aquaculture areas within
the new aquaculture model (photovoltaic fishery mode, PFM), meteorological monitor-
ing instruments were used to measure light intensity, temperature, humidity, and water
environment in the PFM aquaculture areas of Dongying City and Taishan City. The ex-
perimental results showed that photovoltaic facilities (PFs) significantly affected lighting,
causing a substantial decrease in light intensity above the ponds, with an annual aver-
age reduction ranging from 24.15% to 67.75%, compared to the traditional pond mode
(TPM). The impact of flexible PF on lighting was less pronounced than that of fixed pho-
tovoltaic facilities, with decreases of only 24.15% and 65.06%, respectively, compared to
TPM. PF influenced temperature within a small range, particularly in the Dongying City
aquaculture area, where the temperature difference reached 1.48 ◦C. The effect of flexi-
ble PF on temperature, with a decrease of only 0.071%, was much smaller than that of
fixed PF, which showed a decrease of 3.28% compared to TPM. In both Dongying City and
Taishan City aquaculture areas, PF reduced environmental humidity by 4.71% to 9.62% com-
pared to TPM. In Dongying City, the water temperature under the PFM-fixed system was
0.39 to 3.78 ◦C lower than that of TPM. The annual biomass variation patterns of zoo-
plankton and phytoplankton in Dongying City and Taishan City were opposite. This
study provides data to support further research on the relationship between PFM and
aquaculture.

Keywords: photovoltaic fishery mode; photovoltaic facility; light intensity; temperature;
plankton

1. Introduction
In aquaculture, various facilities are often added to enhance the production and

quality of aquatic products, thereby increasing economic benefits. The most common
facilities include water circulation systems [1], oxygenation devices [2], and insulation
equipment [3]. Water circulation and oxygenation systems increase water movement and
dissolved oxygen (DO) levels, while insulation equipment regulates water temperature. All
these facilities aim to optimize the aquatic environment, providing a more suitable habitat
for cultured organisms and ultimately improving the economic returns of aquaculture.
The photovoltaic fishery model (PFM) involves installing photovoltaic (PV) panels over
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aquaculture ponds to generate electricity while simultaneously cultivating economically
valuable aquatic species such as fish and shrimp [4]. This innovative model also holds
potential for leisure and tourism development [5,6]. PFM maximizes land use by producing
substantial amounts of clean energy, reducing fossil fuel consumption, and contributing to
environmental protection. Additionally, it can power breeding equipment such as aerators
and feeders, generating a surplus of photovoltaic energy and ensuring stable income for
fish farmers [4,7]. However, the placement of photovoltaic panels on the water surface may
impact the aquatic environment and potentially alter the microclimate of aquaculture areas.

The photovoltaic fishery mode is currently in the exploratory stage. To date, studies of
the PFM have been focused on how to optimize the model to improve efficiency and the
output of aquatic products [8,9]. This includes studies regarding economic improvement,
which have explored methods such as (i) adjusting the size, quantity, tilt angle, and spacing
of photovoltaic panels to optimize power generation performance [10], (ii) developing
photovoltaic modules with different temperature sensitivities to improve photovoltaic
power generation efficiency in different temperature environments [11], and (iii) developing
a solar tracking system that can change the orientation and tilt angle of photovoltaic
modules to improve power generation efficiency [12]. For aquatic products, it includes
studies showing that (i) when the yield of Eriocheir sinensis under the PFM increased by
13.06%, the survival rate increased by 6.2% [9], and (ii) when the shading rate reached 75%,
the yield of Tachysurus fulvidraco was increased [13]. Moreover, there are also some studies
on plankton and water quality [14–16].

In a fishery facility, the microclimate, such as temperature and light within water-
based facilities, is a key environmental factor affecting the development of aquatic facility
aquaculture. The most typical example of the impact on the microclimate of aquaculture
areas is the aquaculture greenhouse [17,18]. The main reason for building greenhouses is
the convenience of temperature regulation. The horizontal distribution of temperature in a
greenhouse varies with the seasons and weather [19], but as long as the air temperature is
maintained at 33 to 34 ◦C, the water temperature can be kept at 28 to 32 ◦C [20]. Materials
with high light transmittance and strong heat preservation can significantly increase the
temperature inside the facility [21,22]. Fishery facilities set up on water surfaces generally
reduce the amount of light reaching the water surface (light duration and light intensity).
For instance, the light transmittance of plastic greenhouses is 50–60%, and that of glass
greenhouses is 60–70% [20]. The studies on the PFM and climate are mainly focused on
light, wind, and radiation. Exley et al. [23] found that in the integrated fishing and light
mode, the synergistic effects of wind speed and solar radiation could mitigate climate
change impacts on water body temperature and stratification. After deploying photovoltaic
panels on water, it would affect the heat flow of the lake, turning it into a heat sink [24,25].
PF significantly reduces the intensity of light, while also affecting the temperature and pH
of water bodies [16]. In addition, PF could prevent 89–93% of solar radiation, reduce light
intensity by 94%, weaken wind speed by 41–50% on the surface of ponds, and increase
surface temperature by an average of 0.6 ◦C [26]. In addition to the decrease in wind speed,
PF will also change the wind patterns [27].

Aquaculture facilities have both positive and negative impacts on the sustainability of
aquaculture production. In the PFM, photovoltaic facilities mainly regulate natural light to
affect the surrounding temperature, humidity, water environment, and aquatic organisms.
In this study, we investigated the effects of PFM on light, temperature, humidity, water
routine indicators, and plankton in aquaculture areas. For the first time, we analyzed the
advantages and disadvantages of fixed support structures and flexible support structures
in regulating climate and water environments, aiming to lay a data foundation for future
in-depth research and provide a basis for the promotion and application of PFM.
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2. Materials and Methods
2.1. Experimental Mode and Region

In this study, we used photovoltaic fishery mode with fixed support structure (PFM-
fixed) and photovoltaic fishery mode with flexible support structure (PFM-flexible) systems
as the research objects, and traditional pond mode (TPM) system was used as controls. This
study was conducted simultaneously in Taishan City, Guangdong Province and Dongying
City, Shandong Province. The PFM-flexible system was located in 112◦25′54′′ E, 21◦50′30′′ N.
The PFM-fixed systems were located in 112◦28′24′′ E, 21◦49′35′′ N and 118◦55′52′′ E,
37◦38′55′′ N, and the TPM systems were located about 10 km away from the PFM-fixed
systems. Photovoltaic panels of PFM-flexible were placed >4 m above the water and were
located in Taishan City. Photovoltaic panels of PFM-fixed were placed 0.5–1 m above the
water and were located in Taishan City and Dongying City.

2.2. Experimental Methods

For climate monitoring, the IoT gas phase monitoring integrated devices CR-GZ206
(BRAND, Weilheim, Germany) were used, which were installed directly below the pho-
tovoltaic panels and 75 cm above the water surface. The changes in the light intensity,
temperature, and humidity were monitored in the PFM and TPM aquaculture areas. The
monitoring period of this study was from September 2023 to August 2024, with data col-
lected every 10 min. The light intensity consisted of daily data collected from 6:00 to 18:00
by the monitoring instrument. Temperature and humidity data were collected from 0:00 to
23:59 each day.

In addition, this study also monitored water quality indicators such as water tem-
perature, DO, transparency, and pH, as well as changes in planktonic organisms. The
temperature and DO content of the water body were monitored using a portable dissolved
oxygen meter JPB-607A (Shanghai INESA Scientific Instruments Co., Ltd., Shanghai, China),
and the transparency of the water body was monitored using a transparency disk, and
the pH of the water body was monitored using a portable pH meter PHBJ-261L (Shanghai
INESA Scientific Instruments Co., Ltd., China). Using the five-point sampling method, a
1 L organic glass water sampler was used to collect 4 L of surface water samples at each
location, for a total of 20 L of water samples. Concentrate with 25 # plankton net and
collect in a 150 mL specimen bottle, then add 2 mL of Luger’s solution and 6 mL of 70%
ethanol solution for plankton fixation. The samples were stored in a low-temperature
car refrigerator and transported back to the laboratory for microscopic examination and
counting. The monitoring period of this experiment was from 15 to 20 August 2022, 15 to
20 November 2022, 15 to 20 February 2023, and 15 to 20 May 2023, which were respectively
recorded as summer, autumn, winter, and spring. The monitoring was conducted at 7:00,
13:00, and 17:00 every day.

2.3. Data Analysis

All data were preliminarily analyzed using Excel software. One-Way ANOVA analysis
was conducted using SAS 9.3. Line charts were created using Excel and Adobe Photoshop
CC 2018. All data are expressed as mean ± standard deviation. p > 0.05 indicates no
significant difference. p < 0.05 indicates significant difference. p < 0.01 indicates extremely
significant difference.

3. Results
3.1. Impact of the PFM on Light Intensity, Temperature, and Humidity

The annual average values indicated that the PF had a significant impact on lighting,
resulting in a significant decrease in the light intensity above the ponds. According to the
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year-long monitoring and statistical results (Table 1), the light intensity on the water surface
of the TPM area was higher than that of the PFM areas, with a decrease in light intensity of
24.15–67.75%. The impact of the PFM-flexible was smaller than that of the PFM-fixed, with
a decrease of only 24.15% for the former and 65.06% for the latter, compared to the TPM.
The comparison of the TPM and PFM-fixed systems showed that the changes in Dongying
City were greater than those in Taishan City. Based on monthly monitoring and statistical
results (Figure 1), the differences in light intensity between the TPM and PFM reached a
significant level (p < 0.05), except for the TPM and PFM-flexible comparison in March from
Taishan City (p = 0.423).

Table 1. The differences in annual light intensity between TPM and PFM.

Mode
Dongying City Taishan City

Value Ratio α Value Ratio α Ratio β

Light intensity
(Lx)

TPM 15,000.71 ± 6722.48 na 13,650.42 ± 5177.32 na na
PFM-fixed 4837.46 ± 22,722.49 67.75% 4769.16 ± 908.98 65.06% na

PFM-flexible na na 10,353.55 ± 4773.32 na 24.15%

Temperature
(◦C)

TPM 15.81 ± 8.01 na 24.20 ± 5.58 na na
PFM-fixed 14.33 ± 8.82 9.39% 23.41 ± 5.25 3.28% na

PFM-flexible na na 24.03 ± 5.66 na 0.71%

Humidity
(%RH)

TPM 71.24 ± 4.40 na 84.45 ± 8.85 na na
PFM-fixed 67.28 ± 5.80 5.56% 76.32 ± 6.37 9.62% na

PFM-flexible na na 80.47 ± 9.67 na 4.71%

Note: TPM represents traditional pond mode. PFM-fixed represents photovoltaic fishery mode with fixed support
structures. PFM-flexible represents photovoltaic fishery mode with flexible support structures. Ratio α represents
the proportion of decrease in the PFM-fixed compared to the TPM. Ratio β represents the proportion of decrease
in the PFM-flexible compared to the TPM. na represents no relevant data.

The annual average values showed that PF affected temperature within a small range
of 1.5 ◦C. According to the year-long monitoring and statistical results (Table 1), the
comparison of the TPM vs. PFM-fixed revealed that the changes in Dongying City were
greater than those in Taishan City. In Taishan City, the impact of the PFM-flexible on
temperature was much smaller than that of the PFM-fixed, with the former only decreasing
by 0.071% and the latter decreasing by 3.28% relative to the TPM. Based on monthly
monitoring and statistical results (Figure 1), the differences in temperature between the
TPM and PFM reached a significant level (p < 0.05), except for the TPM and PFM-fixed
comparison in May from Dongying City (p = 0.242). In Dongying City, during the low-
temperature months (from December to April of the following year), the PF accelerated the
temperature drop.

The annual average data indicated that PF had a certain impact on humidity (Table 1).
In Dongying City and Taishan City, the presence of PF resulted in humidity reduction
by 4.71–9.62%. The impact of the PFM-flexible on humidity was smaller than that of
the PFM-fixed, with a decrease of only 4.71% for the former and 9.62% for the latter. In
Dongying City, the humidity of the TPM area was only lower than that of the PFM-fixed
area from August to October, and only the differences among August, September, and
October did not reach a significant level (p = 0.127 and p = 0.087). In Taishan City, the
humidity of the TPM area was only lower than that of the PFM-fixed area in December,
and both reached significant levels (p < 0.05). Compared to the PFM-fixed, the humidity
trend of the PFM-flexible was more similar to that of the TPM (Figure 1).

3.2. Impact of the PFM on Water Indicators

The water temperatures in Dongying City and Taishan City both follow a pattern: sum-
mer > spring > winter > autumn (Figure 2A,E). From summer to the following spring, water
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temperature first decreased and then increased. In Dongying City, the water temperature in
the TPM farming area was higher than that in the PFM-fixed farming area throughout the
year, with a temperature difference ranging from 0.39 to 3.78 ◦C. The temperature difference
was greatest in winter and smallest in autumn. The temperature differences between the
TPM and PFM-fixed farming areas in summer and winter were significant (p = 0.000–0.027).
In Taishan City, the water temperature in the TPM farming area was lower than that in the
PFM-fixed and PFM-flexible farming areas during summer, with significant differences
among the three modes (p = 0.000–0.003). Additionally, the differences among the three
modes in other seasons were not significant (p > 0.05).

 

Figure 1. Monthly variation pattern of light intensity, temperature, and humidity in traditional
pond mode and photovoltaic fishery mode. Note: (A–C) represent the variation patterns of light
intensity, temperature, and humidity in Dongying City, respectively. (D–F) represent the variation
patterns of light intensity, temperature, and humidity in Taishan City, respectively. TPM represents
traditional pond mode. PFM-fixed represents photovoltaic fishery mode with fixed support structures.
PFM-flexible represents photovoltaic fishery mode with flexible support structures.

In Dongying City, the DO levels in the water bodies of the TPM and PFM-fixed farming
areas exhibited a pattern of first increasing and then decreasing across the seasons in the
order of summer, autumn, winter, and spring (Figure 2B). However, the maximum DO
level in the TPM farming area (14.39 mg/L) occurred in autumn; whereas in the PFM-fixed
farming area, the peak level (13.83 mg/L) was observed in winter. The DO level in the TPM
farming area was lower than that in the PFM-fixed farming area only during winter, with
the opposite trend observed in the other seasons. The differences between the two models
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were statistically significant in summer, autumn, and winter (p = 0.000–0.004), but not in
spring (p > 0.05). In Taishan City, the DO level in the TPM farming area showed a trend of
decreasing initially, then increasing, and finally decreasing again across the seasons in the
order of summer, autumn, winter, and spring. The DO level in the PFM-fixed farming area
exhibited a consistent downward trend over the same seasonal sequence, while the DO
level in the PFM-flexible farming area decreased initially and then increased (Figure 2F). In
summer, the DO level in the PFM-fixed farming area was significantly higher than those in
the TPM and PFM-flexible farming areas (p = 0.000–0.001). In winter, the DO levels in the
TPM and PFM-fixed farming areas were significantly higher than that in the PFM-flexible
farming area (p = 0.001). Differences among the farming patterns in the other seasons were
not statistically significant (p > 0.05).

In Dongying City, the transparency of water bodies in the TPM and PFM-fixed farming
areas exhibited a trend of first increasing and then decreasing across the seasons in the order
of summer, autumn, winter, and spring (Figure 2C). However, the maximum transparency
value in the TPM farming area (153.40 cm) occurred in winter, whereas in the PFM-fixed
farming area, the maximum value (159.60 cm) was observed in autumn. The transparency
in the TPM farming area was higher than that in the PFM-fixed farming area only during
winter; in other seasons, the pattern was reversed. The differences between the two models
were statistically significant in summer, autumn, and winter (p = 0.000–0.001), but not in
spring (p > 0.05). In Taishan City, the transparency in the TPM and PFM-fixed farming
areas showed a pattern of decreasing initially, then increasing, and finally decreasing again
across the seasons in the order of summer, autumn, winter, and spring. In contrast, the
transparency in the PFM-flexible farming area increased first and then decreased over
the same seasonal sequence (Figure 2G). During summer, the transparency of the TPM
farming area was lower than that of the PFM-fixed farming area, while in other seasons, the
pattern was reversed; the differences between these models were statistically significant
only in summer and autumn (p = 0.000). In summer, the transparency of the TPM farming
area was higher than that of the PFM-flexible farming area, with the opposite pattern in
other seasons; these differences were statistically significant (p = 0.000–0.005). Similarly,
in summer, the transparency of the PFM-fixed farming area was higher than that of the
PFM-flexible farming area, with opposite patterns in other seasons; these differences were
also statistically significant (p = 0.000–0.006).

In Dongying City, the pH of water bodies in TPM farming areas exhibited a pattern
of initially increasing, then decreasing, and finally increasing again across the seasons
in the order of summer, autumn, winter, and spring. In contrast, the pH in PFM-fixed
farming areas showed an initial increase followed by a decrease over the same seasonal
sequence (Figure 2D). The pH in TPM farming areas was lower than that in PFM-fixed
farming areas only during winter; in other seasons, the trend was reversed. Significant
differences between the farming models were observed in summer, winter, and spring
(p = 0.000–0.007), but not in autumn (p > 0.05). In Taishan City, the pH of water bodies in
TPM farming areas decreased initially and then increased across the seasons of summer,
autumn, winter, and spring. The pH in PFM-fixed farming areas decreased first, then
increased, and finally decreased again over the same seasonal order. Additionally, the
transparency of water bodies in PFM-flexible farming areas showed a decreasing trend
from summer through spring (Figure 2H). During summer, the pH in TPM farming areas
was higher than in PFM-fixed farming areas, while the opposite pattern was observed in
other seasons. Significant differences between these models were found only in summer
and winter (p = 0.000–0.012). The pH in TPM farming areas was lower than in PFM-flexible
farming areas, with significant differences in summer, autumn, and winter (p = 0.000–0.010).
In winter, the pH in PFM-fixed farming areas was higher than in PFM-flexible farming areas,
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whereas the opposite trend occurred in other seasons; a significant difference between these
models was observed in summer (p = 0.000).

 

Figure 2. Seasonal variation pattern of temperature, DO, transparency, and pH in traditional pond
mode and photovoltaic fishery mode. Note: (A–D) represent the variation patterns of temperature,
DO, transparency, and pH in Dongying City, respectively. (E–H) represent the variation patterns of
temperature, DO, transparency, and pH in Taishan City, respectively. The letters with differences
above the column map represent that the differences between the comparison groups reached a
significant level; the uppercase letters represent very significant (p < 0.01) and lowercase letters
represent significant (p < 0.05). TPM represents traditional pond mode. PFM-fixed represents
photovoltaic fishery mode with fixed support structures. PFM-flexible represents photovoltaic fishery
mode with flexible support structures.
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3.3. Impact of the PFM on Phytoplankton and Zooplankton

In Dongying City, the annual biomass of zooplankton exceeded that of phytoplankton.
The difference was 6.24 times greater in the TPM aquaculture area and 4.30 times greater in
the PFM-fixed aquaculture area. Under both TPM and PFM-fixed models, the temporal
patterns of zooplankton and phytoplankton were generally similar: zooplankton exhibited
a gradual decreasing trend, while phytoplankton showed an initial decrease followed by
an increase (Figure 3A,B). The biomass of phytoplankton in the TPM aquaculture area
was lower than that in the PFM-fixed area, whereas the biomass of zooplankton in the
TPM aquaculture area was higher than in the PFM-fixed area. In Taishan City, the annual
biomass of phytoplankton was greater than that of zooplankton. The difference was 2.18
times in the TPM aquaculture area, and 4.06 times in the PFM-fixed aquaculture area, and
2.54 times in the PFM-flexible aquaculture area. Under the TPM, PFM-fixed, and PFM-
flexible models, the temporal patterns of phytoplankton were similar, showing an initial
decrease followed by an increase (Figure 3C). Zooplankton in the TPM aquaculture area
exhibited a pattern of decreasing, then increasing, and finally decreasing again; in the PFM
aquaculture areas, zooplankton showed an initial increase followed by a decrease. Notably,
the peak biomass in the PFM-fixed area occurred in winter, while in the PFM-flexible area
it occurred in autumn (Figure 3D). During summer, autumn, and spring, the biomass of
phytoplankton in the TPM aquaculture area was lower than that in the PFM area, while
the biomass of zooplankton was higher. However, in spring, both phytoplankton and
zooplankton biomass in the TPM aquaculture area were lower than those in the PFM area.

 

Figure 3. Seasonal variation pattern of phytoplankton and zooplankton in traditional pond mode
and photovoltaic fishery mode. Note: (A,B) represent the variation patterns of phytoplankton and
zooplankton in Dongying City, respectively. (C,D) represent the variation patterns of phytoplankton
and zooplankton in Taishan City, respectively. TPM represents traditional pond mode. PFM-fixed rep-
resents photovoltaic fishery mode with fixed support structures. PFM-flexible represents photovoltaic
fishery mode with flexible support structures.
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4. Discussion
Climate refers to the average atmospheric conditions of a region over the years,

with major climatic elements including light, temperature, humidity, etc. Various factors
affect climate change, including natural factors such as solar radiation, volcanic activity,
and changes in sea surface temperature [28,29], etc. The microclimate in water areas
is characterized by smoother temperature changes in water bodies compared to land
temperatures, as the thermal inertia of water is greater than that of soil [30]. The average
humidity in most oceans is 75–80% throughout the year, while the average humidity in
most land areas is 70–80%, except deserts and plateaus where the average humidity is
30–60% [31]. Meanwhile, there are also some human factors that can affect the climate, such
as fossil fuel combustion [32], vegetation degradation [33], and waste emissions [34], etc.
In addition, humans can also influence the climate by building various facilities, although
their real purpose is to improve the economy. At present, climate-related research related to
aquaculture facilities mainly uses greenhouses to regulate temperature and light [17,18,20].
In this study, the PFM combines photovoltaic power generation with aquaculture, which
can generate green energy and harvest healthy aquatic products. However, its larger
photovoltaic facilities create a typical climate in the PFM area. At the same time, it will
have an impact on the temperature, dissolved oxygen, transparency, and pH of the water
body, and thereby affect the plankton.

The most direct impact of installing facilities on the water surface is reducing the
intensity and duration of light reaching the water surface [20], and the same applies
to installing photovoltaic panels. In this study, the PF could reduce the amplitude of
changes in light intensity caused by natural cycles, and the stronger the light intensity, the
greater the impact of PF; this result is similar to the research of Niu et al. [35]. Compared
to the PFM-fixed area, the reduction in light intensity in the PFM-flexible was smaller
and the trend of change was more similar to that of the TPM, which means that the
impact of PFM-flexible on the environment is relatively smaller and more in line with
the development of PFM. Photovoltaic panels can regulate the microclimate temperature
between the photovoltaic panel and the water surface by reducing solar radiation and heat
dissipation. Air convection on the water surface is an important factor in heat loss, and
having a covering on the water in aquaculture ponds could affect air convection on the water
surface and reduce heat flow [17], while solar radiation is the main factor responsible for
increases in water temperature [36]. In this study, PFM reduced the temperature between
the photovoltaic panel and the water surface by a maximum of approximately 1.5 ◦C,
which may be attributed to the photovoltaic panel’s shading of sunlight. The obstruction of
the photovoltaic panels leads to a decrease in wind speed, which in turn reduces the air
convection for heat dissipation [26], which might be an important factor contributing to
the irregular temperature changes observed in this study. In addition, this study found
that PFM-flexible had a smaller impact on the air temperature in aquaculture areas, with a
decrease of only 0.71% compared to TPM; the former has more advantageous for non-cold
water fish aquaculture. The air humidity in aquaculture areas is mainly affected by water
evaporation, rainfall, wind, and other factors [37–39]. In this study, the lower temperature
may have contributed to the lower humidity of the PFM in Dongying City and Taishan
City. High humidity causes rust and mold to develop in aquaculture facilities, especially
steel structure facilities, which affect their appearance and service life and also cause water
pollution in aquaculture ponds [40]. Compared to PFM-fixed, PFM-flexible had relatively
higher humidity, which may increase facility maintenance costs.

In this study, water temperature under the PFM-fixed mode in Dongying City was
0.39–3.78 ◦C lower than in the non-PFM mode. This finding aligns with the research of
Zhao [15], Li et al. [16], and Qian et al. [41], and may be related to reduced light reaching the
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water surface. Conversely, in Taishan City, water temperature under the PFM was higher
than under the TPM during summer. This phenomenon can be explained by the findings
of Song et al. [26], who reported that PF reduces wind speed and decreases water heat
dissipation, resulting in a slight temperature increase. Regarding dissolved oxygen, the
PFM in Dongying City exhibited lower levels in spring, summer, and autumn, compared
to the TPM model, possibly due to reduced light and diminished phytoplankton photo-
synthesis. This observation is consistent with Zhao [15]. However, significant differences
between the results from Taishan City and Dongying City suggest that further research is
needed to elucidate the underlying mechanisms. In this study, under the PFM-fixed mode
in Dongying City, water transparency in spring, summer, and autumn was higher than
under TPM, likely due to a significant reduction in light intensity that inhibited plankton
growth, consistent with the plankton growth patterns observed in Dongying City. Zhao [15]
and Li et al. [16] also reported a decreasing trend in pH under PFM conditions, which
aligns with the results observed in Dongying City in this study. The impact of the PFM
on the aquatic environment is a complex process involving multiple interacting factors. It
alters key water parameters such as temperature, DO, transparency, and pH, as well as
the structure of the biological community through mechanisms including shading effects,
changes in heat exchange, and community regulation. The intensity and duration of light
determine the photosynthetic efficiency of phytoplankton; light limitation can reduce the
overall temperature sensitivity of phytoplankton growth and cause a decrease of about 5
◦C in the optimal adaptation temperature of plankton, although the community structure
itself is affected by temperature [42]. Photosynthesis may be inhibited due to an increase
in dissolved oxygen content [43]. Reducing the intensity of light will significantly reduce
the population of plankton [44]. The excessive proliferation of plankton can also lead to
the occurrence of oxygen deficiency [45]. Phytoplankton growth corresponds to a range of
saturated light intensities, within which growth rate accelerates as light intensity increases;
beyond this range, the photosynthetic rate declines [14]. This may be a key factor explaining
the differences in phytoplankton growth between Dongying City and Taishan City.

Furthermore, the research related to “photovoltaic power generation + aquaculture
+ climate” over the past five years (2020–2024) was discussed and analyzed in tabular
form (Table 2).

Table 2. The research related to “photovoltaic power generation + aquaculture + climate” over the
past five years (2020–2024).

Compared with TPM in References Similarities and Differences with
This Study Possible Reason References

The average light intensity of the shaded area was
85.4% lower than that of the unshaded area.

Similar, but the degree of
difference varies

Related to the region, monitoring
frequency, etc. [16]

The temperature and pH in the water body showed a
linear decreasing trend with the increase in the

photovoltaic deployment ratio.
Different Related to region and

experimental design, etc.

The DO showed an inverted “U”-shaped change
characteristic. Different Related to region and

experimental design, etc.

The effective range of the shaded area for the light
intensity of the water layer was 0~30 cm. Different Related to region and

experimental design, etc.

When the photovoltaic deployment ratio reached 75%,
the number of algae species and algae biomass was the

largest.
Different Related to region and

experimental design, etc.

Photovoltaic panels significantly reduced the light
intensity on the water surface, 20 cm underwater, and

the bottom of the water.
Similar na [35]
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Table 2. Cont.

Compared with TPM in References Similarities and Differences with
This Study Possible Reason References

DO under the photovoltaic panels was significantly
lower than the non-photovoltaic area.

Similar in Dongying City during
spring, summer, and autumn, and

Taishan City during autumn,
winter, spring, and summer

Related to monitoring time,
region, monsoon, and air

convection, etc.

Photovoltaic area’s water temperature was
significantly lower than the non-photovoltaic area’s.

Similar in Dongying City, and
contrary to Taishan City

Related to monitoring time,
region, monsoon, air convection,

etc.

In the 50% and 75% shading groups, pH and water
temperature decreased.

The changing trends are similar,
but the degree of difference varies

Related to monitoring time,
region, monsoon, etc. [41]

In the 50% and 75% shading groups, alkalinity,
hardness, and nitrogen to phosphorus ratio increased. na na

In the 50% and 75% shading groups, biomass of
cyanobacteria and zooplankton decreased

Zooplankton: similar in Dongying
City, and in Taishan City during

summer, autumn, and spring

Related to monitoring time,
region, monsoon, etc.

Confirmed the significant advantages of photovoltaic
shading on crab culture. na na [9]

The design (coverage density) of photovoltaic arrays
will lead to a reduction in the average wind speed and

solar radiation.
na na [23]

Installing photovoltaic panels has a significant heating
effect on the surface water. na na [24]

The percentage frequency of east wind (<4 m/s) at 2 m
decreased by 25.3%. na na [25]

Photovoltaic panels array does not have an obvious
heating effect on the ambient environment. na na

Prevented 89%~93% of the solar radiation on the
surface of the pond, resulting in an average reduction

in water temperature of 1.5 ◦C and a substantial
decrease in light intensity of 94%.

The water temperature and light
intensity are similar, but the
degree of difference varies

Related to monitoring time,
region, monsoon, etc. [26]

Weakened the wind speed by 41%~50% and elevated
the surface air temperature by an average of 0.6 ◦C. na na

An impressive decrease in chlorophyll-α of 72%~94%. na na

Reduced the concentration of labile phosphate, active
silicate, total nitrogen, total phosphorus, and total

organic carbon.
na na

Note: TPM represents traditional pond mode. na represents no relevant data.

5. Conclusions
The PFM is a new model that integrates solar energy with aquaculture, representing

an efficient use of land and space. Our research indicates that the PFM can significantly
reduce the amount of solar radiation reaching the pond’s water surface, and can affect the
temperature of the water and the air, as well as alter air humidity. However, different PFM
have varying effects on the aquaculture environment. PFM-flexible has a smaller impact on
the climate; however, the air humidity is higher compared to PFM-fixed, which may result
in higher maintenance costs in the later stages than those associated with PFM-fixed, which
means that PFM-fixed in environments with higher humidity may offer more advantages.
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