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Abstract: Based on the meteorological observation data of air temperature, surface temperature and
albedo data retrieved from remote sensing images inside and outside the photovoltaic station, as
well as the measured soil moisture content and bulk density at different locations of the photovoltaic
power station in 2019, the impact of large-scale desert photovoltaic power plants on climate and
environment was studied. The results show that air temperature, surface temperature and albedo
inside the photovoltaic power station are lower than those outside the station, which are obvious in
winter and not obvious in summer. Therefore, the photovoltaic power station is a cold source and
an energy sink. The soil moisture content under and between the photovoltaic modules is larger
than other sampling points, and the soil bulk density gradually decreases with the distance from
the center of the photovoltaic power station. Therefore, future plans for desert photovoltaic power
station construction should take into account the impacts on local climate and environment.

Keywords: desert; photovoltaic power station; air temperature; surface temperature; albedo; soil
moisture content; soil bulk density

1. Introduction

With the prominence of global warming and energy security issues, renewable en-
ergy is recognized as a green and sustainable energy [1] that countries around the world
are vigorously developing. By 2020, the global installed capacity of renewable energy
reached 2838 GW, of which the installed capacity of photovoltaic power generation was
760 GW, accounting for 27% of the total installed capacity. China’s installed PV capacity
accounts for more than half of the world’s installed capacity [2]. The effect of photovoltaic
power plants on the environment is a long-term cumulative process, and although they
have played a positive role in energy conservation and emission reduction, their impact
on the ecological environment and climate cannot be ignored [3]. Therefore, with the
growth of photovoltaic installed capacity and the expansion of the scale of power stations,
whether large-scale photovoltaic power stations will have an impact on local climates and
ecological environments has attracted more and more attention. Since 2000, researchers
started to study this field, but there are few studies of the influence of desert photovoltaic
stations on local climate and ecological environment in China.

At present, the main research methods for the impact of photovoltaic power plants
on the local climate and environment are model research, remote sensing parameter in-
version and field observation. International research mainly focuses on the simulation of
meteorological parameters by a model. These studies provide important insights into the
potential climate impacts of a large-scale PV plant. Barran-Gafford, Millstein, Fthenakis
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and Yu, and Broadbent used the methods of field measurements, a mesoscale numerical
model (WREF), fluid dynamics and observational towers to research the influence of pho-
tovoltaic power plants on air temperature in different states of the United States. The re-
sults suggest that the temperature inside the power stations is higher than that outside the
power stations, and the photovoltaic power stations cause a heat island effect [4-7]. The
research by Chinese scholar Zhao Pengyu came to the same conclusion on the air temper-
ature inside and outside the Ulanbu desert photovoltaic power plant [8]. However,
Chang, Taha, Salamanaca, Masson and Lu Xia studied photovoltaic power plants in the
Republic Basin of Qinghai, Los Angeles, Arizona, Paris, and Jiuquan, Gansu, and found
that the air temperature inside the power station was lower than that outside the power
station [9-13]. Gao Xiaoging et al. conducted air temperature observations inside and out-
side the photovoltaic power station in Golmud, Qinghai Province, and found that the air
temperature inside the station was higher than outside the station during the day, but
lower at night [14]. The different research conclusions on the air temperatures inside and
outside the power stations may be related to the different natural and geographical con-
ditions of the areas. However, the research on the surface albedo inside and outside the
photovoltaic power stations is relatively consistent, that is, due to the strong absorption
of solar radiation by photovoltaic modules, the surface albedo inside the stations is lower
than that outside the stations [5,9,15-17]. In addition, through simulation experiments, Li
found that the decrease in albedo increases the surface evaporation, which leads to an
increasing precipitation, which, in turn, promotes the growth of vegetation. Better vege-
tation growth further reduces surface albedo, thus forming a positive feedback mecha-
nism of albedo—precipitation—vegetation [17]. Gao Xiaoqing observed the soil temperature
of Qinghai Golmud photovoltaic power station for one year and found that the daily dif-
ference of soil temperature in the shallow layer is significantly lower than outside the sta-
tion, and the photovoltaic power station has the effect of heat insulation [18]. Wang Tao’s
and Wang Zhenyi et al.’s research show that after the completion of the photovoltaic
power station, the soil moisture content increased by 30%-34% compared with the sur-
rounding area of the power station, which resulted from the shading effect of photovoltaic
panels [19,20]. However, compared with studies on temperature and albedo, there are few
studies on soil parameters inside and outside photovoltaic power plants.

The impact of photovoltaic power plants on climate and environment has attracted
the attention of universities and research institutions across the world, but compared with
climate and photovoltaic technology research, this study area is still in its infancy. The
conclusions drawn by relevant studies are also different, and there is no precise and uni-
fied explanation and demonstration. This may be due to the different geographical loca-
tions, climatic conditions and underlying surface conditions of each study area.

At present, there are few studies on the climate and environmental impact from de-
sert photovoltaic power station construction in Gansu province, and existing research is
only composed of theoretical numerical calculation studies without field observation.
Based on this, the study uses the observation data of air temperature inside and outside
the desert photovoltaic power station, albedo and surface temperature data retrieved from
remote sensing images, and soil moisture content and soil bulk density data from field
sampling experiments to analyze the influence of desert photovoltaic power plants on the
local climate and environment.

The paper is organized as follows. Firstly, the materials and methods including study
area and data resources and methods are presented in Section 2. Then, air temperature,
land surface temperature, albedo inside and outside the photovoltaic park, soil moisture
content and soil bulk density in different locations are analyzed and discussed in the Re-
sults section. Finally, the conclusions and discussion are given.
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2. Materials and Methods
2.1. Study Area

The Hexi Corridor in Gansu province of China is the concentrated distribution area
of the country’s photovoltaic power generation industry, and it is also a desert area with
a relatively fragile ecological environment.

Dunhuang is located at the westernmost end of the Hexi Corridor in Gansu Province
(39°40" N~41°35' N, 92°13' E~95°30" E), with an area of 3,120,000 km? and an altitude range
of 800~1800 m. It is known as the “Gobi Oasis”, which is surrounded by deserts. It is a
typical warm, temperate, arid climate with an annual average temperature of 9.9 °C, max-
imum temperature of 41.7 °C, minimum temperature of -30.5 °C, annual precipitation of
42.2 mm and annual evaporation of 2505 mm. In the context of climate change, in recent
decades, the average annual temperature in Dunhuang has generally been on the rise with
fluctuations, which is consistent with the changes in the world and China, but the increase
is relatively low [21]. Meanwhile, the precipitation in Dunhuang has generally shown an
increasing trend. The precipitation is mainly concentrated in spring and summer. Further-
more, the evapotranspiration also shows a general increasing trend that is large in spring
and summer, but small in autumn and winter. The rate of increase in evaporation is much
faster than that in precipitation, which makes the trend of aridification in Dunhuang more
obvious [22]. With the annual sunshine hours of 3257.9 h, Dunhuang is one of the areas
with the highest solar radiation in China, where the percentage of sunshine is 75% and
the annual accumulative solar radiation amount is about 6800 MJ/m2. Thus, the develop-
ment potential of the photovoltaic industry is huge [23].

Dunhuang Photovoltaic Industrial Park is located in Qili Town of Dunhuang City,
about 13 km away from the urban area. The site range is 39°58' N~40°5' N, 94°11' E~94°26’
E, covering an area of about 254 km?. The total planned installed capacity of the power
plant is 4200 MW, of which the photovoltaic installed capacity is 2000 MW and the con-
centrating solar power installed capacity is 2200 MW.

The terrain of the park is flat and open. It slopes slightly from the southwest to the
northeast, with slight fluctuations in some parts, and the natural slope drops by about 1%.
There is no vegetation distribution on the surface of this Gobi Desert. It can meet the land
demand for solar photovoltaic and solar thermal power generation with low cost, making
it an ideal site for solar power generation project construction (Figure 1).

Figure 1. Satellite image of Dunhuang Photovoltaic Industrial Park.
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2.2. Data Resources and Methods

For the research, the hourly observation data of 1.5 m air temperature from the me-
teorological station inside the photovoltaic park (MSIP) (40°5'47.76" N, 94°29'2.34" E) and
meteorological station outside the park (MSOP) (40°5'57.17" N, 94°33'36.38" E) were se-
lected to analyze the diurnal, monthly and seasonal changes of air temperature in 2019. In
addition, AT is the air temperature difference between the air temperature inside and out-
side the photovoltaic park and the relative error percentage (RE) is used to reflect the tem-
perature difference between the meteorological station inside and outside the park, as
shown in the following formula:

AT=Tinside—Toutside (1)
RE = ﬂ x100% )
Toutside

The research used four remote sensing images of Sentinel-2A (10 m resolution) in
spring (20190402), summer (20190711), autumn (20190929) and winter (20191208) to invert
the surface albedo in different seasons inside and outside the photovoltaic power station.
Meanwhile, four remote sensing images from the Landsat OLI/TIRS (resolution of 30 m)
in spring (20190413), summer (20190803), autumn (20191006) and winter (20191225) were
used to invert the surface temperature inside and outside the photovoltaic power station.
The cloud cover of all remote sensing images obtained did not exceed 10%, and there was
no snow cover in winter. In order to further quantitatively compare the surface albedo
and surface temperature inside and outside the park, ArcGIS software was used to extract
the surface albedo and surface temperature inside and outside the photovoltaic power
station (0-1.5 km from the edge of the power station) pixel by pixel and calculate their
average value.

In addition, in mid-June 2019, sampling experiments were carried out on the soil
moisture content and soil bulk density of the topsoil in different locations inside and out-
side the photovoltaic park. The layout of the sample plot was as follows (Figure 1): in the
photovoltaic power station, sampling points were set up in front of the photovoltaic ar-
rays (FPV), between the photovoltaic arrays (BPV), and under the photovoltaic modules
(UPV); from the perspective of the distance from the photovoltaic power station in the
park (MSIP), there was a point outside the park that was 1 km away from the center of the
photovoltaic power station (OP-1) (40°5'47.92" N, 94°30'30.95" E), a point 3 km away (OP-
2) (40°5'59.55" N, 94°31'15.38" E) and a point 5 km away (OP-3) (40°5'54.10" N, 94°32'41.82"
E). The soil moisture content was measured by the drying weight method, and soil bulk
density was determined by the ring knife method. Firstly, the undisturbed soil was col-
lected, at a volume of 100 cm?, with a ring knife at each sample point; three samples were
needed to be collected for averaging. The fresh weight was found by weighing immedi-
ately. Additionally, then it was packed and taken back to the laboratory in an aluminum
box. The soil samples were dried at 105 °C for no less than 16 h. When the quality was
constant, the dried soil was weighted. The soil water content and soil bulk density were
calculated according to the following equations [24,25]:

SMC:MMOO%:MXIOO% 3)
ds ds
sBD = M« (4)
100

where SMC stands for soil moisture content (%), SBD stands for soil bulk density (g/cm?),
M is the mass of the fresh soil sample (g) and Mus is the mass of the dried soil sample (g).
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3. Results
3.1. The Temperature
3.1.1. Diurnal, Monthly and Seasonal Variations of Air Temperature

According to the hourly data of the air temperature inside (MSIP) and outside
(MSOP) the photovoltaic park throughout 2019, the average temperature at different
times of all the days in a month, from January to December, were obtained (Figure 2).
From dawn to noon, the temperatures inside and outside the PV park are basically the
same, that is, Tinside ® Tousside. After noon and to early morning, the air temperature inside
the park is significantly lower than outside the park, that is, Tinside < Toutside. After noon, as
solar radiation reaches the maximum, the PV absorbs more solar radiation than the un-
derlying surface due to being a darker color compared with the surrounding underlying
surface. In addition, the photovoltaic panel converts a part of the solar energy into electri-
cal energy. Therefore, the temperature inside the photovoltaic park is lower than that out-
side. After the sun sets, this phenomenon continues until the early morning of the next
day and reaches the temperature equilibrium. The air temperature in the park does not
drop immediately when the sun is rising, but gradually decreases after noon due to the
photoelectric effect of the photovoltaic power station. Therefore, the photovoltaic power
station has an impact on the air temperature of the surrounding environment, which is
not only an energy sink, but also a cold source.
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Figure 2. Air temperatures inside and outside of the photovoltaic park at different times of the year.
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Regarding the monthly variation of the air temperature inside and outside the pho-
tovoltaic power station, as shown in Table 1, the air temperature inside the station is usu-
ally lower than that of the outside, except for in July and August. For the whole year, the
temperature inside the station is lower than that outside. The absolute value of the average
temperature difference between the inside and outside of the park gradually decreased
from January, and then reached the minimum value (0.01) in September, after which it
increased gradually. The maximum absolute value of AT is 1.45 °C in January, whereas
the minimum values are in July, August and September when the radiation resources are
relatively better and the air temperature is relatively higher; thus, the photovoltaic power
station has little effect on the local air temperature. This may be because the higher tem-
perature could lead to a stronger negative temperature effect. Because the increase in
panel temperature leads to a decrease in the photovoltaic output, and the reduced output
becomes heat energy, this increases the air temperature inside the photovoltaic park and
reduces the temperature difference between the inside and outside of the park. The rela-
tive error percentage of the average temperature inside and outside the park was larger
in winter (November, December, January) and early spring than other periods, and
reached the maximum value of 50.2% in February. As shown in Table 2, in summer, the
temperature difference between inside and outside the park is 0, whereas in winter the dif-
ference is the largest, and the relative error percentage between inside and outside the park
is also the highest (25.39%). This may be due to the fact that the air temperature and the
panel temperature are relatively low in winter, resulting in an insignificant negative tem-
perature effect which may contribute to the higher output efficiency of PV as more electricity
is converted from solar radiation. According to energy conservation law, the temperature
inside the photovoltaic park is lower than outside the park. Therefore, the cold-source effect
of photovoltaic panels is particularly obvious in winter, but not in summer.

Table 1. Monthly average air temperature inside and outside the park (°C/%).

Month Jan Feb Mar Apr May Jun Jul Sep Oct Nov  Dec
Tinside -948 -394 6.15 16.77 1953 2495 26.58 2147 1115 201 -5.55
Toutside -8.03 -2.62 728 1717 19.82 2512  26.52 2148 1175 285 448

AT -145 -132 -114 -041 -030 -016 0.06 -0.01 -0.60 -0.83 -1.07
RE 1810 502  15.61 2.36 1.50 0.65 0.23 0.04 508 2925 2397
Table 2. Seasonal average air temperature inside and outside the park (°C/%).
Season Spring Summer Fall Winter

Tinside 14.14 26.30 11.55 -6.32

Toutside 14.75 26.30 12.03 -5.04

AT -0.61 0.00 -0.48 -1.28

RE -4.15 0.00 -3.99 25.39

3.1.2. Surface Temperature

The surface temperatures are the PV surface temperature inside and land surface
temperature outside the park, which is also an important parameter reflecting the impact of
photovoltaic power plants on the local climate. The spatial distribution of surface tempera-
ture retrieved from remote sensing images is shown in Figure 3. Photovoltaic panels absorb
solar radiation and convert solar energy into electrical energy output, resulting in the sur-
face temperature inside the photovoltaic park being lower than outside the park all year
round, which is similar to the air temperature inside and outside the park in winter.

In addition, the impact of photovoltaic power stations on the surface temperature is
greater than that on the air temperature, because the air temperature is the heat energy of
the sun absorbed by the ground and transferred to the air through radiation, conduction
and convection. The surface temperature is generally higher than the air temperature,
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which can directly reflect the effect of solar radiation on the temperature of the underlying
surface. The difference and relative error percentage of the surface temperature inside and
outside the park are also the largest in winter and the smallest in summer (Table 3). This
is consistent with the comparison results of the air temperature inside and outside the
park. The negative temperature effect of the photovoltaic panel is strong in summer and
weak in winter; therefore, the inside and outside surface temperatures are closer in sum-
mer, and are far apart in winter. Inside and outside surface temperatures also reflect that
the photovoltaic power station is a cold source and the effect is more intense in winter.

LST(°C) v LST(°C)

- High : 17.591 4 - lligh : 59.932

B ¢ smos e = B e

| LSTCC) i P’ : "4 LSTCO)

oy s 41021 ':‘: ol LEEREL

- Low @ 14,3686 - Low @ -12.2578

Figure 3. Surface temperature of PV power station and surroundings retrieved from remote sensing
in different seasons.

Table 3. Comparison of surface temperature inside and outside the park (°C/%).

Season Spring Summer Autumn Winter
Tinside 35.35 45.55 27.64 -5.66

Toutside 36.38 45.89 28.34 -5.027

AT -1.03 -0.34 -0.7 -0.633

RE 2.8 0.74 24 12.6
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3.2. Albedo

Surface albedo is an important parameter of remote sensing inversion. It refers to the
ratio of the reflected flux of the surface to the incident solar radiation, which determines
how much radiation energy can be absorbed by the underlying surface. Therefore, the
surface albedo, including the PV surface albedo inside and land surface albedo outside
the park, is another important parameter in the study of surface energy balance. The spa-
tial distribution of the surface albedo over the four seasons retrieved from the remote
sensing images is shown in Figure 4. The albedo in the park is lower than that outside
during the four seasons. That is to say, the proportion of solar radiation reflected inside
the park to the total incident radiation is smaller than that outside, mainly because the
absorption of solar radiation by the photovoltaic power station is greater than that by the
underlying surface (Gobi) due to dark-colored, sunlight-absorbing PV panels [26]. The
albedo inside and outside the park has obvious seasonal variation characteristics, and the
albedo inside the park is lower than that outside throughout the year. The albedo inside
and outside the park is larger in spring and summer and smaller in the other two seasons.
The difference between the albedo inside and outside the park is the largest in winter and
smallest in summer. The relative error percentage of the two is the smallest in summer
and the largest in winter (Table 4).

This phenomenon may also be related to the small negative temperature effect of
photovoltaic power plants in winter, where more energy is absorbed and converted. It
may also be related to the local precipitation. As we all know, there is less precipitation
and greater evaporation in Dunhuang throughout the year. In autumn and winter, the
surface humidity increases and the albedo is smaller due to the lower temperature and
slower evaporation.
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Figure 4. Albedo of photovoltaic power station and surroundings retrieved from remote sensing
inversion in four seasons.

Table 4. Comparison of surface albedo inside and outside the park (°C/%).

Season Spring Summer Autumn Winter
Tinside 0.2471 0.228 0.2105 0.2007
Toutside 0.2738 0.2489 0.2366 0.2418

AT -0.0267 -0.0209 -0.0261 -0.0411
RE 9.75 8.4 11.03 17

3.3. Soil Moisture Content

Soil moisture content reflects the moisture content in the soil. The construction of
photovoltaic power plants affects soil moisture content by changing the local microcli-
mate, especially by changing the process of surface evapotranspiration. In the study area,
the overall soil moisture content is very low, less than 5% (Figure 5), which is caused by
the special underlying surface (Gobi) of Dunhuang, where precipitation is scarce and
there is no vegetation. Meanwhile, there are also differences in soil moisture content at
different locations. The shading effect between photovoltaic modules and the modules
themselves inhibits the evaporation of soil moisture; therefore, the soil moisture content
is relatively high between photovoltaic modules and under the modules, but low values
occur in front of the modules due to the absence of the shading effect (Figure 5).

The weather station in the park is located in the center of the photovoltaic park, far
from the photovoltaic modules, thus the soil moisture content here is low. As the distance
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from the power station increases, the soil moisture content gradually increases, but it is
still smaller than the soil moisture content between the arrays and under the modules, and
the difference is obvious. Therefore, the photovoltaic power station has a significant im-
pact on the moisture condition of the underlying surface.

Soil moisture content (%)

6 1
5 4

4

y .
" | I . |

T
BPV UPV FPV MSIP OP-1 OP-2 OP-3 location

Figure 5. Soil moisture content at different locations of photovoltaic power station.

3.4. Soil Bulk Density

Soil bulk density refers to the mass or weight of a unit volume of soil (including soil
particles and voids) in the state of natural bundling in the field (g/cm?). It is a comprehen-
sive index of soil physical properties, and a comprehensive characterization of soil per-
meability, infiltration performance, water-holding performance, solute migration charac-
teristics and soil erosion resistance [24]. Soil bulk density is mostly 1.0-1.5 g/cm?. The
value of bulk density is affected by both density and voids, and voids have a greater im-
pact, as the bulk density of loose and porous soil is small, and vice versa.

In general, the soil bulk density value in the study area is relatively small (Figure 6),
which is related to the arid area environment. The soil in this area has the characteristics
of large surface evaporation, weak water holding capacity, poor wind erosion resistance
and large soil porosity. This may be due to the increase in human disturbance factors such
as stepping during the construction and the later operation and maintenance of the pho-
tovoltaic power station, which leads to an increase in the compactness of the soil. The soil
bulk density tends to decrease gradually.

Soil bulk density (g/cm?3)
1.4
1.2 4

14
0.8 A
0.6 A
0.4 -

0.2 A

0 4

MSIP OP-1 oP-2 opP-3 Location
Figure 6. Soil bulk density inside and outside the photovoltaic park.
In addition, the results of a one-way ANOVA showed that the difference between

the two adjacent sample points was not significant, whereas the difference between the
MSIP and OP3 was the most significant (p < 0.05), which also conforms to the basic rules.
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This is also in line with the law that the farther away from the park, the smaller the human
disturbance factor and the larger the soil void. Therefore, the soil bulk density at the far-
thest point outside the park is the smallest. Then, it is concluded that the construction of
photovoltaic power stations has a significant impact on soil bulk density.

4. Conclusions and Discussion

Since photovoltaic panels absorb solar radiation and convert solar energy into elec-
trical energy output, according to energy conservation law, the air temperature and sur-
face temperature inside the photovoltaic park are lower than those outside, which is con-
sistent with [9-13] and Chang's studies [27]; however, in Chang's study, he found the
maximum decreased temperature can arrive at 1 °C in January and 2 °C in July, which is
contrary to our findings that the cold-source effect of the photovoltaic power station is
more intense in winter but gentle in summer. This may be related to the negative temper-
ature effect of photovoltaic panels, which is more obvious in summer than in winter.

In terms of albedo, the albedo in the park is lower than that outside all year round,
which complies with the studies from [5,9,15-17]. This is because the absorption of solar
radiation by the photovoltaic power station is greater than that of the underlying surface
(Gobi), and the difference between the albedo inside and outside the park is the smallest
in summer and the largest in winter, which is consistent with the changes in air tempera-
ture and surface temperature.

In addition, the soil moisture contents of the photovoltaic power station and its sur-
roundings are generally low. Soil moisture content is relatively higher between the pho-
tovoltaic arrays and under the modules, but a lower value occurs in front of the arrays. At
the sampling points farther away from the arrays, the soil moisture content is lower than
that of the photovoltaic panel area, which is in accordance with Wang Zhenyi’s study [20],
in which shading is considered as a dominant factor. Thus, it can be concluded that the
photovoltaic power station does have an impact on the soil moisture content due to its
shading effect. Therefore, the photovoltaic power station has a cooling and humidifying
effect on the local microclimate.

As the distance from the center of the photovoltaic park becomes farther and farther,
the soil bulk density shows a trend of gradually decreasing, because the farther away from
the photovoltaic power station, the less human disturbance factors there are. Therefore,
the photovoltaic power station also has an impact on the soil bulk density.

The results demonstrate that desert photovoltaic power plants do have an impact on
the local climate and environment, which should be fully considered during future con-
struction planning to ensure that photovoltaic power stations provide sustainable green
energy for human beings without causing harm to the environment.

Referring to the limitations of the research, the paper only analyzed the meteorolog-
ical and remote sensing data from one year (2019), and only two meteorological stations
inside and outside the PV plant were selected as sampling points. On the other hand, due
to funding constraints, other climate and soil parameters, such as solar radiation, precip-
itation, soil temperature, etc., were not discussed in this paper. A future study will focus
on the impact of the PV plant on local climate and environment during a relatively long
period, in which various data from more meteorological stations inside and outside the
PV plant constructed in different environments (desert and places with vegetation) will
be observed and the models will be built to explore deeper mechanisms.
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