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Abstract: As an important form of clean energy, photovoltaic (PV) power generation is entering a
rapid development phase. Qinghai, China is located on the Qinghai-Tibet Plateau. It has sufficient
sunlight and rich heat and light resources, includes a large area of the Gobi Desert, and has become
China’s largest base for PV power generation. However, large-scale PV development in deserts
changes the local surface energy distribution and impacts local microclimates. This study considered
the Gonghe PV Power Plant in Qinghai as an example. Three monitoring stations were set up in the
PV power plant, transition, and reference areas, and the influence of large-scale PV developments on
the local air temperature and humidity was studied based on long-term, multi-point field observation
data. The results showed that the overall daytime air temperature in the PV power plant had
changed slightly (increased and decreased), while the night-time temperature dropped significantly.
Specifically, in spring and summer, the daytime temperature increased slightly, with a maximum
increase of 0.34 °C; in autumn and winter, the daytime temperature decreased slightly, with a
maximum decrease of 0.26 °C; in all seasons, the night-time temperature decreased, with a maximum
decrease of 1.82 °C during the winter night. The relative humidity in the PV power plant generally
increased; except for a slight decrease in summer, the daytime and night-time relative humidity in
spring, autumn, and winter always increased. The humidification in winter was the most significant,
with increases of 5.00% and 4.76% for the transition and reference areas, respectively. The diurnal air
temperature and relative humidity ranges in the PV power plant were greater than those outside
the PV power plant. The results obtained in this field observation study could serve as a basis for
quantitative evaluation of the microclimate effects of large-scale PV development in deserts and
provide technical support for guiding the future planning and development of the PV industry.

Keywords: desert area; large-scale photovoltaic power plant; field observation; air temperature;
relative humidity

1. Introduction

The global energy structure is currently undergoing profound changes.  Traditional
fossil-fuel-based energy development models are not sustainable. Clean and low-carbon renewable
energy is the ultimate goal of global energy development [1]. Grossi [2] stated in the report of the
United Nations Framework Convention on Climate Change (COP 25) Conference that despite the
continuous investment in renewable energy, global emissions of greenhouse gases reached a record
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high last year, so there is an urgent need to deploy various low-carbon resources, such as hydro, wind,
and solar, as well as nuclear power and battery storage, to achieve climate goals. Solar energy is one
of the fastest-growing renewable energy sources. Over 500 gigawatts (GW) of capacity was installed
at the end of 2018, and by the end of 2019, there will most likely be a total global installed capacity
of well over 600 GW [3]. Solar photovoltaic (PV) reduces CO; emissions by 2.3 giga-tonnes of per
year [4]. The number of large-scale PV power plants is increasing rapidly worldwide [5]. According to
a report by the International Energy Agency, the installed capacity of PV worldwide exceeded 400 GW
at the end of 2017 [6]. China’s cumulative installed PV capacity is 131 GW, accounting for 32.57%
of the world’s total cumulative installed PV capacity and ranked first [7]. China is the largest CO,
emitting country in the world, which accounts for 28% of the CO, emissions globally [8]. Therefore, the
reduction of carbon dioxide emissions from China’s PV industry has a direct impact on global trends.
Qinghai, China is located in the Qinghai-Tibet Plateau. The sufficient sunlight, rich solar and
thermal resources, and large area of the Gobi Desert represent natural advantages for the development
of the PV industry, and Qinghai is currently China’s largest base of PV power generation [9]. However,
the Qinghai-Tibet Plateau is a typical fragile ecological region that is environmentally unique and
sensitive. The construction and operation of large-scale PV power plants have changed the surface
albedo and land cover [10]. PV panels change the surface energy balance and heat fluxes by absorbing
radiation [11], which inevitably influences local climates and even the global climate [12]. In addition,
the Qinghai-Tibet Plateau is one of the most fragile and typical ecological regions in the world, and
its environmental specificity and sensitivity are significant. Therefore, the impact of constructing
large-scale desert PV power plants on the local climate in such areas is even more noteworthy.
Researchers have obtained some research conclusions on the local climate impacts of PV power
plants in specific regions based on numerical simulations and field observations. For example,
the simulation results of a climate model for PV on urban roofs showed that during the summer,
the temperature decreased during the day (0.28-0.48 °C) and at night (0.38-0.78 °C) [13]. Climate
simulations of large-scale PV power plants in the Sahara showed an increase in temperature (maximum
temperature (+1.28 K) and minimum temperature (+0.97 K)) [14]. Field observations of the Tucson
PV Power Plant in the United States showed that it has a "heat island effect", with an average annual
temperature increase of 2.4 °C at a height of 2.5 m and a temperature increase of 3-4 °C at night [15].
Field observations of the Red Rock PV Power Plant in the United States showed that the maximum
daytime temperature increased by 1.38 °C at a height of 1.5 m, while there was no significant difference
in the night-time temperature [16]. This is contrary to the conclusion of the Tucson PV Power Plant [15],
possibly due to the smaller and less continuous PV array, and the advection of adjacent impervious
areas in the PV power plants affects the temperature measurement. Field observations of the Golmud
PV Power Plant in Qinghai, China showed that the temperature field at 2 m was higher than that of the
off-site control area, with a maximum temperature difference of 0.67 °C, while the temperature at 10 m
was lower [17]. Many related studies on the Gonghe PV Power Plant in Qinghai, China have been
conducted. Yin et al. [18] analyzed field observation data for two months and found that in the PV
power plant, the temperature at 2 m was higher in the daytime than at the control point, while the
temperature at night was significantly lower. However, due to the short observation data sequence, no
comprehensive and systematic conclusions on temperature change were obtained. Chang et al. [19]
showed that the rising temperature of PV panels during the daytime is a heat source for the surrounding
environment, which may cause the "heat island effect", while PV panels have a cooling effect at night.
The different temperature changes in the above different studies may be due to areas with different
land-surface (such as urban and desert) properties, which give diverse fluxes of sensible and latent
heat, which in turn affect the turbulent mixing and horizontal advection in the atmospheric boundary
layer [20]. Regarding the influence of PV power plants on air humidity, Yin et al. [18] showed that the
relative humidity at 2 m height changed in the same way inside and outside the station during the day;,
but inside the station at night was significantly higher than outside the station. The increase in local
humidity at PV power plants provides favorable conditions for vegetation growth in desert areas [21].
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Additionally, increased humidity can increase the viscosity of the sand surface, so the sand particles
are not easily driven by wind and sand drift activity, which reduces the frequency of sandstorms [22]
and thereby also reduces the impact of dust on the efficiency of PV power plants [23]. Based on the
above research, it can be seen that PV power plants have a significant impact on air temperature and
humidity, which in turn will affect the surface temperature and regulate the ecological environmental
climate. Therefore, the impact of large-scale PV power plants on the climate in desert areas is worth a
comprehensive study.

Given these issues, this article took the Gonghe PV Power Plant in Qinghai as the study area and
set up three monitoring stations in the power plant area, the transition area, and an off-site reference
area. Based on long-term, multi-point field observation data from January 2019 to December 2019, the
impact of a large-scale PV development in the desert on the local air temperature and relative humidity
was studied, and the characteristics and variations in the air temperature and relative humidity were
evaluated on different time scales. The results could lay the foundation for research on the impact of
large-scale PV development in deserts on the local ecological environment.

2. Study Area and Method

2.1. Overview of the Study Area

The study area of this article is located in the Talatan PV power generation area in Gonghe County
(hereafter referred to as the Gonghe PV Power Plant), Qinghai Province (Figure 1a). The area is
12 km away from Gonghe County. The local climate has prominent characteristics of a continental
plateau. The annual average temperature is 4.1 °C, the annual precipitation is 246.3 mm, and the
annual evaporation is 1716.7 mm. The annual average wind speed is 2.1-2.7 m/s, and the annual
average number of windy days is 17.7-43.2 d, with a maximum of 75 d. The annual average number of
sandstorm days is 6.5-20.7 d. The annual average solar radiation is 6564.26 MJ/m?, and the annual
average sunshine duration is 2907.8 h [24].

2.2. Study Method

The PV array in the Gonghe PV Power Plant is mainly composed of stationary PV panels. Its
azimuth is due south, the inclination is 34°, and the distance between PV panels is 7.5 m. There were
three monitoring sites in this study area (Figure 1b). The first monitoring site (hereinafter referred to
as the PV power plant monitoring site (PV site), Figure 1c) was located in the PV array at 36.131° N
and 100.567° E, and the altitude was approximately 2913 m. The second monitoring site (hereinafter
referred to as the transition area monitoring site (TRA site), Figure 1d) was located in the transition
area between the PV array and the desert. It was 6.65 km southwest of the PV site at 100.507° N and
36.096° E, and the altitude was approximately 2924 m. The third monitoring site (hereinafter referred
to as the reference site (REF site), Figure 1e) was located in the desert outside the PV power plant.
It was 8.17 km to the northwest of the PV site at 100.509° N and 36.1187° E, and the altitude was
approximately 2922 m. The three monitoring stations used the same types of instruments. The air
temperature and relative humidity sensors used were HMP155A models with a temperature accuracy
of £0.12 °C and a relative humidity accuracy of + 1% (0-90% relative humidity). The air temperature
and relative humidity instrument at each monitoring station was mounted 2.5 m above the ground.
The data collectors were CR1000X synchronous collectors, recording every 30 minutes. Data from
January 2019 to December 2019 from the PV, TRA, and REF sites were used in this study. The monthly
average diurnal values were calculated as the arithmetic means of the values at corresponding times
each day throughout the month.
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Figure 1. (a) The location of the Gonghe Photovoltaic (PV) Power Plant in the Qinghai province. (b) The
relative position of the monitoring sites. (¢) PV monitoring site. (d) Transition area (TRA) monitoring

site. (e) Reference (REF) monitoring site.

3.1. Temperature Variations

3.1.1. Diurnal Temperature Variations

Figure 2 shows the monthly average diurnal variations in 2.5 m air temperature at the PV, TRA,
and REF sites. The temperature of the three monitoring sites was minimum at approximately 8:00
and maximum at approximately 16:30. Depending on the season, the maximum or minimum value
occurred slightly earlier or later. The average annual temperatures at the PV, TRA, and REF sites were
3.54,4.07, and 4.10 °C, respectively. The temperatures at the PV site were 0.53 and 0.56 °C lower than
those at the TRA and REF sites, respectively. The temperatures at the three monitoring sites tended to
be the same during the day (shaded part in Figure 2) but were significantly different at night.
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Figure 2. The monthly average diurnal variations in temperature (the shaded part of the figure
represents the daytime).

3.1.2. Daytime and Night-Time Variations in Temperature Difference

Since the main working hours of the Gonghe PV Power Plant are during the day, there were
significant differences in day and night temperatures. The temperatures were divided into daytime
and night-time temperatures for discussion. The daytime temperature is the average of temperatures
measured between 08:00 and 20:00 local time. The night-time temperature is the average of temperatures
measured between 21:00 and 07:00 local time. The average diurnal temperature is the average of
temperatures measured during the same day (24 h). Figure 3 compares the variations in the difference
between the average daytime, night-time, and diurnal temperatures at the PV, TRA, and REEF sites.
The PV power plant had a warming effect during the day in spring and summer. The temperature
difference between different monitoring sites was larger in summer than in spring, and the average
daytime temperature at the PV site in summer was 0.34 and 0.20 °C higher than those at the TRA
and REF sites, respectively. This greater impact of the PV power plant on the ambient temperature in
summer might be due to the higher solar radiation intensity in the desert and the longer operating
time of the PV power plant in summer. The PV power plant had a cooling effect during the day in
autumn and winter, and the cooling effect was more prominent in winter than in autumn. The average
daytime temperature at the PV site was 0.26 and 0.22 °C lower than those at the TRA and REF sites,
respectively, in winter.

The night-time temperature at the PV site was always lower than those at the TRA and REF sites,
so the PV power plant had a cooling effect at night. Furthermore, the closer the monitoring site was to
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the center of the PV power plant, the smaller the night-time temperature drop was at the monitoring
site. The night-time cooling effect of the PV power plant was weakest in summer, and the average
night-time temperatures at the PV site in summer were 0.51 and 0.59 °C lower than those at the TRA
and REEF sites, respectively. This weaker effect mainly occurred because the daytime warming effect in
summer reduced the magnitude of night-time cooling. The night-time cooling effect of the PV power
plant was strongest in winter, and the average night-time temperatures at the PV site in winter were
1.81 and 1.82 °C lower than those at the TRA and REF sites, respectively.

As the daytime warming effect was weaker than the night-time cooling effect at the PV site, the
PV power plant showed an overall cooling effect throughout the day. This result was inconsistent with
the conclusions of Chang et al. [19] from a study of the same PV power plant. This difference might be
due to the selection of different monitoring sites. Chang et al. [19] used the temperature of PV panels
to represent the temperature of the PV power plant. The daytime increase in PV panel temperature
was significantly greater than the night-time decrease in PV panel temperature. In spring and summer,
the temperature difference between the PV and TRA sites was smaller than the temperature difference
between the PV and REF sites. This result indicated that in the warm season, the closer the monitoring
site was to the center of the PV power plant, the smaller the temperature difference was between the
two locations. In autumn, the temperature differences between the PV and TRA sites and between the
PV and REF were similar. In winter, the temperature difference between the PV and TRA sites was
greater than that between the PV and REF. This result indicated that in the cold season, the closer the

monitoring site was to the center of the PV power plant, the greater the temperature difference was
between the two locations.
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Figure 3. The variations in the difference between the average daytime, night-time, and diurnal
temperatures: (a) Daytime, (b) night-time, and (c) diurnal.
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3.1.3. Variations in the Diurnal Temperature Range

Compared with variations in average temperature, the diurnal temperature range can more
effectively reflect the impact of a PV power plant on local temperature. Table 1 shows the diurnal
temperature range at the PV, TRA, and REF sites. As the PV power plant area exhibited a warming
effect during the day and a cooling effect at night, the diurnal temperature range at the PV site was
significantly greater than those at the TRA and REF sites, while the diurnal temperature ranges at
the TRA and REF sites (outside the power plant) were similar. The maximum and minimum diurnal
temperature ranges at the PV site occurred in December and June, respectively. The diurnal temperature
range at the PV site had a peak in April mainly because during the spring—summer transition period,
the maximum temperature in the study area increased, while the minimum temperature was still
below 0 °C, making the diurnal temperature range large. For the transition area, the impact of the PV
power plant on the diurnal temperature range was greatest (19.11%) in September. For the reference
area, the impact of the PV power plant on the diurnal temperature range was delayed and was greatest
(11.66%) in October. This result showed that with increasing distance of the monitoring site from the
center of the PV power plant, the influence of the PV power plant on the diurnal temperature range at
the monitoring site gradually decreased.

Table 1. The diurnal temperate ranges at the PV, TRA, and REF sites (unit: °C). Bold data represent the
greatest value.

Month 2019/1 2 3 4 5 6 7 8 9 10 11 12

PV site 17.36 1576  15.63 1846 1419 1160 1357 1317 1292 1431 1737 19.72
TZ site 15.52 1390 14.65 1675 1290 1027 11.60 1140 1045 1276 1478 17.51
REF site 15.91 14.54 1537 17.05 13.01 10,60 12.02 1206 11.64 1264 1566 17.56

PV-TZ/PV (%) 10.59 11.81 6.32 9.27 9.13 1151 1450 1347 1911 1080 1490 11.19
PV-REF/PV (%) 8.33 7.76 1.72 7.66 8.35 8.65 11.37 848 993 11.66 9.81 10.95

3.2. Variations in Relative Humidity

3.2.1. Diurnal Variations in Relative Humidity

The monthly average diurnal variations in relative humidity at 2.5 m at the PV, TRA, and REF
sites are shown in Figure 4. The monthly average diurnal change trend of relative humidity was
exactly the opposite of the air temperature trend. When the temperature was the highest at around
16:30 (the lowest at around 8:00), the relative humidity was the lowest (highest). The relative humidity
also showed a small difference during the day but a significant difference at night. This is consistent
with the conclusion of the relative humidity change in the Golmud PV power plant [17]. The average
annual relative humidities at the PV, TRA, and REF sites were 57.66%, 55.23%, and 54.66%, respectively.
Compared with the TRA and REF sites (outside the PV power plant), the humidity inside the PV power
plant was higher by 2.43% and 3.00%, respectively.
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Figure 4. The monthly average diurnal variations in relative humidity (the shaded part of the figure
represents the daytime).

3.2.2. Daytime and Night-Time Variations in Relative Humidity Difference

The comparison of the monthly average diurnal variation in the difference in relative humidity
inside and outside the PV power plant is shown in Figure 5. When the daytime temperature was high,
the relative humidity at the PV site was lower than those at the TRA and REEF sites (except in January),
indicating that the PV power plant had a dehumidification effect, but the dehumidification range is
small. At night, the relative humidity at the PV site was significantly higher than those at the TRA and
REF sites, indicating that the PV power plant had a significant humidification effect.
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Figure 5. The monthly average diurnal variations in relative humidity difference.

The comparison of the seasonal variation in the difference in relative humidity inside and outside
the PV power plant is shown in Figure 6. The PV power plant had a dehumidification effect during the
day in summer, and the daytime relative humidity at the PV site was 1.91% and 0.75% lower than those
at the TRA and REF sites, respectively. This result indicated that the closer the monitoring site was to the
center of the PV power plant, the more significant the relative humidity decrease was at the monitoring
site during the day in summer. In autumn and winter, the PV power plant had a humidification effect
during the day. The daytime humidification effect at the PV site was more significant in winter than
in autumn, and the daytime relative humidity at the PV site in winter was 2.48% and 2.24% higher
than those at the TRA and REF sites, respectively. In spring, the daytime relative humidity at the PV
site was lower than that at the TRA site and higher than that at the REF site. At night, the PV power
plant had a humidification effect in all seasons. The humidification effect at night at the PV site was
smallest in summer, and the night-time relative humidity at the PV site in summer was 1.77% and
2.57% higher than those at the TRA and REF sites, respectively. The humidification effect at night at
the PV site was largest in winter; the night-time relative humidity at the PV site in winter was 7.75%
and 7.50% higher than those at the TRA and REEF sites, respectively. In general, the PV power plant
had a humidification effect in all seasons (except for summer, during which the relative humidity at
the PV site was 0.15% lower than that at the TRA site). The humidification effect of the PV power plant
was the most significant in winter, and the relative humidity at the PV site was 5.00% and 4.76% higher
than those at the TRA and REF sites, respectively.



Sustainability 2020, 12, 3403 10 of 14

. 9
(a) daytime [ ]Pv-TRA [[JPV-REF o (b) night-time []pV-TRA [__]PV-REF
g2 g -
@ @ 74
561 I
S kS
z S ;|
£ £
1S =
R E 4
S 2
g 231
©-1 =
14 S
2 2-
-2 14
T T T T 0 T
Spring Summer Autumn Winter Spring Summer Autumn Winter
6
(c)diurnal [ ]PV-TRA [ ]PV-REF
=51 —
g [
(<]
£
£ ]
534
2
£
224
>3
=
(<]
21
]
&
0
'1 T T T T
Spring Summer Autumn Winter

Figure 6. The variations in the differences between the average daytime, night-time, and diurnal
relative humidities: (a) Daytime, (b) night-time, and (c) diurnal.

3.2.3. Variations in the Diurnal Relative Humidity Ranges

Table 2 shows the diurnal ranges of relative humidity at the PV, TRA, and REF sites. The patterns
of the diurnal ranges of relative humidity at the three monitoring sites were the same; in other words,
the diurnal ranges of relative humidity at the three monitoring sites increased or decreased at the same
time. Furthermore, the diurnal range of relative humidity at the PV site was greater than those at
the TRA and REF sites. This result indicated that the PV power plant had a significant impact on the
relative humidity in the local area. The maximum diurnal range of relative humidity occurred in May,
and the diurnal ranges of relative humidity at the PV, TRA, and REEF sites in May were 65.61%, 60.62%,
and 59.52%, respectively. This maximum was mainly due to the gradual increase in precipitation and
gradually increasing evapotranspiration from vegetation that started to grow [25] in the study area
in May. The minimum diurnal range of relative humidity at the PV site appeared in January, with a
value of 50.17%. The minimum diurnal ranges of relative humidity at the TRA and REF sites were
42.72% and 46.50%, respectively, which appeared in December. For the transition area, the impact of
the PV power plant on the diurnal range of relative humidity was the greatest (19.13%) in December.
For the reference area, the impact of the PV power plant on the diurnal range of relative humidity
was the greatest (12.08%) in April. These results showed that the influence of the PV power plant
on the diurnal humidity range of a given monitoring site gradually decreased as the distance of the
monitoring site from the center of the PV power plant increased.
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Table 2. The diurnal relative humidity range at the PV, TRA, and REF sites (unit: %). Bold data
represent the greatest value.

Month 2019/1 2 3 4 5 6 7 8 9 10 11 12

PV site 50.17 51.33 5881 6202 6561 5546 6080 5732 57.66 59.65 5644 52.83
TZ site 44.69 4730 5373 5542 60.62 5042 57.00 54.00 49.28 54.86 4873 42.72
REEF site 46.84 4723 5281 5453 59.52 5205 5827 5523 5438 5699 5249 46.50

PV-TZ/PV (%) 10.92 7.85 8.64 10.63  7.60 9.08 6.25 5.79 1453 803 13.66 19.13
PV-REF/PV (%) 6.63 7.99 10.21  12.08 9.28 6.14 4.16 3.65 5.69 4.47 7.01 11.98

4. Discussion

4.1. Impact of the PV Power Plant on Local Temperature

In this study, the Gonghe PV Power Plant had a warming effect in spring and summer in terms
of the 2.5 m daytime temperature (Figure 3a). The maximum temperature increase in summer was
0.34 °C, and the closer the monitoring site was to the center of the PV power plant, the greater the
temperature increase was. This greater impact of the PV panels on the ambient temperature in summer
might be due to the higher solar radiation intensity in the desert and the longer operating time of the
PV power plant in summer. Daytime warming effects have also been reported in field monitoring
studies of PV power plants in other regions in China and other countries. For example, the Golmud
PV Power Plant had the largest daytime increase in 2 m temperature in the summer, with a value of
0.67 °C [26]. The locations of the temperature monitoring instruments in different studies affected the
degrees to which PV power plants influenced temperature. For example, the daytime temperature
of PV panels was up to 9.7 °C higher than the ambient temperature at a height of 2 m [19]. As the
height from the ground increased, the heating effect of the PV power plant decreased, and the heat
generated by the panels would be completely dissipated to the environment at a height of 5-18 m.
As the distance of the monitoring site from the PV power plant increased, the thermal energy dissipated
more quickly, and the air temperature approached the ambient temperature [27]. The PV power plant
had a cooling effect in autumn and winter in terms of the 2.5 m daytime temperature (Figure 3a), and
the maximum temperature reduction in winter was 0.26 °C. This effect might be due to the low solar
radiation intensity in the cold seasons; the PV power plant absorbed part of the solar radiation and
converted it into electrical energy; thus, the energy reaching the underlying surface inside the PV
power plant was lower than that outside the plant [17].

In this study, the PV power plant had a cooling effect at night in all seasons (Figure 3b).
The temperature drop was minimum in summer and maximum (1.82 °C) in winter. The conclusions of
the impact of PV power plants on night-time temperature varied with different underlying surfaces.
The 2.5 m night-time temperature at the desert-based Tucson PV Power Plant was 3 to 4 °C higher than
that of the surrounding area, and the PV heat island effect in the warm seasons (spring and summer)
was more significant than was the urban heat island effect [15]. The desert Golmud PV Power Plant
also had a warming effect in terms of the 2 m night-time temperature, and the PV panels had an
insulation effect on the near-surface layer [17]. In this study, the underlying surface of the Gonghe
PV Power Plant was desert with sparse vegetation. Chang et al. [19] showed that the PV panels had
a cooling effect at night, which is consistent with the conclusions of this article. Based on different
climatic conditions, seasons, underlying surfaces, and scales of the PV power plants, the environmental
temperature inside and outside PV power plants may decrease to different degrees at night.

In this study, the temperature in the PV power plant increased slightly during the day and
decreased significantly at night. The PV power plant showed a cooling effect in terms of diurnal
temperature variations during all four seasons (Figure 3c). The annual average temperature at the PV
site was lower than those at the TRA and REF sites (outside the plant) by 0.53 and 0.56 °C, respectively.
The PV power plant did not produce a heat island effect or potentially unfavorable microclimate [27].
This result might be related to the fact that the monitoring site was close to a road inside the PV power
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plant, which had a spatial cooling effect [27]. In addition, advection on impervious roads may affect
the monitored air temperature and humidity [16].

The diurnal temperature range of the PV power plant was significantly larger than those of the
reference and transition areas. This difference reflected the significant impact of the PV power plant on
local temperature. Diurnal variations in temperature have a direct or indirect impact on vegetation
and soil processes [28]. For example, root respiration may adapt to the lowest temperature at night [29].
Additionally, the diurnal temperature range may affect crop yields [30]. For example, a large diurnal
temperature range during the growing period of alfalfa can increase the vitality of its root system and
increase the sugar content in the plant, which is beneficial to the accumulation of dry matter. These
processes have a great impact on the yield and quality of alfalfa and are also very beneficial for its
growth [31].

4.2. Impact of the PV Power Plant on Local Humidity

Large-scale PV power plants are mostly built in the Gobi Desert and desert areas with abundant
solar energy resources and dry climates [32]. The water-holding capacity of the soil is low, the
ecological environment is relatively fragile, and the humidity is sensitive to changes [33]. In this
study, the Gonghe PV Power Plant had a dehumidification effect during the day in summer and a
humidification effect during the day in winter, which might be caused by the unstable stratification of
the near-surface atmosphere inside and outside the PV power plant during the day [13]. The daytime
humidification effect was most prominent in winter (Figure 6a). The PV power plant had a night-time
humidification effect in all seasons; this effect was smallest in summer and largest in winter (Figure 6b).
This humidification effect may have occurred because the PV power plant made the near-surface
air temperature at the PV site lower than that at the TRA and REF sites at night, thereby enhancing
the temperature inversion of the boundary layer, which is not conducive to the upward transport of
water vapor [14]. The PV power plant had a daytime humidifying effect in all seasons (except for
summer, during which the humidity at the PV site was 0.15% lower than that at the TRA site, Figure 6¢).
There was no difference in the 2 m humidity inside and outside the Golmud PV Power Plant in the
Gobi Desert [17]. The inconsistency in the differences in relative humidity inside and outside the two
PV power plants might be caused by differences in atmospheric structure in the regions where the
plants were located [34].

As PV panels convert some solar energy into electricity, the shielding provided by the solar
panels reduces the amount of solar radiation absorbed by the ground surface and reduces the land
surface temperature. As a result, the intensity of atmospheric heating of the land surface weakens,
the evaporation rate of soil moisture decreases, a certain amount of precipitation stays longer after
reaching the ground, and the humidity slightly increases [17]. Therefore, PV power plants play a role
in humidifying in the local microclimate.

5. Conclusions

This study compared the characteristics of the 2.5 m air temperature and relative humidity at the
PV, TRA, and REF sites of a large-scale PV power plant in a desert area and obtained the following
conclusions. (1) The overall daytime temperature in the PV power plant had changed slightly (increased
and decreased), while the night-time temperature dropped significantly. Specifically, in spring and
summer, there was a slight warming trend in the daytime; in autumn and winter, there was a slight
cooling trend in the daytime; in all seasons, the night-time temperature decreased. (2) The relative
humidity in the PV power plant generally increased. (3) The diurnal temperature and relative humidity
ranges in the PV power plant were always greater than those outside the plant. In the future, more
field measurements at different heights should be observed and used to calibrate the results of climate
models and satellite observations.



Sustainability 2020, 12, 3403 13 of 14

Author Contributions: M.G., ].W., L.R., and B.Y. collected the data. W.W. and S.Y. assessed the data and wrote the
manuscript. X.Z. reviewed and edited the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (Grant No. 51979222 and
91747206).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Petrolium, B. Statistical Review of World Energy 2014. In BP Statistical Review of World Energy; BP plc:
London, UK, 2014.

2. Donovan, J. IAEA’s Grossi at COP 25: More nuclear power needed for clean energy transition. Org. Int.
Energia Atémica Bol. 2020, 61, 30.

3. Atse, L.; van Sark, W. Chapter 5-Photovoltaic solar energy. In Technological Learning in the Transition to A
Low-Carbon Energy System; Academic Press: Cambridge, MA, USA, 2020; pp. 65-86.

4. Choudhary, P; Srivastava, R K. Sustainability perspectives-a review for solar photovoltaic trends and growth
opportunities. J. Clean. Prod. 2019, 227, 589-612. [CrossRef]

5. Sawin, J.L,; Sverrisson, F.; Rickerson, W. Renewables 2014 global status report. In REN21 Secretariat; REN21:
Paris, France, 2014.

6. International Energy Agency. Global Energy & CO, Status Report 2017. In Global Energy & CO, Status Report;
International Energy Agency: New York, NY, USA; Edmonton, AB, Canada, 2018; pp. 1-14.

7.  International Energy Agency. 2018 World Energy Outlook: Executive Summary. In Oecd/lea; International
Energy Agency: New York, NY, USA; Edmonton, AB, Canada, 2018; p. 11.

8.  Dai, S.Y,; Niu, D.X,; Han, Y.R. Forecasting of energy-related CO, emissions in China based on GM(1,1) and
least squares support vector machine optimized by modified shuffled frog leaping algorithm for sustainability.
Sustainability 2018, 10, 958. [CrossRef]

9.  Hao, C.; Duo-jie, D.C. Research of solar energy development of Qinghai Province. J. Qinghai Norm. Univ. Soc.
Sci. Ed. 2011, 33, 17-19.

10. Burg, B.R.; Ruch, P; Paredes, S.; Michel, B. Placement and efficiency effects on radiative forcing of solar
installations. In AIP Conference Proceedings American; Institute of Physics Inc.: London, UK, 2015; p. 1679.

11.  Oke, T.R. The energetic basis of the urban heat island. Q. J. R. Meteorol. Soc. 1982, 108, 1-24. [CrossRef]

12.  Masson, V.; Bonhomme, M.; Salagnac, ] .-L.; Briottet, X.; Lemonsu, A. Solar panels reduce both global warming
and urban heat island. Front. Environ. Sci. 2014, 2, 14. [CrossRef]

13. Salamanca, F.; Georgescu, M.; Mahalov, A.; Moustaoui, M.; Martilli, A. Citywide impacts of cool roof and
rooftop solar photovoltaic deployment on near-surface air temperature and cooling energy demand. Bound.
Layer Meteorol. 2016, 161, 203-221. [CrossRef]

14. Li, Y,; Kalnay, E.; Motesharrei, S.; Rivas, J.; Kucharski, F.; Kirk-Davidoff, D.; Bach, E.; Zeng, N. Climate
model shows large-scale wind and solar farms in the Sahara increase rain and vegetation. Science. 2018, 361,
1019-1022. [CrossRef]

15. Barron-Gafford, G.A.; Minor, R.L.; Allen, N.A.; Cronin, A.D.; Brooks, A.E.; Pavao-Zuckerman, M.A.
The Photovoltaic Heat Island Effect: Larger solar power plants increase local temperatures. Sci. Rep. 2016, 6,
35070. [CrossRef]

16. Broadbent, A.M.; Krayenhoff, E.S.; Georgescu, M.; Sailor, D.]. The observed effects of utility-scale photovoltaics
on near-surface air temperature and energy balance. J. Appl. Meteorol. Climatol. 2019, 58, 989-1006. [CrossRef]

17.  Gao, X.Q.; Yang, LW.,; Lv, F. Observational study on the impact of the large solar farm on air temperature
and humidity in desert areas of Golmud. Acta Energ. Sol. Sin. 2016, 11, 2909-2915.

18. Yin, D.Y;; Ma, L,; Qu, J.J.; Zhao, S.P; Yu, Y,; Tan, L.; Xiao, J. Effect of large photovoltaic power station on
microclimate of desert region in Gonghe Basin. Bull. Soil Water Conserv. 2017, 37, 15-21.

19. Chang, R;; Shen, Y.B.; Luo, Y.; Wang, B.; Yang, Z.B.; Guo, P. Observed surface radiation and temperature

impacts from the large-scale deployment of photovoltaics in the barren area of Gonghe, China. Renew. Energy
2018, 118, 131-137. [CrossRef]


http://dx.doi.org/10.1016/j.jclepro.2019.04.107
http://dx.doi.org/10.3390/su10040958
http://dx.doi.org/10.1002/qj.49710845502
http://dx.doi.org/10.3389/fenvs.2014.00014
http://dx.doi.org/10.1007/s10546-016-0160-y
http://dx.doi.org/10.1126/science.aar5629
http://dx.doi.org/10.1038/srep35070
http://dx.doi.org/10.1175/JAMC-D-18-0271.1
http://dx.doi.org/10.1016/j.renene.2017.11.007

Sustainability 2020, 12, 3403 14 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Miao, Y.C.; Guo, J.P; Liu, S.H,; Liu, H,; Li, Z.Q.; Zhang, W.C.; Zhai, PM. Classification of summertime
synoptic patterns in Beijing and their associations with boundary layer structure affecting aerosol pollution.
Atmos. Chem. Phys. 2017, 17, 3097-3110. [CrossRef]

Zhai, B. Characteristics of Leymus Chinensis Community in Photovoltaic Power Station and its Influence
Mechanism. Master’s Thesis, Inner Mongolia Agricultural University, Hohhot, Inner Mongolia, 2019.

Lu, X. The Environmental Effect Analysis of PV Power Plant Construction in Desert Gobbi-take Dongdongtan
Million Kiloweatt Solar Power Demonstration Base, Jiuquan City as An Example. Master’s Thesis, Lanzhou
University, Lanzhou, China, 2013.

Asl-Soleimani, E.; Farhangi, S.; Zabihi, M.S. The effect of tilt angle, air pollution on performance of
photovoltaic systems in Tehran. Renew. Energy 2001, 24, 459-468. [CrossRef]

Shao, L.Y;; Dong, G.R; Jin, J.; Gao, S.Y. Preliminary research on the necessity and possibility of developing
ecological agriculture in Gonghe Basin, Qinghai Province. J. Nat. Resour. 1988, 3, 130-140.

Yang, Y.H.; Piao, S.L. Variations in grassland vegetation cover in relation to climatic factors on the Tibetan
Plateau. J. Plant Ecol. 2006, 30, 1-8.

Yang, LW.; Gao, X.Q.; Lv, F; Hui, X.Y,; Ma, L.Y,; Hou, X.H. Study on the local climatic effects of large
photovoltaic solar farms in desert areas. Sol. Energy 2017, 144, 244-253. [CrossRef]

Fthenakis, V.; Yu, Y. Analysis of the potential for a heat island effect in large solar farms. In Proceedings of
the 2013 IEEE 39th Photovoltaic Specialists Conference, Tampa, FL, USA, 16-21 June 2013.

Wu, Z.; Dijkstra, P.; Koch, G.W.; Hungate, B.A. Biogeochemical and ecological feedbacks in grassland
responses to warming. Nat. Clim. Chang. 2012, 2, 458-461. [CrossRef]

Covey-Crump, E.M.; Attwood, R.G.; Atkin, O.K. Regulation of root respiration in two species of Plantago
that differ in relative growth rate: The effect of short-and long-term changes in temperature. Plant. Cell
Environ. 2002, 25, 1501-1513. [CrossRef]

Peng, S.; Huang, J.; Sheehy, J.E.; Laza, R.C.; Visperas, RM.; Zhong, X.; Centeno, G.S.; Khush, G.S,;
Cassman, K.G. Rice yields decline with higher night temperature from global warming. Proc. Natl. Acad. Sci.
USA 2004, 101, 9971-9975. [CrossRef] [PubMed]

Shi, J.A.; Liu, YH.; Han, Q.F; Jia, Z.K. Relationship between phonological phase and thermal conditions for
alfalfa. J. Northwest A F Univ. 2009, 37, 39-46.

Wang, S.C. Speed-up development of PV to ensure sustainable energy supply in China. Strategy Study CAE
2011, 13, 51-62.

Wei, Z.].; Han, G.D.; Zhao, G.; Li, D.X. Study on Desert Grassland Ecosystem in China; Science Press: Beijing,
China, 2013.

Cui, Y,; Chen, Z.H. Research progresses of the impacts of photovoltaic power plants on local climate. Adv.
Clim. Chang. Res. 2018, 14, 593-601.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.5194/acp-17-3097-2017
http://dx.doi.org/10.1016/S0960-1481(01)00029-5
http://dx.doi.org/10.1016/j.solener.2017.01.015
http://dx.doi.org/10.1038/nclimate1486
http://dx.doi.org/10.1046/j.1365-3040.2002.00932.x
http://dx.doi.org/10.1073/pnas.0403720101
http://www.ncbi.nlm.nih.gov/pubmed/15226500
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Study Area and Method 
	Overview of the Study Area 
	Study Method 

	Results and Analysis 
	Temperature Variations 
	Diurnal Temperature Variations 
	Daytime and Night-Time Variations in Temperature Difference 
	Variations in the Diurnal Temperature Range 

	Variations in Relative Humidity 
	Diurnal Variations in Relative Humidity 
	Daytime and Night-Time Variations in Relative Humidity Difference 
	Variations in the Diurnal Relative Humidity Ranges 


	Discussion 
	Impact of the PV Power Plant on Local Temperature 
	Impact of the PV Power Plant on Local Humidity 

	Conclusions 
	References

