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Abstract: Solar energy plays a crucial role in mitigating greenhouse gas emissions in the context of
global climate change. However, its deployment for green electricity generation can significantly
influence regional climate and vegetation dynamics. While prior studies have examined the impacts
of solar power plants on vegetation, the accuracy of these assessments has often been constrained by
the availability of publicly accessible multispectral, high-resolution remotely sensed imagery. Given
the abundant solar energy resources and the ecological significance of the Tibetan Plateau, a thorough
evaluation of the vegetation effects associated with solar power installations is warranted. In this
study, we utilize sub-meter resolution imagery from the GF-2 satellite to reconstruct the fractional
vegetation cover (FVC) at the Gonghe solar thermal power plant through image classification, in situ
sampling, and sliding window techniques. We then quantify the plant’s impact on FVC by comparing
data from the pre-installation and post-installation periods. Our findings indicate that the Gonghe
solar thermal power plant is associated with a 0.02 increase in FVC compared to a surrounding
control region (p < 0.05), representing a 12.5% increase relative to the pre-installation period. Notably,
the enhancement in FVC is more pronounced in the outer ring areas than near the central tower.
The observed enhancement in vegetation growth at the Gonghe plant suggests potential ecological
and carbon storage benefits resulting from solar power plant establishment on the Tibetan Plateau.
These findings underscore the necessity of evaluating the climate and ecological impacts of renewable
energy facilities during the planning and design phases to ensure a harmonious balance between
clean energy development and local ecological integrity.

Keywords: fractional vegetation cover; land cover; solar thermal power plant; Tibetan Plateau

1. Introduction

Renewable energy is pivotal in mitigating the climate change effects associated with
fossil fuel combustion [1]. As a significant component of the renewable energy landscape,
global installed solar power capacity reached 1500 gigawatts in 2023. Leading the world in
solar energy deployment, China accounted for 45% of the global installed capacity in 2023,
reflecting a growth rate of 70% compared to the previous year [2]. This trend is expected to
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continue in alignment with China’s goals for carbon peaking and neutrality [3,4]. However,
solar photovoltaic systems generate electricity primarily during daylight hours when solar
radiation is abundant, resulting in an imbalance in electricity output that complicates
grid management [5]. As a supplementary for solar photovoltaic systems, solar thermal
power plants integrate both electricity generation and energy storage, thereby contributing
to a more stable electricity output curve, which is increasingly recognized as a critical
component of future renewable energy development [6,7]. In 2023, the global installed
capacity of concentrated solar thermal power surpassed 7 gigawatts, reflecting an 11%
increase over the previous year [8].

Despite their potential to produce clean electricity, solar power plants can exert local-
ized climate and ecological impacts [9-11]. Although the energy conversion processes differ
between solar photovoltaic and solar thermal systems, both technologies intercept or reflect
solar radiation and alter surface roughness, leading to similar climatic and ecological con-
sequences [12-14]. During the day, these systems provide shade to the ground and reduce
incoming solar radiation, potentially lowering surface temperatures [15-17]. Conversely,
at night, they may restrict upward longwave radiation, potentially inducing a warming
effect on the surface [18,19]. Unlike photovoltaic panels, which convert solar radiation into
electricity while generating heat [20], the reflecting mirrors of solar thermal power plants
primarily reflect radiation, resulting in lower surrounding air temperatures compared to
photovoltaic installations. Previous research also documented the influence of precipitation
and near-surface wind speed associated with solar photovoltaic installations [12,21]. Such
effects may either enhance or inhibit vegetation growth, depending on the local climatic
and land cover conditions [18,22-25].

While existing studies have explored the climatic and vegetative impacts of solar
power plants, several areas warrant further investigation. First, analyses of vegetation im-
pacts derived from satellite remote sensing have typically utilized imagery from Sentinel-2
(10 m spatial resolution), Landsat (30 m spatial resolution), or other products with coarser
resolutions [18,24,25]. Given that the prevailing width of solar photovoltaic panel arrays is
4-5 m, with inter-array gaps of 4-6 m in mid-latitude regions, the spatial resolution of 10 m
or coarser often mixes information from both the solar panels and the surrounding land sur-
face, potentially introducing uncertainty into assessments of vegetation dynamics [26,27].
Second, considering the high ecological sensitivity and carbon storage significance of the
Tibetan Plateau, coupled with its abundant solar energy resources, it is imperative to evalu-
ate the vegetation impacts associated with solar power installations in this region [28,29].
Additionally, the ecological implications of solar thermal power plants, which serve both
electricity generation and energy storage functions, remain underexplored.

In this study, we assess the impact of the Gonghe solar thermal power plant on
fractional vegetation cover (FVC) using GF-2 sub-meter satellite remote sensing imagery
with a spatial resolution of 0.8 m. By employing soft voting classification to identify pixels
covered by the power plant’s reflecting mirrors, we reconstruct the FVC beneath these
mirrors using in situ samples and a sliding window approach. The impacts of the Gonghe
solar thermal power plant on FVC are then evaluated through a comparison of data from
the pre-installation and post-installation periods.

2. Materials and Methods
2.1. Study Area

Gonghe County is characterized by abundant solar resources, with annual total solar
radiation exceeding 6000 megajoules m~2 in the study area [30]. This abundant resource
has facilitated the establishment of over 2.2 gigawatts of installed solar energy capacity in
the surrounding region [23]. The Gonghe solar thermal power plant is situated in Gonghe
County, in the northeastern region of the Tibetan Plateau, featuring an installed capacity of
50 megawatts, and was constructed in 2018. This facility harnesses heat energy through
more than 30,000 reflecting mirrors, with a central solar power tower, and utilizes molten
salts for energy storage, allowing for a maximum storage duration of six hours. Geograph-
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ically, the Gonghe solar thermal power plant is located at 100.6°E longitude and 36.1°N
latitude, at an elevation of 2880 m. The average annual precipitation is 303 mm, and the
mean annual air temperature is 4 °C, characterizing the area as semi-arid with relatively
low temperatures [23]. The underlying terrain consists of degraded grassland, predom-
inantly featuring grasses and shrubs, with an average normalized difference vegetation
index (NDVI) ranging from 0.1 to 0.3 across the study area [23]. To assess the impact of the
Gonghe solar thermal power plant on fractional vegetation cover (AFVC), a control area
was established within a 0 to 300 m radius surrounding the facility, primarily consisting of
grassland (Figure 1). This control area was selected due to its similar climatic and vegetative
characteristics to those of the power plant, ensuring that any observed differences in FVC
can be attributed primarily to the solar installation and operation [18,24]. To mitigate the
influence of buildings and impervious surfaces, we defined a study area encompassing the
mirror field, which includes the predominant land cover types of grassland, bare land, and
reflecting mirrors.

36°6'N 36°6.5'N

36°5.5'N

=

100°37'E 100°37.5'E 100°38'E

Figure 1. Study area. (a) Geolocation and true color composite image of the Gonghe solar thermal
power plant, captured by GF-2 with a spatial resolution of 0.8 m. Detailed representations of the
Gonghe solar thermal power plant are provided in subfigures (b—d), with their respective locations
indicated within the main figure (a).

2.2. Data

To reconstruct the FVC of the Gonghe solar thermal power plant, this study utilizes GF-
2 sub-meter satellite remote sensing imagery [31,32]. Given that the plant was constructed
in 2018, it is necessary to obtain imagery from both before and after this construction period
to accurately assess the AFVC. After filtering the images based on vegetation phenology
and cloud cover, we selected two images captured during the peak growing seasons of
2017 and 2020. The image IDs are GF2_PMS2_E100.7_N36.1_20170731_L1A0002517445
and GF2_PMS1_E100.7_N36.2_20200729_L1A0004956637. The Level 1A images under-
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went several preprocessing steps, including radiometric calibration, FLAASH atmospheric
correction [33], geometric correction, and orthorectification. The initial spatial resolution
of the GF-2 imagery is 0.8 m for panchromatic bands and 3.2 m for multispectral bands.
Image fusion was performed using the NNDiffuse Pan Sharpening algorithm to gener-
ate 0.8 m multispectral surface reflectance bands, which include blue, green, red, and
near-infrared [34]. All preprocessing procedures were conducted using ENVI 5.4 software.

Given the presence of over 30,000 reflecting mirrors at the Gonghe solar thermal
power plant, it is essential to quantify the FVC beneath these mirrors to reconstruct the
overall FVC for the facility. We collected in situ sample pairs of FVC measurements from
areas directly under the mirrors and from adjacent inter-mirror spaces. These sample
pairs were documented using a smartphone camera to capture RGB images in July 2024,
with the geolocations recorded using a portable GPS receiver. The images were taken
perpendicularly to the ground, and the edges were cropped to mitigate camera distortion,
ensuring their suitability for subsequent FVC extraction. In total, 174 sample pairs were
selected, with their locations depicted in Figure S1.

To investigate the mechanisms underlying changes in FVC at the Gonghe solar thermal
power plant, we utilized monthly aggregated data on precipitation and potential evapora-
tion from the European Centre for Medium-Range Weather Forecasts Reanalysis v5 Land
(ERA5-Land) spanning the years 2010 to 2020, which has a spatial resolution of 9 km [35].
The ERA5-Land data are obtained and calculated via Google Earth Engine (GEE) [36].

2.3. Methods

To evaluate the AFVC of the Gonghe solar thermal power plant, we employed a
three-step methodology. First, we recognized the pixels obscured by the reflecting mirrors
by extracting mirror pixels through land cover classification, utilizing vegetation indices
and multispectral surface reflectance data from GF-2 imagery. Second, we applied a
3 x 3 sliding window kernel to interpolate the FVC values under the mirrors, incorporating
data from land cover classification, GF-2-derived FVC, and the FVC ratios derived from in
situ sample pairs collected from areas beneath and between the mirrors. Finally, the impact
on FVC was quantified by calculating the difference between the reconstructed FVC for the
post-installation year of 2020 and the GF-2 FVC for the pre-installation year of 2017 (see
Figure 2).

2.3.1. Reflecting Mirror Extraction Algorithm

To accurately reconstruct the FVC of the Gonghe solar thermal power plant, it is
essential to extract the pixels corresponding to the mirrors in order to update the GF-2 FVC
pixel values appropriately. In pursuit of this objective, we categorized the land cover within
the power plant into three distinct types: grassland, mirror, and bare land/impervious
surfaces, based on the landscape characteristics and spectral information provided by
GF-2 data.

In this study, we selected a total of 550 training samples, supplemented by an ad-
ditional 200 validation samples. The land cover classifications for these samples were
determined through visual interpretation of GF-2 true color and false color composite
images (comprising near-infrared, red, and green bands). The training dataset consists of
265 grassland samples, 188 mirror samples, and 97 samples representing bare land and
impervious surfaces. The validation dataset includes 106 grassland samples, 62 mirror
samples, and 32 samples of bare land and impervious surfaces. The specific locations of
these samples are illustrated in Figure S2.
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Figure 2. Workflow of the study. The primary steps include data preprocessing, land cover classifica-
tion, fractional vegetation cover (FVC) data preparation, FVC reconstruction, and assessment of FVC
impacts within the Gonghe solar thermal power plant.

To enhance the robustness of our classification results, we employed a soft voting
classifier, which integrates multiple individual sub-classifiers and derives classification out-
comes based on a synthesis of the classification probabilities from these sub-classifiers [37].
In this study, the soft voting classifier comprises three distinct sub-classifiers: random forest,
support vector machine, and k-nearest neighbor. The random forest classifier operates
by constructing multiple decision trees, with each tree built using a random subset of
the dataset and evaluating a random subset of features at each node [38]. The support
vector machine classifier identifies the optimal hyperplane within an N-dimensional space,
effectively separating data points belonging to different classes in the feature space, while
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maximizing the margin between the nearest points of the respective classes [39]. The
k-nearest neighbor algorithm determines the class or value of a data point by identifying
the k-nearest neighbors based on distance metrics, then assigning the class based on a
majority vote or averaging the values of these neighbors [40].

Following an evaluation of the significance of each multispectral band and the NDVI,
as defined in Equation (1), we have selected NDVI along with the reflectance of the near-
infrared band for inclusion in our classification analysis.

NIR — RED

NPVE= NIR + RED @
where NIR and RED represent the surface reflectance of the near-infrared and red bands
from the GF-2 imagery. The soft voting classifier was implemented in Python 3.10 utilizing
the scikit-learn package (version 1.2.2) [41]. After evaluating the classifier’s performance,
we established the parameters for the sub-classifiers, as detailed in Table 1. Following
validation through a confusion matrix, f1_score, and kappa coefficient, we classified the
post-installation GF-2 imagery from 2020 for the Gonghe solar thermal power plant.

Table 1. The parameter set for the soft voting classifier utilized in this study. The abbreviations
RFE, SVM, and KNN refer to the random forest, support vector machine, and k-nearest neighbor
sub-classifiers, respectively.

Parameter Value Explanation
n_estimators (RF) 20 The number of trees in the forest
max_depth (RF) 13 The maximum depth of the tree
min_samples_split (RF) 50 The minimum number of samples required to split an internal node
min_samples_leaf (RF) 10 The minimum number of samples required to be at a leaf node
max_features (RF) 7 The number of features to consider when looking for the best split
Probability (SVM) True Whether to enable probability estimates
n_neighbors (KNN) 13 Number of neighbors to use by default for k-neighbors queries

2.3.2. FVC Reconstruction

In this study, we incorporate three critical datasets into the reconstruction methodology
for FVC. Firstly, we utilize the land cover classification results for the Gonghe solar thermal
power plant from 2020, which serve to identify the mirror pixels requiring reconstruction.
Secondly, we consider the FVC ratio derived from sample pairs collected from areas beneath
and between the mirrors, which provides insight into the FVC coefficients of mirror-covered
pixels in relation to their surrounding uncovered counterparts. Lastly, we reference the
FVC for the Gonghe solar thermal power plant as recorded in 2020.

The land cover classification results were presented in Section 2.3.1, following which
we proceeded to calculate the FVC ratio. We collected 174 sample pairs within the Gonghe
solar thermal power plant using a smartphone camera, necessitating the computation of
FVC based exclusively on RGB bands. Numerous methods exist for calculating vegetation
indices from RGB imagery [42,43]; however, after evaluating their respective performances,
we selected the color index of vegetation extraction (CIVE) for this study, defined as follows

CIVE = 0.441RED — 0.811GREEN + 0.385BLUE +- 18.78745 (2)

where RED, GREEN, and BLUE correspond to the respective channels of the RGB image.
The CIVE is then binarized to distinguish between vegetation and soil pixels. The FVC for
the RGB image is calculated using the formula:

Ve Pixelsyeg

)

* Pixelsyeg + Pixelsgoi
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where Pixelsyeg and Pixelsy,;; denote the number of pixels in the binarized image corre-
sponding to vegetation and soil, respectively. The FVC ratio is subsequently computed by
dividing the FVC beneath the mirrors by the FVC between the mirrors for each sample
pair. This ratio is then interpolated across the entire power plant using the inverse distance
weighting (IDW) method [44]. The difference between the FVC beneath the mirrors by the
FVC between the mirrors is illustrated as 6FVC in the following texts.

The GF-2 FVC is computed based on the NDVI derived from GF-2 imagery, using the
following formula:

NDVI — NDVI;

NDVIyeg — NDVIg;

where NDVI represents the pixel values from the GF-2 NDVI image, and NDVIyeg and
NDVI are the NDVI values corresponding to fully vegetated and bare soil areas, respec-
tively. To assess the accuracy of the GF-2 FVC, we conducted in situ measurements utilizing
a smartphone camera in conjunction with the FVC definition provided in Equation (3). The
evaluation results indicate a high degree of accuracy for the GF-2 FVC, with a coefficient of
determination (R?) of 0.92 and a root mean square error (RMSE) of 0.02 when compared
to the in situ measurements (Figure S3). The high accuracy supports our analysis of the
impacts of the Gonghe solar thermal power plant on FVC.

To reconstruct the FVC of the mirror pixels, we employ a 3 x 3 sliding window kernel
to traverse the land cover classification results from the Gonghe solar thermal power plant
in 2020. Initially, if the central pixel of the 3 x 3 kernel corresponds to a mirror pixel, we
utilize the remaining eight pixels within the kernel to calculate the FVC for the central pixel.
Next, we filter these eight pixels based on their land cover types, excluding any mirror
types from the calculation. The weights of the remaining pixels are computed using inverse
distance weighting:

FVC =

(4)

1
di
Wi= o1 ()
X1
where w; is the weight assigned to each remaining pixel, d; is the distance from the
remaining pixels to the central pixel, and n is the total number of remaining pixels. The
FVC for the central pixel is then calculated as follows:

n

FVC. =) w; x FVC; x r (6)
i=1

where FVC, represents the calculated FVC for the central pixel, FVC; denotes the GF-2 FVC

values of each remaining pixel, and r is the FVC ratio derived from the sample pairs. Finally,

the land cover classification of the central pixel is altered from “mirror” to “reconstructed”.

Upon completion of this traversal across all pixels within the land cover classification

results, we successfully reconstructed the FVC for the mirror pixels of the Gonghe solar
thermal power plant as recorded in 2020.

2.3.3. Assessment of the FVC Impact

The AFVC is derived using the “difference in differences” approach, which assesses
the FVC variations between the power plant area and a corresponding control region
during two distinct periods: the pre-installation phase in 2017 and the post-installation
phase in 2020 [45,46]. This is expressed mathematically as:

FVCDIF = FVCyuyg — FVCao17 7)

AFVC = FVCDIF,; — FVCDIFoonmol (8)

where FVCyy represents the reconstructed FVC for the year 2020, FVCyy;7 denotes the
GF-2 FVC for 2017, FVCDIF signifies the difference in FVC between FVCyppp and FVCyq17,
and FVCDIF),, and FVCDIF, 0] are the mean FVC differences for the solar plant and the
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surrounding control regions, respectively. The statistical significance of AFVC is assessed
using a two-sample t-test. To assess how the difference in FVC varies with distance from
the central tower and the overall power plant, we calculated the average FVC differences
within the concentric ring regions of the power plant, as well as at 100 m intervals extending
from 0 to 500 m beyond its boundaries.

3. Results
3.1. Reflecting Mirror Extraction

In this study, we utilized 550 training samples and 200 validation samples to classify
land cover within the Gonghe solar thermal power plant for the year 2020. The performance
of the soft voting classifier is illustrated in the confusion matrices presented in Figure 3.
The training accuracy achieved by the soft voting classifier was 96%, with a corresponding
validation accuracy of 96%. Additionally, the classifier yielded an f1_score of 0.95 and a
kappa coefficient of 0.93, indicating a robust performance in the classification task associated
with the Gonghe solar thermal power plant.

a) Training samples b) Validation samples

e 250 ° 100
= c
£ L
§ 2 1 % 0 2
2 i 80
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3 n 3 »
8 23 150 & 23 60
= © = ©
v B = 8 86 3 o 5% 5 26 1
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F1_score=0.95, Kappa=0.93

Figure 3. Confusion matrices of soft voting classification in this study. Subfigure (a) illustrates the
confusion matrix for the training samples, while subfigure (b) presents the confusion matrix for the
validation samples. The f1_score and the kappa value for the validation samples are detailed in the
accompanying text.

Following the assessment of the soft voting classifier’s performance on the Gonghe
solar thermal power plant, we proceeded to apply it to the entire image dataset. As
depicted in Figure 4, the classification results effectively identify and characterize land
cover types, including grassland, reflecting mirrors, together with bare land and impervious
surfaces. Specifically, these three categories—grassland, reflecting mirrors, and bare land
and impervious surfaces—account for 76.5%, 14.7%, and 8.8% of the total pixels within
the power plant, respectively. Notably, a comparison of Figure 4b—d with Figure 1b—d
demonstrates that the soft voting classifier accurately extracts reflecting mirrors across a
range of rotational and pitch orientations.
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Figure 4. Soft voting classification results of the Gonghe solar thermal power plant. The classification
results are detailed in subfigures (b—d), with their respective positions indicated in the main figure (a).
Areas classified as bare land and impervious surfaces are represented in brown, reflecting mirrors in
white, and grassland in green.

3.2. Reconstruction of FVC

We collected 174 sample pairs to assess the FVC ratio beneath reflecting mirror sur-
faces compared to adjacent uncovered areas. The average FVC between the mirrors was
measured at 0.16, while the mean FVC beneath the mirrors was found to be 0.21. Our in
situ sampling indicates that the reflecting mirrors at the Gonghe solar thermal power plant
enhanced SFVC by 0.05, achieving statistical significance at p < 0.001. The average FVC
ratio between the areas under the mirrors and those between them was calculated to be
1.36, with the spatial distribution illustrated in Figure S4a. Figure S4d—e presents the RGB
images of the sample pairs alongside the binarized FVC images.

The FVC was reconstructed using a 3 x 3 kernel in conjunction with classification data,
GF-2 FVC, and the in situ sample ratio from the Gonghe solar thermal power plant. As
depicted spatially in Figure 5a, the mean reconstructed FVC for both the power plant and
the surrounding control regions was determined to be 0.21. Notably, the reconstructed FVC
was slightly higher beneath the mirrors than in the adjacent uncovered areas, reflecting the
average in situ sample ratio of 1.36 observed between these two regions.

3.3. Impacts of Solar Thermal Station on FVC

By calculating the difference in FVC between the post-installation period of 2020 and
the pre-installation period of 2017, we can determine the AFVC associated with the Gonghe
solar thermal power plant. This is achieved by comparing the FVC differences within the
plant itself and in the surrounding control regions. Focusing solely on the natural surfaces
impacted by the installation, which are expected to recover over time in response to climatic
conditions and human management, AFVC between the mirror field and control region
indicates a notable increase in FVC attributable to the power plant, measured at 0.02, with
a significance level of p < 0.05, as shown in Figure 6. To mitigate the uncertainties arising
from the temporal mismatch between in situ measurements and GF-2 image capture, we
also calculated the AFVC specifically for grassland pixels to eliminate potential influences
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associated with the year gap. The results indicate that the Gonghe solar thermal power
plant contributes to a AFVC of 0.027, with a significance level of p < 0.01 (Figure S5).

0 125250 500
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Figure 5. FVC reconstruction results of the Gonghe solar thermal power plant in 2020. The detailed
results of the FVC reconstruction are presented in subfigures (b—d), with their respective locations
indicated in the main figure (a).

It is of considerable interest to investigate whether the FVC difference varies with
distance from the central tower of the power plant and to ascertain the broader impacts of
the power plant on its surrounding areas. To address this, we divided the power plant into
four rings, with an extra five rings extending every 100 m from the power plant border out
to 500 m, as illustrated in Figure 7a. The average FVC differences were calculated for each
ring, revealing that the FVC difference is notably lower in the innermost ring surrounding
the central tower compared to the outer rings. This trend is consistent with the spatial
representation illustrated in Figure 6a. However, an analysis of the outer rings does not
reveal a discernible trend in FVC differences, suggesting that the spillover effects of the
Gonghe solar thermal power plant on surrounding vegetation are minimal. Furthermore,
the standard deviation of FVC differences within the power plant, at 0.10, is significantly
greater than that of the outer rings, which stand at 0.05.
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Figure 6. Spatial distribution of the FVC difference and AFVC of the Gonghe solar thermal power
plant between 2017 and 2020. Subfigure (a) illustrates the spatial distribution of FVC differences
along with the boundaries of the mirror field and control region. Subfigure (b) presents boxplots that
depict the FVC differences observed in the mirror field and control region, with the AFVC values and
the significance of the two-sample t-test detailed in the accompanying text.
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Figure 7. Distribution of the FVC difference of the Gonghe solar thermal power plant in the ring
regions around the central tower and the power plant between 2017 and 2020. Subfigure (a) depicts
the spatial arrangement of the rings, which include the power plant rings (Ringp,) and the control
region rings (Ring.). The control region rings are spaced at 100 m intervals, extending from 0 to
500 m beyond the boundaries of the Gonghe solar thermal power plant. Subfigure (b) illustrates the
average FVC differences for each ring, with the standard deviations represented by the shaded area
of the plot.
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4. Discussion
4.1. The Impact of Solar Power Plants on Vegetation

Previous research has documented a 0.012 increase in the NDVI resulting from solar
photovoltaic plants in arid and semi-arid regions of northern China [24], a figure signifi-
cantly lower than the 0.02 increase in FVC reported in this study. Given the low baseline
FVC of 0.16 in 2017, the Gonghe solar thermal power plant is associated with a 12.5%
increase in FVC, which is believed to be considerably greater than the findings from arid
regions in northern China. Several factors may contribute to this discrepancy. Firstly,
the spatial resolution of the Landsat dataset used in studies of northern China is 30 m,
which can lead to mixed pixel information encompassing both photovoltaic panels and
the surrounding land surface [47]. This limitation may result in an underestimation of
the vegetation dynamics associated with solar power installations. Secondly, it has been
observed that solar photovoltaic plants in northern China can negatively impact vegetation
when the background NDVI exceeds 0.6, potentially suppressing the average NDVI impact
of these installations [24]. Thirdly, despite both technologies harnessing solar radiation for
electricity generation, there is a key distinction between photovoltaic and solar thermal
systems. Photovoltaic panels convert solar energy into electricity while simultaneously
generating heat [20]. In contrast, solar thermal mirrors reflect solar radiation towards a
central tower to heat molten salt, absorbing minimal radiation and producing little heat.
The warming impact of photovoltaic panels might increase water stress and suppress
vegetation growth in the arid zones in northern China [48].

There is evidence of vegetation decline associated with photovoltaic power plants
on the southern Iberian Peninsula, attributed to soil moisture depletion caused by these
installations [25]. The contrasting outcomes observed in China may be influenced by
climatic differences between the two regions. The Iberian Peninsula experiences a Mediter-
ranean climate characterized by winter precipitation and dry, hot conditions during the
growing season [49], where the heat generated by photovoltaic panels may exacerbate
drought conditions and inhibit vegetation growth. Additionally, the nighttime warming
effect of these plants could further intensify water stress on the underlying flora [50,51].
In contrast, the East Asian monsoon brings moist air from the Pacific Ocean during the
growing season, resulting in concurrent heat and precipitation in China [52], which may
promote vegetation growth by reducing radiation exposure to the surface under the shade
of photovoltaic panels.

The spatial distribution of FVC differences within the Gonghe solar thermal power
plant reveals a significantly reduced FVC in the innermost ring surrounding the central
tower when compared to the outer rings. This observation may be linked to the construction
activities associated with the central facilities, as illustrated in Figure 6a. Furthermore, the
spillover effects of the Gonghe solar thermal power plant on adjacent vegetation are not
pronounced, as depicted in Figure 7b. Previous studies have documented the cooling effects
of solar photovoltaic power plants on the Tibetan Plateau, indicating that such cooling
effects diminish with increasing distance from the plant’s boundary [15]. However, these
spillover cooling effects do not appear to significantly influence the surrounding vegetation,
potentially due to a complex interplay of factors such as the diurnal temperature range and
local water conditions [50,53]. There is a need for further comprehensive observations of
the climatic and ecological impacts associated with solar power plants.

To prove that the increase in FVC within the mirror field can be attributed primarily
to the installation and operation of the Gonghe solar thermal power plant, it is essential to
ensure that historical variations in FVC are comparable between the mirror field and the
control region. Given the spatial extent of the Gonghe solar thermal power plant and the
temporal scope of the pre-installation period, Landsat 7 imagery was utilized to assess FVC
trends in both the mirror field and the control regions [54]. Specifically, images from June to
August between 2010 and 2017 were selected, with a cloud cover threshold of less than 30%
applied. Cloud and shadow masking algorithms were employed on the filtered images to
enhance data quality. Subsequently, the NDVI was calculated using Equation (1), followed
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by FVC estimation via Equation (4). A maximum composite approach was employed for
the Landsat 7 FVC data annually from 2010 to 2017, allowing for the calculation of average
FVC values in both the mirror field and control regions. All analytical procedures were
conducted using GEE [36]. The results indicate that FVC trends in the mirror field and
control regions were similar from 2010 to 2017; however, a divergence in these trends
became apparent following the installation of the power plant (Figure S6). This suggests
that the observed increase in FVC within the mirror field is predominantly influenced by
the operational activities of the Gonghe solar thermal power plant.

4.2. Processes of Solar Power Plant Vegetation Impacts

The primary impact of solar power plants on local climate dynamics includes alter-
ations to radiation, precipitation, and wind speed [12,55,56]. During the day, photovoltaic
panels and solar thermal mirrors absorb or reflect incoming solar radiation, creating shaded
areas that lower both land surface and near-surface air temperatures. This cooling effect can
reduce surface evapotranspiration, thereby maintaining moisture levels [57]. Conversely,
at night, these installations reflect upward longwave radiation, warming the surface and
potentially enhancing ecosystem respiration [17]. Furthermore, photovoltaic panels and
mirrors can modify precipitation patterns; they obstruct direct rainfall and snowfall from
reaching the ground, while also influencing water erosion [58]. Additionally, by increasing
surface roughness, solar power plants can decrease wind speed, which further mitigates
wind erosion and reduces surface evapotranspiration [59]. Collectively, these factors can sig-
nificantly influence local vegetation, depending on regional climatic conditions, vegetation
types, and levels of human management [60,61].

In this study, the Gonghe solar thermal power plant was associated with a 0.02 increase
in FVC compared to adjacent control regions, reflecting a 12.5% increase relative to the
baseline FVC. Notably, the control region itself also exhibited a 0.07 increase in FVC
from 2017 to 2020. This change may be attributed to a reduction in climate-related water
stress. As illustrated in Figure S7, annual precipitation increased significantly by 9.33 mm
per year (p < 0.01), while annual potential evaporation decreased by 13.19 mm per year
from 2010 to 2020 (p < 0.01). These trends indicate improved hydrological conditions
conducive to vegetation growth [62]. Specifically, during the peak growing season (May to
August), precipitation levels were 47 mm higher in 2020 compared to 2017, while potential
evaporation was 74 mm lower, translating to an 18% increase in rainfall and an 11% decrease
in potential evaporation. To strengthen the analysis, we incorporated an alternative climate
dataset with a spatial resolution of 1 km [63]. The results indicate that precipitation and
potential evaporation trends closely mirror those observed in the ERA5-Land dataset,
with significant increases in annual precipitation and decreases in potential evaporation
at p < 0.01 (Figure S8). These changes likely contributed to the enhanced FVC observed in
the control region surrounding the Gonghe solar thermal power plant. Furthermore, the
reflecting mirrors of the power plant provide shade that further reduces surface temperature
evaporation, alleviating water stress and promoting photosynthesis among vegetation in
the semi-arid environment of the Tibetan Plateau [15,64]. Additionally, human management
practices, including the washing of the mirrors, introduced supplemental water to the
mirror field, further improving the hydrological conditions and vegetation growth of the
power plant [65].

Long-term observations from meteorological stations have elucidated the climatic
effects of solar power plants. Specifically, the shading provided by solar panels has been
shown to decrease incident radiation by 2.5 megajoules m~2 h~!. Furthermore, solar
panels can lower the soil temperature at a depth of 5 cm by 10.9 °C during the day, sug-
gesting a concomitant reduction in evapotranspiration attributable to the panels’ shading
effects [66,67]. Additionally, as photovoltaic panels convert solar radiation into electricity,
they generate heat that warms the surrounding air. In the absence of this conversion
process, it is reasonable to postulate that the air temperature near solar thermal reflecting
mirrors would be cooler, thereby alleviating water stress on adjacent vegetation [20,48].
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4.3. Limitation and Future Work

In this study, we evaluate the AFVC associated with the Gonghe solar thermal power
plant using sub-meter resolution satellite imagery from GF-2, captured in 2017 and 2020.
However, several limitations affect our analysis. Firstly, the high spatial resolution of
the GF-2 imagery restricts the scene size, which in turn limits the revisit frequency for
specific locations. After filtering the GF-2 images based on geolocation and cloud cover,
we identified only two suitable images from the peak growing seasons between 2017 and
2024 for this analysis. The coarse temporal resolution, both inter-annually and monthly;,
constrains our ability to thoroughly examine the impact of the power plant on phenology
and post-installation vegetation dynamics [68]. Secondly, the multispectral bands available
from the GF-2 imagery are limited to near-infrared, red, green, and blue, in contrast to the
eight bands of Landsat 8 and twelve bands of Sentinel-2 satellites [69]. This limitation in
spectral information reduces the potential for detailed applications of the GF-2 data, such
as the classification of more nuanced land cover types. Thirdly, while the post-installation
imagery for this study was collected in 2020, our in situ sampling occurred in 2024, as no
suitable imagery was available from 2021 to 2024. This temporal gap may introduce bias in
the reconstruction of the FVC for 2020, and we were unable to predict the availability of
suitable imagery prior to conducting the in situ sampling. The integration of multisource
data may offer a potential solution to this challenge.

Unmanned aerial vehicles (UAVs) are increasingly employed in regional ground
monitoring [70]. However, two critical considerations must be addressed when utilizing
UAVs to study solar thermal power plants. First, the reflecting mirrors adjust their rotation
and pitch according to the sun’s position [71], necessitating careful design of the UAV’s
camera angle and flight path to effectively capture information beneath the mirrors. Second,
the mirrors concentrate solar radiation toward the central tower, creating the potential for
heat damage to the UAV in adjacent areas [72]. Consequently, the UAV’s flight route should
be planned to avoid these high-temperature zones.

While the GF-2 data and methodologies employed in this study provide more precise
results than those derived from coarser-resolution remote sensing images, the constraints
of limited spatial coverage and temporal resolution hinder comprehensive analysis. The
approach utilized here could also be applied to assess the impacts of photovoltaic power
plants, enabling spatial and temporal extension of solar energy studies. This would allow
for an exploration of spatial heterogeneity in impacts and a deeper investigation into influ-
encing factors. We employed 174 in situ samples to reconstruct the FVC, a process that could
be enhanced through the use of UAV remote sensing for greater sampling efficiency [73].
The UAV capabilities allow for improved temporal resolution of observations concerning
the Gonghe solar thermal power plant, both inter-annually and within a single growing
season. Such continuous inter-annual time series data would enhance the accuracy of our
analyses and facilitate further investigations into aspects such as vegetation phenology [74].
By integrating continuous observations from satellites, UAVs, and in situ measurements
at solar energy facilities, we can conduct more accurate analyses of climate and ecological
impacts, leading to a deeper understanding of the underlying mechanisms. Furthermore,
given the rapid advancement in solar energy development, it is critical to assess the climate
and ecological impacts prior to construction. Adequate observational data are necessary
to develop and validate climate models, such as the Weather Research and Forecasting
(WRF) model or statistical models [12]. Utilizing these models will enable us to evaluate
the climate and ecological effects of solar energy facilities, thereby ensuring environmental
safety and the sustainable generation of clean energy in the near future.

5. Conclusions

In this study, we evaluate the influence of the Gonghe solar thermal power plant on
FVC utilizing GF-2 imagery, employing methods such as soft voting classification, in situ
sampling, and image reconstruction. Our findings indicate that the average FVC beneath
the solar mirrors is 1.36 times greater than that of adjacent uncovered areas. The power
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plant is associated with a 0.02 increase in FVC relative to surrounding control regions,
representing a 12.5% enhancement compared to the pre-construction phase. Notably,
the increase in FVC is more pronounced in the outer ring areas than in proximity to the
central tower. This research introduces a novel methodology for more accurately assessing
the impacts of not only solar thermal power plants, but also photovoltaic installations.
By examining the effects of solar power plants on local vegetation, we can facilitate the
harmonious co-development of local ecosystems alongside clean energy generation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs16224266/s1, Figure S1. In-situ sample pairs at the Gonghe
solar thermal power plant. Figure S2. Training and validation samples for soft voting classification
method in this study. Figure S3. Assessment of GF-2 FVC through in-situ sampling. Figure S4.
FVC ratio between surfaces under and between mirrors of the Gonghe solar thermal power plant.
Figure S5. Boxplot illustrating the differences in grassland FVC between the mirror field and the
control region. Figure S6. Time series of FVC from Landsat 7 and GF-2 spanning the years 2010 to
2020. Figure S7. Time series of ERA5 Land precipitation and potential evaporation of the Gonghe solar
thermal power plant. Figure S8. Time series of 1-kilometer precipitation and potential evaporation of
the Gonghe solar thermal power plant.
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