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Abstract: To achieve the goals of carbon peak and carbon neutrality, Xinjiang, as an autonomous
region in China with large energy reserves, should adjust its energy development and vigorously
develop new energy sources, such as photovoltaic (PV) power. This study utilized data spatiotemporal
variation in solar radiation from 1984 to 2016 to verify that Xinjiang is suitable for the development of
PV power generation. Then, the averages of the solar radiation, sunshine duration, and other data
in the period after 2000 were used to assess the suitability of Xinjiang, based on spatial principal
component analysis (SPCA). Finally, the theoretical power generation potential, fossil fuel reduction,
and CO; emissions reduction were estimated. The results are as follows: (1) In terms of temporal
variation, the solar radiation in Xinjiang decreased (1984-2002), increased (2002-2009), and decreased
again (2009-2016), but the fluctuations were not statistically significant. In terms of spatial distribution,
the Kunlun Mountains in southern Xinjiang had the highest solar radiation during the span of the
study period. Hami and Turpan, in eastern Xinjiang, had sufficiently high and stable solar radiation.
(2) The area in Xinjiang classed as highly suitable for solar PV power generation is about 87,837 km?,
which is mainly concentrated in eastern Xinjiang. (3) In the situation where the construction of
PV power plants in Xinjiang is fully developed, the theoretical potential of annual solar PV power
generation in Xinjiang is approximately 8.57 x 10°® GWh. This is equivalent to 2.59 x 10” tce of
coal. Furthermore, 6.58 x 10” t of CO, emissions can be reduced. PV power generation potential
is approximately 27 times the energy consumption of Xinjiang in 2020. Through the suitability
assessment and calculations, we found that Xinjiang has significant potential for PV systems.

Keywords: solar radiation; spatiotemporal variation; PV power generation; suitability assessment;
CO, emissions

1. Introduction

Since the 18th National Congress of the Communist Party of China (CPC) in 2012, a
new strategy on energy has been put forward. The consumption, supply, technology, and
institutions of energy in China were required to change. Later, in 2020, the goals of ‘carbon
peak’ and ‘carbon neutrality” were put forward by General Secretary Xi Jinping. Thus,
energy development routes need to be adjusted while achieving the goals of ‘carbon peak’
and ‘carbon neutrality’. The promotion of renewable energy from green and low-carbon
sources is a top priority. Solar energy is in the midst of a period of rapid growth [1,2], as
there is a great need to develop photovoltaic (PV) power generation. Therefore, monitoring
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spatiotemporal variations in solar radiation and the potential of PV power generation are
important steps in the promotion of renewable energy at a regional or even national level.

Solar radiation is one of the most important indicators of solar energy resources. In the
past, a large number of studies have been conducted on the dynamics of solar radiation. For
most studies of solar radiation, the data for these studies come from reanalyzing the data
from stations [3]. Cluster analysis, innovative trend analysis, and other methods of analysis
have been applied to study the variations in solar radiation [4,5]. However, trends or causes
of past solar radiation changes are not complete enough to describe solar energy resources.
Previous studies have lacked predictions of future trends in solar radiation. The future of
various types of human activities affected by solar radiation can also be studied. There
are both long-term and short-term effects in the study of solar radiation. Most long-term
solar radiation studies span ten to twenty-five years, and short-term studies span months
or seasons [4,6]. These periods of study are sufficient if researchers are only studying the
short-term status of solar radiation. To analyze the total variations in solar radiation for
a given area more comprehensively, more than 30 years” worth of solar radiation data is
required, but the latest available dataset for solar resources is from 2016. Therefore, only
large time series solar radiation datasets prior to 2016 could be selected.

In previous studies, most of the study areas were well-known, such as Africa and
Tibet [5,7]. Southern Xinjiang is also a region known for its high and stable solar radiation,
but it is not convincing to study solar radiation in southern Xinjiang only. Solar radiation is
difficult for people to utilize in many areas of southern Xinjiang, due to geographical or
economic reasons, such as in the Karakoram-Pamir area and the center of the Taklamakan
Desert. We finally analyzed the solar energy resources of all areas in Xinjiang with a larger
time series dataset.

High-quality solar energy resources are the most fundamental necessity for suitability
assessments of PV power generation. An analytical hierarchy process (AHP) and geo-
graphical information systems (GIS) were widely used to assess the suitability of PV power
generation [8,9]. Compared with other methods of assessment, AHP is not sufficiently
objective. The results of the assessment can easily be influenced by personal cognitions
and thoughts [10]. Previous studies did not reveal the theoretical benefits of PV power
generation based on the results of the suitability assessment. The majority of individuals
are primarily concerned with decreasing carbon emissions using PV power generation.
Thus, many studies have concentrated on economically developed regions or the Tibetan
Plateau [7,11]. Few studies have made a more comprehensive assessment of the overall PV
power generation potential in Xinjiang. Xinjiang has a variety of landscapes, a slightly less
developed economy, and a lack of water resources. Indicators for suitability assessments
that have been used in other regions may not be suitable to apply in Xinjiang. A compre-
hensive assessment method and some suitable indicators for Xinjiang are the focus of this
suitability assessment of Xinjiang’s PV power generation.

As a region with rich fossil fuel energy resources, Xinjiang’s coal consumption for
coal-fired power generation in 2020 was approximately 1.49 x 10® t. The main source of
annual carbon emissions in Xinjiang is fossil fuel combustion. According to the Outline of
the 14th Five-Year Plan (2021-2025) for National Economic and Social Development and
Vision 2035 of the Xinjiang Uygur Autonomous Region, Xinjiang is promoting the devel-
opment of PV power generation to reduce carbon emissions from fossil fuel combustion.
Xinjiang’s vast area, small population, and long sunshine duration make it an excellent
location for PV power plants. Therefore, it is necessary to analyze the potential of PV
power generation in Xinjiang, which would be very helpful for the green and low-carbon
transformation of Xinjiang. PV power plants offer greater benefits in emission reductions
than afforestation [12]. Xinjiang was chosen as the study area because it has more bare
land and a longer sunshine duration, which are more suitable for the development of PV
power plants [13]. The broad components of this study are shown below: (1) The dynamics
of solar radiation in Xinjiang were analyzed based on solar radiation data from 1984 to
2016. This ensured the stability of solar energy resources in Xinjiang for the development of
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photovoltaic power generation. (2) For the results of the suitability assessment, which were
informative over a longer period, this study used the average of the data from 2000 onwards
as the criteria. Assessing the suitability of PV power generation in the whole region of
Xinjiang, based on the objective method of spatial principal component analysis (SPCA),
made it possible to determine the most suitable areas for the establishment of PV power
plants. (3) This study estimated the theoretical PV power generation potential in Xinjiang
and calculated potential reductions in carbon emissions based on its development.

2. Materials and Methods
2.1. Study Area

Xinjiang is located in the border regions of northwest China and is geographically
situated between 34.22 and 49.10 north latitude and 73.40 and 96.23 east longitude. Xinjiang
covers an area of 1,664,900 km?, making it the largest provincial-level administrative region
in China [14]. The study area has a land border of more than 5600 km and borders eight
countries. It also includes 14 autonomous prefectures and prefecture-level cities. As shown
in Figure 1, the terrain of Xinjiang is dominated by basins, and it can be characterized
by three mountains and two basins. Junggar Basin is located in northern Xinjiang, and
Tarim Basin is located in southern Xinjiang. Xinjiang spans from the Altai Mountains
in the north to the Kunlun Mountains in the south, and the Tien Shan lies in the center
of Xinjiang [15]. Xinjiang lies in the temperate continental climate zone. This area has
large sunshine duration measurements and an abundance of annual solar radiation. These
significant features provide certain support for the regional power supply [16]. “Three
bases and one channel” is defined as the main approach to energy development in Xinjiang.
“Three bases” refers to the large coal, 0il/gas, and wind power bases, and “one channel”
refers to the national land energy channel. Thus, the development of solar and wind energy
is particularly important for Xinjiang.

75°E 80°E 85°E 90°E 95°E
£ |
w
<
Z
DO -
3
Administrative Border
DEM(m)

OZ [ P High: 8350
A

BN i [ % |k [ B

: \ 0 250 500 Low: —188

Figure 1. Elevation map of the study area. The digital elevation model (DEM) dataset was obtained
from the following website: http:/ /earth.jaxa.jp/en/ (accessed on 27 October 2023).

2.2. Data Acquisition and Processing

The data used to study the spatiotemporal variation in solar radiation and assess
the suitability of PV power generation are shown in Table 1. Solar radiation was used,
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not only to analyze the temporal and spatial variations in solar resources but also to
assess the suitability of PV power generation. It is better to select approximately 30 years’
worth of solar radiation data when studying solar resources. Therefore, this study selected
data on solar radiation from 1984 to 2016, to study solar resources. Solar radiation from
2000 to 2016 was selected to ensure that the results of the assessment were long-lasting
and had high accuracy. The data were taken from the National Tibetan Plateau Data
Center (https://data.tpdc.ac.cn/) (accessed on 20 October 2023). This dataset has less
bias and greater performance in reanalysis [17,18]. Sunshine duration data (from 2000
to 2014) were from the Geographic Data Sharing Infrastructure, a global resources data
cloud (www.gis5g.com) (accessed on 22 October 2023). Each weather station contributes
to this dataset, and it is therefore subject to a small margin of error. The digital elevation
model was from the JAXA Earth Observation Research Center (http://earth.jaxa.jp/en/)
(accessed on 21 November 2023). This dataset is widely used because of its high level of
precision. Land use data (2015) are highly time-sensitive and came from the Resource and
Environment Science and Data Center (http:/ /www.resdc.cn/) (accessed on 28 October
2023). The roads dataset (2015) includes all primary and secondary roads in Xinjiang. It is
from OpenStreetMap (https:/ /www.openstreetmap.org) (accessed on 21 December 2023).
To improve the reliability of the results, the solar radiation data, sunshine duration data,
and digital elevation model were resampled to 968.37 m for further analysis using bilinear
interpolation. The Asia North Lambert conformal conic was the coordinate system for
this study.

Table 1. Attribute information for different data.

Data Data Source Spatial Resolution  Time Period

High spatial resolution surface
solar radiation dataset, created by

Solar radiation . . 10 km 1984-2016
merging sunshine hours
over China.
. . China Surface Climate Data Daily
Sunshine duration Value Dataset V3.0. 2000-2014
Digital elevation ALOS DSM: Global 30 m v3.2. 30m
model
LUCC (Resource Environment
Land use Data Cloud). 1 km 2015
Roads OpenStreetMap. 2015

Spatial distribution data of nature
reserves in Xinjiang, constructed
according to the directory of
nature reserves and the functional
zoning map of nature reserves
from the National Forestry and
Grassland Administration and
Ministry of Natural Resources.

Protected area

2.3. Spatiotemporal Variation in Solar Radiation

Solar energy resources are a critical factor in a region’s PV power generation. The
theoretical PV power generation is determined by solar radiation and other parameters [19].
Thus, it was necessary to analyze the spatiotemporal variation in solar radiation in Xinjiang.
In this section, changes in trends in solar radiation and the long-term memory of solar
radiation are calculated. The temporal variation in solar energy resources in Xinjiang was
calculated through the analysis of these factors by averaging annual solar radiation at each
spatial point to examine spatial variation in solar energy resources [20], in order to ensure
that Xinjiang's solar energy resources are sufficiently abundant and stable.
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2.3.1. Linear Regression Model

The linear regression model was used to calculate the trends in the variation in solar
energy resources. The classification of annual solar radiation was carried out with reference
to the classification of solar energy resources—global radiation with No. GB/T 31155-
2014 [21]. There are four levels of solar radiation: extremely high, high, relatively high,
and low. The average values of the annual solar radiation from 1984 to 2016 were used
to create a linear regression model. As per the methodology presented by Bedim Godoy
et al. in 2021, the temporal variation in trends in solar energy resources can be calculated as
follows [22]:

j = Mo (EX Ri) =Yg I X Y R
ey 2 = (T i)
where k represents the slope of a linear regression equation, i represents the year number,
R; represents the solar radiation in the year i (MJ-m~2), and 1 represents the time step. If
k <0, the variation in solar radiation is classed as negative growth. If k > 0, the variation in
solar radiation is classed as positive growth.

)

2.3.2. Rescaled Range Analysis

The rescaled range (R/S) analysis was expected to provide distributional features and
autocorrelation at all time intervals. The Hurst exponent (H) is an index based on R/S
analysis. To analyze and compare the variation in a time series solar radiation dataset, the
Hurst exponent was used in the study [18]. According to the study of Garcia-Gutierrez
et al., H is calculated as follows [23]:

=

1
ea) = 1 2 Nita) (2)

t=1

where {N(t),t =1, 2, ..., N} represents the time series, N; ;) represents the element of the
subset of N, m represents the length of each subset, and e(,) represents the average of each
subset. The factor X ;) represents the accumulated deviation of the e(;). Xt ) is calculated
as follows [24]:

m
X(ta) = Z(Nw) - e(a)) &)
t=1
R, represents the range of each subset. R, is calculated by Equation (4) [25],
as follows:

Ria) = max X(a) = Wi X(sa) (4)
where maxX; 4 represents the maximum value of X; 4, minX( ;) represents the minimum
value of X 5y, and S, represents the standard deviation of the subset. S, is calculated by
Equation (5) [26], as follows:

1m

2
Sta) = \/ gt:Zl(Nu,a) 0 (5)

H is between zero and one, and it is calculated using the expected value (E[x]) of
Equation (6), as follows [25]:

R
E( <a>>o<aHasa—>c>o (6)

where H € (0,1). If H < 0.5, future trends of the time series data are completely inconsistent
with past trends. If H = 0.5, future trends of the time series data are completely random. If
H > 0.5, future trends of the time series data are similar to the past trends.



Sustainability 2024, 16, 3281

6 of 19

2.4. Criteria Selection for Suitability

The protected area should not be altered in any way [19]. Cultivated land, forests, and
other types of used lands should also be protected. To protect the natural environment
without affecting human activities, this study selected bare land and excluded the protected
area as our assessment area for assessing its suitability [27,28].

Climatic criteria, geographical criteria, and economic criteria were considered to assess
the suitability of PV power generation in Xinjiang [29]. Solar radiation and sunshine
duration were selected as climatic criteria. Elevation and slope were geographical criteria.
Furthermore, distance from roads was an economic criterion. However, some criteria
were excluded from this study for different reasons. For instance, some researchers have
maintained that excessive humidity is a barrier to PV power generation [30]. Most of
Xinjiang is in an arid region. Therefore, humidity does not have a significant effect on
the suitability assessment. Distance from the power grid is a criterion that can affect the
cost of transmitting electricity. However, a new grid can be built together with PV power
plants [31].

(1) Solar radiation

Solar radiation is the fundamental basis for PV power generation. Areas with plenty
of solar radiation are more suitable for PV power generation. Experts in the field consider
solar radiation to be an important indicator [32]. In this study, the average annual solar
radiation (ASR) from 2000 to 2016 is used as a criterion.

(2) Sunshine duration

A study by Zhipeng Zhang shows that the indicator sunshine duration has a significant
influence on PV power generation [31]. Researchers from relevant studies have proposed
that sunshine duration is the most important criterion [33]. The observed sunshine duration
data from stations in Xinjiang (2000-2014) were calculated and interpolated. This study
used the average annual sunshine duration (SSD) as a criterion.

(3) Elevation

Elevated regions receive more solar radiation than lower regions, but building PV
power plants in elevated regions costs a lot [34]. The elevation of the earth’s surface can be
represented using the digital elevation model (DEM). So, this study selected the DEM of
Xinjiang (in 2015) as the criteria.

(4) Slope

Large-scale PV power plants require relatively flat areas [35]. Excessive slopes make
the construction of PV power plants more difficult. Many studies in China have set the
upper limit of the slope below a certain angle [36]. Slope (SLO) can be calculated using the
DEM and is used to assess the suitability of the area.

(5) Distance from roads

Operation and maintenance costs are a key consideration when building PV power
plants [37]. The distance from roads largely determines the cost and accessibility [38].
Distance from roads must therefore be considered as an indicator of suitability. Thus,
Euclidean distance was used to calculate each pixel’s distance from roads (DFR) in this
section. DFR was used as an indicator for this assessment.

2.5. Suitability Assessment in Photovoltaic (PV) Power Generation

In this study, each criterion was tested and standardized. The suitability of PV power
generation was assessed using spatial principal component analysis (SPCA).

2.5.1. Multicollinearity Test

To minimize the collinearity between the five criteria, the highly correlated variables,
with R values of >0.7, were removed from the study [39]. Furthermore, the variance inflation
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factors (VIF) between the five criteria were calculated. A high VIF value, exceeding 10,
indicates a concerning level of multicollinearity. This suggests that the variance of the
estimated regression coefficients is notably inflated in the model [40]. The results of the
multicollinearity test (Table 2) show the VIF of each criterion. All the criteria selected in
this study passed the multicollinearity test.

Table 2. Results of the multicollinearity test.

Criteria Variance Inflation Factor (VIF)
Solar radiation 2.022
Sunshine duration 1.272
Elevation 2.526
Slope 1.851
Distance to roads 1.164

2.5.2. Data Normalization

Except for the constrained areas, each criterion needed to be normalized (Figure 2). The
data of criteria that had a positive impact on suitability were normalized using Equation (7),

as follows [41]:
I— lmin

I'= @)

Imux - Imin

gy —
0 250 500

DEM
1 Assessment area
M km O M 1_Jkm
0 250 500 0 250 500

Figure 2. Normalization of indicators. (a) Normalization of ASR. The solar radiation dataset was
obtained from the website https://data.tpdc.ac.cn/ (accessed on 20 October 2023). (b) Normalization
of SSD. The sunshine duration dataset was obtained from the website www.gis5g.com (accessed on
22 October 2023). (c¢) Normalization of DEM. The DEM dataset was obtained from the website http:
/ /earthjaxa.jp/en/ (accessed on 21 November 2023). (d) Normalization of SLO. (e) Normalization of
DEFR. The roads dataset was obtained from the website https://www.openstreetmap.org (accessed
on 21 December 2023). (f) Definition of the assessment area.
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The data of criteria that had a negative impact on suitability were normalized using
Equation (8), as follows [41]:
I — Tax — 1

Imax - Imin

(8)

where [ represents the results of the normalization, I represents the pixel, I,,,;;, represents
the minimum of the pixel, and I,;x represents the maximum of the pixel.

2.5.3. Method of Assessment (Spatial Principal Component Analysis—SPCA) and
Assessment of Suitability

SPCA is a spatial way of performing principal component analysis (PCA). It can rotate
the original space and transform the original data into new multi-band spatial data in the
rotated space. SPCA has an advantage over other orthogonal functions because it does not
have a specific form; therefore, SPCA is a flexible and effective method for this study [42].
This study developed a suitability assessment, using SPCA, for the construction of PV
power plants. Several criteria from different sources can be integrated by SPCA, such as
solar radiation, sunshine duration, elevation, slope, and distance to roads. Weights can
be calculated by combining eigenvalues, contribution ratios (Table 3), and eigenvectors
(Table 4). The results of the weights are shown in Table 4. If some principal components (PC)
of the resulting data represent over 90% of the total variance, the remaining components
can be ignored. The value of the suitability assessment was obtained using Equation (9), as
follows [38]:

SPU =1 X1 +aXp +a3Xz+ - +a, Xy 9)

where SPU represents the suitability assessment index, a represents the corresponding
weight of the PC, X represents the PC, and n represents the number of principal components
that remain.

Table 3. Eigenvalues and contribution ratio.

. . . o Cumulative
PC Layer Eigenvalue Contribution Ratio (%) Contribution (%)
1 0.020 40.270 40.270
2 0.017 32.567 72.837
3 0.008 16.244 89.081
4 0.004 7.722 96.803
5 0.002 3.197 100.000
Table 4. Principal component load matrix.

Criterion PC1 PC2 PC3 PC4 PC5 Weight (%)
ASR —0.378 0.072 0.394 0.646 —0.528 0.074
DEM 0.712 0.553 —0.050 0.036 —0.427 0.398
DFR 0.569 —0.686 0.415 0.179 0.028 0.098
SLO 0.143 0.329 0.039 0.604 0.711 0.243
SSD —0.070 0.331 0.818 —0.429 0.181 0.187

To calculate the potential of PV power generation, the suitability assessment must be
classified into different levels [43]. Natural break classification (NBC) was employed to
classify the suitability into five levels [28]. The five levels and their suitability scores were
classed as highly suitable (0.75-0.87), suitable (0.68-0.75), moderately suitable (0.61-0.68),
marginally suitable (0.51-0.61), and not suitable (0.29-0.51). The area classed as highly
suitable was the most efficient for PV power generation and the least expensive in which to
build PV power plants.
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2.6. Theoretical Potential of Photovoltaic (PV) Power Generation

The electricity generation capacity can be approximated by considering the yearly
solar radiation per unit area, the available land area for solar exploitation, and the efficiency
of the technology used to convert solar energy into electricity. This calculation has been
widely used in previous studies [31,38,44]. The theoretical potential of annual PV power
generation can be calculated as follows [31]:

SGP = SR x CA x AF x (10)

where SGP represents the theoretical potential of annual PV power generation (GWh); SR
represents the annual solar radiation received per unit horizontal area (GWh/km?); CA
represents the area of highly suitable land (km?); AF represents the fraction of the highly
suitable areas that can be covered by solar panels; and # represents the efficiency of the PV
power plants in converting sunlight into electricity. Of these, 77 and AF in this study were
derived from measured data from three PV power plants in Xinjiang; # is 23.5%, and AF
was calculated to be 24.37%.

The total consumption of standard coal was calculated based on the national standard,
with No. DB21/1620-2008 [45], as follows:

AD = b x SGP (11)

where AD represents the total consumption of standard coal (tce), and b represents the
standard coal consumption for power generation (g/kWh). According to the “2021 National
Power Industry Statistics”, b is 302.5 g/kWh [46].

CO; emissions are highly correlated with the combustion of fossil fuels and with
carbon emission factors in different regions. According to the IPCC guidelines, CO,
emissions from standard coal consumption can be calculated as follows [47]:

CE = AD x EF (12)

where CE represents the carbon emissions (tCO;). EF represents the emission factor, which
is 2.54 tons of CO; per ton of standard coal burned [46].

3. Results
3.1. Analysis of Spatiotemporal Variation in Solar Radiation

The spatiotemporal variation in annual solar radiation in Xinjiang between 1984
and 2016 was investigated. The linear fit of ASR (Figure 3a) shows that the overall solar
radiation demonstrated a decreasing trend, with a decrease of 253.33 MJ/m? during the
study period. In addition, taking 2002 and 2009 as the interval points, through fitting
analysis, it was found that solar radiation only increased significantly during 2002-2009,
with an increase of 237.87 MJ/ m?, at an average annual increase rate of 33.98 MJ/ m2/ year.
The solar radiation in the other two time periods decreased significantly. In 20092016, the
average annual decline rate of solar radiation was 1.8 times that in the period 1984-2002,
and the solar radiation decreased by 216.18 and 275.02 MJ/ m?2, respectively. However,
Xinjiang’s solar radiation was still at a high level. The main causes of the solar radiation
variations in Xinjiang were the changes in cloud coverage, aerosol optical depth (AOD),
and water vapor content [48,49]. Figure 3b shows the trends of total solar radiation in
Xinjiang from 1984 to 2016. During the study period, approximately 45.81% of Xinjiang had
a negative growth in solar radiation (k < 0), which were generally high-altitude areas. The
other areas (approximately 54.19%) had experienced positive growth in solar radiation for
the past 33 years. The future trends in solar radiation in most areas of Xinjiang were similar
to the past (H > 0.5). This means that future trends for more than 90% of areas remained as
they had been in 1984-2016 (Figure 3c). Only a small number of regions had a future trend
that was opposite to their past trends (H < 0.5), and these regions were largely concentrated
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in northern Xinjiang. This may be due to the fact that the climate in northern Xinjiang has
become very different from that of the last 30 years [50].

A ASR
a WJI/m2 Lfncar fit of ASR(1984-2002)
6200 4 Linear fit of ASR(2002-2009)
A Linear fit of ASR(2009-2016)
§ 6100 4 ad R "
= A
2 60001 e ’ s
5 A * A A Aa
) A i A A A
" 5900- a 4
A A A &
5800 a ¢

1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 2020

N C

k of ASR H of ASR
<0 <0.5
1 Jkm 1 Jkm
0 250 500 = 0 250 500 >05

Figure 3. Temporal variation in solar radiation in Xinjiang. (a) Linear fit of solar radiation during
different time intervals. (b) Trends of total solar radiation in Xinjiang from 1984 to 2016. (c) The
future trends of solar radiation in Xinjiang. The solar radiation dataset was obtained from the website
https://data.tpdc.ac.cn/ (accessed on 20 October 2023).

In general, solar radiation in Xinjiang decreased between 1984 and 2002, increased
between 2002 and 2009, and decreased between 2009 and 2016. From 1984 to 2016, solar
radiation in Xinjiang decreased by 253.33 MJ/m?. The regions with increasing trends and
those with decreasing trends were evenly split. Furthermore, the future trends of more
than 90% of the areas in Xinjiang were significantly related to the past.

The average solar radiation (1984-2016) in Xinjiang is shown in Figure 4a. The aver-
age shows that most of Xinjiang has a high level of solar radiation (5040 MJ/m? < solar
radiation < 6300 MJ/m?). Only about 18% of the area is exposed to extremely high levels
of radiation (solar radiation > 6300 MJ/m?). Extremely high solar radiation areas are
mainly concentrated around the Kunlun Mountains in southern Xinjiang, mainly due to
the area’s low latitude and high altitude. Figure 4b shows that the average solar radiation
for the whole of Xinjiang in 1984 exceeded 5040 MJ/m?2. The proportion of the Kunlun
Mountains in southern Xinjiang with extremely high solar radiation levels reached 26.3% of
the whole region. However, the area with extremely high solar radiation levels decreased
to 21.1% in 2000 (Figure 4c). The area with extremely high solar radiation decreased by
approximately 8.87 x 10'° m?. At the same time, a relatively high solar radiation area of
approximately 8.8 x 10% m? was observed (3780 MJ/m? < solar radiation < 5040 MJ/m?) in
central Xinjiang. Figure 4d shows that the area of relatively high solar radiation in northern
Xinjiang gradually expanded, in 2016 to 3.12 x 1019 m2, which is approximately 1.8% of the
total area of Xinjiang. In the same year, areas with low levels of solar radiation appeared,
accounting for less than 0.1% of the total area of Xinjiang. Areas with solar radiation below
5040 MJ/m? were largely concentrated in the Altai Mountains and the Tien Shan.
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Figure 4. Spatial variation in solar radiation in Xinjiang. (a) Average solar radiation from 1984 to 2016.
(b) Solar radiation in 1984. (c) Solar radiation in 2000. (d) Solar radiation in 2016. The solar radiation
dataset was obtained from the website: https://data.tpdc.ac.cn/ (accessed on 20 October 2023).

3.2. Suitability Assessment in Photovoltaic (PV) Power Generation

The suitability assessment was used to analyze and calculate the different suitable
levels of the total area. This study only assessed areas of bare land, known as assessment
areas. Other areas were collectively referred to as restricted areas. The total surface area
of the restricted areas was 826,358 km?, which is approximately 50% of the total area
of Xinjiang.

From the results of the suitability assessment (Figure 5), the surface area of the highly
suitable areas was calculated at 87,837 km?2, which accounted for 10.63% of the assessment
area, and the highly suitable areas were concentrated in Hami and Turpan, both located
in eastern Xinjiang. There were a few highly suitable areas in Bayingol, Tacheng, and
Altay. Stable solar resources and easy transportation were the advantages of these highly
suitable areas. The most expansive of the five levels of suitability was the suitable area.
The total surface area of the suitable area was 399,212 km?, representing 48.31% of the
assessment area. Suitable areas were distributed in almost every city or autonomous region
of Xinjiang and were often centrally distributed as large sheets. Most of these areas were in
the Tarim Basin and the Junggar Basin. The moderately suitable areas had a total surface
area of 227,295 km?, representing 27.51% of the assessment area, and they were sporadically
distributed. Most of the moderately suitable areas were in the center of the basins or close
to the mountains. Areas in the center of the Taklamakan Desert are not easily accessible,
and the areas close to the mountains are not rich in solar resources; thus, these areas were
not considered for construction. The surface areas of marginally suitable areas and not
suitable areas were 49,530 km? and 62,483 km?, respectively. The marginally suitable area
accounted for 5.99% of the assessment area, and the not suitable area accounted for 7.56%.
The terrains in these two types of areas were mostly mountainous, characterized by high
altitudes and large slope differences. This increases the cost of construction, making these
areas unsuitable for PV power plants.
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Figure 5. Suitability assessment for photovoltaic (PV) power generation in Xinjiang.

Considering the fact that the construction period should not be too long, only a highly
suitable area was selected for calculating the PV power potential in this section. Based on
the results of the suitability assessment, there was approximately 87,837 km? in Xinjiang
that can be developed as PV power plants, mainly concentrated in Hami and Turpan. By
combining these findings with the spatiotemporal variations in solar resources, it was
possible to conclude that the distribution of highly suitable areas was due to the stable and
abundant solar resources in these areas, which are beneficial for the development of PV
power generation. In addition, there was a high distribution of roads, a low elevation, and
a gentle slope.

3.3. Assessment of Photovoltaic (PV) Power Generation Potential

The PV power generation potential was investigated, and the total PV power gener-
ation potential of different suitability levels is summarized in Figure 6. In addition, this
study focused on analyzing the prospects for PV power generation in highly suitable areas.

In this study, SGP is mainly influenced by SR and CA. Solar radiation is the dominant
factor in the potential for PV power generation in each grid. The results show that the
theoretical potential of PV power generation increases as we move from northern Xinjiang to
southern Xinjiang (Figure 6). Most of Hami is in a high suitability area, so the potential of PV
power generation in Hami was compared to other areas at the same latitude. Theoretically,
the suitable areas can generate a total of 3.75 x 107 GWh of electricity every year, which is
the highest amount of electricity among all suitability levels, which is because the suitable
area is the largest type of area. On the contrary, marginally suitable areas had the lowest
power generation (5 x 10° GWh). The PV power generation potential of moderately
suitable and not suitable areas was 2.18 x 107 GWh and 6.31 x 10° GWh, respectively.
In highly suitable areas, the theoretical annual potential of PV power generation was
8.57 x 10° GWh.
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Figure 6. Potential of photovoltaic (PV) power generation in Xinjiang.

Overall, although the potential of PV power generation in highly suitable areas was
not the highest, the theoretical potential of highly suitable areas was also very impressive.

The result of Xinjiang’s PV power generation potential reveals that Xinjiang has great
potential for the development of PV power generation. However, the construction of PV
power plants is a long process and is affected by a variety of factors, including national
policies and development costs. The potential of PV power generation was calculated under
different conditions. The total amount of coal combusted and carbon emissions reduced
that are offset by solar power can also be calculated. In this study, the suitability was
assessed by a large time series dataset. The results of PV potential can be applied to each
year. In this section, the recent electricity consumption in 2020 was selected for comparison,
to make the results more convincing. The developmental progress of PV power plants in
the highly suitable areas of Xinjiang was divided into the following four situations: S1:
25%; S2: 50%; S3: 75%; and S4: 100% construction progress (Table 5). In the S1 situation,
the theoretical potential of the annual PV power generation of Xinjiang is approximately
2.14 x 10° GWh. The total electricity consumption of Xinjiang in 2020 was 3.17 x 10° GWh.
Therefore, a progress level of 25% in Xinjiang was fully capable of satisfying Xinjiang’s
annual electricity demand. In terms of PV power generation, 2.14 x 10° GWh of PV power
generation is equivalent to 6.48 x 10% tce of coal combustion for coal-fired power generation.
A reduction of 2.14 x 10° GWh in coal-fired power generation can reduce CO, emissions
by 1.65 x 10° t. In the S2 and S3 situations, the annual PV power generation potential of
Xinjiang could reach 4.28 x 10°® GWh and 6.42 x 10° GWh, respectively. The generation
potential of S2 was about 14 times higher than the 2020 energy consumption levels of
Xinjiang. The generation potential of S3 was about 20 times higher than the 2020 energy
consumption levels. In theory, 1.30 x 10° and 1.94 x 10° tce of coal, and 3.29 x 10° t and
4.94 x 10° t of CO,, could be reduced, respectively. In the situation with fully developed
PV power plants (54), the theoretical potential of annual PV power generation in Xinjiang
was calculated as 8.57 x 10® GWh, which is equivalent to 2.59 x 10? tce of coal; therefore,
6.58 x 10° t of CO, emissions could be reduced. The generation potential of the S4 is about
27 times higher than Xinjiang’s total energy consumption in 2020.
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Table 5. Power generation potential and emission reduction effects.
Situations Area of Highly Theoretical Consumption of Carbon Emissions
Suitable Land (km?) Potential (GWh) Standard Coal (tce) (tCO,)

25% of construction 21,959.454 2,141,305.118 647,744,798.300 1,645,271,788.000

progress
. .

50% of construction 43,918.908 4,282,610.237 1,295,489,597.000 3,290,543,575.000
progress

75% of construction 65,878.361 6,423,915.355 1,943,234,395.000 4,935,815,363.000
progress

100% of construction 87,837.815 8,565,220.473 2,590,979,193.000 6,581,087,151.000
progress

Therefore, the huge potential of PV power generation in Xinjiang (about 8.57 x 10° GWh
per year) is shown in the result. The construction of PV power plants would help a lot in
reducing the consumption of fossil fuels. Additionally, it could provide significant benefits
by reducing CO, emissions. Even if only 25% of PV power plant development is completed,
the potential output would be enough to cover Xinjiang’s annual electricity demand.

4. Discussion

The spatiotemporal variation in solar radiation was explored, to better investigate
the potential of PV power generation. In this study, a longer time scale (1984-2016) was
selected when analyzing the spatiotemporal variations in solar radiation, as the results of
short-term spatiotemporal studies cannot be accurately used to study future trends. In
addition, this study synthesized the solar radiation changes in the whole of Xinjiang, rather
than focusing only on the southern part of the region, where solar radiation is higher. Only
studying higher radiation areas or several cities is not representative. However, the original
resolution of the dataset was 10 km. This dataset needed to be preprocessed before it could
be used to study the spatial distribution of solar resources. The final variations in solar
radiation in this study were less different from the results of Zhang’s study [51]. Solar
radiation in Xinjiang increased from the north to the south, showing the highest value in
the Kunlun Mountains. Compared with the solar radiation in southern Xinjiang, the solar
radiation in northern Xinjiang decreased more obviously. Solar radiation in eastern Xinjiang
was relatively stable. Topography plays a crucial role in meso- and small-scale climate
patterns [52]. Compared to plains, basins, and hills, mountainous areas with complex
topography were more prone to climate change. From 1984 to 2016, the climate of northern
Xinjiang became increasingly humid. In addition, the precipitation in high mountainous
areas increased the most [53]. Increased precipitation led to increased cloud coverage
and water vapor content; thus, solar radiation was reduced. An increase in AOD led to a
decrease in solar radiation; however, AOD did not have as great an effect on solar radiation
as water vapor content in northern Xinjiang, because it is difficult for most of the fine dust
to cross the Tien Shan [54]. Compared with the solar energy resources of other provinces in
China, Xinjiang is one of the richest regions in China in terms of solar energy resources. In
particular, the solar radiation in the south of Xinjiang is similar to that in Tibet [55].

The method used in this study provided a more objective and accurate suitability
assessment of PV power generation in Xinjiang. Previous studies have argued that south-
western Xinjiang, especially the Taklamakan Desert, is more suitable for constructing power
plants [56]. The Taklamakan Desert has the advantages of abundant solar energy resources,
a small population, and a large area [57]. However, only considering the advantages of
regions leads to incomplete conclusions. Before the construction of photovoltaic power
plants, economic costs and the difficulty of maintenance at a later stage need to be consid-
ered. The disadvantages of the Taklamakan Desert are the scarcity of water resources and
the low number of roads. These drawbacks may have an impact on the cost of constructing
the PV power plants in this region. Thus, this study integrated climatic, geographic, and
economic factors. Solar radiation and sunshine duration were climatic factors, essential
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references for the suitability assessment of PV power generation. The DEM and slope were
geographic factors, which greatly limited site selection. Finally, due to the high maintenance
requirements of PV power plants, their distance from roads is an economic factor. With
regard to the range of factors it examined and the suitability assessment results it produced,
this study was more comprehensive and scientific than previous research. In addition, most
studies used only one year of data for the suitability assessment. Data for one year cannot
fully represent the long-term situation in an area. The averages of multi-time scales for
solar radiation and sunshine duration were selected as the assessment criteria, to ensure a
longer validity period for the assessment results of this study.

The investment in PV power is huge [58]. It is possible to divide the highly suitable
area into different parts; for example, according to the results, Hami and Turpan had larger
highly suitable areas because of their rich and stable solar resources. Hami and Turpan
are therefore recommended as priority development zones for harnessing solar energy via
photovoltaic systems. Adjusting power loads can reduce the costs of operation by reducing
the failure rate of PV plants [59]. The development of PV power generation can also
promote the economic development of Xinjiang [58]. Therefore, it is feasible to gradually
develop PV power generation, in terms of investment in Xinjiang. The population of
Xinjiang is not sporadically distributed [60]; therefore, the impact of PV power generation
on communities can be reduced by selecting bare land with low population densities in
Hami and Turpan. Xinjiang lacks water resources and its available water resources are
spatially unevenly distributed [61]. Similarly, choosing a region far away from the bodies
of water in Hami and Turpan in which to build PV power plants could reduce the impact
on water resources.

The study’s findings indicated areas with significant potential performance for PV
power generation. The development of PV power generation is beneficial to the reduction
in CO, emissions. However, there are still some issues that need to be solved. For instance,
the establishment of the power grid plays an important role in the storage, transportation,
and distribution of electricity. According to the Xinjiang Statistical Yearbook, the amount of
power generated in 2020 was 4.12 x 10> GWh, and total electricity consumption in 2020
reached 3.17 x 10° GWh. Xinjiang’s PV power generation in 2020 was 1.57 x 10* GWh.
Based on the results of other PV potential studies in China [19,35], it can be concluded
that the PV potential in Xinjiang calculated in this study was reasonable. The problem
of an electricity surplus is obvious, previous studies also show that the phenomenon of
abandoned PV rates in Xinjiang is serious [62]; electricity transmission over long distances
faces challenges of electricity losses. Alternatively, we could use the Power-to-Gas (PtG)
processes used in Poland and Germany [63]. PtG processes can effectively reduce power
waste. The amount of coal-fired power generated in Xinjiang in 2020 was 3.26 x 10> GWh.
Currently, coal-fired power generation is still the dominant form of power generation be-
cause it is the most stable form of power generation. The potential of PV power generation
is random, however, as climate factors can easily affect its efficiency; therefore, PV power
generation cannot completely replace thermal power generation. Only a part of the fossil
fuel power generation can be gradually replaced, and this requires more time. For areas
where coal-fired power generation is the main source of energy, inadequate power reserves
may lead to threats to the safety of electricity. Power delivery technology also requires
modernization to protect the power plants and electricity grids [59]. Furthermore, improve-
ments in the storage and transportation of electricity could increase the local income from
PV plants [62]. Thus, it is relevant to resolve the problems of the surplus, shortage, and
deployment of electricity.

Accelerating the development of PV power generation and reducing the use of fossil
fuels is an effective approach to promoting green and low-carbon development. In addition,
studying the spatiotemporal variation in solar radiation and the potential assessment of PV
power generation contributes toward the goals of ‘carbon peak” and ‘carbon neutrality’.
This study used its results to recommend developing PV power generation in Xinjiang and
reducing the use of fossil fuels and CO, emissions, based on the good solar resources and
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geographical conditions of Xinjiang. It is expected that the electricity generated by the PV
power plants in Xinjiang will be popularized in Xinjiang and other provinces in eastern
China. According to the study’s findings, PV power generation in Hami and Turpan should
be actively developed. The highly suitable areas in these two regions will bring great
benefits if they are completely constructed as PV power plants. However, this study has
some shortcomings, such as the late introduction of an idea for technological innovations.
Also, PV power generation does not fully represent a new energy source; there is not
enough research on wind power, for example. A further study of the shortcomings will
help Xinjiang to increase the feasibility of the development of new energy sources.

5. Conclusions

The main purpose of this study was to analyze the spatiotemporal variation in Xin-
jlang’s solar radiation levels and estimate the suitability and potential of PV power genera-
tion in Xinjiang. The main findings of this study were as follows:

(1) The solar radiation in Xinjiang decreased from 1984 to 2002, increased from 2002 to
2009, and decreased from 2009 to 2016. More than half of the area’s overall radiation
has increased. Additionally, over 90% of future trends in Xinjiang were similar to
past trends. In terms of spatial distribution, solar radiation was lower in northern
Xinjiang and higher in southern Xinjiang. Furthermore, solar radiation levels in
eastern Xinjiang were relatively stable.

(2) The highly suitable area in Xinjiang for PV power generation totaled approximately
87,837 km?2, which accounted for 10.63% of the assessment area. The potential of PV
power generation in a highly suitable area was 8.57 x 10° GWh, which was lower
than in a suitable or moderately suitable area, but higher than in a marginally suitable
or not suitable area. The highly suitable areas were mainly concentrated in eastern
Xinjiang. Areas with low suitability scores were mostly in the Kunlun Mountains, the
Tien Shan, and the Altai Mountains.

(3) The theoretical PV power generation after 25% development progress in the highly
suitable areas is high enough to supply enough power to fulfill the annual consump-
tion of electricity in Xinjiang. In the situation where the construction of PV power
plants is fully developed, the theoretical potential of annual PV power generation in
Xinjiang would be approximately 8.57 x 10° GWh, which is equivalent to 2.59 x 10° t
of coal. Moreover, 6.58 x 10? t of CO, emissions could be reduced.
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