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With the rapid development of the photovoltaic (PV) industry, the problem of the
blind construction of PV power plants is becoming increasingly prominent. Thus,
the scientific evaluation of the suitability of regional PV products, power
generation potential, and emission reduction benefits is of great significance to
the sustainable development of the PV industry. In this study, geographic
information sensing and multi-criteria decision making methods are to be
combined to calculate a PV development suitability index based on
meteorology, topography, location, and vegetation to characterize the spatial
patterns of the PV development in the Inner Mongolia Autonomous Region.
Subsequently, the power generation potential and emission reduction benefits
under different development scenarios were quantitatively assessed. The
particularly suitable, and more suitable areas for the PV development in the
Inner Mongolia Autonomous Region are 23.66% of the total area. Among
these, the more suitable areas are the most extensive. The suitability of PV
development in the western part of the Inner Mongolia Autonomous Region is
more than that in the central and eastern parts. The suitable areas are mainly
distributed in the Alashan League and Bayannur City in the west. Thus, the Inner
Mongolia Autonomous Region has enormous potential for electricity generation.
The development of 12.57% of the particularly suitable areas can meet the
electricity consumption of the Inner Mongolia Autonomous Region in 2021.
Moreover, sensitivity analysis is conducted to investigate the impacts of system
efficiency variation on energy output. The distribution of the power generation
potential and electricity demand in the Inner Mongolia Autonomous Region has
robust spatial heterogeneity. PV power generation can achieve remarkable energy
saving and emission reduction. If all particularly suitable areas are developed, the
annual carbon emission reduction of the Inner Mongolia Autonomous Region will
be approximately 2,446,621,000 t, which is 4.46 times the total carbon emission
of the Autonomous Region and 21.2% of the total carbon emission of China in
2021. Therefore, this study provides a scientific reference and guide for selecting
suitable sites for PV power plants and their sustainable development in the Inner
Mongolia Autonomous Region.
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1 Introduction

1.1 Importance of PV development suitability
evaluation

With the dual challenge of global carbon emission reduction
and the energy crisis, establishing an energy system with
renewable energy is vital to solving these problems (Ren
et al., 2020). Compared to other renewable energy sources,
solar energy has the advantages of wide distribution, local
availability, absence of transportation, and low environmental
impact (Shukla et al., 2022). Photovoltaic (PV) power generation
is one of the main methods for using solar energy. The
development of PV power plants is essential for global carbon
emission reduction and ecological improvement (Guo et al,
2023). The evaluation of the suitability of regional PV
development is a prerequisite for the development and use of
solar resources, which is essential to ensuring the economic
benefits and scientific development of solar PV projects (Hofer
et al.,, 2016).

1.2 Methods for evaluating the suitability of
PV development

With the development and popularity of geo-information
technology, some researchers have combined geo-information
technology with multi-criteria decision making (MCDM) methods
to address the siting and generation potential of PV plants
(Giamalaki and Tsoutsos, 2019). For example, the combination of
geographic information sensing (GIS) with an analysis hierarchical
process (AHP) can identify the optimal sites for PV and concentrating
solar power plants, and the power generation potential of significant
sites was evaluated based on the selected evaluation factors, such as
climate, topography, water sources, and road networks, using the
Ningxia Hui Autonomous Region of China as an example (Sun
et al, 2021). With the combination of fuzzy logic and AHP, the
suitability of the PV development in Khuzestan Province, Iran was
studied by selecting climatic, topographical, and economic indicators,
and using GIS to determine the optimal site for PV power plants
(Noorollahi et al., 2022). Using AHP to determine the weights of the
suitability evaluation indicators, such as solar radiation and topography,
the suitability of the PV development in Kuwait was assessed through
GIS, and the PV power generation potential in the particularly suitable
areas was evaluated (Rawa et al., 2021). GIS tools were used to analyze
the sites for PV development in China with topography and solar
radiation as indicators, and the solar potential was calculated based on
geographical, technical, and economic aspects (Zhang et al, 2020).
There are fewer studies on the analysis of PV generation potential and
energy demand. Some scholars have conducted a spatial analysis of
generation potential and electricity demand by overlaying night-time
lighting data with generation potential. For example, the relationship
between electricity demand and PV generation potential in India was
analyzed using night-time light data (Tripathy B R, 2018).
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1.3 Shortcomings of current methods for
evaluating the suitability of PV development

Combining GIS and MCDM methods is a viable method for
analyzing the location and generation potential of PV developments
(Alami Merrouni et al, 2018a). However, the selection and
classification of suitability evaluation indicators in previous
studies need to be improved. Existing studies have focused on
meteorology, topography (Sun et al., 2013; Elboshy et al., 2022),
and location in selecting suitability evaluation indicators, whereas
the vegetation, rivers, and distance to protected areas are rarely
incorporated as evaluation indicators. In addition, most existing
studies have assessed the potential of PV power generation in the
study area (Aboelmaaref et al., 2020; Nyimbili and Erden, 2020).
However, PV development is influenced by many factors and is
subject to a gradual process, and there is a lack of assessment of
the potential and emission reduction benefits of PV power
generation from the perspective of different development
intensities. In terms of the analysis of PV power generation
potential and electricity demand, the research is mainly based
on the spatial analysis of power generation potential and
electricity demand through the superimposition of nighttime
lighting data and power generation potential. The night-time
light data can reflect the regional electricity demand to a certain
extent, but it does not represent the regional electricity demand
completely accurately, and the accuracy and reliability of the
analysis of PV power generation potential and electricity demand
need to be improved.

1.4 Optimisation methods for suitability
evaluation of PV development

This study combines the GIS-MCDM method with meteorological,
topographical, vegetation, location, vegetation, river, and protected area
evaluation indicators to create a PV development suitability evaluation
index system, making the suitability evaluation results more accurate
(Springer and Thomas, 2013; Hermoso et al,, 2023). It is applied in the
Inner Mongolia Autonomous Region, China to provide more insights
into local solar energy development and assist decision makers with site
selection in practice. Secondly, this study assesses the PV power potential
at different development ratios and also conducts a sensitivity analysis to
explore the impact of efficiency changes on the estimated PV power
potential, which is more in line with the scenario of PV development in
practice. In addition, based on the government statistics of the whole
society’s electricity consumption data, this study makes a comparative
analysis of PV power generation potential and electricity demand from
the perspective of the whole society’s electricity consumption, which
makes the analysis results more accurate and credible and provides
strong support for the adjustment of energy structure and reasonable
development of PV industry in Inner Mongolia Autonomous Region.
The obtained results can facilitate decision making on the strategic
planning of solar energy and attract investment in relevant energy
infrastructure (Lee et al., 2018; Mitra et al., 2022).
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2 Data sources and study area
2.1 Data sources

1) Remote sensing data. The overall horizontal irradiation data were
derived from multi-year averages from Global Solar Atlas v2.8
(https:/globalsolaratlas.info/), regarding (Sun et al, 2021). The
solar radiation data for the Inner Mongolia Autonomous Region
were obtained by cropping by mask extraction from the Boundary of
Inner Mongolia Autonomous Region Administrative Region and GIS
Spatial Analysis Tool. The normalized difference vegetation index
(NDVI) data were obtained from the MODISMODI13A1 product
released by the National Aeronautics and Space Administration
(https://www.nasa.gov/) with a temporal resolution of 16 days and
spatial distribution of 500 m. The data used in this study are averages
from 2012 to 2022. The land use type data was sourced from
Globeland30 (2020 version) (http://www.globallandcover.com/),
which is a global land cover database, at a spatial resolution of
30 m. The data was divided into ten land types, such as grassland
arable land, and water bodies. Referring to Hassaan et al. (2021) study,
the land use type data of the Inner Mongolia Autonomous Region
were obtained by cropping the administrative boundaries of the Inner
Mongolia Autonomous Region and the mask extraction function of
the GIS spatial analysis tool. It was also divided into two categories,
restricted and unrestricted areas, and the restricted areas were
excluded.

2) Meteorological data. The China Meteorological Data Sharing
Service network (http://data.cma.cn/) was used to obtain the
daily temperature, precipitation, wind speed, and sunshine hours
for 45 meteorological stations in the Inner Mongolia
Autonomous Region. The data used in this study are averages
from 2012 to 2022. Referring to (David et al, 2000), the
temperatures were spatially interpolated using the SPLINA
module of the Anusplin software. The parameter SIGNAL is
18.5, which is less than half of the interpolation number of
meteorological station points, proving that the interpolation
method is feasible. Precipitation, wind speed, and sunshine
hours were spatially interpolated in Lee (2022) study using
the Kriging method of interpolation analysis in the GIS
spatial analysis tool.

3) Basic geographic element data. The data on the roads, settlements,
protected areas, rivers, and administrative boundaries were derived
from the 1:1 million national primary geographic databases (https://
www.webmap.cn/). Referring to (Kocabaldir and Yucel, 2023), the
corresponding layers were obtained through Euclidean distance
analysis in the GIS spatial analysis tool distance analysis.

4) Topographic data. Digital elevation model data were obtained
from the Geospatial Data Cloud Platform (https://www.gscloud.
cn/) at a spatial resolution of 90 m. Slope and slope direction data
were generated using slope and slope direction analyses for
surface analysis in the GIS spatial analysis tool, according to
(Grenon and Laflamme, 2011).

5) Socio-economic data. 2021 social electricity consumption by all
municipalities in the Inner Mongolia Autonomous Region is
from the Inner Mongolia Statistical Yearbook (2022) published
by the Statistics Bureau of the Inner Mongolia Autonomous
Region (http://tjnmg.gov.cn/). Data on China’s average coal
consumption for electricity supply, total carbon emissions,
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and unit emission reductions in 2021 are from the China
Statistical Yearbook (2022) published by the China Statistical
Bureau (http://www.stats.gov.cn/).

All data used in this study have undergone projection
transformation, shearing, and resampling (Almasad et al., 2023).
The coordinate system is WGS_1984_UTM_zone_50N with a
uniform spatial resolution of 500 m x 500 m. All the above
various variables with different natures influence the site
selection for solar power plant installation simultaneously. To
avoid overlap and bias in the assessment results due to
uncertainty in the data, standardization was carried out by
classifying each type of data into 10 categories using the natural
breakpoint method of GIS. The cell values of the input rasters were
sorted and reclassified according to a common hierarchical scale
(from 1 to 10), and Table 1 shows the grading criteria for PV
suitability assessment and their reclassification scores. The natural
breakpoint method is a classification method that comes with GIS
and mainly uses the idea of clustering to maximize the similarity
within each group and the dissimilarity between external groups.
The natural breakpoint method will also take into account the range
and number of elements between each group as similar as possible,
avoiding the subjectivity brought by artificial classification.

2.2 Overview of the study area

The Inner Mongolia Autonomous Region is located in northern
China with the geographical coordinates of 37°24'to 53°23'north
latitude and 97°12'to 126°04’east longitude. It has a total regional
area of 118.3 km* and a population of approximately 24,012,000,
including 12 league cities, such as Hohhot, Baotou, and Erdos. It is
separated into three regions, namely, western (Baotou, Erdos,
Wuhai, Bayannur, and Alashan League), central (Hohhot,
Ulanqgab, and Xilingol League), and eastern (Chifeng, Tongliao,
and Hulunbeier). Its average altitude is 1,800 m above sea level
(Figure 1A). There are eight types of land use in the Autonomous
Region, including grassland, arable land, and forest (Figure 1B). The
Inner Mongolia Autonomous Region has a temperate continental
climate with abundant sunshine and low precipitation (Zhao et al.,
2022; Wang et al., 2023a).

2.3 Analysis of the solar resources in the
study area

The multiyear solar radiation averages in the Inner Mongolia
Autonomous Region range from 1,021.27 to 1,822.445 kWh/m’
(Figure 2A) for all leagues and cities. The amount of solar
radiation in the western part of the Inner Mongolia Autonomous
Region is higher than that in the eastern part with Alashan League
having the largest annual radiation output of approximately
1,820 kWh/m®. The solar energy resources in the Inner Mongolia
Autonomous Region are divided following the solar energy resource
criteria in the meteorological industry standard of the People’s
Republic of China (Solar Energy Resource Assessment Standard
for Grid-connected Photovoltaic Power Plants; QX/T89-2008)
issued by the China Meteorological Administration (https://www.
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TABLE 1 Evaluation criteria and their reclassification with the corresponding scores.

Tier Secondary  Value score
1 indicators  indicators
10
Solar radiation 1,734.47-1,822.45 1,674.62-1,734.47 1,611.94-1,674.62 1,552.24-1,611.94 1,505.11-1,552.24 1,448.54-1,505.11 1,388.86-1,448.54 1,335.43-1,388.86 1,275.74-1,335.43 1,021.27-1,275.74
(kWh/miyear)
Sunshine hours 3,105.62-3,144.97 3,042.66-3,105.62 2,985.60-3,042.66 2,936.41-2,985.60 2,891.16-2,936.41 2,843.94-2,891.16 2,796.71-2,843.94 2,739.65-2,796.71 2,682.59-2,739.65 2,643.24-2,682.59
(h/year)
Temperatures -1.60-0.3 —-0.32-1.06 1.06-2.29 2.29-3.67 3.67-4.95 4.95-6.01 6.01-7.21 7.21-8.10 8.10-9.28 9.28-10.95
Meteorology o
()
Precipitation 95.88-149.68 149.68-203.49 203.49-257.29 257.29-311.09 311.09-364.90 364.90-418.70 418.70-472.51 472.51-526.31 526.31-580.11 580.11-633.91
(mm)
Wind speed 2.08-2.47 2.47-2.81 2.81-3.08 3.08-3.37 3.37-3.74 3.74-4.25 4.25-4.81 4.81-5.33 5.33-5.73 5.73-6.20
(m/s)
Slope (°) 0-1.64 1.64-4.10 4.10-7.11 7.11-10.13 10.13-13.1 13.1-16.4 16.4-19.9 19.9-24.0 24.0-30.1 30.1-69.7
Terrain
Slope 157-202 202-247.5 112.5-157 67.5-112.5 247.5-252 0-10 10-22.5 22.5-67.5 252-337 337-360
direction (°)
Road 0-2,718.07 2,718.07-6,251.57 6,251.57-10,056.87 10,056.87-14,405.79 = 14,405.79-20,385.56 20,385.56-27,180.74 27,180.74-34,519.54 34,519.54-43,217.38 | 43,217.38-53274.25 53,274.25-69,310.89
distance(m)
Settlement 0-25,519.98 25,519.98-45,935.57 = 45,935.57-66,351.96 | 66,351.96-88,043.94 = 88,043.94-111,011.93 111,011.93-136,531.91 136,531.91-167,155.9 167,155.9-201,607.9 | 201,607.9-238,611.8 238,611.8-325,379.8
distance(m)
Location

River 0-10,316.03 10,316.03-19,600.47 = 19,600.47-28,884.90 = 28,884.90-38,685.14 = 38,685.14-49,001.17 49,001.17-59,833.01 59,833.01-71,696.46 71,696.46-85,107.30 | 85,107.30-101,097.16 = 101,097.16-131,529.5
distance(m)
Protected area 244,239.5-331,282.3 | 179,769.4-244,239.5 = 164,991.6-198,769.4 = 137,709.5-164,991.6 = 111,726.59-137,709.5 | 87,042.81-11,1726.59 63,658.18-87,042.81 41,572.69-63,658.18 | 18,188.05-41,572.69 0-18,188.05
distance(m)

Vegetation NDVI 0-0.1 0.1-0.17 0.17-0.26 0.26-0.35 0.35-0.44 0.44-0.53 0.53-0.63 0.63-0.74 0.74-0.84 0.84-0.92
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Overview of the study area. (A) Distribution of elevations and meteorological stations in the study area, (B) Land use.
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Distribution of solar resources in the study area. (A) Spatial distribution of total solar radiation, (B) Distribution of solar resource abundance, (C)
Distribution of days with > 6 h of sunshine, (D) Stable distribution of solar resources.

TABLE 2 Classification of solar resource abundance.

Total annual radiation exposure/(kWh/m?) Grading Classification number
>1,750 Richest |
[1, 400, 1,750) Very rich 1l
[1,050, 1,400) Richer 1
<1,050 General \%

cma.gov.cn/) (Table 2). The results are shown in Figure 2B. Most of
the leagues and cities in the autonomous region are rich in resources
with Hulunbeier among the more resource-rich regions and Alashan
League as the most resource-rich region. The distribution of days
with sunshine hours of >6h in the Inner Mongolia Autonomous
Region is shown in Figure 2C. The highest number of days is
distributed in the Alashan League and Chifeng City, and the
lowest number of days is distributed in Hulunbeier City. The
distribution of solar stability within the Autonomous Region is
shown in Figure 2D, in which minimal variations are noted
between the leagues and cities; all of which belong to areas

Frontiers in Energy Research

TABLE 3 Classification of solar resource stability.

Solar resource stability indicator Stability

<2 Stable

[2, 4] More stable

>4 Unstable

with stable solar resources according to the classification
criteria of China (Table 3). The ratio between the maximum
and minimum number of days with >6 h of sunshine per month
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was used to assess the stability of solar resources; the lower the
ratio, the more stable the solar resources are. With a cumulative
installed PV capacity of 15.508 million kW and a new installed
capacity of 1.444 million kW in 2022, the Inner Mongolia
Autonomous Region is the largest new energy base in China
and the first batch of national comprehensive renewable energy
demonstration zones (Xu et al., 2020) with a huge potential for
PV development.

3 Research process and methodology
headings

3.1 Technical lines of research

This study combined GIS with the MCDM method to evaluate
the suitability of PV development in the Inner Mongolia
Autonomous Region (Ouchani et al., 2021). The flow of this
study is shown in Figure 3, and the research process is divided
into three steps. Firstly, the basic overview of the Inner Mongolia
Autonomous Region and its solar energy resources were analyzed.
Restricted areas, such as protected, built-up, and water areas, are
unsuitable for the construction of PV plants; thus, they were
excluded. By selecting four primary and 12 secondary indicators,
the suitability evaluation index system for PV development was
constructed. The suitability evaluation was carried out on the
areas. Based on the evaluation results, the sites were classified into
five categories, namely, unsuitable, less suitable, suitable, more
suitable, and particularly suitable, and their spatial distribution
characteristics were obtained. Finally, the PV power generation
potential and emission reduction benefits in the Inner Mongolia
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Autonomous Region under different development intensities
were estimated considering the power generation efficiency and
loss rate of the PV panels.

3.2 Screening of the restricted areas

The sites that are unsuitable for constructing PV plants are
restricted areas owing to topographical and legal factors (Dawson
and Schlyter, 2012). These sites in the Inner Mongolia Autonomous
Region were classified into three categories: protected areas, land
cover areas, and water areas.

3.2.1 Protected areas

Protected areas are divided into three main land types:
forests, grasslands, and shrublands. Cutting down the trees
and foliage in the woodlands and shrublands in the Inner
Mongolia Autonomous Region to create solar power facilities
is legally prohibited to maintain biodiversity and prevent land
degradation (Borawski et al., 2023). The Inner Mongolia
Autonomous Region has a well-developed livestock industry,
which occupies an important position in its economic and
social development. The grasslands are the basis for the
development of livestock farming; thus, it is unsuitable for
constructing PV power plants.

3.2.2 Land cover area

The land cover area mainly includes two types of land,
construction, and arable lands. Construction land is specifically
allocated for urban residents, transport facilities, and industrial
and mining. Arable land refers to agricultural land. These land
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types are not suitable for building PV power plants and are excluded
in this work as restricted areas (Ziuku et al., 2014).

3.2.3 Water area

Water areas include two main types of land use: water bodies,
which include rivers, lakes, and reservoirs, and wetlands, which are
land with shallow water and excessively wet soil in the border zone
between land and water. Neither the water bodies nor the wetlands
are suitable for constructing PV plants (Shriki et al., 2023).

3.3 Analysis of the selection of evaluation
indicators

The suitability evaluation of PV power plants needs to consider
the influence of multiple factors (Charabi and Gastli, 2011; Alami
Merrouni et al., 2016; Avenel et al., 2018). Meteorology, topography,
location, and vegetation were chosen as the primary indicators based
on the relevant research literature and characteristics of the
development of the Inner Mongolia Autonomous Region
(Magalhdes et al, 2020; Raza et al, 2023). The four primary
indicators were further divided into 12 secondary indicators to
establish a suitability evaluation index system to assess the
suitability of the PV development in the Inner Mongolia
Autonomous Region.

The meteorological indicators include five secondary indicators,
namely, solar radiation, sunshine hours, temperature, precipitation,
and wind speed. The amount of solar radiation is the most critical
indicator for the suitability assessment because it directly affects the
amount of electricity generated by PV panels. The number of
sunshine hours affects the stability of the PV power generation
(Schmitter et al., 2018). Temperature and precipitation affect the
stability of solar resources and consequently, the efficiency of the PV
power generation. Wind speed mainly affects the safety of the PV
panels. Excessively high wind speed can damage the PV panels, and
increase the operation and maintenance costs (Md Khairi et al,
2022).

The terrain indicators include two secondary indicators: slope
and aspect. The pitch and direction of the slope affect the solar
radiation intensity and sunshine hours. As the Inner Mongolia
Autonomous Region is located in the northern hemisphere, the
solar radiation in the southern direction and plane is higher. As the
slope increases, the difficulty and cost of constructing PV power
plants increase.

The location indicators include the road network, settlement,
river, and protected area distances. The proximity to the road
network reduces the cost of the initial construction, transport,
operation, and maintenance (Dziku¢ et al, 2022). In particular,
proximity to the population, which is the electricity consumer
market, reduces transport costs and electricity losses through the
grid. As the Inner Mongolia Autonomous Region has dusty weather
in spring, proximity to rivers allows easy cleaning of the dust and
sand on PV panels.

As an important ecological barrier in northern China and a
tourist destination in the north, the Inner Mongolia Autonomous
Region has 216 nature reserves, which should be avoided during the
construction of PV power plants (Broisch et al., 2014). NDVI is a
secondary indicator of vegetation cover. NDVI ranges between [-1,
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1], and its magnitude represents the vegetation cover of the area,
with NDVI <0 representing no vegetation cover and NDVI of
1 indicating high vegetation cover. PV plants should be built in
areas with low vegetation cover to protect the ecological diversity of
the Inner Mongolia Autonomous Region (Maraj et al., 2022).

3.4 Research methodology

3.4.1 MCDM method and AHP for determining
indicator weights

This study used AHP, which is a standard method used in
MCDM, to determine the weights of the evaluation indicators
(Alami Merrouni et al., 2018). MCDM methods can be divided
into multi-objective decision making (MODM) and multi-attribute
decision making (MADM). MADM addresses a discrete domain of
alternatives, whereas MODM addresses the continuous occupation
of other options. AHP is a MADM method developed by Saaty (Al
Garni and Awasthi, 2017).

The AHP divides the problem into several levels, which are
further divided into several indicators (Tennakoon et al., 2023). The
importance of an indicator is compared two by two using a nine-
level scale to evaluate the weight of each indicator. Where 1 means
equal importance and 9 extremely higher importance of one
criterion compared to another. Generate a two-by-two
comparison matrix based on the expert’s judgment. If there are n
indicators at a level, a judgment matrix P. is constructed, as follows:

1 Py - Py
Py Py - Py, Ly o,
Py Py - Py, Py
P=(Py),,=| . N W
Pnl PnZ Pnn 1 2
= .1
pnl PnZ

where P;; is the importance of the i-th indicator compared to the j-th

indicator, Pj.= Pi (4,j=1,2,...,n),nis the number of indicators,

and if i = j, P, = Py,

The matrix P was normalized by adding the values of each
column of matrix P and then dividing each item by the sum of its
column. Finally, the normalized matrix was averaged over the
rows to obtain the relative weights. Solving for the maximum
eigenvalue and eigenvector of a matrix by the eigenvalue method
(Ali et al., 2023), the maximum eigenvalue A, = 12.0155 was
determined. To ensure the consistency of expert judgments, the
following formula is required to test the consistency of the
judgment matrix:

I

CR=—
RI

(2)
where:

o 3)
n-1
Where CR is the consistency ratio (if CR < 0.1, the consistency
test is passed; otherwise, the judgment matrix has to be revised); Rl is
the random consistency index (Table 4); and A, is the maximum
eigenvalue.
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1.32 141 1.45 1.49 1.54

TABLE 5 PV development suitability evaluation indicators and weights.

Target level Tier 1 indicators  Weighting Secondary Reference Weighting
indicators
Solar radiation Alami Merrouni et al. (2018b), Raza et al. (2023) 0.51
Sunshine hours Noorollahi et al. (2022), Ali et al. (2023) 0.26
Meteorology 0.55 Temperatures Elboshy et al. (2022) 0.1
Precipitation Elboshy et al. (2022), Noorollahi et al. (2022) 0.08
Wind speed Villacreses et al. (2022) 0.05
Slope Sun et al. (2021) 0.66
Photovoltai Terrain 0.14
otovoltaic Slope direction Hassaan et al. (2021) 0.34
development
Road distance Albraheem and Alabdulkarim (2021) 0.28
Settlement distance Alami Merrouni et al. (2018b), Nyimbili and Erden 0.5
(2020)
Location 0.23
River distance Al Garni and Awasthi (2017), Alami Merrouni et al. 0.07
(2018a)
Protected area distance Elboshy et al. (2022), Ali et al. (2023) 0.15
Vegetation 0.08 NDVI Tennakoon et al. (2023) 1

In this study, by consulting five experts in the field of solar energy,
each expert compared the importance of the 12 secondary evaluation
indicators two by two by reviewing the literature, constructed a 12-order
judgment matrix, determined the importance of each secondary
indicator, and finally obtained the final weights of each indicator by
calculation (Table 5). The CR index values of the judgment matrix of the
five experts were 0.00091, 0.00089, 0.00096, 0.00072, and 0.00069, and
the results are less than 0.1, indicating that the results are acceptable. As
can be seen, the meteorological indicators have the greatest weight, as
radiation is the most important factor influencing the potential of PV
power generation, which is a decisive factor in the siting of PV plants.
Location is the second most important indicator, indicating a preference
for building PV plants close to road networks and electricity
electricity

consumption markets to reduce construction and

transportation costs later on.

3.4.2 PV development suitability calculations

The suitability evaluation indicators are divided into ten levels
according to the equal interval distance method. The larger the value
of the enormous indicators, including the solar radiation, sunshine
hours, and distance to protected areas, the higher the level is; the
opposite is true for the small indicators, including the slope,
precipitation, temperature, wind speed, and distance to settlements,
rivers, and roads. The slope direction is an interval indicator with the
highest grading in the south and plane directions and the lowest
grading in the north. The suitability index was calculated using the
weights of the primary and secondary indicators. The level of the
graded secondary indicators was obtained as follows:
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(4)

Si=i|:W

r=1

r X z (er X Crl)]
=1

where Si is the PV development suitability index, W, is the weight of the
r-th level indicator (r = 1, 2, 3, 4), W,, is the weight of the 1-th secondary
indicator under the r-th primary indicator (=1, 2, 3, ..., s); s is the
number of secondary indicators under the r-th level indicator; C,; is the
number of levels of the I-th post-grading level 2 indicator under the r-th
level 1 indicator.

3.4.3 PV power potential assessment

The assessment of the PV power generation potential is essential to
the feasibility study of PV power plant projects. Solar energy must be
transformed into the total energy output to determine the PV power
generation capacity. The type of PV panel is the main factor of the overall
energy output efficiency (Chen et al,, 2023). Various types of solar panels
are available in the market, including monocrystalline silicon,
polycrystalline silicon, and amorphous silicon as the main varieties.
In this study, the polycrystalline silicon PV panels, which are the most
widely used, were considered in calculating the potential for PV power
generation with an energy conversion efficiency of 16.5% (Wang et al,,
2022). In recent years, a high degree of PV development in the Inner
Mongolia Autonomous Region has resulted in a certain amount of light
abandonment, and to improve the accuracy of the PV power generation
potential assessment, the influence of the light abandonment rate on the
PV power generation potential is considered. The influencing factors of
total annual solar radiation per unit area, area suitable for PV power
plants, area coefficient of receiving solar radiation, and power generation
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TABLE 6 Parameter settings for the PV power potential assessment.

EEIEINEEH Setting basis Parameter values
AF PV power station on-site inspection 0.35
ASR Average solar radiation 1,421.8575
PE Polycrystalline silicon panels Power Generation Conversion Rate 16.5%
LO Reference (Li et al., 2020) 7.5%
AP National Center for Renewable Energy 4%
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FIGURE 4

Classification of the secondary indicators for the PV development suitability assessment. (A) Solar radiation classification, (B) Sunshine hours
classification, (C) Temperature classification, (D) Precipitation classification, (E) Road distance classification, (F) River distance classification, (G)
Settlement distance classification, (H) Protected area distance classification, (I) Wind speed classification, (3) Garding of slopes, (K) Slop grading, (L) NDVI

grading.

loss rate coefficient also affect PV power generation potential (Narvaez
et al,, 2022). Considering all these influencing factors, the PV power
generation potential is calculated as follows:

SEGP =SA X AF Xx ASR x PE x (1-LO) x (1-AP) (5)

where SEGP is the PV power generation potential, kWh; SA is the area
suitable for the construction of PV power plants, m* AF is the area
coefficient of receiving solar radiation, which is equal to 0.35 in this
study according to the actual research of PV power station in Dalat
Banner, Ordos City; ASR is the total annual solar radiation per unit
area, KWh/m?; PE is the power generation efficiency of PV panels; LO
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is the power generation loss rate, which is equal to 7.5% in this study
regarding Li et al; and AP is the light abandonment rate. The specific
parameter values and setting criteria are shown in Table 6.

It is worth noticing that the materials and technologies also
affect the efficiency of solar power generation. Currently, the
conversion efficiency of polycrystalline silicon cells is in the
range of 16%-22.8% (Yang and Wang, 2022). Considering future
improvements in PV technology and referring to (Noorollahi et al.,
2022). This study analyses the sensitivity of the power generation
potential for four scenarios with power generation efficiencies of
16.5%, 18%, 21%, and 24% respectively.
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4 Results and discussion

4.1 Grading and distribution pattern of the
evaluation indicators

The Inner Mongolia Autonomous Region has a high solar radiation
grade (Figure 4A), with the western grade higher than the eastern grade.
The areas with the highest grades are in the western portion, including
the Alashan League and Bayannur City, and the areas with the lower
grades are primarily in the east at the Hulunbeier City. For the sunshine
hour, the areas with higher grades (Figure 4B) are primarily in Alashan
and Chifeng, and the areas with lower grades are mainly in Hulunbeier.
For the temperature, the areas with lower grades (Figure 4C) are
primarily concentrated in the southern parts of the Alashan League,
Wuhai City, and Ordos City, and the areas with higher grades are
mainly focused on the northern part of Hulunbeier City. The
precipitation grading (Figure 4D) increases from the eastern to the
western part of the Inner Mongolia Autonomous Region, with the
highest grading in the Alashan League and the lowest in Hulunbeier
City. The most inadequate grading for the road distance (Figure 4E),
river distance (Figure 4F), and residential distance (Figure 4G) are in a
small part of the Alashan League, with the rest of the region having
higher grades. The higher distance grade of the protected areas
(Figure 4H) is minimal, and mainly in the northern areas of the
central and western parts of the Inner Mongolia Autonomous
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Region, with the rest of the area generally having a lower grade. The
areas with higher wind speed classification (Figure 4I) are mainly
located in the northeastern part of Baotou, Ordos, Hohhot, and
Hulunbeier, whereas those with the lower category are primarily in
the western part of the Alashan League. The areas with the lower slope
grading (Figure 4]) are mainly located in the west of Hulunbeier City,
Tongliao City, Xing'an League, Baotou City, and some areas in Erdos
City. Other regions have high grades with minimal variations.

The slope grades (Figure 4K) are higher in the southern and
planar directions, and lower in the northern border. The NDVI
classification (Figure 41) exhibits a decreasing trend from the west to
the east of the Inner Mongolia Autonomous Region with the highest
classification in the Alashan League and the lowest in Hulunbeier
City. Overall, the spatial distribution characteristics of the suitability
evaluation secondary indicators vary significantly.

4.2 PV development suitability analysis

After excluding the restricted areas, the areas assessed for suitability
for PV development account for 24.24% of the total Inner Mongolia
Autonomous Region area. The PV development suitability index ranges
between [5.223, 9.213] and is divided into five categories according to the
primary method (Figure 5) unsuitable [5.223, 6.021), less suitable [6.021,
6.819), suitable [6.819, 7.517), more suitable [7.517, 8.415), and
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TABLE 7 Land area of different suitability in the Inner Mongolia Autonomous Region.

City Land Area (km?) particularly suitable area  More suitable area ~ Suitable area  Less suitable area  Unsuitable area
Alxa League 39,438.75 155,277.57 27,985.94 192.90 0
Bayan Nur 9,395.69 16,386.60 283.85 57.91 0
Baotou 0 377.99 631.88 0 0
Chifeng 1,350.10 0 1,924.86 884.82 82.40
Ordos 0 7,740.21 4,484.42 0 0
Hohhot 0 0 102.25 0 0
Hulunbeier 0 0 312.45 2,698.23 231.62
Tongliao 0 0 17391 926.48 220.17
Wuhai 0 85.32 57.91 0 0
Ulaanchabu 0 1,493.56 3,637.92 0 0
Xilin Gol league 0 4,648.07 4,110.55 718.69 0
Xing’an Meng 0 0 0 332.24 459.46
Total 50,184.54 186,009.32 43,705.94 5,811.27 993.65

particularly suitable [8.415, 9.213). The particularly suitable, suitable, and
less suitable and unsuitable areas are 50,184.54, 186,009.32, 43,705.94, and
6,804.92 km? (Table 7), which account for17.50%, 64.88%, 15.24%, and
2.38% of the total assessment area, respectively. The particularly suitable
areas are distributed in Alashan League, Bayannur City, and Chifeng City,
with Alashan League accounting for the highest percentage of 78.59%,
followed by Bayannur City. The more suitable cities for the regional
distribution are Alashan League, Bayannur, Baotou, Erdos, Wuhai,
Ulangab, and Xilin Gol League, with Alashan League accounting for
the highest percentage 83.48%. The most extensive distribution of the
suitable areas is found in all 11 cities, except Xing’an Meng, with Alashan
Meng still accounting for the highest proportion of 64.03%, followed by
Ordos. The less suitable and unsuitable areas are lower than the above
three types. The largest less suitable area is in Hulunbeier, and the largest
unsuitable area is in Xing'an Meng.

The Inner Mongolia Autonomous Region has a spatial pattern that
favors PV development with more significant potential in the western
than that of the central and eastern portions. The particularly suitable,
more suitable, and suitable areas are primarily found in Alashan Meng
and Bayannur City in the west, and Baotou City, Erdos City, and Chifeng
City in the east. With the flat terrain, small slopes, solar radiation of more
than 1,600 kWh/m?, average annual sunshine hours of more than 2,950 h,
good meteorological conditions, such as precipitation and wind speed,
low vegetation cover, and moderate distances from roads, settlements,
and rivers, these areas have natural advantages for PV development,
which dramatically improves the efficiency of the PV power generation
and reduces the cost of transporting during the construction of PV power
plants and electricity generation. The less suitable and unsuitable areas are
primarily located in Hulunbeier City and Xing’an League City, These
areas have low total annual radiation and average annual sunshine hours;
poor precipitation, wind speed, and other meteorological conditions; low
efficiency for PV power generation; large slope, which makes the
construction of PV power plants difficult and costly; high vegetation
coverage, and difficult and expensive structures (Ariztia and Raglianti,
2020; Xin-gang et al., 2021).
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4.3 Analysis of the PV power potential and
electricity demand

The assessment of the power generation potential of the Inner
Mongolia Autonomous Region has revealed its significant potential for
power generation. If all the particularly suitable, more suitable, and
suitable areas are developed, the annual power generation capacity can
reach 2. 0,409,1"> kWh or 44.37 times the amount of electricity used by
the Inner Mongolia Autonomous Region in 2021. According to Table 8,
the annual power generation potential of the particularly suitable, more
suitable, and suitable areas are 36,592.41, 135,630.00, and
31,868.50 TWh, respectively. Of which, 12.57% of the development
in the particularly suitable area can satisfy the electricity demand of the
Inner Mongolia Autonomous Region in 2021.

The impact on PV power generation potential at different power
generation efficiencies is shown in Figure 6. When the efficiency of the
PV system increases to 18%, 21%, and 24%, the PV generation
potential will increase by 9.09%, 27.27%, and 45.45% respectively,
with a PV system generation potential of 222,644.6 TWh/year,
259,752.04 TWh/year and 296,856.46 TWh/year respectively.

The study determined the substantial spatial heterogeneity in the
distribution of the power generation potential and electricity demand
in the Inner Mongolia Autonomous Region. The western part of the
Inner Mongolia Autonomous Region has more significant power
generation potential than the central and eastern parts, with the
western, central, and eastern parts accounting for 93.66%, 5.18%,
and 1.16% of the power generation potential (Figure 7A), respectively.
Of the 12 municipalities in the Inner Mongolia Autonomous Region,
Alashan League, and Bayannur accounted for 97.31% of the power
generation potential in the particularly suitable Zone (Figure 8A),
92.29% in the more suitable zone (Figure 8B), and 88.88% in the Inner
Mongolia Autonomous Region (Figure 7A). In contrast, Alashan
League and Bayannur City only account for 5.18% of the
electricity consumption in the Inner Mongolia Autonomous
Region in 2021 (Figure 7B. Figure 7 shows three types of power
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TABLE 8 Generation potential of PV in Inner Mongolia Autonomous Region under different development scenarios.

Development scenarios

Scenario interpretation

Area (km?) Power generation potential (Twh)

S1 S1-Q1 The particularly suitable area developed 25% 12,546.14 9,148.11
S1-Q2 The particularly suitable area developed 50% 25,092.27 18,296.20
S1-Q3 The particularly suitable area developed 75% 37,638.41 27,444.31
S1-Q4 The particularly suitable area developed 100% 50,184.54 36,592.41

S2 §2-Q1 More suitable areas developed 25% 46,502.33 33,907.50
$2-Q2 More suitable areas developed 50% 93,004.66 67,815.00
$2-Q3 More suitable areas developed 75% 139,506.99 101,722.50
$2-Q4 The more suitable area developed 100% 186,009.32 135,630.00

$3 83-Q1 The suitable area developed 25% 10,926.485 7,967.12
$3-Q2 The suitable area developed 50% 21,852.97 15,934.25
$3-Q3 The suitable area developed 75% 32,779.455 23,901.37
S3-Q4 The suitable area developed 100% 43,705.94 31,868.50
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Sensitivity analysis of generation potential at different generation efficiencies.

generation potential and electricity demand in the Inner Mongolia
Autonomous Region: high power generation and low electricity
demand; low power generation potential and high electricity
demand; and balanced power generation potential and electricity
demand. Among them, Hohhot, Baotou, Erdos, Tongliao, Chifeng,
and Ulaanchabu have low generation potential and high electricity
demand, whereas Wuhai, Hulunbeier, Xing’an, Xilingol, Alashan, and
Bayannur are of the balanced generation potential and electricity
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demand type. Overall, more apparent changes are noted in the
electricity consumption of the Inner Mongolia Autonomous
Region. The Hubao-E urban agglomeration has a developed
economy with a high concentration of industrial plants and
consequently, strong electricity demand. However, its potential for
PV power generation is insufficient. A large portion of its electricity
originates from coal-fired thermal power plants, and carbon emission
reduction and environmental problems are prominent.
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PV power generation potential (A) and 2021 electricity demand by the municipality in Inner Mongolia Autonomous Region (B).
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4.4 Emission reduction effects under
different development intensities

The Inner Mongolia Autonomous Region has long relied on its
resources to develop its economy. The secondary sector accounts
for a large proportion of the total carbon emissions, which have
been increasing annually. PV development is affected by national
policies, electricity demand, and other factors. It is not a quick fix
but a gradual process to achieve large-scale PV development in a
relatively short period. Therefore, in this study, considering the
gradual increase in the proportion of PV power generation in the
future energy mix, 12 development scenarios were set to analyze
the emission reduction effect according to the ratio of the
particularly suitable, more suitable, and suitable areas for
development (Table 9). In 2021, China’s average
consumption for power supply will be 302.5 g/kWh. Burning

coal

1 tonne of standard coal will emit 2,662 kg of carbon dioxide
(CO,), 22 kg of sulfur dioxide (SO,), 10 kg of nitrogen oxides
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(NOy), and 17 kg of total suspended particulate matter (TSP). If all
the particularly suitable areas are developed, the annual carbon
emission reduction in the Inner Mongolia Autonomous Region
would be approximately 2,446,621,000 t, which is 4.46 times the
total carbon emission of the Autonomous Region and 21.2% of
China’s total carbon emission in 2021. In addition, 110,692,400 t
standard coal can be saved, and the emission of approximately
24,352,200 t SO,, 11,069,200 t NO,, and 18,817,600 t TSP would be
prevented. If all the particularly suitable, more suitable, and
suitable areas in the Inner Mongolia Autonomous Region are
developed, the region would save 617,375,000t standard coal,
reduce carbon emissions by approximately 1,643,452,600 t,
which is 1.18 times the total carbon emissions of China in
2021, and reduce the SO,, NO,, and TSP emissions by
approximately 135,822,500, 61,737,500, 104,953,700 t,
respectively. Thus, the PV development in the Inner Mongolia

and

Autonomous Region is crucial to reducing the carbon emissions in
the autonomous region (Ji et al., 2022; Wang et al., 2023), thereby
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TABLE 9 Emission reductions under different PV development scenarios.

Development scenarios

Scenario interpretation

10.3389/fenrg.2023.1222306

Emission reduction effect (million tons)

Standard coal Cco, SO, NOx

S181-Q1 The particularly suitable area developed 25% 27,673.03 73,665.61 608.81 276.73 470.44
S1-Q2 The particularly suitable area developed 50% 55,346.01 147,331.07 1,217.61 553.46 940.88
S1-Q3 The particularly suitable area developed 75% 83,019.04 220,996.68 1,826.42 830.19 1,411.32
S1-Q4 The particularly suitable area developed 100% 110,692.04 294,662.21 2,435.22 1,106.92 1,881.76

S2 $2-Q1 The more suitable area developed 25% 102,570.19 273,041.84 2,256.54 1,025.70 1,743.69
S$2-Q2 The more suitable area developed 50% 205,140.38 546,083.68 4,513.09 2,051.40 3,487.39
$2-Q3 The more suitable area developed 75% 307,710.56 819,125.52 6,769.63 3,077.11 5,231.08
S$2-Q4 The more suitable area developed 100% 410,280.75 1,092,167.36 9,026.18 4,102.81 6,974.77

$3 §3-Q1 The suitable area developed 25% 24,100.54 64,155.63 530.21 241.01 409.71
$3-Q2 The suitable area developed 50% 48,201.11 128,311.34 1,060.42 482.01 819.42
$3-Q3 The suitable area developed 75% 72,301.64 192,466.98 1,590.64 723.02 1,229.13
S$3-Q4 The suitable area developed 100% 96,402.21 256,622.69 2,120.85 964.02 1,638.84

transforming the energy structure, and achieving China’s dual
carbon targets (Gobio-Thomas et al., 2023).

4.5 Discussion

Inner Mongolia Autonomous Region has huge potential for PV
power generation, with significant energy saving and emission
reduction effects. However, in the process of practical application,
the opportunities and challenges of PV development coexist. Firstly,
the Inner Mongolia Autonomous Region is an ethnic minority region in
China, with a small population and a large potential for PV power
generation, which is prone to the problem of power consumption. The
main reason for the power consumption problem is that the western
part of the Inner Mongolia Autonomous Region, which is particularly
suitable for PV development, has weak energy storage facilities power
grids, and ancillary facilities, making it difficult to transmit power.
Secondly, the conversion of PV power into hydrogen energy requires
the consumption of a large number of water resources, and the western
part of the Inner Mongolia Autonomous Region is a semi-arid and arid
region with scarce water resources. But the Inner Mongolia
Autonomous Region “14th Five-Year Plan” power development
regulations, pointed out that to increase investment in the power
grid in the western part of the Inner Mongolia Autonomous Region,
to promote the western part of the Inner Mongolia Autonomous
Region and Beijing-Tianjin-Hebei and Shandong asynchronous
interconnection, the implementation of the plan is expected to solve
the western part of the Inner Mongolia Autonomous Region of the
problem of power consumption and to promote the economic and
social development of the local economy. At the same time, it will help
alleviate the problem of power tension in Beijing-Tianjin-Hebei and
Shandong, improve its energy structure, reduce carbon emissions, and
help China realize its dual-carbon goals (Xie et al., 2023). In addition,
the western part of the Inner Mongolia Autonomous Region is full of
deserts, and the soft geology and lack of water in the desert areas bring
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considerable challenges to the construction of PV power plants and the
cleaning of dust and sand on the surface. With the improvement of
China’s PV manufacturing, construction and operation, and
maintenance capabilities in recent years, it is possible to build PV
power plants in complex desert environments, such as the “Dalat PV
Pilot Base,” which is the world’s largest centralized PV power plant in
the desert. In addition, the construction of photovoltaic power plants in
the desert, and later power transmission costs will lead to an increase,
but the construction of photovoltaic power plants in the desert also has
many benefits. On the one hand, the land cost is relatively small and the
solar radiation is relatively stable and abundant. On the other hand, the
National Energy Administration and the autonomous region strongly
support the construction of desert photovoltaic bases in the western part
of the Inner Mongolia Autonomous Region, and the development of
desert photovoltaic is also beneficial to the improvement of the desert
ecological environment.

It has been shown that large-scale construction of power plants will
have a certain impact on the local ecological environment during the
construction period, but in the long term, it will be beneficial to plant
growth, increase species diversity, and improve the ecological
environment (Wu et al, 2018). Because the PV power plant in the
later stage of operation and maintenance of less human disturbance
factors, and photovoltaic facilities in the shade can prevent plants from
being subjected to strong solar radiation, cleaning photovoltaic panels
water can also provide plants with the necessary water for growth (Ali
etal, 2017). The construction of photovoltaic power plants in desert areas
can also play a certain role in preventing sandstorms, as the fragile
ecological environment has been improved to some extent (Hengevoss
et al, 2016).

In summary, although the development of photovoltaics in
Inner Mongolia has many constraints, photovoltaic power
generation in the Inner Mongolia Autonomous Region and
even China’s energy structure and energy saving and emission
reduction play an increasingly important role, accompanied by
the upgrading of the photovoltaic manufacturing industry, the
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improvement of the grid infrastructure, the level of construction,
operation, and maintenance of the level of enhancement of the
development of energy storage technology, photovoltaic
development of the difficult problems will be gradually
overcome, to help the development of large-scale photovoltaic
in the Inner Mongolia Autonomous Region.

The layout of PV development in the “I14th Five-Year Plan for
Electricity Development in Inner Mongolia Autonomous Region”
issued by the Energy Bureau of Inner Mongolia Autonomous
Region and the distribution of existing PV power plants in Inner
Mongolia Autonomous Region verified the reliability of the results of
our suitability assessment. However, it is important to note that in
practice, the results should be interpreted with caution in terms of
hypotheses, data quality, decision-maker preferences, and applied
procedures. More precise information and analysis are required for
practical deployment. Eration penetration should also be carefully
addressed and analyzed. The decision makers preferences in
determining restrictive criteria, assessment criteria, and their weights
have a significant impact on the results. As a result, weight sensitivity
analysis or other uncertain analysis technologies associated with the
MCDM technique must be done and investigated further to assess the
robustness of the conclusions. Other considerations, such as the cost of
land and the attitude of the population, may also influence the location
of PV plants. Therefore, the suitability evaluation index system should
be further expanded in future studies to achieve more scientific

evaluation results.

5 Conclusion

This study combined GIS and MCDM methods to select
multidimensional indicators, such as meteorology, topography,
location, and vegetation and used AHP to determine their weights
to investigate the spatial pattern characteristics, PV power generation
potential, energy saving, and emission reduction of the PV
development in the Inner Mongolia Autonomous Region. The
following main conclusions were obtained:

1) The particularly suitable, more suitable, and suitable areas for PV
development in the Inner Mongolia Autonomous Region
account for 23.66% of the total area, with the more suitable
areas as the most extensive. The suitability of PV development is
characterized by an obvious spatial pattern, with the suitability in
the western region being higher than that in the central and
eastern regions.

The potential for photovoltaic power generation in the Inner
Mongolia Autonomous Region is huge, with 12.57% development
in particularly suitable areas to meet the electricity consumption of
the Inner Mongolia Autonomous Region in 2021. With the future
technology advance, the generation potentials could increase by
9.09%, 27.27%, and 45.45%, if the system efficiencies improved to
18%, 21%, and 24%.

3) There is a strong spatial heterogeneity in the distribution of power
generation potential and electricity demand in each municipality of
the Inner Mongolia Autonomous Region, with significant spatial
pattern characteristics. From an overall perspective, the power
generation potential in the western part of the Inner Mongolia
Autonomous Region is greater than that in the central and eastern
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parts, and there is a strong demand for electricity in the Hubao-E
urban agglomeration.

PV power generation significantly impacts energy savings and
pollution reduction in the Inner Mongolia Autonomous Region.
If the particularly suitable area is fully developed, the Inner
Mongolia Autonomous Region will have an annual carbon
emission reduction of approximately 294,662,210 t, which is
4.46 times its total carbon emissions and 21.2% of China’s
total in 2021. this
demonstrated the considerable energy-saving and emission-

carbon emissions Therefore, work

reduction effects of PV development.
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