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Abstract 

Concentrating solar power (CSP) technology can not only match peak demand in power 

systems but also play an important role in the carbon neutrality pathway worldwide. 

Actions in China is decisive. Few previous studies have estimated CSP technology’s 

power generation and CO2 emission reduction potentials in China. To address this 

knowledge gap, the geographical, technical, and CO2 emission reduction potential of 

CSP in China was evaluated by province based on a high resolution geographical 

information system with up-to-date data. A comprehensive framework including 

geographic and technical constrains was proposed. Exclusion criteria including solar 

radiation, slope, land-use type, natural reserve, and water resources were adopted to 

determine the suitability of CSP plant construction. Then, based on the power 

conversion efficiency difference from various CSP technologies, the technical potential 

was calculated on suitable land. The results show that approximately 1.02 × 106 km2 of 

land is available to support CSP development in China. Based on the available solar 

resource on the suitable land, the geographical potential is 2.13 × 1015 kWh. The 

potential installed capacity is 2.45 × 107–5.40 × 107 MW, considering four CSP 

technologies. The corresponding annual energy generation potential is 6.46 × 1013–1.85 

× 1014 kWh. Considering the scenario of using the potential of CSP to replace the 

current power supply to the maximum extent, CO2 emission would have been reduced 

by 5.19 × 108, 5.61 × 108, and 6.24 × 108 t in 2017, 2018, and 2019, respectively. At the 

provincial level, more than 99% of China’s technical potential is concentrated in five 

western provinces, including Xinjiang, Inner Mongolia, Qinghai, Gansu, and Tibet. 

These results provide policy guidance and serve as a reference for the future 

development of CSP and site selection for CSP plant construction both in China and 

worldwide. 

Keywords: Concentrated solar power, Geographic information system, Resource 

assessment 

 

 



 

Nomenclature 

Item Definition 

CSP Concentrating solar power 

PV Photovoltaic 

PTC Parabolic trough collector 

LFC Linear Fresnel collector 

sCO2 Supercritical carbon dioxide 

CRS Central receiver system 

PDS Parabolic dish system 

DEM Digital elevation model 

DNI Direct normal irradiance 

GIS Geographical information system 

NEA National Energy Administration 

PG Power generation 

LA Land area 

EFF Efficiency 

LUF Land-use factor 

PC Potential capacity 

LCF Land conversion factor 

UHV Ultra-high voltage 

ER Emission reduction 

EF Emission factor 

PD 

LCOE 

Power demand 

Levelized cost of electricity 

  



 

1. Introduction 

At present, more than 130 countries and regions have proposed "zero carbon" or 

"carbon neutral" climate goals [1]. Meanwhile, speeding up the clean and low-carbon 

energy technologies development to overcome global challenges related to climate 

change and sustainable development has become the international community’s 

universal consensus and concerted action [2]. The energy transition strategy of the 

European Union and its Member States has been basically based on the integration of 

renewable energy technologies in the national grid [3]. However, one of the most 

significant challenges of this strategy is that the high proportion of renewable energy 

technologies has brought considerable obstacles to grid management and strengthened 

the demand for peak shaving units [3]. 

Concentrated solar power (CSP) is a promising solar thermal power technology 

that can participate in power systems’ peak shaving and frequency support [4,5]. 

Compared with solar photovoltaics (PV), wind power, and other power technologies 

with strong output fluctuation, CSP can integrate a large-capacity heat storage system 

to ensure smooth power generation output and improve the flexibility of power delivery 

to the grid [6,7]. CSP plants also have a ramping ability and generation range equivalent 

to gas-fired units, superior to ordinary thermal power units [8]. The life cycle 

greenhouse gas emissions of CSP are lower than conventional sources [9]. Therefore, a 

CSP plant integrated with thermal energy storage can play an important role in 

providing ancillary services to power grids with high renewable penetration, especially 

in multi-energy systems [10].  

China’s action is decisive for international goals. To deal with climate change, 

China has put forward a new goal of “striving to achieve carbon peak by 2030 and 

carbon neutrality by 2060” [11]. The trend of various typical electrification indicators 

continues to improve, which shows that China’s electrification is advancing rapidly [12]. 

Achieving carbon neutrality in the power sector mainly relies on promoting more 

renewable energy to be used on a large scale through conversion to electricity [13]. 

However, the problem of grid-connected consumption has begun to emerge, and the 



 

problem of abandoning wind and solar has become more prominent. Therefore, as the 

proportion of fluctuating renewable energy sources in the power grid continues to 

increase in the future, CSP with large-capacity heat storage will be an attractive energy 

source as it can regulate the power system peak output. 

Since an electric system with high renewable penetration in China could be 

decisive for averting the global climate crisis, it is imperative to determine the power 

generation potential of CSP and its geographic distributions in the country. The relevant 

research in China is still insufficient. The potential for solar energy generation can be 

classified as geographical and technical. The geographical potential is the annual total 

solar radiation in a suitable regional area, taking into account geographic constraints 

[14]. Northwest China is rich in solar energy resources, and the annual average solar 

radiation can reach 1750 kWh/m2 [15]. Solar radiation received on the surface in China 

was estimated to be up to 5.28 × 1016 MJ [16]. 

However, not all solar resources can be used for power generation, depending on 

the specific land-use type and other geographic constraints, e.g., nearby available water 

resources and slope. In terms of land use, most studies eliminated protected areas first, 

including national parks, safari areas, historical and touristic monuments, and natural 

reserves [17,18,19,20]. Uyan et al. established a 0.5-km buffer zone for a natural reserve 

[21]. Similarly, most studies excluded water bodies such as rivers, lakes, and wetlands 

[22,23]. In addition to a protected area and water body, Hermann et al. excluded 

agricultural zones and forests [24]. Barren and low-productivity areas were suggested 

to be the priority locations for solar energy plants [25]. Sharma et al. selected five types 

of wasteland suitable for CSP station construction [26]. Different technology types of 

CSP stations have different slope requirements, wherein parabolic trough collector 

(PTC) and linear Fresnel collector (LFC) techniques are particularly limited by the 

slope [27]. Djebbar et al. excluded areas with slopes exceeding 1%‒4% [22]. Water 

resource constraints should also be considered. While other renewable energy 

technologies such as solar PV or wind power use relatively little water, CSP with wet 

cooling – like most thermal power technologies - requires a considerable amount of 

water, mainly for cooling [28]. Supercritical carbon dioxide (sCO2) Brayton cycle 



 

technology can significantly reduce water consumption, but it has not yet reached 

commercial application in China [29]. At present, the CSP station mainly adopts the 

steam turbine for power generation, which has high requirements for water resources 

[29]. Tlhallerwa et al. adopted air cooling technology to provide greater siting flexibility 

because air cooling reduces the water demand by 90% compared with water cooling 

[30]. Giamalaki et al. considered that the use of water to cool the CSP system would 

cause severe environmental pollution owing to the thermal pollution of the water body; 

therefore, a site located at a long distance from water resources was determined to be 

suitable [25]. However, since dry cooling increases costs and reduces efficiency [30], 

the construction of CSP stations using wet cooling technology is preferred in the 

vicinity of water resources [19,31]. Other factors, including the distance to roads and 

power grids were taken into account [32]. In addition, the distance to settlements was 

also considered [33,34]. Boukelia et al. took proximity to the transmission-line corridor 

and natural gas pipeline as constraints [35]. 

The technical potential of solar energy generation in the selected area can be 

defined as the geographical potential of the area, which can be converted into electrical 

energy under the conditions of existing solar power technology [14]. CSP technologies 

can be classified into four types: parabolic trough collector (PTC), linear Fresnel 

collector (LFC), central receiver system (CRS), and parabolic dish system (PDS). The 

schematic view of the applied technologies is shown in Fig. 1. Solar collectors receive 

maximum solar radiation at the optimum slope and surface azimuth [36,37]. Optimizing 

the heliostat layout of the CSP plant can achieve maximum heliostat field efficiency 

[38]. Therefore, it is assumed that the mirror fields are equipped with tracking devices 

and arranged according to the optimum mirror slope and ground azimuth. The power 

generation potential of the PTC was often calculated as technical potential because it 

represents the largest proportion and most mature CSP technology currently in the 

market [30,31,34]. Few studies have considered the four different CSP technologies and 

calculated their annual power generation based on the average solar-to-electric 

conversion efficiency [39,40]. 

 



 

 

Fig. 1. The schematic view of four CSP technologies: (A) Parabolic trough collector (PTC), (B) 

linear Fresnel collector (LFC), (C) central receiver system (CRS), and (D) parabolic dish system 

(PDS). 

 

For geographical potential, a few studies have proposed the framework for 

screening suitable areas for the CSP plants construction and evaluated the CSP potential 

in specific areas in China. Early in 2007, Wang et al. proposed a decision support system 

framework for site selection of CSP plants based on geographic constrains [41]. Then, 

according to the annual mean solar radiation of 97 stations, the radiation distribution 

with a resolution of 1 km in China was obtained by spatial interpolation [41]. Zhao et 

al. established a screening index using the analytic hierarchy process to calculate the 

weights of related factors, then applied the screening method to select suitable places 

for planning CSP plants in Inner Mongolia [42,43]. Wu et al. proposed a more complete 

and practical multi-criteria decision-making framework for PTC solar power plant 

location selection [44]. Then, case studies were conducted in five cities in Western 

China to find the most suitable location for CSP stations [44]. However, the above 

studies did not apply their land screen method to the nation. For nationwide CSP 



 

technical potentials, He et al. adopted 10-year (from 2001 to 2010) hourly solar 

radiation data from 200 representative sites in China to screen the areas suitable for 

developing CSP plants considering geographic constraints [45]. Moreover, the annual 

power generation and the installed capacity of potential CSP plants were calculated by 

province based on an average land use conversion factor [45]. However, due to technical 

data unavailability, the difference in the results of different CSP technologies was 

ignored. Water resources availability, usually considered an important factor, was also 

ignored in He et al.’s study [45]. On the other hand, the data used in He et al.’s study is 

the most accurate data at that time, such as solar irradiance data for 200 chosen locations, 

land cover dataset, and the digital elevation model (DEM) dataset with 1 km ×1 km 

resolution, however, the data quality is improving with time, and higher data resolution 

will allow more accurate estimation. Therefore, compared with the previous studies in 

China, there are improvements and innovations in the methodological framework, data 

accuracy, and result resolution. 

To narrow the knowledge gap, it is necessary to assess the geographical, technical, 

and CO2 emission reduction potential of CSP in China based on a high resolution 

geographical information system with up-to-date data and more concerns on water 

resource availability. The novelties of this study compared with previous studies in 

China are as follows: first, a comprehensive framework was proposed to evaluate 

geographic and technical CSP potentials and associated GHG emission reduction 

potentials for the first time. Geographic constrains included five factors: solar radiation, 

slope, land-use type, natural reserve, and water resources. Among them, in the previous 

studies in China, water resources were often ignored, but it was an important factor in 

the screening framework and should be considered. At the same time, the power 

conversion efficiency difference from various CSP technologies was considered in 

technical constrains. Second, accurate and reliable data were adopted, such as direct 

normal irradiance (DNI) data, from 2008 to 2017, with a spatial resolution of 9 km and 

temporal resolution of 1 h. This is the first time that the non-public data has been used 

to assess China's CSP potential. Besides, land cover data came from an essential 

achievement of China's 863 Program, with a spatial resolution of 30 m. Third, to allow 



 

evaluating the geographical and technical potential of CSP plants in the context of grid 

needs and constrains, the results are presented at a more granular level by province. 

Therefore, this research aimed to accurately assess the geographical and technical 

potential of CSP stations, and provide a scientific basis and data base for CSP 

development plans in various provinces in China.  

2. Material and methods 

2.1 Geographical information system (GIS) tool and criteria overview 

The framework for assessing the geographical, technical, and CO2 emission 

reduction potential of CSP in China is illustrated in Fig. 2. The land conversion factor 

is the ratio of the power plant’s installed capacity to the ground area. Land use efficiency 

includes solar-to-electric conversion efficiency and land use factor, which is the ratio 

of the reflector area to the total area of the power station [30]. This study established 

screening principles to select suitable locations for CSP plant construction. ArcGIS 

version 10.4.1 has rich functions and comprehensive processing capacity, applied to 

process all collected data [32]. Based on previous research, five criteria (i.e., solar 

radiation, protected areas, land use, slope percentage, and distance from water resources) 

were considered. However, there was no agreement in the literature on standard 

threshold values of site selection for CSP construction in China. Therefore, the 

threshold values in this study were based on the first CSP demonstration projects in 

China and the previous studies. Table 1 provides information regarding the first CSP 

demonstration projects [44,46,47]. The missing area for some plants is due to the slow 

development of CSP in China, with more than half of the first batch of demonstration 

projects still under construction or suspended. System conversion efficiency was 

estimated by the company when establishing a project.  

 



 

 
Fig. 2. Research framework of this study. 

 

2.2 DNI 

Unlike PV technology, which can use both direct and diffuse solar irradiance, CSP 

technology converts only DNI to electricity [48]. DNI is the most basic and vital factor 

in the location selection of CSP stations because it directly affects the efficiency and 

economics of the plant [49]. Ziuku et al. believed that commercial development of the 

CSP project required the site with DNI of at least 2000 kWh/m2 [17]. Djebbar et al. set 

minimum DNI limits at 1500 kWh/m2 [22]. A study on estimating the CSP potential of 

Africa excluded areas with DNI < 1800 kWh/m2 [24]. According to the “Notice on 

Organizing the Construction of Solar Thermal Power Demonstration Projects” issued 

by the National Energy Administration (NEA), DNI at the site should be more than 

1600 kWh/m2 [50]. Therefore, in this study, the threshold of 1600 kWh/m2 was set to 

eliminate inappropriate areas. DNI data were obtained from the Renewable Energy 

Department of China Electric Power Research Institute, which generated 

meteorological data for China for 2008‒2017 with a 9-km spatial resolution and a 1-h 

temporal resolution numerical weather prediction model. 



 

Table 1. Relevant data of the first batch of demonstration projects of concentrating solar power (CSP) plants in China [44,46,47]. DNI - direct normal irradiance, CRS 

– central receiver system, PTC – parabolic trough collector, LFC – linear Fresnel collector. 

Technology Project name Long. Lat. DNI 

(kWh/m2/yr) 

Area (km2) Thermal energy 

storage capacity (h) 

System conversion 

efficiency (%) 

CRS Qinghai Supcon Delingha 50 MW molten salt 97.36° 37.37° 1976 2.40 6 18 

Dunhuang 100 MW molten salt 94.48° 40.14° 2000 7.84 11 16 

Qinghai Gonghe 50 MW molten salt 100.9° 36.40° 1900 / 6 16 

Hami 50 MW molten salt 93.45° 42.89° 1920 / 8 16 

Delingha 135 MW direct steam generation 97.36° 37.37° 1900 / 4 15 

Gansu Jinta 100 MW molten salt 98.74° 40.01° 1900 6.00 8 16 

Shangyi 50 MW direct steam generation 113.9°  41.07° 1600 / 4 17 

Yumen 50 MW molten salt 97.93° 39.81° 1800 2.47 6 19 

Yumen 100 MW molten salt 97.05° 40.29° 1800 6.80 10 17 

PTC Yumen East Town 50 MW thermal oil (Royal 

tech CSP Co., Ltd..) 

97.92° 39.81° 1800 2.48 7 25 

Yumen East Town 50 MW thermal oil 

(Rayspower Energy Group Co., Ltd.) 

97.05° 40.29° 1800 2.90 7 25 



 

Gansu Akesai 50 MW molten salt 94.37° 39.62° 2056.5 / 15 21 

Urat Middle Banner 100 MW thermal oil 108.51° 41.59° 2025 4.67 4 27 

Delingha 50 MW thermal oil 97.36° 41.59° 1976 2.60 9 14 

Gansu Gulang 100 MW thermal oil 102.90° 37.47° 1913 / 7 22 

Zhangjiakou 64 MW molten salt 114.94° 41.42° 1700 2.87 16 22 

LFC Dunhuang 50 MW molten salt 94.48° 40.14° 2000 3.19 13 17 

Urat Middle Banner 50 MW thermal oil 108.52° 41.59° 2025 / 6 19 

Zhangbei 50 MW direct steam generation 114.72° 41.07° 1750 / 14 11 

Zhangjiakou 50 MW direct steam generation 114.72° 41.07° 1750 / 14 12 

 



 

2.3 Protected areas 

The establishment of protected areas is a fundamental measure of biodiversity 

conservation, which plays an essential role in climate change mitigation and adaptation. 

According to the design standard for CRS solar power stations issued in 2018, site 

selection should align with the national medium and long-term development plan, and 

natural reserves should be avoided [51]. Natural reserve data were obtained from the 

World Database on Protected Areas, and ecological functional reserve data were 

adopted from the Chinese Academy of Sciences Resource and Environment Science 

and Data Center; both were excluded from consideration for the construction of CSP 

plants. 

2.4 Land cover 

Land cover information was provided by the GlobeLand30 dataset of the National 

Catalogue Service for Geographic Information. The dataset contained 10 main land-

cover types, including cultivated land, forest, grassland, shrubland, wetland, water 

bodies, tundra, artificial surfaces, bareland, and permanent snow & ice. Ideally, CSP 

station construction should occur on unused and low-productivity agriculture or pasture 

areas and areas usually covered by grassland or shrubland to minimize the impact on 

land use [52]. However, for power stations that have been built in China, the lands used 

in the projects include desert and other state-owned unused lands [53]. Therefore, 

bareland was selected as a land type that can construct CSP stations. 

2.5 Slope percentage 

Flat and wide lands are optimal for CSP station construction because the 

construction costs go up for land levelling [25]. Giamalaki et al. considered the slope 

less than 4.0° was particularly suitable [25]. Ziuku et al. set the upper boundary of 

suitable slopes to 1.7° [17]. In the International Renewable Energy Agency studies, 2.1° 

was adopted as the upper limit [24,54]. Djebbar et al. considered a constraint of 0.6°‒

2.3° [22]. He et al. set 0.6° and 1.7° as the lower and upper limits, respectively [45]. 

Therefore, an intermediate value of 3° was adopted to be the upper limit in this study. 

The influence of the slope change on the results was discussed in the sensitivity analysis 

part. DEM data with a 500 m resolution were obtained from the Chinese Academy of 



 

Sciences Resource and Environment Science and Data Center. The Arctoolbox in 

ArcGIS was applied to derive slope from the DEM data. 

2.6 Distance from water resources 

Because CSP systems still use a steam turbine to generate electricity from the solar 

heat, the demand for water consumption of CSP stations is similar to that of thermal 

power generation [55]. In addition, water resources are needed to clean the mirror to 

ensure the high reflection efficiency of the mirror field. Some water sources can be 

recycled; however, non-recyclable water sources need to be supplemented by local 

resources. CSP plants usually have two cooling methods: water and air cooling. The 

total amount of water required for air cooling is approximately 12% of that required for 

water cooling [56]. If air cooling technology is adopted, water consumption can be 

significantly reduced; however, this may be accompanied by a substantial increase in 

the investment cost (by approximately 7%–9%) and a reduction in power generation 

(by approximately 5%) [57]. Consequently, the CSP station should be near a water body. 

According to a document issued by the NEA, air cooling units should be adopted in 

principle for coal-fired power station projects in water-scarce regions in northern China. 

Therefore, in the northern water-deficient provinces (including Beijing, Tianjin, Hebei, 

Gansu, Inner Mongolia, Shanxi, Shaanxi, Henan, Jiangsu, Shandong, Anhui, 

Heilongjiang, Jilin, Liaoning, and Ningxia), CSP stations adopt air cooling technology, 

whereas water cooling is adopted in the remaining provinces. Therefore, the proximity 

to water resources was required to be less than 50 km based on previous literature and 

China’s land area [17,18,19]. The distribution of water resources was provided by the 

National Catalogue Service for Geographic Information.  

2.7 CSP generation potential 

Through the five screening principles mentioned above and data processing 

operations in ArcGIS, the potential areas were screened out, and the area suitable for 

CSP generation was obtained for each province. Then, the annual generation capacity 

of the CSP station in different provinces was calculated using Eq 1, developed by 

Hermann et al [24]. 

PG = LA × DNI × EFF × LUF,     (1) 



 

where PG  is the annual power generation (kWh); LA  is suitable land area per the 

screening criteria (m2); DNI is the annual average DNI per unit area (kWh/m2); EFF 

is the solar-to-electricity conversion efficiency of the power station; and LUF is the 

land-use factor, which is the ratio of the reflector area to the total area of the power 

station. Since air cooling is required in northern China due to water scarcity, it will 

reduce the efficiency of CSP plants, resulting in a 5% reduction in the power generation 

in that area. 

The potential installed capacity of the CSP plants was assessed using Eq 2, adopted 

by He et al. [45]. 

PC = LA × LCF,  (2) 

where PC  is the potential capacity (MW); and LCF  is the land conversion factor, 

which is the ratio of the power plant’s installed capacity to the ground area (MW/km2). 

Land conversion factors vary owing to differences in technology [45]. 

The four CSP technologies differ in their power generation properties. There are 

differences in the land-use factor, land conversion factor, and solar-to-electric 

conversion efficiency due to changes in local conditions, array configuration, tracking 

technology, and thermal storage methods, as listed in Table 2 [34,49,58,59,60,61]. The 

upper and lower limits of solar-to-electric conversion efficiency were used to calculate 

the interval value of power generation. 

 

Table 2. Parameters of different concentrating solar power (CSP) technologies. PTC - parabolic 

trough collector, LFC - linear Fresnel collector, CRS - central receiver system, PDS - parabolic dish 

system [34,49,58,59,60,61]. 

Technology Land-use factor 

(%) 

Land conversion 

factor (MW/km2) 

Annual solar-to-electric conversion 

efficiency (for water cooling, %) 

PTC 28 26 11‒21 

LFC 49 53 8‒18 

CRS 23 24 15‒35 

PDS 22 25 25‒30 

 



 

2.8 CO2 emission reduction potential of CSP plants 

In 2016, the NEA officially approved the first batch of demonstration projects of 

CSP plants in China. The CO2 emission reduction potential in 2017‒2019 was 

calculated based on the CRS technology, wherein the land-use factor was assumed to 

be 23%, and the solar-to-electric conversion efficiency was assumed to be 25%. China 

made a voluntary carbon reduction commitment at the 2015 Paris Climate Conference, 

whereby CO2 emissions would peak by 2030. CSP stations reduce CO2 emissions by 

replacing traditional power stations. In this study, it was assumed that CSP plants can 

replace the current power generation mode to the maximum extent, based on which two 

scenarios were established. Scenario one assumed that the province-to-province 

absorption capacity of ultra-high voltage (UHV) transmission lines in China was 

limited. If the local CSP generation potential cannot meet the power demand, the 

generation potential is the maximum power supply substitution value for these 

provinces. This means that CSP generation can reduce CO2 emissions by replacing part 

of the electricity supply. The CO2 emission reduction is calculated as following [62]: 

ER = (EF − CSPEF) × PG,  (3) 

where ER is the CO2 emission reduction (kg CO2); EF is the grid emission factor (kg 

CO2/kWh); CSPEF is the life cycle CO2 emission intensity of CSP plants (kg CO2/kWh); 

and PG is the potential of solar thermal power generation (kWh). 

If the power generation potential is greater than the power demand, then the excess 

generation is curtailed, and Equation (3) becomes [62]: 

ER = (EF − CSPEF) × PD,  (4) 

where PD is the local power demand in kWh, which can be obtained from the "China 

Statistical Yearbook" issued by the National Bureau of Statistics [63]. In Scenario 2, it 

was assumed that the UHV power grid could fully transmit excess generation across 

provinces to achieve a complete replacement of the existing power supply with CSP 

generation. Therefore, the CO2 emission reduction in each province under Scenario 2 

was calculated from Equation 3. 

China’s power grid is divided into six regions (excluding Tibet, Hong Kong, 

Macau, and Taiwan, which are not discussed in this paper). The emission factors from 



 

the power grids of each region in China vary according to the local power sources. The 

CO2 emission factor of each region consists of the operating margin and build margin 

obtained from the Institute for Global Environmental Strategies [64]. Operating margin 

refers to the emission factor for marginal emissions related to the operation of a set of 

existing power plants whose current power generation will be influenced [62]. Build 

margin refers to the emission factor for marginal emissions related to the construction 

process of a set of potential power plants whose construction and future operation will 

be influenced [62]. Combined margin is the weighted average of operating margin and 

build margin [65]. In this study, the emission weight of the two parts was taken as 0.5 

[65]. The 2015-2017 emission factors were assumed and are shown in Table 3.  

Although CSP plants are generally considered to have little negative 

environmental impact, from a life-cycle perspective, CO2 emissions are still generated 

during the construction and material production stages [9,27]. According to Li [66], the 

life-cycle carbon footprint of a central receiver system CSP plant is 0.035 kg/kWh. The 

summary of data sources is shown in Table 4. 

 

Table 3. Grid emission factors of China in 2015‒2017 (kg CO2/kWh) [64]. 

Regional grid Operating margin Build margin Combined margin 

North China Grid 1.0032 0.4621 0.7327 

Northeast China Grid 1.1181 0.4015 0.7598 

East China Grid 0.8079 0.5449 0.6764 

Central China Grid 0.9253 0.3227 0.6420 

Northwest China Grid 0.9309 0.2920 0.6115 

Southern China Grid  0.8667 0.3065 0.5866 

 

 

 

 

 

 



 

Table 4. The summary of data sources. DNI - direct normal irradiance, DEM - Digital elevation 

model. 

Data Descriptions Sources 

DNI Raster data,  

Time span: 2008-2017,  

Temporal resolution: 1 h, 

Spatial resolution: 9 km 

Renewable Energy Department of China Electric 

Power Research Institute (Non-publicise) 

Natural reserve Vector data World Database on Protected Areas 

(https://www.protectedplanet.net/country/CHN) 

Ecological 

functional reserve 

Vector data Chinese Academy of Sciences Resource and 

Environment Science and Data Center 

(https://www.resdc.cn/data.aspx?DATAID=137) 

Land cover Raster data, 

Spatial resolution: 30 m 

National Catalogue Service for Geographic 

Information 

(https://www.webmap.cn/commres.do?method=d

ataDownload) 

DEM Raster data, 

Spatial resolution: 250 m 

Chinese Academy of Sciences Resource and 

Environment Science and Data Center 

(https://www.resdc.cn/data.aspx?DATAID=123) 

Water resources Vector data National Catalogue Service for Geographic 

Information 

(https://www.webmap.cn/commres.do?method=d

ataDownload) 

Local power 

demand 

Time span: 2017-2019 China Statistical Yearbook 

(http://www.stats.gov.cn/tjsj/ndsj/2020/html/C09

14.jpg) 

Grid emission 

factor 

Time span: 2015-2017 Institute for Global Environmental Strategies 

(https://www.iges.or.jp/en/pub/list-grid-emission-

factor/en) 



 

3. Results and discussion 

3.1 Geographical potential 

The collected DNI meteorological file data were imported into GIS for processing 

and overlayed onto the map of China to obtain Fig. 3. As shown in Fig. 3, the best solar 

energy resources in China are mainly concentrated in the western regions of Inner 

Mongolia, Tibet, Qinghai, Xinjiang, Gansu, Yunnan, and Sichuan. The annual mean 

DNI of these areas is between 1700 and 3100 kWh/m2, which satisfies the standard for 

establishing CSP stations per Section 2.1. 

 

Fig. 3. Annual mean direct normal irradiance (DNI) of each province in China (kWh/m2). 

 

Then, based on the five exclusion criteria, the suitable areas for CSP plant 

construction were identified, as shown in Fig. 4. Fig. 4 also shows the locations of the 

first CSP demonstration projects in 2016, which are mostly consistent with the selected 

areas and are mainly concentrated in China’s Xinjiang, Inner Mongolia, Qinghai, Gansu, 

and Tibet. Because of the similar geographical locations of some demonstration power 

stations, the actual locations of the 20 power stations are not separately identifiable in 

Fig. 4. Then, the annual mean DNI of each province was obtained through GIS 

operation based on the annual mean DNI original data at the resolution of 9 km. The 



 

geographical CSP potential in the suitable areas is summarized in Table 5. The total 

geographical potential can reach 2.13 × 1015 kWh. The total area suitable for 

construction was 1.02 × 106 km2, accounting for approximately 11% of the national 

area. Xinjiang, Inner Mongolia, Qinghai, Gansu, and Tibet (i.e., the five northwestern 

provinces) occupy only 52.69% of the land area in China but represent 99.62% of the 

CSP potential area. Although the suitable land area of Tibet is smaller than that of Gansu, 

its geographical potential is higher than that of Gansu owing to the more abundant solar 

resources. The DNI distribution in the suitable area was also visualized (Fig. 5). Of note, 

a minimum DNI of 1600 kWh/m2 was set in this study, which led to the exclusion of 

14 provinces. 

 

Table 5. Geographical potential of the suitable region of each province in China. DNI - direct normal 

irradiance. Provinces without suitable area are not shown.  

Province Annual mean 

DNI (kWh/m2) 

Suitable area 

(km2) 

Ratio of suitable area 

to total area (%) 

Geographical 

potential (GWh) 

Yunnan 2343.83 1.57 × 100 0.00  3.68 × 103 

Heilongjiang 1613.25 2.14 × 100 0.00  3.45 × 103 

Hebei 1926.07 1.87 × 101 0.01  3.60 × 104 

Shaanxi 1926.55 1.03 × 102 0.05  1.98 × 105 

Sichuan 2738.74 3.41 × 102 0.07  9.33 × 105 

Ningxia 1742.12 3.38 × 103 6.88  5.89 × 106 

Tibet 3247.14 9.65 × 104 8.12  3.13 × 108 

Gansu 1936.64 1.13 × 105 29.58  2.19 × 108 

Qinghai 2440.26 1.23 × 105 17.90  3.00 × 108 

Inner 

Mongolia 

1876.49 2.17 × 105 20.40  4.07 × 108 

Xinjiang 1893.65 4.66 × 105 30.36  8.82 × 108 

 



 

 
Fig. 4. Areas suitable for construction of concentrating solar power (CSP) stations in China in green. 

Markers show the locations of twenty demonstration projects sites in 2016: CRS - central receiver 

system, LFC - linear Fresnel collector, PTC - parabolic trough collector. 

 

 
Fig. 5. Direct normal irradiance (DNI) distribution on suitable lands. 

 

 



 

3.2 Technical potential  

Based on the assessment of the geographical potential of the available area obtained 

using Equation 1 and the parameters in Table 3, the total annual power generation of 

CSP plants using four different technologies, i.e., PTC, LFC, CRS, and PDS, are 6.46 

× 1013–1.23 × 1014, 8.22 × 1013–1.85 × 1014, 7.23 × 1013–1.69 × 1014, and 1.15 × 1014–

1.38 × 1014 kWh, respectively, which are 8.91‒25.52 times the national electricity 

consumption in 2019. The corresponding installed capacities of CSP in China are 

approximately 2.65 × 107, 5.40 × 107, 2.45 × 107, and 2.55 × 107 MW for PTC, LFC, 

CRS, and PDS, respectively, and 4,900–10,800 times the installed capacity target by 

the end of 2020 proposed in the 13th Five-Year Plan for Electric Power Development 

[67]. This reflects the abundance of solar energy resources in China and demonstrates 

the potential for the development of CSP technology. If CSP is developed according to 

its potential, it can generate a significant fraction of China’s electricity consumption in 

the future.  

Figure 6 shows the power generation and capacity potential of different CSP 

technologies in each province. The province with the largest power generation potential 

is Xinjiang, accounting for approximately 42.06% of the country's total power 

generation potential, and Tibet, Inner Mongolia, Qinghai, and Gansu account for 

14.95%, 18.44%, 14.29%, and 9.94%, respectively. These five provinces account for 

99.68% of the country's total power generation potential; however, they only accounted 

for 11.87% of the national electricity consumption in 2019. Similarly, the provinces 

with the highest installed capacities are Xinjiang, Inner Mongolia, Qinghai, Gansu, and 

Tibet. It can be concluded that future CSP development in China will focus on provinces 

in the northwest. The majority of the first batch of CSP demonstration stations is 

concentrated in Qinghai (4), Gansu (9), and Hebei (4), whereas only three stations are 

located in Xinjiang and Inner Mongolia, which are the provinces with the richest solar 

resources. The development of CSP technologies in Xinjiang and Inner Mongolia is 

difficult. The remoteness of these two provinces, the local lack of skilled labor and raw 

materials for establishing plants, and the need to import materials and supplies by train 

result in higher construction costs. However, after solving these problems, the rich 



 

geographical potential in Xinjiang and Inner Mongolia has a great potential for power 

generation.  

From the perspective of the technology type, LFC has a higher land conversion 

factor; therefore, its power generation potential is higher than that of the other three 

technologies (PTC, CRS, and PDS). Higher solar-to-electric conversion efficiency also 

improves the annual power generation of the power station. Therefore, while 

developing the CSP potential area, improving technology to reduce the cost and 

improve the efficiency of CSP can yield further gains in potential. In addition, thermal 

energy storage is an indispensable part of CSP installations [68], and all existing plants 

in China have storage capacities [69]. Thus, CSP technology with large-capacity 

thermal energy storage will enable peak load regulation of the power system. With 

increasingly mature thermal energy storage technology, annual power generation will 

also be further increased. 

 
Fig. 6. Annual power generation and potential installed capacity of concentrating solar power (CSP) 

plants with four different technologies by province in China: (A) Parabolic trough collector (PTC), 

(B) linear Fresnel collector (LFC), (C) central receiver system (CRS), and (D) parabolic dish system 



 

(PDS). 

 

3.3 CO2 emission reduction potential 

The life-cycle CO2 emission intensity of CRS power generation is 0.035 

kgCO2/kWh, which is lower than existing power plants. Fig. 7 shows the potential for 

CO2 emission reduction. If CSP plants had been constructed according to their technical 

potential under Scenario 1, the total amounts of CO2 emission reductions in 2017, 2018 

and 2019 would have reached 5.18 × 108, 5.61 × 108, and 6.24 × 108 t, respectively, 

accounting for 5.33%, 5.77%, and 6.41% of China’s total CO2 emissions in 2017, issued 

by China Emission Accounts and Datasets [70]. In terms of the distribution of CO2 

emission reduction potential by province, although Qinghai has high power generation 

potential, the CO2 emission reduction potential is not high because of the low power 

demand of the province. In contrast, Inner Mongolia, Xinjiang, and other provinces 

with large power generation potential and large power demand have higher CO2 

emission reduction potential. Yunnan, Heilongjiang, and Hebei (limited by the CSP 

generation potential) are far from meeting their power demand, and their CO2 emission 

reductions are limited. If power transmission between provinces could be fully realized 

under Scenario 2, the CO2 emission reduction would reach 6.18 × 1010 t, which will 

exceed the global CO2 emission of 5.6 × 1010 t predicted by the Intergovernmental Panel 

on Climate Change in a 2018 report [62]. In other words, if China was able to export 

CSP electricity to other countries, it could decarbonize the entire world. 

 
Fig. 7. CO2 emission reduction potential of China's provinces: (A) Scenario 1, (B) Scenario 2. 

 

3.4 Sensitivity analysis  



 

The potential calculation in this study considers the surface slope and solar 

resources for geographic screening to clarify further the distribution of power 

generation potential under different geographic conditions and provide a reference for 

the actual construction of CSP plants. To explore sensitivities, the distribution of the 

power generation potential was calculated at different surface slopes and annual mean 

DNI values. The power generation potential when the annual mean DNI was higher 

than 1600 kWh/m2 and the slope was less than 3° were taken as the zero reference point. 

The results of the sensitivity analysis are shown in Fig. 8. According to Fig. 8, when 

the minimum allowable annual DNI value is between 1000‒1400 and 2400‒2800 

kWh/m2, the total potential does not decrease significantly. The total potential is most 

sensitive to minimum annual DNI values between 1600 and 1800 kWh/m2. When the 

DNI limit becomes more stringent at 1800 kWh/m2, power generation decreases by 

approximately 30.19%. When the slope limit is relaxed to 5° or 7°, power generation 

increases by 10.72%–34.31% or 17.03%–57.24%, respectively. In the case of 

different land slopes, assuming that the mirror field with tracking device is arranged, 

the sunlight will be tracked according to the best angle. It means that the land slope 

only affects the suitable land area and then affects the power generation. In the case of 

DNI > 1600 kWh/m2, when the slope limit becomes 5° and 7°, suitable areas increase 

to 1.13 × 106 and 1.19 × 106 km2, respectively. 

 
Fig. 8. Sensitivity analysis of generation potential based on different slope ranges and minimum 

direct normal irradiance (DNI). 



 

3.5 Discussion 

At present, little research has been conducted on evaluating China’s CSP 

generation potential based on GIS; hence, it is difficult to compare the research results. 

The total power generation potential obtained in the present study is higher than He et 

al. [45]. This difference is mainly because the surface slope was set to a more stringent 

1.7° in He et al., which leads to the omission of the power generation potential. 

Compared with similar studies, the innovation of the present study lies in the adoption 

of high-accuracy and high-precision solar irradiance and land-use data, accounting for 

water resource constraints and estimating the power generation potential of different 

types of CSP technologies by province. This provides a scientific basis and data base 

for industrial development and policy formulation. 

Table 6 shows the CSP generation potential of China estimated in this research 

based on GIS and that of other countries or regions. It can be seen that CSP has great 

potential in China compared to these countries or regions because of large land areas 

and abundant solar radiation resources. Canada was poor in solar resources; only 1.30–

4.18% of the area was suitable for the construction of CSP stations, according to the 

research by Djebbar et al [22]. Therefore, although China's total land area is smaller 

than that of Canada, its CSP generation potential is much larger than that of Canada. 

Sistan and Baluchistan province in Iran is not very rich in CSP resources [32]. About 

12% of the areas are most suitable for CSP generation, with an average annual solar 

radiation of 1456 kWh/m2 [32]. In the study of Ghasemi et al., the difference between 

specular area and specular field area was ignored, resulting in an overestimation of 

power generation potential [32]. Oman's land area is 1/31 of China's, but 82% of the 

land slope is less than 0.57° and is rich in solar resources [20]. The flat terrain is 

conducive to constructing a large-scale CSP station in Oman without additional cost to 

level the land. The land area of the United States is similar to that of China, and about 

12% of the land is suitable for supporting the development of CSP [71]. This research 

proposes a complete research framework based on geographic constrains and technical 

constrains, and considers the impact of four CSP technologies and water resources 

differences in different provinces. Therefore, this framework can provide a theoretical 



 

basis for similar research in other countries.  

 

Table 6. Comparison of research on CSP generation potential in countries/regions based on GIS 

[20,22,32,71,72]. 

Country/region Technical potential (1013 kWh/y) 

Canada 0.83–2.62 

Iran (Sistan and Baluchistan province) 0.74 

Oman 0.76–1.37 

Central Africa 2.99 

Eastern Africa 17.58 

Northern Africa 9.35 

Southern Africa 14.96 

Western Africa 2.27 

United States 11.61 

China (This research) 6.46–18.5 

 

Owing to low power generation efficiency and high water consumption, the 

commercialization of CSP in China is relatively slow, and the current proportion in the 

grid is not large. Supercritical carbon dioxide (sCO2) Brayton cycle power modules are 

among the most promising technologies to improve and replace current heat-to-electric 

conversion technologies [73]. It adopts sCO2 as the working fluid, and the power 

generation cycle is a closed Brayton cycle [29]. Compared with the traditional steam 

turbine, the water demand of the whole system is significantly reduced, and the 

thermoelectric conversion efficiency is higher [29]. With the commercial operation of 

the sCO2 Brayton cycle system in the future, it will gradually solve the problem that 

China's northwest region, rich in solar resources but lack water resources, is not suitable 

for the construction of large-scale CSP plants powered by steam turbines. 

Ji et al. calculated the levelized cost of electricity (LCOE) of the CRS and PTC for 

31 provinces in China, as shown in Table 7 [74]. Compared with other renewable energy 



 

sources, the LCOE of the CSP station is relatively high [74]. The LCOE of the PTC 

with storage is relatively higher than that without storage, but lower than the CRS with 

storage [74]. Although the proportion of PTC in operating CSP plants globally is much 

larger than other technologies, CRS may be the leading technical direction of CSP in 

the future. From the perspective of provincial distribution, although Tibet has higher 

solar resources and lower LCOE than Xinjiang and Inner Mongolia, Tibet is not the 

most suitable province for constructing the CSP plants due to its relatively low suitable 

land areas. The LCOE of Sichuan and Yunnan is similar to that of Inner Mongolia, but 

they are still not suitable for developing CSP technology due to poor land suitability. 

Xinjiang has low LCOE and the largest proportion of the suitable land area. Therefore, 

Xinjiang is the most promising province in China to develop large-scale CSP 

technology. 

 

Table 7. The LCOE of the CRS and PTC with 9-h storage of suitable provinces in China ($/MWh) 

[74]. LCOE - levelized cost of electricity. 

Province CRS with 9-h storage PTC with 9-h storage 

Tibet 142 186 

Xinjiang 167 219 

Qinghai 174 231 

Gansu 203 266 

Inner Mongolia 217 284 

Sichuan 224 291 

Yunnan 225 295 

Ningxia 251 330 

Heilongjiang 253 334 

Shaanxi 255 342 

Hebei 296 381 

 

Combined with the research results and industry development status, the following 



 

policy suggestions on the future development of CSP technology are put forward.  

(1) In terms of power station project construction, the geographical and technical 

potential of CSP is concentrated in several provinces in Northwest China. Therefore, 

the focus should be on developing the northwest region with vast unused land areas. 

Under the same technical conditions, the land with abundant solar resources and the 

gentle slope is preferentially selected for project construction, to effectively utilize solar 

energy resources and obtain the best power generation performance.  

(2) In terms of transmission side construction and electricity price management, the 

development of the CSP industry should be coordinated and promoted based on market 

demand and consumption. In the northwest region with rich resource potential, key 

trans-provincial power transmission channels such as transmission from the west to the 

east should be continued. This can also further promote China’s carbon peaking and 

carbon neutrality goals, and maximize the carbon reduction potential of CSP technology. 

At the same time, the reform of the power system should be deepened to improve the 

market competitiveness of CSP power generation and further promote the reduction of 

LCOE. 

(3) In terms of market scale, only 7 of the first batch of CSP demonstration projects 

were successfully connected to the grid. Therefore, the withdrawn and disqualified 

projects in the first batch of demonstration projects should be revitalized as soon as 

possible to expand market volume further. In addition, the complementary and 

coordinated development of CSP, photovoltaic, and wind power should be vigorously 

promoted. The core advantage of CSP is that it can complete the smooth output through 

the energy storage system. CSP, photovoltaic, and wind power can make full use of this 

advantage to achieve win-win results. 

(4) In terms of technological development, LFC technology has greater technical 

potential than the other three technologies. However, since the technology has not yet 

reached commercial operation, the current market share is small. Therefore, investment 

in improving the CSP efficiency and reducing the costs should be increased, including 

improving the efficiency of the mirror field, reducing mirror costs, improving the 

efficiency of the heat transfer process, and reducing operating costs.  



 

4. Conclusions 

By collecting various geographic resource data and combining ArcGIS software, 

regions with the potential to develop CSP plants were screened considering geographic 

constraints. Then, based on technical constraints, the geographical, technical, and CO2 

emission reduction potential of CSP in China were evaluated by province. 

The results show that China is rich in solar resources and has excellent CSP 

development potential. Approximately 11% of China’s land is suitable for the 

construction of CSP stations, of which more than 99% is concentrated in five provinces 

in the northwest region (i.e., Xinjiang, Tibet, Inner Mongolia, Qinghai, and Ningxia). 

The current installed capacity of CSP of 420 MW is much lower than China's total 

potential installed capacity (2.45 × 107–5.40 × 107 MW) estimated in this study. The 

power generation potential is expected to be 6.46 × 1013–1.85 × 1014 kWh, which is 

8.91‒25.52 times the national power consumption in 2019. The more extensive interval 

range is because of different CSP technologies. Future improvements in CSP 

conversion efficiencies will add to the power generation potential. Based on the 

assumption that if CSP plants replaced the existing power generators, the total CO2 

emission reduction potential of China in 2017, 2018, and 2019 would have reached 5.19 

× 108, 5.61 × 108, and 6.24 × 108 t, respectively, which would have contributed to 

China's carbon reduction commitment. Assuming that the UHV power grid can fully 

satisfy the trans-regional power transmission, the CO2 emission reduction of 6.18 × 1010 

t can be achieved. Finally, combined with the development status of China's CSP 

industry and the research results, policy suggestions are put forward on China's CSP 

station project construction, transmission side construction and electricity price 

management, market scale, and technology development. 
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