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HIGHLIGHTS

e Proposing a comprehensive framework to compare CSP and CFP technologies across multiple dimensions.

e Evaluating and comparing CSP and CFP potentials in China using geographical, policy, and economic factors.

e Comparing the potential of hybrid technologies and assessing the benefits of hybrid CSP-PV over standalone CSP.
o Validating the proposed framework with real power station data and conducting sensitivity analysis.

ARTICLE INFO ABSTRACT
Keywords: Concentrated solar power (CSP) is considered one of the promising emerging clean renewable power generation
Concentrated solar power technologies with the potential to replace coal-fired power (CFP). However, the feasibility of CSP as a

Coal-fired power
Comparative studies
Techno-economic feasibility
China

replacement for CFP has not been systematically and scientifically analyzed, hindering its positioning and future
development, and complicating energy transition decision-making by policymakers. To address this issue, this
paper proposes a comprehensive framework to thoroughly compare CSP and CFP from multiple perspectives,
including industry and technology development status, as well as single and hybrid technology potentials. This
framework considers the comprehensive influences of China’s geography, policy, and economy, and analyzes
land suitability, technical installed capacity and generation capacity, and levelized cost of electricity (LCOE)
spatial distribution characteristics from geographical, technical, and economic aspects. Comparative results show
that, despite CSP having 2.06 million km? available for construction and a generational potential 7.58 to 18.22
times the current national generation, its economically advantageous and technically feasible areas cover only
237,030 km? (11.51 % of available land), hindering its widespread adoption as a CFP alternative. To address this,
this paper proposes a practical hybrid technology assessment scheme, further comparing promising hybrid CSP-
PV and hybrid CFP-Wind systems. Results indicate that hybrid CSP-PV systems increase high-quality regions by
19.79 %, covering 3.5 million km? with lower LCOE than hybrid CFP-Wind, marking a 226.19 % increase. The
economically advantageous and technically feasible areas exceed 585,020 km?, a 146.81 % increase compared to
standalone CSP. Overall, the study demonstrates that hybrid CSP-PV systems offer significant economic and
technical advantages, making them a competitive option for CFP substitution. However, the costs of standalone
CSP systems remain considerably higher than those of CFP generation. To improve the feasibility of CSP as a CFP
alternative, this paper provides targeted policy recommendations aimed at advancing CSP industry growth,
fostering technological innovation, and enhancing market infrastructure.
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CSPP concentrated solar power plant F ﬁ?el
CFP coal-fired power r dlSCOLlTIt rate .
CFPP coal-fired power plant OM operation and maintenance
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GIS geographic information system L loan
LCOE levelized cost of electricity IA land area
NDRC  national development and reform commission T tax. .
NEA national energy administration n efficiency
PV photovoltaics
1. Introduction technology, CSPP integrates “light-heat-electricity” conversion, large-

Since the dawn of the 21st century, rapid societal development has
dramatically increased the consumption of non-renewable fossil fuels
like coal, leading to a looming energy crisis. Concurrently, excessive
greenhouse gas emissions have caused persistent global warming,
resulting in rising sea levels, erratic weather patterns, and ecological
degradation. In response, the third energy revolution has emerged as a
promising solution, garnering extensive global support. Since the sign-
ing of the Paris Agreement in 2015, the new energy industry has rapidly
expanded, supported by global policies and legislation. By the end of
2023, the global cumulative installed capacity of renewable energy,
mainly including solar energy, wind power, and hydropower, reached
3870 GW, accounting for 30.2 % of the global power generation [1], [2].
However, the International Renewable Energy Agency indicates that
meeting the 1.5 °C goal set by the Paris Agreement requires more than
tripling this installed capacity by 2030, with renewable energy ac-
counting for over 65 % of global power generation [3], necessitating
continuous enhancement of new energy installations and accelerated
replacement of thermal power [4]. To sum up, although a new energy-
driven revolution is on the rise, significant challenges remain on the
path to change.

As the world’s largest developing country and carbon emitter, China
plays a crucial role in global climate governance. In recent years, the
continuous promotion of China’s “dual carbon” process has significantly
increased the proportion of new energy in primary energy consumption,
accelerating the substitution of traditional fossil energy. By the end of
2023, China’s total installed power generation capacity had reached
about 2.92 billion kilowatts, marking a year-on-year increase of 14.07 %
[5]. Among them, CFP accounts for 1.39 billion kilowatts, representing
47.62 % of the total [5]. The installed capacity of wind power and solar
power are 441 million kilowatts and 609 million kilowatts, respectively,
totally accounting for 35.99 %, a 10.86 % increase from the previous
year [5], [6]. This indicates that a new energy-dominated power system
is gradually taking shape. However, the strong volatility and unpre-
dictability of wind and solar power pose significant challenges to the
safety, stability, and economic operation of the power grid. In addition,
despite a decline in CFP generation, China’s resource endowment of
“rich coal, poor oil, and little gas” keeps CFP’s generation proportion
still over 65 % in recent years [6], [7]. In the short to medium term, CFP
will still play a vital role as the “stabilizer” and “ballast” in China’s
power system. Therefore, finding solutions to solve the contradiction
and achieve the coordinated development between ‘“clean and low-
carbon” and “safety and stability” is an urgent challenge in China’s
power system transformation.

In the context of the energy revolution, clean and controllable power
generations are particularly valuable throughout the entire low-
carbonization process. As an emerging and promising generation

scale TES, and synchronization characteristics. It can achieve 24-h
power generation by integrating TES. Besides, it adopts a steam
turbine-synchronous generator like the traditional thermal power plant,
which can provide continuous and reliable services such as peak regu-
lation, inertia support, and spinning reserve for power systems [8-12].
Currently, the installed capacity of CSP has reached approximately 7GW
by the end of 2023 and is expected to reach 73GW by 2030 [1], [13].
Although the current LCOE of CSP generation is still higher than that of
wind and PV generations, the sharp decrease in the LCOE (69 % from
2010 to 2022) indicates that there is still a huge cost reduction potential
to be unlocked in the future [14], [15].

As one of two viable solar power generation technologies, CSP gen-
erations have been compared with PV generation technologies from the
aspects of technology, economy, and environmental impact by many
scholars. Quaschning [16] analyzed the impact of annual global irradi-
ance on the costs of PV and CSP generation. The analysis, which
included data from 61 sites in Europe and North Africa, found that the
break-even irradiance was 1300 kWh/m? in 2004 and was predicted to
rise to approximately 1600 kWh/m? over the next ten years due to
greater potential cost reductions in PV systems. Desideri et al. [17] first
compared the environmental impact and generation performance of PV
and CSP plants using the Life Cycle Assessment method. The study
revealed that CSP has a lower environmental impact than PV in terms of
CO2 emissions and energy payback time. Subsequently, Desideri et al.
[18] conducted a comparative study to evaluate the performance of CSP
plants equipped with TES systems and PV plants. This study explored the
feasibility of designing a CSP plant with TES systems for base load
operation from a technical perspective without considering in-depth
economic analysis. To conduct a comprehensive economic compari-
son, Hernandez-Moro et al. [19] presented a mathematical model for the
calculation of the LCOEs for PV and CSPPs. They employed discounted
cash flow techniques and the learning curve approach to analyze the
future evolution of LCOEs. The study concluded that the LCOE of CSP
would decrease substantially from 2010 to 2030, but the rate of cost
reduction would slow down significantly thereafter, contrasting with the
trend observed in PV. From a more macro perspective, Pietzcker [20]
utilize the hybrid energy-economy model REMIND to evaluate and
compare the economic potentials of CSP and PV. It was concluded that
although PV is initially deployed faster for their lower costs, CSP will
catch up and overtake PV at the end of the century due to the lower
integration costs of CSP. In [21], Khan et al. reviewed and compared the
types, mechanisms, efficiency, and cost factors of PV and CSP technol-
ogies. The review indicated that although CSP plant investments are
significantly higher, CSP plants yield higher economic returns than PV
power plants. Awan et al. [22] conducted a techno-economic compari-
son of parabolic trough CSPPs and PV plants with the same nameplate
capacity in Saudi Arabia. In [23], a similar study is also performed to
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compare the performances between solar tower CSPPs and PV plants.
The two studies show that the CSPPs have much better electrical output
compared to PV plants but also with higher LCOEs. Besides, the small-
scale dish-Stirling generation technology was also compared with PV
generations from both energy and economic perspectives in [24]. The
comparative analysis shows that PV systems have a 6.9 % better capacity
factor, 54 % more energy output, and nearly one-third the LCOE
compared to dish-Stirling generation systems. It can be seen that, despite
the high expectations for CSP, the rapid reduction in PV technology costs
over the past decade has positioned PV among the most cost-effective
renewable energy technologies worldwide. This economic shift has
placed CSP at a competitive disadvantage within the global renewable
energy market, subsequently impeding its development. As a result, the
comparability between CSP and PV technologies has increasingly
weakened, leading to a decline in the frequency of comparative research
studies between the two technologies.

However, in recent years, with the high penetration of volatile
renewable energy sources, the advantages of CSP, notably its consistent
output and controllable flexibility, have become increasingly signifi-
cant. Consequently, maximizing the inherent benefits of CSP has
emerged as a primary concern [25]. To this end, from the perspective of
dispatchable resources, scholars have conducted comparative analyses
of CSP with other forms of power generation, such as nuclear and
biomass energy. Chung-Ling et al. [26] compared the costs of CSP with
other alternative dispatchable generations, including coal, gas, and
nuclear generation. The statistical results showed the competitive
viability of CSP generations from both economic and environmental
aspects. Pfenninger et al. [27] compared CSP and nuclear from the
perspectives of costs, environmental impacts, and possible risks. The
results indicated that the CSPPs are smaller investments with lower
environmental and financial risks. They could become competitive with
nuclear power by 2030 if the costs can be reduced as expected. Li et al.
[28] quantitatively compared the roles of CSP and biomass in the spatial
and temporal configurations of a 100 % renewable power supply in
Australia, focusing on capacity factor and LCOE. Additionally, to fully
leverage CSP’s dispatchability with low costs, the concept of a hybrid
CSP-PV plant has been proposed as a promising and sustainable tech-
nology. This hybrid approach combines the complementary strengths of
both technologies, potentially offering enhanced grid stability,
improved efficiency, and reduced costs. Parrado et al. [29] compared
the LCOEs of three 50 MW plants: PV, CSP with 15 h of TES, and a hybrid
PV-CSP plant in Chile. The research showed that the hybrid PV-CSP
plant is the most reliable and environmentally viable option among
the three, even though its LCOE is not the lowest. Starke et al. [30]
evaluated the performance of a hybrid CSP-PV plant located in Chile,
through parametric analysis and cost optimization. The main results
indicated that the hybrid CSP-PV plant, with its optimal LCOE, had a
higher capacity factor and lower LCOE compared to the single CSP plant,
primarily due to a reduction in the CSP solar field size.

In summary, with the steady advancement of energy transformation
and continuous technological innovation, the role of CSP has undergone
a significant transformation. Initially functioning as an independent
power source, CSP has evolved into a flexible and dispatchable power
source, shifting its operational focus from maximizing electricity gen-
eration to fully exploiting its energy storage and flexible adjustment
capabilities. This evolution allows CSP to offer a sustainable, low-carbon
alternative to traditional energy sources like nuclear, geothermal, and
coal-fired power. It integrates peak-shaving and energy storage capa-
bilities, enabling the utilization of renewable energy for grid regulation
and support. This dual functionality not only provides multi-time-scale
power dispatch capabilities but also contributes to the rotational
inertia of power systems, positioning CSP as a critical peak-shaving and
foundational power source in regions with substantial solar resources.
Moreover, hybrid CSP-PV generation technology has been proven to be a
cost-effective and technically feasible solution to address the high costs
associated with standalone CSP technology. Consequently, in areas like
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Northwest China, CSP is firmly regarded as a safe and reliable alterna-
tive to traditional CFP and an effective means to enhance the con-
sumption of fluctuating renewable energy [9], [25], [31]. Nevertheless,
existing research has largely been confined to preliminary case cost
analyses and has not conducted a thorough comparative analysis of the
feasibility of CSP replacing CFP on a national scale. Moreover, it does
not adequately address several key questions: 1) What are the similar-
ities and differences between the development status and technical
characteristics of CSP and CFP? 2) Under what conditions or in which
regions does CSP currently possess significant potential to replace CFP?
3) How do the potential future technological developments of CSP
compare with those of CFP, and what technological trajectory should
CSP follow to expedite the replacement of CFP? These gaps underscore
the need for more in-depth investigations to better understand CSP’s
potential as a foundational and peak-shaving power source in specific
areas and to fully leverage its capabilities in the transition away from
traditional fossil fuels.

In view of the aforementioned, this paper conducts a detailed and in-
depth comparative analysis of CSP and CFP, as well as hybrid generation
models based on both, from multiple perspectives including industry
development status, technological characteristics, and technological
potential. The contributions of this study are summarized as follows:

1) A comprehensive framework was proposed to compare CSP and CFP
across multiple dimensions, including the industrial and technolog-
ical development status, and the potential of single and hybrid
technologies. This paper assesses the feasibility of replacing CFP with
CSP in various regions and explores the potential of hybrid CSP-PV
systems for industrial transitions towards sustainable development.
To the best of the authors’ knowledge, this represents the first
extensive comparison between CSP and CFP. The findings offer
valuable references for shaping future technological innovation
paths and guiding the industrial development of CSP.

This paper proposes a comprehensive analysis framework for eval-
uating the potential of CSP and CFP technologies in China, consid-
ering a blend of geographical, policy, and economic factors. This
framework integrates GIS data with a multi-criteria decision-making
model, a technical potential evaluation model, and the LCOE model.
It conducts a comparative analysis from geographical, technical, and
economic perspectives, examining the land suitability, technical
installed capacity, generation capacity, and spatial distribution of
LCOE for both technologies nationwide.

3) From an engineering practice perspective, this paper thoroughly
considers the real-world construction scenarios and economic ben-
efits of hybrid power generation, proposing a novel framework for
assessing the geographic potential and calculating the LCOE tailored
to engineering requirements. The study quantitatively analyzes the
geographic and economic advantages of hybrid over single tech-
nologies nationwide. It also identifies regions where hybrid CSP-PV
systems have both technological and cost advantages over hybrid
CFP-Wind systems.

This study utilized real power station data to validate the geographic
potential results for both single and hybrid power technologies,
confirming the reliability of the proposed potential assessment
framework. Additionally, a sensitivity analysis is conducted to
explore the effects of factors, including generation efficiency, CSP-PV
capacity ratios, and industry scaling, on the results. Furthermore,
integrating the comparative results with CSP development chal-
lenges, this study proposes targeted policy recommendations to
advance industry growth, spur technological innovation, and
enhance market infrastructure.

2

—

4

—

The remainder of the paper is structured as follows. Section 2 con-
ducts a comparison of industrial and technological development status
between CSP and CFP. Section 3 conducts a comprehensive comparative
analysis from three perspectives: geographical, technical, and economic.
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Section 4 engages in a comparative analysis of the two hybrid models —
the CSP-PV hybrid and the CFP-Wind hybrid. This comparison is con-
ducted from the perspectives of both suitability and LCOE analysis, of-
fering a comprehensive understanding of the relative advantages of each
approach. In Section 5, a sensitivity study is conducted, and the corre-
sponding policy suggestion is provided. Section 6 concludes this paper.

2. Comparison of industrial and technological development
2.1. Industrial development status

2.1.1. Installed capacity

Since the 12th Five-Year Plan, China has made significant strides in
optimizing its power structure by prioritizing energy transformation and
advancing power system reform. As a result, the proportion of clean
energy generation has steadily increased. Fig. 1 shows a significant shift
in newly installed capacity in China, with solar and wind power gen-
eration becoming the mainstay, while CFP has dwindled quickly.
Moreover, the proportion of CFP installed capacity has experienced a
sharp decline, from 71.48 % in 2012 to 47.62 % in 2023 [7]. Despite CFP
generation still accounting for a relatively high proportion, its year-on-
year trend has shown a steady decline, from 78.72 % to 69.95 % [7],
[32-38]. As a result, CFP is gradually transforming from being the main
source of power to a more basic one. This shift facilitates a steady
transition towards a low-carbon power system while ensuring the se-
curity of the electricity supply.

CSP generation is an emerging technology compared with CFP gen-
eration, but it has received extensive attention from the industry and
society in recent years due to its huge potential. As shown in Fig. 2,
China has made some progress in CSP development, with a cumulative
installed capacity of 588 MW by the end of 2023 [39]. However, the
overall installed capacity is still insufficient. As of the end of 2023,
planned or under-construction CSP projects in Qinghai, Gansu, and
Xinjiang exceeded 1 GW each, and there are also project layouts in Inner
Mongolia, Jilin, Tibet, and other provinces [39]. The total installed ca-
pacity of these projects exceeds 4 GW, and they will go into operation
and generate electricity in the next two years [40]. By that time, China’s
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installed capacity of CSP will double. Therefore, experts and scholars in
the industry unanimously believe 2022 will mark the beginning of large-
scale industrial development of CSP generation in China.

2.1.2. Policy support

To support CSP development, the Chinese government has imple-
mented various targeted policies. In 2005, the NDRC first mentioned
CSP generation and recognized it as being in its nascent technological
stage [42]. Two years later, the NDRC’s “Document No. 2174” proposed
demonstration projects totalling 50,000 kW in the northwest region
[43]. With support from the “11th Five-Year” 863 Program, Asia’s first
megawatt-scale experimental CSPP successfully generated electricity in
2012, showcasing China’s mastery of core CSP technologies [44], [45].
Subsequently, the NEA issued “Document No. 355” in 2015 [46],
opening the construction of the first batch of demonstration projects in
China. A year later, the NDRC set the benchmark on-grid demonstration
electricity price for CSP generation at 1.15 yuan/kWh, helping the in-
dustry surmount its initial hurdles [47]. Although the cancellation of
subsidies in early 2020 led to a temporary downturn in the industry, the
re-establishment of the subsidy mechanism soon revitalized the CSP
sector [48]. By the end of 2020, the installed capacity of these demon-
stration projects had reached 538 MW, showcasing their peak and fre-
quency regulation capabilities. Additionally, in the past three years, a
series of robust policies have been enacted, delineating the direction for
the integrated development of CSP, wind power, and PV. Most notably,
in April 2023, the NEA issued “Document No. 28,” targeting 3 million
kilowatts of new CSP construction annually during the “14th Five-Year”
period. This policy is expected to significantly accelerate the rapid and
large-scale expansion of the CSP industry [49].

The policies for the CSP industry in China are increasingly support-
ive, while policies for the CFP generation are becoming more restrictive.
To achieve carbon emission peak goals, China has implemented targeted
policies to control the scale of CFP development and promote its clean
transformation. To promote technological advancement and sustainable
development in the CFP industry, the new emission standard of air
pollutants for CFPPs was released in 2011 [50]. Subsequently, in 2014,
Document No. 2093 mandated that new CFP units should be over 600
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Fig. 2. . Installed capacity of CSP generation [1], [41].

MW and meet gas turbine emission limits [51]. This led to some key
projects for ultra-low emission and energy conservation transformation
nationwide. In 2015, “Document No. 164" further elevated this to a
national action, requiring all capable CFPPs should strive to achieve
ultra-low emissions by 2020 [52]. As emission standards increasingly
stringent, pressure for cleaner production increased, slowing CFP
development. In 2016, the NDRC and NEA issued “Document No. 5657,
proposing measures to cancel, postpone approval, and delay construc-
tion of CFP projects [53]. In 2022, seven departments jointly issued a
document to strictly control CFP projects [54]. Moreover, during the
past five years, China also introduced several relevant policies to pro-
mote the implementation of CFP unit transformation and upgrading,
further reduce CFP unit energy consumption, and enhance their flexi-
bility, regulation capability, and efficient level [55], [56].

Over the past two decades, China has implemented proactive support
policies, including price subsidies and research funding, to facilitate the

CSP industry’s nascent stage. These initiatives have helped overcome
initial barriers, paving the way for significant CSP development. Recent
robust support strategies further signal expansive growth in the CSP
sector. Conversely, policies for CFP generation in China are more
stringent, focusing on reducing coal dependence, improving energy ef-
ficiency, and promoting low-carbon practices. This includes strict
regulation of new projects to decrease coal electricity’s share, enforcing
international standards for lower emissions, and driving operational
flexibility reforms to adapt to future market dynamics. Collectively,
these efforts aim to transition to a more sustainable and adaptable power
generation paradigm, demonstrating China’s commitment to sustain-
able advancement and energy system transition.
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2.2. Technical characteristics and development status

2.2.1. Technical development history

The symbiotic evolution of theoretical foundations and engineering
applications constitutes a pivotal trajectory for the advancement of the
CSP sector. Beginning in the early 20th century, researchers embarked
on pioneering theoretical explorations and engineering demonstrations
in CSP. Notably, Professor Giovanni Francia designed and built the first
CSP experimental station with a structure similar to modern plants,
which began operation in Sant’Ilario, Italy, as early as 1968 [57].
However, as shown in Fig. 3 and Fig. 4, it was not until the 1980s that
CSP technology experienced significant advancements, epitomized by
the construction of the SEGS I in California in 1984 [58], the world’s
first commercial CSPP. This pivotal development was followed by the
establishment of SEGS II to VII between 1984 and 1991, demonstrating
the viability of trough-type CSP generation on a larger scale. Early CSP
installations predominantly utilized thermal oil as the heat transfer
fluid, a choice that limited thermal efficiency to about 36 % due to the
temperature constraints (up to 390 °C) of the thermal cycle system [8].
Additionally, to address the inherent variability and unpredictability of
solar irradiance, these facilities were equipped with supplementary gas
turbines to ensure stable and controllable power output, consequently
leading to high construction and operational costs. Therefore, as
depicted in Fig. 3, the subsequent downturn in oil prices in the 1990s led
to a rapid contraction of CSP incentive policies, resulting in a prolonged
developmental hiatus. Despite this setback, the period of stagnation was
marked by persistent research efforts aimed at identifying and rectifying
the technological limitations of early CSP systems. Among the various
solutions explored, TES technology emerged as a significant break-
through, showcasing superior performance in pilot implementations
[59], [60]. Between 2007 and 2013, under the stimulus of Spain’s
refined feed-in tariff regulations [61], [62], TES technology was
extensively integrated into 50 newly established CSP projects across
Spain. In this period, driven by a combination of technological ad-
vancements and escalating oil prices, a series of CSP stations,
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represented by the Nevada Solar One plant and Crescent Dunes plant,
were sequentially commissioned in the United States [63], [64],
collectively achieving a capacity nearing 1000 MW. The integration of
TES in these installations transformed CSP into a dispatchable and stable
source of clean energy.

Concurrently, there was a concerted push within both academic and
industrial circles towards the adoption of novel heat transfer mediums.
As described in Fig. 4, a notable example is the Archimede plant in Italy,
built in 2010, which pioneered the use of molten salt as both a heat
transfer and storage medium, thereby substantially enhancing the
thermal efficiency of CSP systems [65]. This achievement marked the
inaugural application of second-generation CSP technology in a prac-
tical engineering setting, heralding a new phase in the sector’s evolu-
tion. Following this, countries with abundant solar resources like
Morocco [66], [67], South Africa [68], [69], and the United Arab
Emirates [70] also embarked on the exploration and construction of
CSPPs, with most projects integrating long-term molten salt TES
systems.

Since 2016, driven by the dual-carbon goals, China’s CSP industry
has undergone rapid development and expansion. By 2023, the installed
capacity of CSP in China had reached approximately 588 MW. Addi-
tionally, over 4 GW of CSP projects were either in the planning stages or
under construction, with grid connections expected to be completed by
2025 [39]. Currently, China’s second-generation CSP technology has
reached a stage of maturity, characterized by the widespread adoption
of molten salt as the heat transfer fluid alongside the implementation of
ultra-long TES systems, capable of storing energy for up to 13 h.
Furthermore, China is actively pursuing research and development ef-
forts towards the next generation of CSP technology. This includes the
successful development of supercritical carbon dioxide power genera-
tion prototypes and the commencement of construction on the first 10
MW supercritical carbon dioxide Brayton cycle demonstration power
plant [8].

As depicted in Fig. 4, CFP generation, when compared to CSP, has
consistently held a dominant position in terms of cycle efficiency. As
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early as the late 1950s, the United States took the lead in researching
and applying supercritical power generation [80]. In 1957, the first
supercritical power generation plant was declared to be in commercial
operation, marking a significant advancement in thermal power gener-
ation technology. Subsequently, new power plants in the United States
adopted higher steam parameters (24.1 MPa/566 °C) after 1960,
contributing to the gradual maturation of supercritical power generation
technology [81]. In the 1970s, Japan also successfully mastered super-
critical power generation technology through a route of introduction,
imitation, and innovation [82]. Furthermore, countries like Germany,
Denmark, and the former Soviet Union were among the pioneers in
developing and mastering supercritical power generation technology
[80], [83]. Comparatively, China’s CFP technology started later, with
the introduction of subcritical power generation technology in the early
1980s [84]. After more than two decades of technological research and
development, China achieved significant progress with the operation of
the domestically produced ultra-supercritical unit, Yuhuan Power Plant
Unit 1, in 2006. Subsequently, China’s ultra-supercritical once-through
reheating unit, Guodian Taizhou Power Plant Unit 3, built in 2015,
reached the international leading level in terms of efficiency [85].

Overall, from the perspective of cycle efficiency, there remains a
considerable gap between CSP and CFP generations. Supercritical power
generation technology is fully mature in CFP generation, while CSP
predominantly uses subcritical power generation technology. Future
research should focus on exploring new heat transfer fluids and adopting
new cycle power generation modes to achieve higher cycle temperatures
and pressures, thereby enhancing CSP generation efficiency and
reducing costs.

2.2.2. Structural characteristics

2.2.2.1. Structure principal. As shown in Fig. 5, the CSPP can be mainly
divided into three subsystems: solar field, TES system, and power block.
Take linear Fresnel CSPP as an example, with the control of the tracking
system, the solar energy is firstly reflected by the flat mirrors and then
focused by a second compound parabolic concentrator. The concen-
trated solar energy is absorbed by a central vacuum receiver to heat the
inside molten salt. At the rated condition, the inlet cold molten salt
(290-300 °C) is heated by the collected solar energy to approximately

Solar Field TES System

542°C
0.42MPa

Power Block
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550 °C. The TES system consists of a cold tank and a hot tank and can
provide a long-term stable supply without sunlight. As for the power
block, it can be further divided into SGS, steam turbine, electrical
generator, feedwater heat exchanger, and condenser. The steam gener-
ation system includes preheater, evaporator, steam drum, superheater,
and reheater. As shown in Fig. 5, the preheated feedwater is pumped
into heat exchanger trains and heated into superheated steam. The high-
pressure superheated steam then spins the turbine to turn thermal en-
ergy into mechanical energy. Finally, the electrical generator is pulled
by the steam turbine to produce active and reactive power with proper
excitations [86-89].

By comparing Fig. 5 and Fig. 6, subcritical CFPPs and CSPPs exhibit
certain structural similarities; however, they differ significantly in their
energy supply modes, leading to distinct structural and operational
characteristics. 1) Front-end energy supply system: Unlike the “solar-heat-
electricity” transfer process in CSPPs. The subcritical CFPP burns coal in
the boiler to release the chemical energy and generates high-
temperature and high-pressure steam for power generation. Compared
to the solar field system, the combustion system in CFPPs is more
intricate and extensive, comprising coal handling, boiler combustion, air
and flue gas, and ash handling systems. The large and complex front-end
energy supply system of CFPPs results in slower output regulation
compared to CSPPs. 2) Steam generation system: Differences in the
physical properties of the high-temperature heat transfer fluids deter-
mine the differences in the structure and control design of steam gen-
eration systems between CSPPs and CFPPs. CSPPs employ shell-and-tube
heat exchangers, whereas CFPPs utilize convection-radiation heat ex-
changers. This structural disparity influences the design of control sys-
tems, such as steam temperature regulation methods (water spraying
control in CSPPs vs. cold salt control in CSPPs) [90], [91]. 3) Power
generation system: Both power plants employ steam turbines to generate
electricity; however, there are notable disparities in the performance
requirements of the turbines. As presented in Table 1, turbines in CSPPs
must fulfil design specifications for frequent and rapid start-stop oper-
ations, necessitating lower rotor mass [92], [93]. Furthermore, to enable
continuous low-load operation during nighttime and adaptability to
frequent variable operating conditions, CSP turbines have higher ma-
terial requirements in their design.
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Table 1 tube-and-shell superheater and reheater are adopted in a CSPP, unlike
".1 € . the traditional ones with multiple sections. In this situation, the regu-

Differences between steam turbines of CSP and CFP. . . . . .
lation efficiency of the traditional method is greatly reduced. More
Requirements Csp CFP importantly, the theoretical analysis and practical experiences show that
Daily start and stop Required Not required the temperature control speed with cold salt in a CSPP is usually faster
Hot startup time Less than 25mins 60 min than the one in a CFPP. This means the former can undertake larger and

Cold startup time 60 mu.'l 240 min . quicker load variations [97].
Ramp rate 5 %/min 1.5-2 %/min
Output Base load and peak load Base load . .
Load range 15-100 % 50 %-100 % 3. Potential comparison of CSP versus CFP
Temperature variation rate 10 °C/min 1.5-5 °C/min
Rotor volume Smaller Bigger 3.1. Methodology for assessing CSP and CFP potentials

2.2.2.2. Control system. The control system of CSP can be mainly
divided into two parts: the front-end solar collecting and thermal storage
control system, and the back-end power block control system. Since the
front-end control systems of CSP and CFP address different energy
conversion processes, the CSP front-end solar concentration control
system and the CFP front-end combustion control system are vastly
different and not comparable. In contrast, the back-end structures of
both systems are relatively similar, providing some comparability in
their control system architectures. As shown in Fig. 7, the control system
of a CSPP inherits the two-level control structure from a traditional CFPP
[94-96]. The primary control level can be mainly divided into two parts
according to their functions. The first part receives external and manual
signals and converts them into reasonable setting values of load and
pressure demand. In the second part, the demand master signals are
produced through a series of signal processing and control blocks. The
produced signals are then distributed to various control subsystems at
the secondary level to fulfil the required tasks.

According to Fig. 7, the power control strategy of a CSPP is broadly
similar to the one of a CFPP. However, there still exist some differences
due to its special energy-supplied mode and component structures
[89-91]. According to our previous studies [90], [91], hot salt flow
control and steam temperature control show distinctive differences
compared with the ones in a CFPP. Taking steam temperature control as
an example, the cold salt adjustment method but not the traditional
water spraying method is adopted in a CSPP to control the steam tem-
perature. As shown in Fig. 8, the steam temperature control can be
divided into two parts. The first part adjusts the cold salt with the cor-
responding salt pump. The second part deals with the distribution of hot
salt to keep a balance between the temperatures of superheated steam
and reheated steam. The main reasoning is that the indivisible U-shape

To assess the viability of CSP as a substitute for CFP, this study
conducts a comprehensive comparative analysis from three perspec-
tives: geographical, technical, and economic, corresponding to the three
parts presented in Fig. 9. The first perspective focuses on the
geographical potential of CSP and CFP. Using the AHP and GIS data, the
study evaluates and compares the land suitability of different regions for
implementing CSPP as a replacement for CFPP. Based on the
geographical assessment, the study proceeds to calculate the technical
installed capacity and generation capacity of CSP within the identified
feasible regions. This estimation is carried out using a CSP technical
potential evaluation model. By comparing the potential of CSP with the
existing installed capacity and electricity generation of CFP in each re-
gion, the technical feasibility of CSP replacement solutions in different
regions can be determined. Finally, the economic feasibility of
replacement solutions is examined by spatially calculating the LCOE in
each region. This analysis provides insights into the cost-effectiveness of
CSP compared to CFP in different regions. It is important to note that this
section extensively utilizes GIS data, which is further detailed in Section
Al of the supplementary material.

3.1.1. Assessing geographical potential

The geographical potential of solar generation in a selected area
refers to the amount of total yearly solar radiation available in that area,
considering existing geographical constraints such as forests and
waterbodies [98-101]. According to Fig. 9, the process of geographic
potential analysis involves the elimination of restrictive areas followed
by a weighted analysis of the selected evaluation criteria to determine
the geographic potential classification. The specific details of the
geographical potential analysis process are described below.
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Fig. 8. Comparison of steam temperature control systems in CSP and CFP [91].

3.1.1.1. Exclude restrictive areas. As shown in Table 2, two types of
criteria are usually considered to exclude restrictive areas, i.e., manda-
tory restrictive criteria and quantitative restrictive criteria [101]-[104],
[111], [112]. The latter is typically straightforward to measure, such as
DNI, and the area will only be excluded if the chosen criteria exceed a
specific threshold value. This paper selects a series of restrictive criteria
with the highest degree of recognition based on the literature review
results presented in Table 2, including protected areas, land cover, slope,
DNI, etc. It is important to note that the minimum limit of DNI of 1800
kWh/m?, which is commonly used in most literature, may not be
directly applicable to China’s unique geographical conditions. This is
because China’s areas with abundant solar energy resources are mainly

located in high latitudes, and the solar energy resources in these regions
are not as abundant as those in equatorial regions. To better fit China’s
actual national conditions and in line with the regulations of China’s
NEA, this paper relaxes the minimum limit of DNI to 1600 kWh/m? [98].

3.1.1.2. AHP method. After eliminating restrictive areas, the next step
is to identify appropriate evaluation criteria for assessing the suitability
of the remaining areas. To ensure the considered criteria are recognized
by both the research community and industry, a comprehensive litera-
ture review and industrial investigation are carried out [100-118]. For
CSPPs, a review of relevant literature summarized in Fig. 10 reveals that
climate, orography, location, economic, and environmental aspects are
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Fig. 9. . Flowchart of the potential comparison process.

the primary evaluation criteria to be considered in making informed overall weights assigned to each criterion. As illustrated in Fig. 10, the
decisions. In the case of CFPPs, this paper combines existing research obtained weights for CSP demonstrate a high level of consistency with
and relevant construction regulations to determine the evaluation the statistical results obtained from the literature review, which implies
criteria [119], [120]. Finally, the selected criteria are summarized in the obtained weightings are reasonable. For a more comprehensive
Table 3. understanding of the calculation and analysis of AHP methodology,
As depicted in Table 3, the evaluation criteria utilized in this study additional details are provided in Sections A2 and A3 of the supple-
are classified into five classes to represent the different suitability. To mentary material.
determine the relative importance of these criteria, the widely used AHP
is employed in this paper. AHP involves several key steps, including the 3.1.2. Assessing technical potential
construction of a hierarchical structure, pairwise comparisons, and Based on the geographical potential analysis, suitable regions for
calculation of weights. Among them, the pair-wise comparison process is deploying CSPPs are identified. According to Fig. 9, a technical potential
a particularly crucial part. In our study, such comparisons are conducted analysis is conducted to calculate the theoretical technical generation
by utilizing statistical data in Fig. 10 and consulting with specialists in capacity and installed capacity of CSP within the selected regions. The
the field. The outcomes of these comparisons are then used to derive the obtained results are then compared with the practical power generation

10



L. Yao et al.

Table 2
Restrictive criteria for CSP and CFP.
Criteria Criteria Description Buffer Literature
Type
World heritage sites, 05 [100][101]
Protected area national parks, and k;n [102][103]
TUCN class I-VI [104]
Urban Ur.ban settlements [1021[104]
with over 10,000 1 km
settlements . . [105]1[106]
inhabitants
Mandatory
Wetlands, forests, [1001[101]
Land cover graSSIanS’ water 0.25 [1071[108]
bodies, and km [109]
agricultural lands
Transportation . 0.25 [103]1[104]
network Railways and roads m [105][110]
5 [101][102]
DNI 1600 gl}Whé’S‘; / No [1041[111]
year) for [112]
Quantitative Slope >3° for CSP[98] and No Hgé}ﬁ?ﬂ
> 8° for CFP[99] [113]
Population >500 inhabitants/ No [102][112]
density km? [114][115]
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Fig. 10. . Summary of criteria and weights used in the relevant literature
[100-105], [109-112], [121-134].
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that the statistical data available for the coefficients in these equations
may not apply to the specific context of China. To address this limitation,
an extensive and comprehensive review of practical CSPPs in China is
conducted, and the coefficient values used in this study are based on the
findings of this review. Further details regarding the comprehensive
information review process can be found in Section A4 of the supple-
mentary material.

Table 4 highlights the variations in the land-use efficiency (LUE) and
land conversion factor (LCF) among different types of CSP generation
technologies [108], [135], [136]. These variations primarily stem from
the differences in solar field configurations. Besides, the solar-to-electric
conversion efficiency is influenced by many factors, including solar
concentration, heat transfer fluid, power cycle efficiency, etc. In this
paper, to account for these factors and their impact on the technical
potential, both upper and lower limits are considered when calculating
the ranges of the technical potential values.

Capgeneralion = LA*LUEDNI”I (1)
Capimtalled = LA*LCF (2)

3.1.3. Assessing economic potential

To evaluate and compare the economic potential of CSP and CFP in
China, the LCOE is calculated for different regions using the discounting
method, which considers the cost and depreciation of the entire project
life cycle (as shown in (3)) [19], [137]. To obtain the spatial distribution
of LCOE for CSP and CFP, various spatial factors such as geographical
conditions, policy incentives, and economic conditions that may influ-
ence LCOE calculations in different regions are considered. As depicted
in Fig. 9, the overall process for LCOE calculation includes data input,
coefficient adjustments, and LCOE computation. To calculate the
adjustment coefficients (kiand.i» Ksystem.i» Kcris kom.i» kr.i) for cost items, this
study compares the input data for each raster point with the benchmark
data from a reference power station. Then, Eq. (6), combined with Eq.
(3)-(5), is utilized to compute the LCOE for that specific raster point
(LCOE)). As for the benchmark power station, this study selects a 100
MW tower-type CSPP located in Dunhuang, Gansu, as the reference. This
plant is equipped with an 11-h TES system, occupies an area of 8 km?,
has a total static investment of 3 billion yuan, and an assumed life span
(N) of 25 years. For more detailed information about the benchmark
power stations, please refer to Section A7 of the supplementary material.

Table 4
Technical parameters of three different CSP generation technologies.

. . N Technol LUE (% LCF (MW/km? %
and installed capacity of CFPPs to assess the feasibility of substituting cehnotosy ) (MW/ken) n (%)
CFP with CSP in different provinces. In this study, egs. (1) and (2) are Parabolic trough 25 20 11-21

013 s . . . Power tower 16 13 15-35
utilized to calculate the technical generation capacity and installed ca- j
. . : Linear Fresnel 40 16 8-18
pacity, respectively [106], [108], [135]. However, it should be noted
Table 3
Criteria and weights of geographical potential evaluation for CSPPs and CFPPs.
Criteria for Classes Criteria for CFPP Classes
CSPP
L5 L4 L3 L2 L1 W (%) L5 L4 L3 L2 L1 W (%)
DNI (kwh/m? Di

(wh/m™/ 2300 2100-2300  1900-2100  1700-1900  1600-1700  44.881 istance to 05 515 1530 30-50  >50  37.262

year) collieries (km)

Slope (°) 0-0.5 0.5-1 1-2 225 2.5-3 25.461 Slope (°) 0-2 2-4 46 6-8 >8 14.482

Di Di i

istance to <5 5-10 10-15 15-20 >20 14700 Distancetogrids oo .00 1505 1520  -20  10.348

grids (km) (km)

Distance to <10 10-20 20-30 30-40 >40 8.367 Distance to <10 10-20 20-30 3040  >40  24.07
water (km) water (km)

Distance to <10 10-15 15-20 20-25 ~25 4.075 Distance to <10 10-15 1520 20-25  >25  10.669
roads (km) roads (km)

Distance to 5-10 10-20 20-30 30-40 >40/<5 2517 Distance to 510 1020 2030 3040 07 3169
urban (km) urban (km) <5

Note: L5: Best suitable; L4: Highly suitable; L3: Moderately suitable; L2: Marginally suitable; L1: Less suitable; W: Weight.
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The specific details of the LCOE calculation are described as follows:

Cim'tial,ref + Zﬁl,o (Carmual,n.ref(l + r) - )

LCOE,;; = " (3
; SoEa1 1))

Cinitial = Cland + Csystem + CCI + Cother (4)

Connuat_n = OMy + I + Ly + Ty + Fy )

Clandkland.i + Csystemkxystem,i + CCIkCI,i + Z;v:()((OMnkOM.i + In + Ln + Tn + FnkF,i)(]- + T') - )
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of the power coal. The former is calculated based on the ratio between
coal consumption and electricity generation, while the latter employs
the latest transportation data. As for the discount rate (r), a typical value
of 10 % is adopted in this paper [138], [139].

For the calculation of annual electricity generation (Ep), this study
directly employs the power generation potential model from section
3.1.2 to determine the annual electricity generation of equivalent 100
MW CSP power plants in each raster. As for the annual electricity gen-
eration of CFP, it is calculated by multiplying the capacity by the actual

LCOE; = 2ol m
Yono(Eni (L +1)77)

3.1.3.1. Initial costs. According to Eq. (3), the lifecycle cost comprises
both the initial cost (Cinitiqr) and the annual cost (Cgnnua n)- The initial
cost can be further categorized into land costs (Cigng), System costs
(Csystem), construction, and installation costs (Ccj). Notably, there are
significant differences in land costs among different provinces due to
their varying land policies. In China, land use rights for industrial pro-
jects can be acquired through allocation, grant, or transfer. For CSP
projects, the land use rights for the first batch of demonstration projects
were initially allocated to the CSP companies by the local government at
a minimal cost. However, with the increasing experience in project
development, subsequent CSP projects have required obtaining land
through grants, which typically accounts for 5 % of the total static in-
vestment. For CFP projects, the portion of land cost is higher, typically
10 %, since CFP projects are more concentrated in the east areas with
higher land prices. To consider the impact of regional variations in land
prices, as shown in Fig. A3, this study employs the Industrial Land Price
Coefficient (kignqi), defined as the ratio of local land prices (LP;) to
reference industrial land prices (LPy) in Eq. (7), to calculate land costs
in each province. The construction and installation costs (C¢) are
influenced by various factors, and this study employs the AHP method to
comprehensively consider the effects of temperature, altitude, distance
to roads, and distance to the power grid. In the final LCOE calculation,
adjustments to the construction and installation costs are made with a 5
% increment for each level difference. Regarding the system costs, since
equipment prices are relatively consistent across the country, a fixed
ratio is used for calculation purposes.

LP;

—_— 7
i %)

klandi =

3.1.3.2. Annual costs and electricity generation. As the second main part
of the lifecycle cost, the annual costs encompass various elements such
as operation and maintenance cost (OM,,), insurance fees (I,), loan in-
terest cost (L), tax cost (Tp,), and fuel cost (F,) applicable only to CFP.
The O&M cost mainly comprises labour expenses and equipment
maintenance costs. For labour expenses, the latest per capita gross do-
mestic product (GDP) data for each prefecture-level city in 2023, as
shown in Fig. A2, is utilized for calculation. As for equipment mainte-
nance costs, they are influenced by local economic conditions, proximity
to water sources, frequency of rainfall, sandstorm occurrence, and other
factors. To consider these factors comprehensively, the AHP is
employed. Regarding insurance fees (I,,), they are generally not affected
by spatial factors and typically account for 0.5 % of the total static in-
vestment. The loan interest costs (L,) are calculated using the equal
principal and interest method, considering the latest interest rate of 4.2
% in 2023. For tax costs, CSP projects usually benefit from a 50 %
reduction in taxes, whereas CFP projects are subject to additional
environmental taxes. Furthermore, CFP requires special consideration of
the fuel cost, which includes both the purchase and transportation fees
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(6)

average power generation hours for each province from 2022 to 2023, as
shown in Fig. A5 [4]. For more key parameters and LCOE calculation
details, please refer to Section A5 of the supplementary material.

3.2. Analysis of CSP and CFP potential results

3.2.1. Analysis of geographical potential results

According to the evaluation criteria presented in Table 3, individual
suitability maps for each criterion can be generated, as depicted in
Fig. 11. From the perspective of natural resources, regions with abun-
dant DNI resources are predominantly found in northwest areas such as
Tibet, Inner Mongolia, Qinghai, Xinjiang, and Gansu. Conversely, coal
mining resources are concentrated in regions like Shanxi, Inner
Mongolia, Shaanxi, Xinjiang, and Guizhou. As for the distribution of
road networks, power grids, water resources, and dense population
centres, they exhibit an “east dense, west sparse” pattern. For detailed
information on the divisions of Chinese provinces and regions, please
refer to Section A6 of the supplementary material.

Based on the criteria in Table 2, the restrictive area is obtained and
eliminated. Subsequently, by overlaying and weighting the individual
suitability maps, the final land suitability maps for CSP and CFP gen-
erations in China can be derived as Fig. 12. The statistical results in
Fig. 13 reveal that approximately 78.4 % of the regions are deemed
unsuitable for CSP, primarily due to two key factors: 1) China’s high
latitude results in many regions not meeting the minimum DNI re-
quirements for CSP. 2) the need for high slope angles poses a significant
limitation on CSP development. Despite these restrictions, a substantial
area, approximately 2.06 million km?, remains available for CSPP con-
struction, predominantly in the northwest regions such as Qinghai,
Gansu, Xinjiang, Tibet, and Inner Mongolia.

In the case of CFP, the suitable land area for construction has been
estimated at 5.07 million km?, which is around twice the area available
for CSP. The most favourable regions for both technologies are primarily
located in Xinjiang and Inner Mongolia, positioning these provinces as
prime locations for CSP pilot or demonstration projects as sustainable
alternatives to CFP. Furthermore, regions in Central and Eastern China,
such as Shandong, Shanxi, and Henan, with their rich coal mine re-
sources, also possess valuable land resources for constructing CFPPs. A
review of Fig. 12 and Fig. 13 reveals that the geographical distributions
of suitable regions for CSP and CFP show complementary characteris-
tics, reducing direct competition and facilitating the strategic develop-
ment of CSP in regions where it has distinct advantages.

To demonstrate the effectiveness of this evaluation method, the
study compares the distribution of existing power plants with the land
suitability map. As indicated in Table 5, more than 90 % of CFPPs are
situated in level 5 and level 4 regions, and 86 % of CSPPs are located in
level 3, level 4, and level 5 regions. However, there are still six power
plant projects (14 %) located in level 2 regions, primarily due to the
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Fig. 11. Suitability classification maps of evaluation criteria.
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Table 5
Verification results of land suitability maps.

Level L5 L4 L3 L2 L1

csp Number 3 20 13 6 0
Percentage 7.14 % 47.62 % 30.95 % 14.29 % 0.00 %

CEP Number 2035 2863 321 4 0
Percentage 38.96 % 54.82 % 6.15 % 0.08 % 0.00 %

following two reasons: 1) CSP power plant construction is still relatively
limited, with most projects being demonstration projects driven by na-
tional or regional policy subsidies, which allows more flexibility in site
selection. 2) In some regions, there is a notable discrepancy between
ground-based measurements and satellite measurements of DNI, leading
to rating deviations. Particularly in the Xinjiang region, the lack of
Solargis ground stations leads to discrepancies between model pre-
dictions and actual measurements, with variances up to +12 %. Real-
world comparisons show that Solargis data tends to underestimate
actual observations by about 200 kWh/m?/year in this area. Therefore,
this study’s assessment of Xinjiang’s CSP geographical potential may be
conservative, suggesting that the actual potential could be significantly
higher. Overall, the suitability evaluation method proposed in Section 2
provides an effective analysis of regional adaptability. The final evalu-
ation results can serve as a valuable reference for the site selection of
power plant projects in the industry.

3.2.2. Analysis of technical potential results

As demonstrated in Table 6, the calculated results reveal that Tibet,
Qinghai, Gansu, Xinjiang, and Inner Mongolia stand out as regions with
the most abundant CSP generation potential, collectively accounting for
over 60 % of the national CSP generation potential. Additionally, the
regions of Heilongjiang, Jilin, Ningxia, and Liaoning also exhibit

considerable development potential, accounting for 5.4 % in total. To
further underscore the significant development potential of CSP, a
comparison was conducted between the CSP generation and installed
capacity potentials with the actual generation and installed capacity of
CFP at present. The comparison results in Table 6 show that CSP gen-
eration in the high-quality generation resources areas (L4 and L5 re-
gions) in Tibet, Qinghai, Gansu, Inner Mongolia, and Heilongjiang can
entirely cover the current and future CFP generation in terms of power
generation and installed capacity. Even in provinces like Xinjiang and
Inner Mongolia, which have substantial CFP generation capacity, the
high-quality CSP generation potential (in L4 and L5 regions) is respec-
tively 19.79 times and 57.92 times the current generation capacity.

From a comprehensive national perspective, China’s total electricity
generation and installed capacity in 2023 were 9.2241 trillion kilowatt-
hours and 2.92 billion kilowatts, respectively. Focusing on tower-type
CSP, the high-quality generation resources available in just the four
northwestern provinces alone have the potential to produce 6.12 times
the current total national electricity generation. Expanding this view to
the national level, the total generational potential of CSP in China is
estimated to be between 7.58 and 18.22 times the current national
generation. Furthermore, the potential installed capacity of tower-type
CSP could amount to 28.27 times the present national total. These
findings underscore the substantial development potential of CSP in
China, highlighting its crucial role in the transition towards a future low-
carbon power system. Such potential positions CSP not merely as an
alternative energy source but as a key driver in China’s strategic energy
planning and sustainability goals.

3.2.3. Analysis of economic potential results

Based on the calculation method presented in Section 3.1.3, the
spatial distribution of the LCOE for CSP and CFP in China is depicted in
Fig. 14. The LCOE distribution features of CSP closely aligns with the

Table 6
Calculation and analysis results of CSP technical potential.
Province CFPypg in 2023 (10° GWh) CFPyc in 2023 (GW) Level 5 Level 4 Level 3 Level 2 Level 1
Rpg Ric Rpg Ric Rpg Ric Rpg Ric Rpg Ric
Tibet 0.39 0.42 161e2 256el 430e2 745el 750el 151el 111el 289.10 33.76 14.70
Qinghai 16.03 3.97 99.09 84.94 438.91 399.56 460.87 466.93 85.63 142.09 0.30 5.98
Gansu 103.86 25.25 5.65 4.79 35.38 32.17 49.44 65.48 12.86 28.21 0.08 0.60
Inner Mongolia 593.50 118.29 2.87 3.18 55.05 64.15 46.46 57.81 5.17 7.98 0.05 0.15
Xinjiang 378.96 66.56 1.11 1.37 18.68 23.16 20.22 31.46 9.82 26.93 0.21 2.14
Heilongjiang 93.57 25.57 2.12 1.84 51.43 46.30 47.41 79.80 1.63 5.35 0.00 0.03
Jilin 71.25 18.90 0.27 0.24 28.12 26.05 20.00 35.55 0.22 2.79 0.00 0.00
Ningxia 171.85 33.13 0.00 0.00 0.19 0.27 1.73 7.11 0.16 3.81 0.00 0.00
Liaoning 134.62 38.56 0.00 0.00 0.33 0.29 1.85 5.33 0.12 1.25 0.00 0.00

Notes: PG: power generatio; IC: installed capacity; R: ratio; Rpg = potential CSPp¢ / practical CFPpg; Ric = potential CSP;c / practical CFPic;
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Fig. 14. LCOE maps for CSP and CFP.

distribution characteristics of DNI, as solar irradiance directly governs
the power output of CSP stations. It is evident that regions with lower
CSP generation costs align with the potential analysis results previously
mentioned, predominantly concentrated in the northwestern region of
China. In these regions, the LCOE of CSP generally ranges between 0.7
and 0.9 CNY/kWh. In areas with better resources, such as Gonghe in
Qinghai, Jiuquan in Gansu, and Hami in Xinjiang, the LCOE can be as
low as 0.68 CNY/kWh. Besides, a validation analysis, as shown in
Table B8 of the supplementary material, of the LCOE calculations based
on practical operational data and construction information is conducted
to demonstrate the effectiveness of the proposed LCOE calculation
model.

In the case of CFP generation, the impact of coal resource distribu-
tion on generation costs is somewhat mitigated, considering China’s
robust transportation network and distinctive electricity transmission

80°0.0'E 90°0.0'E

100°0.0'E

pattern characterized by “West-to-East Electricity Transfer” and “North-
to-South Electricity Transfer”. As shown in Fig. 14 (b), the overall gen-
eration costs of CFP are significantly influenced by the annual genera-
tion hours of each province, exhibiting pronounced provincial
characteristics. In the central and northeastern regions, including 14
provinces such as Hubei and Jiangsu, the LCOE is around 0.35 CNY/
kWh. However, in the northwestern regions like Xinjiang, Inner
Mongolia, and Ningxia, which benefit from both resource and policy
advantages, resulting in higher annual generation hours, the LCOE is
lower, with the average in Xinjiang as low as 0.303 CNY/kWh. In
contrast, in the Tibet region, due to its limited geographical conditions
and fragile ecological environment which are unsuitable for traditional
CFP generation, the costs are exceptionally high.

Fig. 15 presents a comparative analysis of the LCOE spatial distri-
bution for CSP and CFP across China. Nationwide, the cost of CFP is
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Fig. 16. Economically advantageous and technically feasible areas for CSP

generally lower than that of CSP. Particularly in the central, southern,
and eastern regions, the LCOE of CFP is over 80 % lower than that of
CSP. In the northern and northwestern regions, CSP costs remain more
than 60 % higher than CFP, with CSP showing competitive costs only in
areas with extremely abundant solar resources. Notably, in the Tibet
region, CSP holds a distinct advantage from the standpoint of generation
costs alone. According to Fig. 16, the data analysis shows that the area
where standalone CSP is cost-competitive with CFP covers 1.07 million
km?, primarily concentrated in Tibet (excluding Shannan). Among these
areas, the regions where CSP holds an economic advantage and is suit-
able for construction reaches 237,030 km?, accounting for 11.51 % of
the total geographically available area. In Inner Mongolia, Qinghai,
Xinjiang, and Gansu, CSP, despite being technically feasible, still has
relatively high construction costs for standalone plants. This signifi-
cantly restricts the large-scale promotion of CSP, making the standalone
replacement of CFP economically unfeasible.

4. Potential comparison of hybrid CSP-PV systems versus hybrid
CFP-Wind systems

4.1. Overview

The findings delineated in Section 3 of this study suggest that CSP
exhibits considerable potential for development within China, particu-
larly in the northwest region where it possesses the capacity to supplant
CFP both in generation and installation capabilities. However, the cost
benefits of CSP, when compared with CFP, are not markedly pro-
nounced. The high cost associated with CSP remains a major obstacle
hindering its broader commercial adoption. Consequently, there
emerges an exigent need for an innovative developmental strategy in the
industry, one that effectively overcomes the cost barriers intrinsic to
CSP.

In this context, the hybrid power generation technology integrating
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PV and CSP has garnered significant interest as a viable alternative. This
methodology exhibits unique benefits, primarily in two aspects: Firstly,
the exceptional peak-shaving capacity of CSP contributes to a consistent
and stable output from the hybrid CSP-PV system. This characteristic
notably reduces the influence of PV fluctuations on the power grid.
Secondly, the synergistic integration of PV and CSP technologies facili-
tates the comprehensive harnessing of regional solar energy resources.
This integration results in enhanced overall power generation efficiency
and a consequent reduction in LCOE [136-141].

Conversely, while CFP currently maintains a cost advantage, it faces
significant environmental challenges due to its high carbon emissions.
Addressing these environmental concerns, scholars proposed a transi-
tion strategy tailored to Chinese contexts in the 2010s, termed the
“Wind-Fire Bundle” [142], [143]. This strategy, when compared to
projects of equivalent capacity employing CFP, not only substantially
reduces the carbon emissions of the entire project but also improves the
integration level of wind energy. In light of these considerations, this
study engages in a comparative analysis of the two aforementioned
hybrid systems — the CSP-PV hybrid and the CFP-Wind hybrid. This
comparison is conducted from the perspectives of both land suitability
and LCOE analysis, offering a comprehensive understanding of the
relative advantages of each approach.

4.2. Methodologies for assessing potentials of hybrid generation systems

4.2.1. Assessing hybrid geographical potential

Currently, there is a scarcity of research on the suitability analysis of
hybrid generation systems. Reference [104] represents a pioneering
effort in this domain. In their approach, the authors have employed the
land suitability analysis method, originally devised for CSP, and adapted
it for the analysis of hybrid CSP-PV plants. This adaptation involves a
combined application of the evaluation criteria for both CSP and PV.
However, there are several issues with this methodology: 1) In the realm
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of practical engineering, CSPPs and PV plants within a joint power
generation system are not necessarily situated in proximity to each
other. Often, distances between these plants can surpass 5 km [144],
[145]. This distance substantially exceeds the dimensions of most raster
systems, rendering the analysis of such plants within a single raster point
impractical. 2) CSP and PV, while both are forms of solar power gen-
eration, have distinct site requirements. A notable example is the
significantly higher slope requirements for CSP. The application of a
uniform set of evaluation criteria to both can yield excessively conser-
vative outcomes. Furthermore, these challenges are further exacerbated
when conducting joint suitability analysis for projects that integrate
both wind and CFP power.

Considering the aforementioned factors, this paper proposes a novel
methodology, based on practical engineering principles, for analyzing
the land suitability of hybrid power generation plants. The proposed
method, as depicted in Fig. 17, encompasses three primary steps:
selecting a central generation type and establishing a buffer zone, re-
evaluating the land suitability levels of non-central generation types,
and calculating the overall suitability levels for hybrid generation.
Firstly, the paper selects the generation type with more stringent se-
lection criteria or higher construction costs as the central generation
type, specifically CSP and CFP in this context. Subsequently, for the non-
central generation types (i.e., PV and wind power), a 5 km radius buffer
zone is created around each raster point on their respective suitability
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maps. Secondly, Eq. (8) is then used to determine the suitability levels
for constructing PV/wind installations within these defined zones. As
outlined in Fig. 17, Step 2, the new PV/Wind suitability is calculated as
Level 4 in this example. Finally, a weighted analysis of the suitability
maps for CSP/CFP and PV/Wind is conducted within the same raster
cell. For example, according to Fig. 17, Step 3, the known CSP/CFP
suitability level (Level 3) and the newly calculated PV/Wind suitability
level (Level 4) are each weighted equally at 50 % within the raster cell.
This yields a hybrid suitability level of Level 4 for the hybrid power plant
within that raster cell. By applying this approach to every raster cell,
comprehensive land suitability maps for various hybrid generation
configurations are obtained.
1°Nyy +2°Nps +3'Ny3 + 4Ny + 5'Nis

Levelsuimbility,new = [ N. ] (8)
sum

4.2.2. Assessing hybrid economic potential

The LCOE methodologies for PV, wind, and CSP systems have
reached a mature stage of development. In contrast, the analytical
framework for hybrid LCOE remains nascent. Current research pre-
dominantly centres on contrasting the LCOE across various hybrid
power generation technologies, or it delves into the temporal develop-
ment trend of hybrid LCOE within specified, geographically fixed sce-
narios. However, investigations into the spatial distribution patterns of
hybrid LCOE are relatively rare [29], [104].

To bridge the existing gap in the literature, this study proposes an
enhanced model for hybrid LCOE analysis, building upon the founda-
tional LCOE model proposed by Hernandez-Moro et al. [19]. As illus-
trated in Fig. 18 and Eq. (9), the methodology for calculating the LCOE
of hybrid power stations primarily adheres to the conventional approach
of dividing the total lifecycle costs by the total electricity generation.
However, in our model, the computation of total costs uniquely in-
corporates additional factors such as GDP and regional land prices, as
detailed in Section A6-A7 of the supplementary material. Moreover, the
estimation of total electricity generation in this paper not only accounts
for the influence of spatial factors related to natural resources but also
considers the impact of region-specific CSP development policies in
China. This includes the assessment of typical capacity ratios between
CSP and PV in different provinces, thereby examining the effects of
varying degrees of hybridization in mitigating the renewable energy
curtailment rates. For more calculation details, please refer to Section
A8.

This comprehensive analysis significantly advances our under-
standing of the spatial distribution attributes of hybrid LCOE, specif-
ically tailored to CSP-PV and CSP-Wind configurations. The inclusion of
economic and policy considerations in the model provides a more ho-
listic approach to evaluating the cost-effectiveness of hybrid renewable
energy systems, offering valuable insights for policymakers and stake-
holders in the renewable energy sector.

CinitiaLCSP + Cinin‘aL pv+ ZI,Y:() ( (Camual,n,CSP + Cannual,n,PV) (1 + r) - )
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Fig. 18. Hybrid LCOE calculation procedures of the CSP-PV system.
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Fig. 19. Land suitability map for hybrid generation systems.
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Fig. 20. Comparison of changes in suitable areas for single and hybrid generation systems

4.3. Analysis of results for hybrid generation systems

4.3.1. Analysis of hybrid geographical potential results

To conduct the geographical potential analysis for hybrid renewable
energy, this study adopts a method similar to Section 3.1.1, evaluating
land suitability for PV and Wind respectively. Further details are
available in Section A7-A9 of the Supplementary material. Building on
this foundation, the study then utilizes the analytical approach intro-
duced in Section 4.2.1 to further comprehensively examine the land
suitability of hybrid PV and CSP technologies. The results, illustrated in
Fig. 19 (a) and Fig. 20 (a), reveal that the area of high-quality regions
(level 6 and above) for hybrid CSP-PV across the nation has increased by
19.79 % over CSP alone, indicating that integrating PV significantly
expands viable areas for CSP, providing a substantial positive impetus
for the promotion of CSP technology. Conversely, the area of high-
quality regions (level 6 and above) for hybrid CFP-Wind across the
nation has decreased by 8.93 %. This decrease is primarily due to the
fact that CFP and wind are not similar resources, and the differences in
their resource distributions limit the application range of this hybrid
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generation.

Regionally, hybrid PV-CSP technologies notably improve the
competitiveness of CSP against CFP, especially in the Northwest and
Southwest, as depicted in Fig. 21. Specifically, in the Southwest region,
the proportion of areas with comparative advantages increased from
37.11 % in standalone CSP systems to 46.61 % in hybrid CSP-PV sys-
tems, representing a significant rise of nearly 10 %. Moreover, areas like
Gansu and Qinghai saw over a 20 % increase in advantageous regions
with hybrid technology, while in wind-dominant provinces like Hei-
longjiang, Jilin, and Inner Mongolia, the trend for CSP advantageous
areas decreased, highlighting the varied impact of hybrid systems across
different regions.

Furthermore, to further substantiate the reliability of the proposed
analytical method, this study undertook case studies of operational
hybrid power stations spanning a diverse array of geographic regions
within the nation. As illustrated in Table 7 and Table 8, a comparative
analysis between actual satellite maps and geographical potential maps
reveals that the existing hybrid power stations are all located in areas
with land suitability of level 8 or higher. This finding affirmatively
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Table 7
Comparative case analysis between potential map and satellite map for hybrid CSP-PV systems.
Label 1) (@3] 3) @ (5)
. Dunhuang, Jiuquan, Delingha, Haixi Zhou, Yiwu, Hami, Akesai, Jiuquan, Gonghe, Hainan Zhou,
Location . . o . .
Gansu Qinghai Xinjiang Gansu Qinghai
Potential & . TS T .
map
Satellite
map
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Table 8
Comparative case analysis between potential map and satellite map for hybrid CFP-Wind systems.
Label (€D (2) 3) “@ 5)
Zhenglan Banner, Huolin Gol, Ulanhot, Mile, Dabancheng,
Location Xilin Gol League, Tongliao, Xing’an League, Honghe, Urumqi,
Inner Mongolia Inner Mongolia Inner Mongolia Yunnan Xinjiang
Potential !
map
Satellite
map
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Fig. 22. LCOE for hybrid generation systems.

corroborates the methodological soundness and validity of the proposed
land suitability analysis technique for hybrid power generation systems.
Additionally, the cases selected for validation are derived from a broad
spectrum of provinces, namely Gansu, Qinghai, Xinjiang, and Inner
Mongolia, encompassing diverse landscapes including deserts, moun-
tains, and rivers. This extensive and varied dataset not only attests to the
method’s applicability across different topographical and ecological
scenarios but also significantly highlights the robustness and adapt-
ability of the proposed analytical approach.
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1.1.1 Analysis of hybrid economic potential results

According to the methodology described in section 4.2.2, the spatial
distribution of the LCOE for the hybrid CSP-PV system and hybrid CFP-
Wind system is depicted in Fig. 22. Comparative analysis with the LCOE
of individual generation technologies, as illustrated in Fig. 14, reveals
that integrating the cost and applicability advantages of PV and wind
results in a nationwide reduction of LCOE for both hybrid generation
systems. This reduction substantially enlarges the area where the
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construction of hybrid energy systems is economically viable. Particu-
larly, the LCOE for the hybrid CSP-PV system, in contrast to the gener-
ally higher construction costs associated with standalone CSP
technology—predominantly situated at 0.8 CNY/kWh—has witnessed
significant reductions in provinces such as Qinghai, Inner Mongolia,
Gansu, Xinjiang, Ningxia, and Heilongjiang. In these regions, the cost
has been reduced to below 0.3 CNY/kWh, spanning an extensive area of
4.6 million km2. Additionally, the LCOE for these hybrid generation
systems highlights the complementary characteristics of the integrated
technologies, thereby lessening the influence of policy disparities across
provinces and regions. For instance, the hybrid CFP-Wind system dem-
onstrates that while the LCOE of standalone CFP exhibits pronounced
provincial variations, the inclusion of wind energy tends to obscure
provincial boundaries in the LCOE distribution for the hybrid system,
though it accentuates intra-provincial differences.

From the perspective of CSP’s economic substitutability, the area
where standalone CSP is cost-competitive with CFP covers only 1.07
million km?. In contrast, the area where the LCOE of the hybrid CSP-PV
system is lower than that of the hybrid CFP-Wind system expands to 3.5
million km? (according to Fig. 23), marking an increase of 226.19 %.
Notably, in vast regions of Qinghai and Tibet, the Hexi Corridor in
Gansu, and the northwestern parts of Xinjiang, the LCOE of hybrid CSP-
PV system, with an average price as low as 0.277 CNY/kWh, is over 30 %
lower than that of hybrid CFP-Wind system. In areas like Inner Mongolia
and the Northeastern region, owing to the favourable economic and
technical feasibility of both technologies, the LCOE in 48.97 % of the
regions are comparably well-aligned. However, in the Central, Eastern,
and Southern regions of China, the cost benefits of the hybrid CFP-Wind
system markedly dominate in 86.49 % of the areas. The combined
technical and economic analysis results in Fig. 24 indicate that the areas
where the hybrid CSP-PV system is economically advantageous and
technically feasible (with a geographical potential rating above level 5)
cover a total of 585,020 km?. These areas are primarily distributed in
northern and central Qinghai, the Hami region in eastern Xinjiang,
northern and central Tibet, and parts of Ejin Banner and Alxa Right
Banner in Inner Mongolia, accounting for 28.40 % of the total

Applied Energy 377 (2025) 124396
geographically available area.
5. Discussion
5.1. Sensitivity analysis

5.1.1. Effects of technological advances on CSP’s economic viability
According to the technical comparison analysis presented in Section
2.2, CSP and CFP exhibit similar backend structures. However, modern
CSP projects predominantly utilize molten salts as mediums for heat
storage and transfer, with operational temperatures peaking at 600 °C
and typically employing subcritical cycles. These factors contribute to a
notable disparity in cycle efficiency between CSP and CFP. Conse-
quently, the exploration of new heat transfer fluids and the adoption of
innovative power generation cycles are critical pathways for CSPPs to
enhance overall power generation efficiency and reduce operational
costs. As depicted in Fig. 25, when the system’s overall efficiency ap-
proximates 35 %, the cost of CSP in the key regions hovers around 0.5
CNY/kWh. In resource-rich areas, these costs have even approached the
current average costs associated with CFP. Furthermore, computational
analysis indicates that an increase in CSP efficiency to 35 % expands the
economically viable area for CSP to replace CFP by over 10 %, thereby
improving the economic viability of substituting CFP with CSP.

5.1.2. Effects of CSP-PV capacity ratios on hybrid geographic potential

In Section 4.2, the land suitability analysis for hybrid CSP-PV plants
employs a balanced weighting approach, assigning an equal 50 %
importance to both PV and CSP technologies, underscoring their com-
parable significance from a technical standpoint. However, in opera-
tional hybrid CSP-PV plants, the capacity ratios for CSP typically vary as
follows: 10 % (1:9), 14.29 % (1:6), or 28.57 % (2:5), indicating that PV
has a greater influence from the perspective of capacity ratio. Conse-
quently, this section examines how different CSP capacity ratios directly
affect the outcomes of geographic potential analysis for hybrid CSP-PV
systems when the analysis is predominantly based on these capacity
ratios. According to Fig. 26, as the proportion of CSP capacity decreases,
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Fig. 23. LOCE comparison between two hybrid generation systems.
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there is a corresponding increase in the proportion of areas rated with generation are more favourable. This finding suggests that the analysis
higher potential levels. This trend occurs because PV, compared to CSP, results presented in this document are conservative; in practical appli-
requires less stringent geographical conditions concerning slope, sun- cations, the land suitability outcomes for hybrid CSP-PV systems are
light, and water resources, which enhances its overall adaptability. likely to be even more advantageous.

Therefore, when PV has a more dominant role within the hybrid
configuration, the geographic potential analysis results for hybrid power
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5.1.3. Effects of industry scaling on hybrid CSP-PV plant costs

In contrast to CFP, the industry volume of CSP is rapidly and robustly
expanding, with significant room for cost reduction through scaling. In
this section, the CSP learning curves from [19] are applied to analyze the
impact of CSP industry scaling on the cost reduction of hybrid CSP-PV
plants. As shown in Fig. 27 this section selects ten geographically
representative locations to analyze the cost trends under different CSP
proportions. It is observed that as CSP scales and its supply chain
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matures, the LCOE of hybrid CSP-PV plants is expected to decrease
substantially over the next five years. This reduction is particularly
notable in regions with a high proportion of CSP, such as Tibet. Simul-
taneously, as the supply chain matures, the LCOE of hybrid CSP-PV
plants in advantageous locations in Qinghai, Xinjiang, and Inner
Mongolia are beginning to align with those of hybrid CFP-Wind plants.
Nevertheless, as the industry scale reaches a certain level, its impact on
reducing the costs of CSP generation diminishes. Therefore, it is crucial
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to simultaneously advance supply chain development and continuous
technological innovation to jointly drive a rapid reduction in CSP costs.

5.2. Policy recommendations

Based on the findings from Sections 3 and 4, it is evident that while
CSP-PV hybrid generation technologies can somewhat mitigate the high
construction costs associated with CSP projects, the costs of standalone
CSP systems remain considerably higher than those for CFP generation.
Additionally, the withdrawal of national subsidies in 2021 has led to
diminished investment returns for CSP projects, and the market scale for
CSP is still relatively small. In the absence of sustained policy support,
the viability of CSP projects is at risk. Therefore, it is crucial to imple-
ment effective measures to reinforce industry confidence, foster the
healthy growth of the CSP sector, and increase the feasibility of CSP as
an alternative to CFP. This section offers targeted policy recommenda-
tions from three perspectives—industry advancement, technological
innovation, and market development—integrating insights from previ-
ous analyses with real-world industry challenges.

5.2.1. Fostering industry advancement

5.2.1.1. Prioritizing strategic site selection and development. Geographic,
technological, and economic advantages for CSP are concentrated in
northern, northwestern, and Tibetan regions, which should be priori-
tized for development and promotion to stimulate the growth of CSP
technologies and the industry supply chain, thereby reducing costs.
Under the incentive policies for large desert bases, it is advisable to
prioritize the development of CSP in regions with advantageous condi-
tions to drive technological advancements in the CSP industry. Addi-
tionally, some land should be reserved for CSP construction in areas
designated for large-scale centralized photovoltaic projects, ensuring
space for future CSP development and expansion.

5.2.1.2. Optimizing CSP power station construction. The main challenges
in CSP construction involve the ratio of mirror fields to installed ca-
pacity. Currently, for integrated multi-energy projects including CSP,
the benchmark electricity price of CFP is insufficient to recoup invest-
ment costs, forcing investors to significantly reduce the scale of CSP’s
solar field. This reduction compromises the electricity generation ca-
pacity and flexibility of CSP, losing the long-duration storage techno-
logical advantage. Therefore, policies are urgently needed to set
thresholds for the configuration of the solar field, thus enhancing the
regulatory capabilities of CSPPs and guiding the sustainable develop-
ment of the industry. Additionally, in current large renewable energy-
based projects, the installed capacity of CSP is constrained by the eco-
nomics of grid parity. The role of CSP is defined as a “peak-shaving
power source,” with a relatively low-capacity ratio (often 1:6 or 1:9),
which is not the optimal mix for economic and stability considerations.
Thus, optimal CSP capacity ratios should be determined for each power
station based on actual site selection, local resource advantages, grid
structure, and consumer demands.

5.2.1.3. Enhancing the CSP supply chain. Through the construction of
demonstration projects, China has established a comprehensive CSP
equipment manufacturing industry chain, with some power stations
achieving international leadership in design, construction, and opera-
tion. However, the high investment costs and small scale of CSP projects
limit market and technology iteration opportunities. Consequently,
design, construction, and equipment standardization have lagged, hin-
dering industry scale effects and rapid industry expansion. Policy in-
centives and support are recommended for critical industry segments to
accelerate the development of key equipment and materials. Given the
structural similarities between CSP and CFP outlined in Section 2, the
CSP industry could utilize CFP’s industrial resources to enhance its
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manufacturing system. Moreover, policies should encourage retrofitting
operational and retired coal power plants with solar collection and
storage devices to reduce fossil fuel use and enhance system flexibility.
Ultimately, it is believed that under appropriate policy guidance, the
transformation and upgrading of the CSP industry can be achieved
concurrently with the smooth transition of the CFP sector.

5.2.2. Driving technological innovation

5.2.2.1. Funding and support for CSP technological advancements. Tech-
nological innovation serves as the cornerstone of industry progression. It
is essential to accelerate foundational research and facilitate the devel-
opment and demonstration of innovative CSP technologies. It is advis-
able for national initiatives and science and technology projects to
allocate funding specifically for the research of pivotal and original CSP
technologies, such as supercritical carbon dioxide thermoelectric tech-
nologies, high-temperature trough and tower CSP technologies at
600 °C, and integrated CSP and thermal power operations. To promote
the swift implementation of these technologies, establishing incentive
policies that encourage the execution of demonstration projects within
CSP industrial parks is recommended.

5.2.2.2. Enhancing CSP efficiency and cost-effectiveness. In the current
technological framework, optimization and innovation emerge as direct
and effective strategies for cost reduction. Key areas for improvement in
CSP technology using molten salt as a heat transfer medium include
enhancing the efficiency of mirror fields, boosting equipment reliability,
and optimizing operational and maintenance practices. Notably, leading
CSP construction companies have already acquired substantial com-
mercial experience and achieved noteworthy successes in these do-
mains. Thus, it is crucial for the government to facilitate and promote
technical exchanges and healthy competition among companies,
fostering rapid technological iterations within the CSP industry to ach-
ieve significant reductions in costs and enhancements in efficiency.

5.2.2.3. Expanding CSP applications across various scenarios. CSP tech-
nology, which encapsulates the “light-heat-electricity” conversion pro-
cesses, holds significant potential for diverse development applications,
capable of simultaneously providing thermal and electrical energy.
Development strategies should encourage the adaptation of CSP-based
clean energy heating systems to local conditions, suitable for residen-
tial heating and industrial applications [146-149]. Moreover, given the
rich energy mineral and rare metal resources in China’s northwestern
region, there is a vast potential for resource development. However,
traditional grid-connected power supply models face challenges in this
region due to harsh geographical conditions and high construction costs.
A CSP-led off-grid power supply model offers a solution with high reli-
ability, low costs, and environmental benefits. For instance, the suc-
cessful operation of the Zabuye Salt Lake lithium extraction project in
Tibet in 2023, the world’s first high-altitude clean energy microgrid
primarily powered by a CSP station, exemplifies the strategic utilization
of CSP’s intrinsic properties to actively promote its application across
various scenarios.

5.2.3. Strengthening market infrastructure

Currently, CSP is in a transitional phase, predominantly serving as a
regulatory power source within hybrid CSP-PV generations and large
renewable energy bases. Operational strategies are tailored to peak
during morning and evening high-demand periods, resulting in only
approximately 2000 annual generation hours. Persisting with tradi-
tional benchmark pricing models not only undermines the economic
returns of CSP but also fails to leverage its full functional potential
[150-155]. Consequently, market reforms are imperative to revise the
pricing mechanisms for CSP’s grid integration, ensuring they reflect its
substantial value in supporting and regulating the power system.
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A suggested initiative is to pilot a “volume + capacity” pricing
mechanism in the northwest’s extensive new energy bases, setting clear
national compensation standards and regional fluctuation ranges for
CSP capacity pricing. Additionally, enhancing the power auxiliary ser-
vices market is crucial. This includes establishing robust mechanisms for
peak regulation and frequency adjustment, and integrating CSP’s unique
characteristics and technological pathways. Despite CSP’s recognition in
auxiliary services, tailored policies are needed to formulate viable
compensation and operational models that adapt to technological ad-
vancements and cost dynamics in the CSP sector.

Furthermore, the implementation of green certificates and green
power trading schemes is essential to monetize the environmental
benefits of CSP, promoting its sustainable development. As the power
market framework and overarching policies continue to evolve, CSP’s
competitive position in the electricity market will strengthen, leading to
market-based pricing that not only secures its profitability but also en-
hances the overall system’s regulatory capabilities.

5.3. Future work

Beyond the primary scope of this study, several important points
have emerged that necessitate further research. Firstly, this paper pri-
marily evaluates the feasibility of CSP as a replacement for CFP in China
from geographical, technical, and economic perspectives. However, it is
also essential to analyze this feasibility from a power system perspective,
particularly regarding flexibility and frequency security. This line of
research is challenging due to the necessity of considering numerous
factors, including external environmental conditions, multiple time
scales, and varying degrees of substitution. For CSP itself, the temper-
ature and storage volume of molten salt are influenced by weather and
seasons, affecting its dynamic regulation performance. Therefore,
analyzing and comparing CSP’s flexibility and frequency response ca-
pabilities under different weather and seasonal conditions across mul-
tiple time scales will help clarify the impact of CSP replacing CFP. For
regional systems, the impact of different levels of CSP replacing CFP on
system flexibility and frequency stability within a specific region is not
yet clear and requires further research and practical engineering efforts.

Furthermore, the environmental and social impacts of CSP replacing
CFP are worth exploring. Although CSP can reduce carbon emissions
compared to CFP, the local ecological impacts of CSP are influenced by
various factors, including plant scale, design form, and location. On the
social impact side, CSP can inherit part of CFP’s downstream industrial
chain and promote local employment and economic development.
However, as most CSPPs are still in the planning and construction stages,
the social impacts of large-scale substitution are not yet clear. Thus,
exploring the environmental and social impacts of large-scale CSP sub-
stitution for CFP in actual scenarios is a challenging task that warrants
further research and analysis. Third, a more accurate weighted analysis
method is worth studying. Although the AHP method utilized in this
study is sufficient for assessing CSP potential on a national scale, future
research should explore more diverse hybrid subjective-objective
weighting methods to mitigate the influence of subjective decision-
making inherent in the AHP method, thus enhancing decision credi-
bility and leading to more rational weight distribution.

6. Conclusion

CSP is a green, low-carbon, and stable power generation technology
that offers both peak-shaving and energy storage capabilities, making it
a potential replacement for CFP in some regions. However, the feasi-
bility of CSP replacing CFP lacks systematic and scientific quantitative
analysis and comparison. To address this, this paper conducts a detailed
and in-depth comparative analysis of CSP and CFP, as well as hybrid
generation models, from multiple perspectives, including industry
development status, technological characteristics, and technological
potential. This work can help determine the feasibility and limitations of
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CSP replacement strategies and clarify the future development posi-
tioning of CSP. The main findings are summarized below:

1) This paper compares the industrial and technological development
status of CSP and CFP, focusing on installed capacity, policy support,
structural characteristics, and technological development history.
The comparison shows that CFP installations have decreased from
71.48 % in 2012 to 47.62 % in 2023, however, their electricity
generation share remains above 65 %, indicating strong dependency.
In contrast, China’s CSP capacity has grown from 0 to 588 MW in the
past five years but remains negligible compared to CFP. On the policy
front, China has implemented robust support measures for CSP,
including demonstration projects, price subsidies, and research
funding to promote its development. Conversely, policies towards
CFP have become increasingly stringent, including strict regulations
on new projects to reduce CFP’s share, enforcing international
standards on new units for lower emissions, and promoting opera-
tional flexibility reforms.
This study evaluates the viability of CSP as a substitute for CFP from
geographical, technical, and economic perspectives. Geographically,
CSP has 2.06 million km? available for construction, roughly half of
the 5.07 million km? suitable for CFP. Technically, CSP generation
capacity in high-quality regions can meet and exceed current and
future CFP demands, with the potential in some provinces being
exponentially higher. The total generational potential of CSP in
China is estimated to be 7.58 to 18.22 times the current national
generation, with tower-type CSP installed capacity potentially
reaching 28.27 times the present total. Economically, the LCOE for
CSP is substantially higher than CFP across most regions, except in
areas with abundant solar resources like Tibet, where CSP shows a
cost advantage of over 1.07 million km® Regions where CSP is
economically advantageous and suitable for construction cover
237,030 km?, accounting for 11.51 % of the total geographically
available area. Therefore, despite its promising technical feasibility
and geographical potential, the high costs of standalone CSP hinder
its large-scale substitution for CFP.
This study compares CSP-PV and CFP-Wind hybrid systems, focusing
on suitability and LCOE analysis. Results indicate that the area of
high-quality regions for hybrid PV-CSP increased by 19.79 % over
CSP alone, enhancing CSP’s viability. Regionally, hybrid PV-CSP
technologies improve CSP’s competitiveness, particularly in the
Northwest and Southwest. For instance, the Southwest saw a rise
from 37.11 % to 46.61 % in advantageous areas, while Gansu and
Qinghai in Northwest regions experienced over a 20 % increase.
Conversely, wind-dominant provinces like Heilongjiang, Jilin, and
Inner Mongolia showed decreased CSP advantageous areas.
Economically, the LCOE for hybrid CSP-PV systems has significantly
decreased to below 0.3 CNY/kWh in several provinces, spanning 4.6
million km2. The hybrid CSP-PV system covers 3.5 million km?
where its LCOE is lower than the hybrid CFP-Wind system, marking a
226.19 % increase compared to standalone CSP. In regions like
Qinghai, Tibet, and Gansu, the LCOE of hybrid CSP-PV is over 30 %
lower than hybrid CFP-Wind. However, in Central, Eastern, and
Southern China, the hybrid CFP-Wind system dominates in 86.49 %
of areas. The combined analysis indicates that hybrid CSP-PV sys-
tems are economically advantageous and technically feasible over
585,020 km?, primarily in northern and central Qinghai, eastern
Xinjiang, northern and central Tibet, and parts of Inner Mongolia,
accounting for 28.40 % of the total geographically available area.
4) This study utilized real power station data to validate the geographic
potential results for both single and hybrid power technologies,
confirming the reliability of the proposed potential assessment
framework. Additionally, a sensitivity analysis is conducted to
explore the effects of factors, including generation efficiency, CSP-PV
capacity ratios, and industry scaling, on the results. Furthermore,
integrating the comparative results with CSP development
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challenges, this study proposes targeted policy recommendations to
advance industry growth, spur technological innovation, and
enhance market infrastructure.
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