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Achieving grid parity in 2021 is the goal of China’s photovoltaic development, which is not only on the user side but also on the generation side. Relevant studies indicated that distributed PV has realized grid parity basically in China, while centralized PV, which belongs to the generation side, still has some difficulties in achieving grid parity. Therefore, this paper takes Ningxia Province, which is abundant in solar resources, as the research object and compares LCOE with the traditional coal-fired price to analyze the situation of grid parity of the Pingluo project. It is found that this project cannot reach the goal of grid parity. Then, the future evolution of the local LCOE is analyzed, so as to determine the time of grid parity of Ningxia’s centralized PV power stations. In the calculation of LCOE, the presence and absence of environmental benefits and the general and optimistic forecast of cumulative installed capacity are combined into four scenarios. The results show that the centralized PV in Ningxia cannot achieve grid parity in 2021 under the four scenarios. However, in addition to the scenario that there are no environmental benefits and the cumulative installed capacity is generally forecasted and will reach grid parity of the generation side in 2023, the other three situations can achieve the goal in 2022. Moreover, the LCOE value is the lowest under the scenario of considering environmental benefits and the optimistic forecast of future installed capacity.
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INTRODUCTION
In order to alleviate the energy crisis caused by the increase in electricity consumption, it is necessary to carry out energy transformation. Especially, the signing of the Paris Agreement in 2016 has made each country around the world to pay more attention to the importance of the renewable energy industry. Clean and abundant solar energy resources have great potential compared with fossil fuels (Lin and Luan, 2020). Every country has taken steps to promote the use of solar photovoltaic (PV). Germany is the most developed and mature country in the PV industry (Karakaya et al., 2015). In 2020, the Renewable Energy Law was enacted to stimulate large-scale growth of PV-installed capacity with fixed feed-in-tariffs (FITs) and subsidies. Then, in order to bring renewable energy into the power market to compete with traditional energy, the fixed subsidy was gradually changed into bidding, until it was finally canceled (Yu et al., 2016). It has been concluded that Germany has achieved grid parity in 2012 (Spertino et al., 2014). In the United States, each state has different incentives for the PV industry, but tax incentives are the most direct measure to guide their development. Moreover, it implemented the SunShot plan to encourage the research of PV technology which reduces the cost of PV power generation. Solar power generation accounted for 43% of U.S. power generation in 20201. By the end of 2019, the cumulative installed capacity of global PV had reached 626 GW, more than a thousand times that of a decade ago.
China has been guided by the conviction that lucid water and lush mountains are invaluable assets. To promote the comprehensive green transformation of economic and social development, the 14th five-year plan for national economic and social development of the People’s Republic of China further emphasizes in promoting clean, low-carbon, safe, and efficient utilization of energy, reducing the intensity of carbon emission (NDRC, 2021). As important clean energy, solar PV has become one of the renewable energy resources that China strongly supports. Since China implemented the FIT policy in 2011 and provided subsidies for PV in 2013, the cumulative installed capacity of PV in China has grown rapidly and surpassed Germany in 2015, becoming an important contribution to the global PV industry, as shown in Figure 1 (NDRC, 2011a; NDRC, 2013; Tu et al., 2020). However, the massive growth of solar PV power plants has increased the financial burden of the Chinese government, resulting in a high subsidy gap (Zhang et al., 2020a). This subsidy gap reached 45.5 billion CNY by 2017 and exceeded 60 billion CNY in 2018 (NEA, 2019b; Zhang et al., 2020a). It not only increases the burden of China but also affects the enthusiasm for investment in the solar PV industry. To accelerate the decline of subsidies and promote the sustainable development of the PV industry, China has continuously lowered the PV FIT and subsidy standards and changed the centralized PV price to the guidance price in 2019, actively promoting the transformation of PV power generation to the era of grid parity. Figure 2 shows the changes in PV electricity prices and subsidies. The electricity price has been falling year by year. Subsidies have also been reduced until they are abolished in the era of grid parity.
[image: Figure 1]FIGURE 1 | Cumulative installed capacity of PV in the world, China and Germany from 2011 to 2019.
[image: Figure 2]FIGURE 2 | FIT and guidance price of centralized PV and full on-grid distributed PV power stations and subsidy standard for distributed PV prosumers.
The grid parity of PV power generation can be divided into two sides: the centralized PV directly sends the generated power through the transmission network, which is the generation side of the grid parity; distributed PV power plants sell the power to users, so it belongs to the user side (Bhandari and Stadler, 2009; Yan et al., 2019; Zhang and Zhang, 2020). The levelized cost of electricity (LCOE) model is a commonly used tool for evaluating the cost-effectiveness of power generation technologies and determining whether emerging technologies are realizing grid parity (Hernandez-Moro and Martinez-Duart, 2013; Zhao et al., 2017; Zhang and Zhang, 2020). It represents the cost per kilowatt hour (kW h) of electricity generated by energy technology. If the LCOE is equal to or lower than the traditional generation price or retail price, it indicates that the emerging technologies are competitive and can achieve grid parity on the generation side or the user side (Castillo-Ramirez et al., 2017). The calculation and application of the LCOE method have been studied in pieces of literature. Allouhi et al. (2019) measured the LCOE of three different types of PV systems in 20 cities in Morocco and found that the lower cost of PV modules and higher solar radiation had a positive effect on reducing LCOE. Castillo-Ramirez et al. (2017) decomposed the operation and maintenance cost of PV specifically and calculated the LCOE of two large PV power plants in Colombia in 2015. Ouyang and Lin (2014) compared the LCOE of wind power, PV power, and biomass power in China. Liu et al. (2020) not only compared the LCOE of wind power and PV power in Guangdong but also studied the economic relationship between them under different load conditions. Some other papers used Monte Carlo simulation to conduct global sensitivity analysis on the LCOE of energy technologies to obtain the LCOE with the maximum probability (Darling et al., 2011; Pillot et al., 2018; Tran and Smith, 2018; Aldersey-Williams and Rubert, 2019). These papers calculated the LCOE of PV projects and other energy technologies under static conditions, and some other papers considered the changes in LCOE of renewable energy in the future and the time to achieve grid parity from a dynamic perspective. The learning curve is a power function, which is widely used to study the future evolution of energy technology power generation, reflecting that the cost of energy technology decreases with the increase in cumulative installed capacity (Yao et al., 2021). The single-factor learning curve was used to describe the relationship between the PV system cost and cumulative installed capacity, so as to obtain the future evolution of LCOE (Hernandez-Moro and Martinez-Duart, 2013; Wang et al., 2014; Vartiainen et al., 2020). Some papers used the two-factor learning curve to consider the dual effects of cumulative installed capacity and technological progress on the realization of PV grid parity (Zhang et al., 2020a). Yao et al. (2021) constructed a four-factor learning curve to measure the main driving factors of different renewable energy technologies.
At present, with the decrease in subsidy intensity in China, new energy is in the postsubsidy period, but the subsidy has not been completely canceled (Zhang et al., 2019). Qualified renewable energy such as wind and PV power can obtain the subsidy qualification by bidding and strive to achieve the goal of grid parity in 2021 (NEA, 2019a). Although the gradual decline of subsidies can reduce the financial pressure of the government, it has affected the passion of building PV to a certain extent. It needs follow-up incentive policies, for example, the tradable green certificate (Tu et al., 2020) and carbon emission trading (Tran and Smith, 2018; Tu et al., 2019), to ensure the sustainable development of PV projects (Jia et al., 2020). Since the provisions of the Kyoto Protocol, the European Union (EU) has established the European Union Emission Trading Scheme (EU-ETS) (Ge et al., 2019), which is the largest and most influential greenhouse gas emission reduction mechanism. In 2011, China also started the pilot work of carbon emission trading (NDRC, 2011b). Key emission units can use emission reduction indicators such as China Certification Emission Reduction (CCER). CCER comes from renewable energy, carbon sequestration, and methane and other emission reduction projects. One unit of CCER can offset one ton of carbon dioxide emissions (MEE, 2020b). The transaction of CCER not only reflects the carbon reduction and green development of renewable energy investments but also increases the profitability of renewable energy projects such as wind and solar PV (Tu et al., 2019).
In the study of the grid parity of PV projects, it is found that distributed PV projects have good economic feasibility by calculating the LCOE and internal rate of return (IRR) (Bhandari and Stadler, 2009; Pillot et al., 2018; Zhang et al., 2020b). The grid parity of distributed PV on the user side in China has been basically realized (Yan et al., 2019; Zhang and Zhang, 2020). The Development Research Center of the State Council also obtained this finding and considered that it is still very difficult for the generation side of centralized PV to reach grid parity (Zhou and Mu, 2020). However, centralized PV projects have always been the main force of China’s PV development, accounting for more than half of China’s PV industry, as shown in Figure 3. Moreover, China PV Industry Association (CPIA) predicted that a new round of development upsurge will appear in centralized PV power plants in 2021 (CPIA, 2020). Therefore, the generation-side grid parity of centralized PV will promote the realization of comprehensive grid parity. It is necessary to study the cost benefit and the time of grid parity of centralized PV power plants. At the same time, the cost offsetting effect of environmental benefits on PV projects cannot be ignored.
[image: Figure 3]FIGURE 3 | Proportion of new installed capacity of centralized PV and distributed PV in China from 2013 to 2020.
This paper takes Ningxia Province as the research object, which is in the leading position of PV power generation in China. The Datang Pingluo Gaoren 55 MW project is selected, the cost factors of this centralized PV power station in the whole life cycle are comprehensively considered, and the LCOE value of the project under the two conditions of whether to obtain the additional environmental benefits brought by carbon emission trading is calculated. The purpose is to analyze whether it can reach grid parity in 2021. Then, the absence and presence of environmental benefits and the general and optimistic forecast of cumulative installed capacity are combined into four scenarios to analyze the future LCOE evolution and the time of grid parity in Ningxia from the dynamic perspective of considering the learning effect. There are two contributions of this paper. One is analyzing the grid parity of centralized PV in Ningxia Province, which is abundant in solar resources. The other is considering the impact of environmental benefits and future cumulative installed capacity and dividing them into four scenarios when estimating the evolution of LCOE.
The structure of this paper is as follows. Methodology introduces the research method LCOE and learning curve. The Development of Centralized PV: The Case of Ningxia Province in China provides the relevant parameters involved in the calculation of LCOE in Ningxia Province. Results and Discussion shows the analysis of the centralized PV grid parity in Ningxia Province under different scenarios. Conclusion and Policy Implications shows the conclusion and policy implications.
METHODOLOGY
Levelized Cost of Electricity
LCOE is widely used in the estimation of power generation costs. It is a common tool to evaluate the cost-effectiveness of different energy generation technologies (Ouyang and Lin, 2014) and also a common method to study the grid parity of emerging technologies (Hernandez-Moro and Martinez-Duart, 2013). LCOE is a critical price when the sum of the present value of income is equal to the sum of the present value of costs in the whole life cycle of PV power generation (Tu et al., 2020), which is written as follows:
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where n is the year n during the operation of centralized PV power stations, N is the life cycle of centralized PV power stations, [image: image] is the discount rate, and [image: image] is the solar power generation in the year n.
Two scenarios are set to determine when the centralized PV power stations will achieve grid parity in this paper: without environmental benefits and with environmental benefits.
Generally, the basic LCOE of centralized PV projects is calculated without environmental benefits brought by carbon emission trading, as shown in Eq. 3.
[image: image]
where CI is the initial investment cost and [image: image] is the operational cost in the year n.
Under the scenario of introducing environmental benefits, the centralized PV power stations can not only obtain the electricity sale income but also obtain the additional benefits brought by carbon emission trading. Environmental benefits can offset the cost of centralized PV in the whole life cycle, as shown in Eq. 4 and Eq. 5.
[image: image]
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where [image: image] denotes the environmental benefits.
It should be noted that the power generation in the equations seems to be discounted. In fact, it is obtained by rearranging the equations (Hernandez-Moro and Martinez-Duart, 2013).
Learning Curve
The increase in the cumulative installed capacity of energy technology leads to cost reduction, which is influenced by the “learning by doing”. It can be represented by the learning curve, which is shown as Eq. 6.
[image: image]
where [image: image],[image: image], [image: image], and [image: image] are the unit power generation cost and the cumulative installed capacity of centralized PV in time n1 and n2, respectively, and [image: image] is the slope of Eq. 6. The learning rate (LR) can be calculated according to [image: image], as shown in Eq. 7.
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According to Eqs 6–8, the future unit generating cost can be predicted as follows:
[image: image]
where [image: image], [image: image][image: image], and [image: image] are the unit power generation cost and cumulative installed capacity in the base year and the year n, respectively.
Therefore, the initial investment cost in the year n is
[image: image]
THE DEVELOPMENT OF CENTRALIZED PV: THE CASE OF NINGXIA PROVINCE IN CHINA
Ningxia Province is located in Northwest China with high altitudes. The annual sunshine can reach more than 3,000 h. It is one of the areas with the most abundant sunshine and solar radiation in China. Its unique geographical conditions are conducive to the development of solar energy and wind energy. In 2012, the National Energy Administration (NEA) agreed to establish the first National Comprehensive Demonstration Zone of new energy in Ningxia, which promoted the rapid and orderly development of the new energy industry. At present, Ningxia has eight large-scale wind power and PV industry clusters, which are important bases for promoting clean energy in China. Therefore, the grid parity of Ningxia PV will be a strong driving force for the national grid parity. The following is about the centralized PV system in Ningxia Province.
Cumulative Installed Capacity
The learning effect of unit initial investment of the PV project is affected by the cumulated installed capacity. The cumulative installed capacity of centralized PV projects in Ningxia was 0.49 GW in 2011 and then soared to 8.44 GW in 2019. Based on the forecast of the CPIA, China’s average annual installed capacity of new PV projects during the 14th Five-Year Plan period (2021–2025) is generally expected to be 70 GW, while the optimistic estimate is 90 GW (CPIA, 2020). Therefore, according to the proportion of Ningxia PV in China, it can be estimated that the cumulative installed capacity of centralized PV in Ningxia in 2025 is generally expected to be 120 GW and is expected to be 150 GW under the optimistic forecast. The most suitable description for the change in cumulative installed capacity is the logistic function (“s” curve) (Hernandez-Moro and Martinez-Duart, 2013; Tu et al., 2020). Equations 11, 12 are logistic functions of the cumulative installed capacity of centralized PV in Ningxia Province under general and optimistic forecast, respectively, which are simulated using MATLAB software. n is the forecast year, and 2011 is the base year of the evolution of PV cumulative installed capacity. The fitting degrees are 0.9971 and 0.9977, separately. In Figure 4, the cumulative installed capacity curve of centralized PV in Ningxia is drawn under these two conditions from 2011 to 2030.
[image: image]
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[image: Figure 4]FIGURE 4 | Cumulative installed capacity of centralized PV in Ningxia from 2011 to 2030 under two conditions of general forecast and optimistic forecast.
Initial Investment
The costs of centralized PV power stations during the construction period include equipment installation costs, construction engineering costs, basic reverse fund, and other expenses. Equipment installation costs mainly consist of the purchase costs and installation costs of generation equipment, distribution equipment, protection equipment, and auxiliary equipment related to PV power station operation. According to the arrangement of initial investment of ground PV power stations in the China PV Industry Development Roadmap, the costs of PV modules and equipment account for about 82% of the initial investment (CPIA, 2020). Construction costs contain the expenses of infrastructure facilities such as housing and transportation. The investment of environmental protection and conservation of water and soil can also be included. Other expenses include land use costs, production preparation costs, survey and design fees, and related management expenses.
The CPIA calculated the unit average investment costs of China’s centralized PV power plants from 2011 to 2020. It has decreased year by year between the last 10 years, and by 2020, it decreased by about 77%. The cumulative installed capacity of centralized PV in Ningxia increased from 0.49 GW to about 10 GW during this period. In the future, with the growth of cumulative installed capacity, the unit investment costs will continue to decline. The single-factor learning curve model is used to fit the power-law relationship between them to obtain the learning rate and predict the change in unit investment costs from 2021 to 2030. It is found that the fitting degree between the cumulative installed capacity and the unit investment costs is 0.8502, and the slope of the learning curve −b is −0.366, so the learning rate is estimated at 22% correspondingly. According to Eq. 9, unit investment costs can be predicted through the learning rate and future cumulative installed capacity under general forecast and optimistic forecast from 2021 to 2030, which is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Learning curve function of the cumulative installed capacity (GW) and unit investment costs (CNY/W) of centralized PV projects in Ningxia Province from 2011 to 2030 under the general forecast (A) and optimistic forecast (B).
Operation Costs
Operation costs refer to all expenses incurred during the operating phase of centralized PV power stations, including equipment repair costs, panel cleaning costs, all taxes payable, and so on. According to the China PV Industry Development Roadmap in 2020, the annual operation and maintenance cost (O&M) of centralized PV power stations is 0.046 CNY/W, which will remain at this level but slightly decrease in the future (CPIA, 2020). In order to simplify the calculation, it is determined that the unit operation and maintenance cost remain unchanged at 0.046 CNY/W.
This paper also takes into account the possible tax costs during the operation phase of centralized PV projects. According to the Regulations on the Implementation of Enterprise Income Tax, the tax costs include the income tax, urban construction tax, and education surtax, as shown in Eq. 13 (CCTAA, 2010b).
[image: image]
The calculation of the urban construction tax and education surtax is based on the value-added tax (VAT). VAT is the difference between the output tax and input tax. The calculation of the VAT, urban construction tax, and education surtax is shown in Eqs 14–16.
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The enterprise income tax is the total income minus costs and expenses. According to the Enterprise Income Tax Law, the calculation of the income tax should deduct all taxes except the VAT (CCTAA, 2010a). The calculation is shown in Eq. 17.
[image: image]
As the environmental protection projects, PV stations can enjoy the preferential income tax, which will be exempted in the first to third years and halved in the fourth to sixth years. The tax rates of related tax costs are shown in Table 1.
TABLE 1 | Relevant parameters of the Pingluo project.
[image: Table 1]Therefore, the cost of PV projects during the operation period is
[image: image]
Power Generation
The Specification of Performance Evaluation for Photovoltaic Power Station stipulates the calculation of annual power generation of PV power stations (SAC, 2021a):
[image: image]
where [image: image] is the total amount of solar radiation for the best-inclined area of the PV array (kW h/m2), [image: image] is the irradiance under standard conditions, which is generally a constant of 1 kW/m2, and [image: image] is the performance ratio, which is influenced by PV module conversion efficiency, PV inverter conversion efficiency, power generation efficiency, line and transformer loss, and other factors. PV’s PR generally fluctuates between 70 and 80% (Brecl and Topic, 2016; Xu et al., 2018). In this paper, we assume that PR is 80% (Zhang and Zhang, 2020). [image: image] is the annual decay rate of PV modules. According to the Specification of Photovoltaic Power Generation Efficiency, it is stipulated that the annual decay rate of crystalline silicon PV modules shall not be higher than 0.7% (SAC, 2021b).
Electricity Price
According to the Notice on Issues Related to Feed-in-tariff Policy of PV Power Generation in 2020, the FIT (electricity price) of newly added centralized PV power stations shall be determined through the market competition. The part lower than the local coal price is settled by the provincial power grid, and the part higher than the local coal price is subsidized by the state. Therefore, the declared electricity price consists of the current coal price and state subsidies (Figure 6). If the declared electricity price of the PV project is equal to or lower than the coal price, the state subsidy cannot be obtained (Figures 6B,C) (NDRC, 2020). Eq. 20 reflects the relationship between the declared electricity price and the coal price.
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where p is the declared electricity price of PV projects; [image: image] is the local coal-fired price; and [image: image] is the state subsidy.
[image: Figure 6]FIGURE 6 | Relationship among the declared electricity price of centralized PV projects [image: image], the coal-fired power price [image: image], and state subsidies [image: image].
In order to adapt to the market orientation, China decides that the coal-fired power price will be determined by the current benchmark price fluctuation from 2020, with the upward floating not exceeding 10% and the downward fluctuation not exceeding 15% (NDRC, 2019). The current benchmark price of coal-fired electricity in Ningxia is 0.2595 CNY/kW h, so the floating range of the coal-fired price is 0.2206 CNY/kW h to 0.2855 CNY/kW h, which is the comparative standard of whether Ningxia-centralized PV can achieve grid parity.
Environmental Benefits
In 2020, the Ministry of Ecological Environment (MEE) proposed that renewable energy projects such as wind power and PV power could trade CCER and receive additional revenue in the National Carbon Emission Trading Management Measures (MEE, 2020b).
The carbon emission reduction (CER) of PV power stations is the product of the power generation (G) and the carbon emission factor (EF) of the area where this project is located (MEE, 2016).
[image: image]
The environmental benefits are
[image: image]
where CER is the carbon emission reduction of PV projects and EF is the carbon emission factor of the area where the PV project is located. Ningxia belongs to the northwest regional power grid, and its baseline EF is 0.7793 t[image: image]/MW h (MEE, 2020a). [image: image] is the carbon trading price. The average transaction price of China’s eight carbon markets is 29.19 CNY/ton2.
Discount Rate
The discount rate is an important parameter affecting LCOE, which reflects not only the expected revenue of PV projects (Ren et al., 2018) but also the time value and investment risks (Zhao et al., 2017). China’s social discount rate is 8%. It is the benchmark discount rate for most investment projects in China. The discount rate most commonly used in the new energy industry is 8% (Ouyang and Lin, 2014; Lai and McCulloch, 2017; Abdelhady, 2021). Therefore, the cost and power generation of LCOE is discounted at an 8% discount rate in this paper.
Therefore, the prediction of future LCOE without and with environmental benefit impacts can be written as Eq. 23 and Eq. 24, respectively.
[image: image]
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In order to transition to the era of grid parity, China stipulated in 2019 that the PV projects requiring subsidies should determine the price and scale of subsidies in a competitive way and give priority to the projects with strong subsidy regression (NEA, 2019a). In this paper, the Datang Pingluo Gaoren 55 MW PV power station (Pingluo project) in Ningxia is also selected as an example, which was included in the national bidding subsidy list in 2020. This project is located at the junction of Gaoren Township of Pingluo County and Yueyahu Township of the Xingqing District of Ningxia Province (38.39N, 106.39E). It is rich in solar energy resources, with an average annual solar radiation of 6349.75 MJ/m2. The Pingluo project was a new project in 2020 and was planned to be completed by the end of 2020. Figure 7 shows the location of this power station and the average annual sunshine hours in Ningxia Province. Table 1 shows the relevant parameters of the Pingluo PV project.
[image: Figure 7]FIGURE 7 | Average annual sunshine duration in Ningxia Province.
RESULTS AND DISCUSSION
In this section, the LCOE value is calculated to analyze whether the Pingluo project can achieve grid parity in 2021 and the future situation of centralized PV grid parity in Ningxia. The effect of relevant green policies on achieving grid parity is also taken into account.
Grid Parity of the Pingluo Project in Ningxia
In this part, the LCOE value of the Pingluo project in 2021 without and with environmental benefits, respectively, is calculated based on Eq. 23 and Eq. 24 in The Development of Centralized PV: The Case of Ningxia Province in China, and it is analyzed whether this PV project can achieve grid parity in 2021.
The Pingluo project has been included in the national bidding subsidy list, so it can enjoy part of the support of state subsidies. The declared electricity price of the Pingluo project is 0.2868 CNY/kW h, and the coal-fired price in Ningxia is 0.2595 CNY/kW h. Therefore, this PV project can obtain a state subsidy of 0.0273 CNY/kW h. It can be calculated that the LCOE of the Pingluo project in 2021 is 0.4145 CNY/kW h, which is higher than the range of local coal-fired power prices. Therefore, the project cannot achieve grid parity in 2021. If the electricity price of the Pingluo project is determined to be 0.2595 CNY/kW h through market competition, which is the coal price in Ningxia, the price of 0.2595 CNY/kW h is settled by the provincial power grid and the state subsidy is 0 CNY/kW h according to the Notice on Issues Related to Feed-in-tariff Policy of PV Power Generation in 2020. The LCOE is 0.4102 CNY/kW h at this time. This is because the decline of the electricity price of the Pingluo project makes its tax costs and the LCOE decrease. The relationship among them can be seen in Eq. 17 and Figure 8. Compared with the situation with state subsidies in the calculation, the LCOE is slightly lower but still far higher than the local coal price range, so it still cannot achieve grid parity.
[image: Figure 8]FIGURE 8 | Relationship among the electricity price, tax costs, total costs, and LCOE of the Pingluo project.
Taking the nonsubsidy situation as the benchmark, the declared electricity price is continuously reduced based on the coal price until it is reduced to about 0.1661 CNY/kW h. The LCOE is 0.3956 CNY/kW h, which still cannot meet the standard of grid parity. However, the declared electricity price cannot be reduced continuously; otherwise, it will not get enough income. This is because if the electricity price of the Pingluo project drops below 0.1661 CNY/kW h, the tax costs of the project is 0 CNY/kW h according to the calculation of Eqs 13–17. It means that the costs only include initial investment and O&M costs when calculating the LCOE value at this time. Figure 9 shows the LCOE of the Pingluo project after the electricity price drops below the current coal power price. The starting point of the vertical axis is 0.2595 CNY/kW h, which is the current coal price in Ningxia. It can be seen that there is a big gap between the LCOE of the Pingluo project and the local coal-fired power price in 2021.
[image: Figure 9]FIGURE 9 | LCOE of the Pingluo project when the electricity price is gradually decreasing.
If the Pingluo project does not qualify for a subsidy in 2021 but can obtain additional benefits through the CCER transaction, the environmental benefits can reduce the costs of this centralized PV power plant in the whole life cycle to some extent. When the current coal price is used as the declared electricity price and the carbon trading price is 29.19 CNY/ton, the LCOE value of the Pingluo project is 0.3903 CNY/kW h. Although it still does not reach grid parity, the LCOE value is relatively lower than that without carbon trading.
Under the dual effects of the rising carbon price and reduction of the electricity price, the decline of LCOE is gradually more obvious than that of only electricity price decline. Until the electricity price is reduced to about 0.1661 CNY/kW h, only the rise of the carbon price can promote the decline of LCOE, as shown in Figure 10. However, CCER trading is regarded as nonoperating income and needs to pay the income tax according to the Interim Provisions on Accounting Treatment of Carbon Emission Trading (MOF, 2019). Therefore, with the rise of the carbon price, it will bring more nonoperating income, which will lead to the corresponding increase of the cost in the calculation of LCOE and weaken the cost offsetting effect of environmental benefits.
[image: Figure 10]FIGURE 10 | LCOE of the Pingluo project under the combined effect of decreasing electricity price and rising carbon price.
For the Pingluo project in Ningxia Province, taking into account all possible costs incurred throughout its life cycle, the LCOE value is higher than the range of local coal power prices regardless of whether environmental benefits are introduced. Therefore, it is difficult to achieve grid parity in 2021.
Grid Parity of Centralized PV Projects in Ningxia Province
Some articles calculated the LCOE and IRR of large-scale PV power stations in China in 2019 and 2020 and found that the centralized PV projects in Ningxia did not have the economy of achieving grid parity (Lou et al., 2019). Moreover, after our calculation, we find that the Pingluo project in Ningxia will not be able to achieve grid parity in 2021 either, so when the whole Ningxia region can reach grid parity needs to be further measured and analyzed.
Without Environmental Benefits
The centralized PV projects in Ningxia Province will not be affected by additional environmental policies in this scenario. According to Eq. 22, the LCOE of centralized PV projects in Ningxia Province from 2020 to 2030 is calculated, as shown in Figure 11. The LCOE value was 0.3063 CNY/kW h in 2020 and has been developing with a decreasing trend.
[image: Figure 11]FIGURE 11 | LCOE of Ningxia centralized PV in four scenarios from 2020 to 2030.
When the cumulative installed capacity in the future is generally forecasted, the LCOE will drop to 0.2499 CNY/kW h and 0.2231 CNY/kW h in 2021 and 2022, respectively, which is between the upper and lower limits of the Ningxia coal-fired power price (0.2206 CNY/kW h to 0.2855 CNY/kW h). Ningxia can achieve grid parity compared with the ceiling of coal-fired prices. However, if the coal price goes down, it is not easy to achieve grid parity. The LCOE in 2023 is 0.2002 CNY/kW h, which is lower than the minimum limit of the coal-fired price in Ningxia. Therefore, the centralized PV in Ningxia can comprehensively realize the grid parity after 2023.
When the forecast of future cumulative installed capacity is optimistic, the LCOE value is lower than the general forecast. At this time, the LCOE of centralized PV is 0.2461 CNY/kW h in 2021, which is still within the range of the coal price. However, the LCOE in 2022 will be lower than the minimum coal-fired price of 0.2206 CNY/kW h. Therefore, in the optimistic forecast of installed capacity, Ningxia’s centralized PV will have the ability to access the grid parity from 2022.
In general, if environmental benefits are not taken into account in the calculation of LCOE, the centralized PV in Ningxia will achieve grid parity in 2023 when the cumulative installed capacity is generally predicted and 1 year in advance in the optimistic forecast scenario.
With Environmental Benefits
The additional environmental benefits brought by carbon emission trading will be included in the income of power generation projects, which will lead to a reduction of the LCOE of centralized PV to some extent. According to Eq. 23, to calculate the LCOE value considering environmental benefits of Ningxia centralized PV from 2020 to 2030, it is found that the introduction of environmental benefits can indeed reduce LCOE. As shown in Figure 11, the LCOE considering environmental benefits is lower than that without environmental benefits. The LCOE with environmental benefits of Ningxia centralized PV was 0.2873 CNY/kW h in 2020, which is higher than the local coal-fired price and cannot achieve grid parity.
When the future cumulative installed capacity is the general forecast, the LCOE in 2021 is 0.2309 CNY/kW h. Therefore, only when the local coal-fired price is lower than 0.2309 CNY/kW h can the centralized PV in Ningxia realize grid parity in 2021. In 2022, LCOE will drop to 0.2041 CNY/kW h, which is smaller than the local minimum coal-fired power price. Therefore, centralized PV in Ningxia will achieve grid parity from 2022. Although the LCOE under the optimistic forecast scenario of future cumulative installed capacity is relatively lower compared with the general forecast scenario, it cannot achieve the goal of grid parity in 2021. The LCOE in 2022 will be 0.1987 CNY/kW h, which is significantly lower than the range of the local coal price. When the cumulative installed capacity is optimistically predicted, the conditions for generation side grid parity will also be met in 2022, consequently.
Therefore, the introduction of environmental benefits can not only bring additional benefits to the centralized PV projects and reduce the cost of the whole life cycle but also promote the realization of generation side grid parity (Tu et al., 2019).
CONCLUSION AND POLICY IMPLICATIONS
This paper analyzes whether the centralized PV power stations in Ningxia Province, the first comprehensive demonstration area of new energy in China, can achieve grid parity under four scenarios. The newly built PV power station, Pingluo project in 2020, is taken as an example, and its LCOE is calculated. In addition, the evolution of LCOE in the whole Ningxia Province is analyzed by considering the learning effect and is compared with the local coal price to determine whether it meets the requirements of grid parity.
This paper finds that the LCOE of the Pingluo project completed at the end of 2020 is much higher than the local coal-fired power price in 2021, so it cannot achieve grid parity on the generation side. Although reducing the electricity price and rising the carbon price with other conditions remain unchanged, it is still difficult to implement grid parity. The main reason is the high initial investment. The unit investment cost of the project is as high as 5.18 CNY/W, which is about twice the average investment cost. Since the Pingluo project in Ningxia Province cannot achieve grid parity in 2021, is it the same for the whole Ningxia region? Based on the prediction of Ningxia’s future cumulative installed capacity and the learning effect, the evolution of LCOE is estimated. The results mainly include three parts. First, it is difficult for centralized PV to achieve grid parity in 2021 in Ningxia under these four scenarios. If the coal electricity price is reduced in the future, it is possible to achieve generation side grid parity. Second, the introduction of environmental benefits significantly reduces the LCOE value, which can achieve the generation side grid parity in 2022. However, under the general forecast of cumulative installed capacity, if the environmental benefits are not considered, the realization of grid parity will be delayed by 1 year in 2023. Third, the LCOE of the optimistic forecast of cumulative installed capacity is lower than the general forecast under the two scenarios of without environmental benefits and with environmental benefits. Moreover, it can achieve grid parity in 2022 in the optimistic forecast.
The results give us two enlightenments or policy implications.
On the one hand, the construction of the national carbon market is improved. First, the coordination between the carbon market and the PV power generation market is strengthened, the carbon quota of PV power generation enterprises is increased, and the energy enterprises with heavy pollution to buy more carbon quotas from the clean energy enterprises are encouraged. Second, in order to simplify the calculation, the carbon price in this paper adopts the average value of the pilots. However, in fact, the carbon price has different degrees of fluctuations, which will affect the profits of PV power generation projects. Therefore, it is very important to improve the price mechanism of CCER (Tu et al., 2019). Third, PV subsidies are gradually canceled and the national carbon trading market is not yet mature. In order to encourage and guarantee the enthusiasm of the PV industry to participate in the carbon market trading, the government needs to strengthen the leadership of the carbon market (Song et al., 2020).
On the other hand, the R&D expenses are increased to promote the progress of PV technology. The evolution of LCOE is also affected by the future target value of cumulative installed capacity (Hernandez-Moro and Martinez-Duart, 2013). The larger the installed capacity is, the lower the LCOE value will be. The large-scale increase in installed capacity promotes PV projects to use more advanced technology and equipment, which brings economies of scale and significantly reduces the investment cost. Therefore, to reduce the investment cost, PV projects should appropriately expand the scale of development, pay attention to technological progress (Zhang et al., 2020a), and give play to the learning effect of learning by doing. The government should also implement the responsibility of supervision of PV power stations so that the quality and safety of PV projects can be guaranteed (Zhang and Zhang, 2020).
Although this paper analyzes the grid parity of centralized PV projects in Ningxia, it still needs to be improved. For example, the investment cost is not only affected by the single factor of cumulative installed capacity but also influenced by other factors such as technology development and material price. The multifactor learning curve model can be built to analyze the effects of more factors on the investment cost. In addition, the role of other environmental policies such as tradeable green certificates can also be considered when calculating LCOE in the future.
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