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Abstract

:

The low-carbon transition of the power system is essential for China to achieve peak carbon and carbon neutrality. However, China could suffer power shortages due to radical policies in some extreme cases. The gap between power demand and supply from March 2021 to November 2021 ranged between 5.2 billion kW·h and 24.6 billion kW·h. The main reason for the power shortage was over-reliance on renewable energy and insufficient coal power supply for the power system. The low-carbon transformation path of the electric system needs to be explored with more flexibility for power security. This study applied a modified LEAP model and carried out a forecast analysis of thermal power generation and installed capacity in 2025 and 2030 under normal and extreme weather scenarios. The results suggested that: the installed capacity of thermal power will need to account for about 44.6–46.1% of power generation in 2025 and 37.4–39.3% in 2030, with the assumption of power shortages caused by the instability and uncertainty of renewable power. In the future, China needs to pursue the development of diversified energy sources and enhance the power supply security capability while strengthening the development and utilization of renewable energy.
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1. Introduction


In September 2021, more than ten provinces in China suspended the operation of industries and restricted household electricity consumption, which seriously affected residents’ daily lives and increased the sensitivity of the whole of society [1]. This phenomenon can be summarized as having resulted from imbalance between power supply and power demand due to some aggressive low-carbon policies.



Low-carbon development in addressing climate change is crucial, motivating reformation of the energy system all over the world [2]. At the 75th session of the UN General Assembly, Chinese President Xi stated that China will seize the opportunity to formulate an action plan to achieve peak carbon dioxide emissions before 2030 and to achieve carbon neutrality by 2060 [3]. To achieve this goal, energy transition from coal to non-fossil energy in all industries has been accelerated [4], especially in the power sector due to its significant contribution to carbon emissions [3,5]. In terms of the electricity sector, the needs are to improve energy efficiency and promote the development of renewable energy, such as solar power, wind power, hydropower, nuclear power, and others, which dominate the low-carbon transformation in many countries [6,7,8]. President Biden directed the electricity program to achieve 100% clean electricity by 2035 [9], with decarbonization policies in the US supporting zero-carbon generation, and reduction in carbon intensive generation [10]. Germany plans to generate 80% of its electricity from renewable sources by 2030 [2,11]. The European Union (EU) aims to fully develop solar power and wind power, and offshore wind power is expected to undergo a 25-fold increase [6]. Japan is paying increasing attention to development of nuclear power and hydrogen energy [12].



It is clear that renewable energy in the electricity sector will develop considerably [7,13]. By 2030, wind and solar power are expected to grow by 1.4–2.9% and 1.4–2.3%, respectively, across the world [9]. However, a power generation system that installs more renewable energy can lack reliability and stability due to the uncertainty and constraints of solar and wind power [14,15]. This is a great challenge for a low-carbon transition in the electricity sector. Many countries need to use thermal power to provide flexibility [2]. In Australia, use of coal power has not been ended because Australia has abundant coal resources and the ratio of coal power to other sources is relatively high [6].



There is still a long way to go to optimize policies for a low-carbon transition of the power system in China. Three main characteristics need to be considered during the process of low-carbon transition in the electricity sector: Firstly, power demand will keep increasing with economic development and improvement in people’s livelihoods [16,17]. Secondly, China has an endowment of coal resources, and thus coal still dominates as the main source of energy consumption [18], which has created further challenges for the energy transformation of China’s electric system [5,19]. Thirdly, China’s energy resources vary greatly from region to region, which produces a mismatch between energy distribution and energy demand, especially in the power system [14]. Fossil energy is mainly distributed in the north of China, and water resources are mainly distributed in the east of China [20]. Solar and wind resources also have an uneven distribution. Additionally, other factors also affect the low-carbon transition, such as China’s relatively low electricity price compared with other countries [21,22].



Overall, based on China’s power system characteristics, the low-carbon transition in China’s electric system needs to avoid the imbalance between power supply and demand caused by some radical policies [23]. China’s policies for controlling energy consumption intensity and total amount have been seen as key contributors to the power shortage. Measures involving power and coal controls placed on enterprises caused China’s electric system to suffer an imbalance between power demand and supply [24]. Under huge policy pressure, the production of coal is strictly limited, and the utilization hours of thermal power are expected to be in a long-term downturn [25]. Limiting energy use, and reducing energy intensity, have seriously affected social and economic development in China.



Many studies have applied the LEAP model, for example, to predict electricity consumption and supply, types of costs, and GHG emissions over a 20-year period (2011–2030) in Iranian thermal power plants [26]. Pakistan’s electricity demand and supply from 2015 to 2050 were forecast for four scenarios, considering resource potential, techno-economic parameters, and CO2 emissions [27]. The Ecuadorian power generation system was simulated using the LEAP model to analyze possible alternatives for electricity supply and demand, fuel consumption, and the future structure of the Ecuadorian power generation system [28]. Electricity demand in Indonesia in 2025 was forecast to be more than two-fold greater than in 2010 under both a ‘business as usual’ scenario and a government policy scenario [29].



As for China, Chen and others used the LEAP model to predict energy demand in Changsha, Hunan Province for various scenarios, and discussed the impact of GDP growth rate, industrial structure, and energy conservation targets on energy demand [30]. Guang built a LEAP model to predict China’s electricity demand and electricity generation in 2030 under different scenarios [31]. Using the LEAP model, Ma and others set up four scenarios, analyzed the medium- and long-term emission reduction path planning of the electric sector, and comprehensively evaluated each emission reduction path from the perspective of emission reduction and emission reduction cost [32]. Huang used the LEAP model to consider three scenarios—a strong electrification scenario, a baseline scenario, and a weak electrification scenario—and, for each of these, considered China’s electricity demand in 2020, 2030, 2040, and 2050 [33].



Existing studies concerning power shortage are still insufficient, especially regarding its severity with respect to the nature of installed capacity in the electric system, its driving factors and impacts, as well as policy optimization. This study applied the LEAP model, with some modifications, to address the following questions: (1) What is the gap between power demand and supply, and how is this gap reflected in the relationship between the growth of raw coal production growth and the growth of power generation? (2) Why did China have a power shortage at the beginning of the 14th Five-year Plan period? In other words, what factors seriously affect power supply capacity in China? (3) How can the power consumption of the whole society be guaranteed, considering extreme weather conditions, when the utilization of wind and solar power generation is extremely low? In particular, it is considered that the installed capacity and generation of thermal power are vital to the low-carbon transition process of the power system. This study aims to optimize policies related to the low-carbon transformation of the electric system to avoid power shortage, and proposes strategies for the development of installed power generation capacity considering both normal and extreme weather circumstances.




2. Background of Power Shortage in China


Since May 2021, the power shortage in China has led most provinces to control power consumption in industries and enterprises.



2.1. The Balance between Power Demand and Supply in China in 2021


After the proposal of a peak carbon emissions target, policies have been implemented more rigorously, affecting social and economic development. China’s power demand and supply from March 2021 to November 2021 are shown in Figure 1. Thermal power still contributed most to power generation in China (70.11%), while hydropower, wind power, nuclear power, and solar power accounted for 16.18%, 6.35%, 5.13%, and 2.24%, respectively.



Comparing China’s power demand and supply from March to November 2021, there was a big gap between power demand and supply because power supply had not kept up with power demand. Table 1 shows that this gap ranged from 5.2 billion kW·h to 24.6 billion kW·h, with the maximum gap occurring in May 2021. This imbalance was not alleviated or resolved in the following months and then caused a severe power shortage.



In the first three quarters of 2021, there was a significant gap between the growth rate of raw coal production and that of power generation. From January to September, raw coal production increased by 3.7% year-on-year, an average increase of 1.8% in two years, while power generation increased by 10.7% year-on-year, with an average increase of 5.7% in two years. The monthly growth trend of large-scale industrial coal production was basically of negative growth or of a slight increase. In contrast, the monthly growth trend of large-scale industrial thermal power generation continued in high growth. The comparative relationship among generation, GDP and coal production is shown in Table 2 and Figure 2.



According to year-on-year growth rate data of various energy sources, in the first three quarters of 2018 to 2021, the power supply was adequate under the circumstances of a year-on-year growth rate of power generation, coal production, and imported coal occurring at the same time. In the first three quarters of 2021, China’s power generation grew by 10.7% year-on-year, and coal production grew by 3.7% year-on-year, while coal imports increased by −3.6%. In the circumstance of a limited proportion of hydropower and a small proportion of wind and solar power, the risk of power shortage was inevitable [24].



In the first three quarters of 2021, the year-on-year growth rate of wind power and thermal power was the highest, while that of hydropower was relatively small, indicating that its technical level and other features cannot substantially replace thermal power (Figure 3). For enterprises, using renewable energy with less than 20% of installed capacity and less than 10% of power generation to contribute to more than 70% of industrial profit is the most significant barrier that causes power shortage risks.




2.2. Driving Factors


From September 2021, many provinces in China issued a warning notice on orderly power consumption. Shandong province, for instance, announced that the power supply capacity of Shandong power grid would decrease sharply due to the supply-demand imbalance of coal and the extreme high temperature, and then a large power gap occurred [34]. For northeast China, as a result of coal shortages, the large shutdown capacity of thermal power, the small generation by renewable energy, and the growth of power load, the power supply in the northeast power grid continues to be tight [35]. On 22 September, the Office of the Leading Group for Energy Supply in Anhui province also issued an emergency notice on the orderly use of electricity due to the coal shortage for thermal power and the abnormal operation of generator sets [36]. In short, policies might exacerbate the imbalance of power supply and demand because of the government’s strong climate agenda [24].



Firstly, dual control policy, concentrating on the control of energy intensity and the total amount of energy consumption, has strictly restricted coal development. Since 2016, driven by the coal overcapacity reduction policy, three provinces in northeast China have withdrawn a large amount of coalmine capacity. On 1 March 2021, the Amendment to the Criminal Law of the People’s Republic of China (XI) was officially implemented, criminalizing the act of production beyond approved capacity. Therefore, the overproduction of coal has been greatly reduced. It is notable that China’s thermal coal stocks are nearly 90 million tons lower than last year. In addition, the available days for storing coal in key power plants nationwide dropped to 10.3 days, far below the red line requirement of 20 days in the off-season [37].



Secondly, climate target policy constraining thermal power development increases the risks of power shortage. In recent years, with the goal of carbon neutrality, China has continued to reduce carbon emissions from thermal power, as well as thermal power installed capacity [38]. Thermal power entered a low-speed growth stage [39]. However, under conditions of high growth in power demand, clean and low-carbon energy is insufficient to guarantee supply capacity. During the Thirteenth Five-Year Plan period, electricity demand grew relatively rapidly (2017 and 2018), which pushed thermal power supply to grow at a high speed to achieve balance. If thermal power is excessively suppressed or ignored, power shortages may occur [38].



Thirdly, there is too much responsibility for renewable energy in the power system. On 22 September 2021, the CPC Central Committee and the State Council issued their “Comments on Fully and Accurately Implementing the New Development Philosophy to Achieve Peak Carbon and Carbon Neutrality”. The comments pointed out that the proportion of non-fossil energy consumption in China will reach over 80% by 2060 [40]. However, the fact is that renewable energy generation technology does not perform well. Due to the randomness, volatility, and intermittent nature of renewable energy power, the current power system, with a high proportion of renewable energy, cannot meet the fixed demand of the economy for electricity. During peak load periods, generation from renewable energy is low, which leads to the difficulty of peak load regulation of the electric system [41]. Solar power, for example, cannot contribute to electricity consumption at night. As the proportion of renewable energy continues to grow, it is difficult to ensure the stability of the electric system. Traditional relay protection is difficult to adapt to the nonlinear changes following renewable energy access to the electric system. Renewable energy power generation should be connected to an AC power system through the converter. When a large number of distribution networks are connected to distributed power generation, interlocking faults become the new normal of faults in the AC/DC hybrid power grid [42]. Additionally, the power operation system has increasingly suffered uncertainty problems, and the voltage, frequency, and regulation capabilities are facing severe tests. For example, the electric system can encounter problems, such as wind curtailment, solar abandonment, and insufficient power supply [43,44,45].





3. Methods and Data


3.1. LEAP Model with Modification


There are many models for energy system planning, and those frequently applied mainly include MARKAL/TIMES, EnergyPLAN, DER-CAM, HOMER, and the LEAP model. The MARKAL/TIMES model is applicable to the long-term impact analysis of macro energy economic systems. The EnergyPLAN model focuses on the design and evaluation of sustainable energy systems for renewable energy applications. The DER-CAM model is an ideal planning tool for grid connected distributed energy microgrids with peak capacity of 250–2000 kW. The HOMER model is applicable to the design, optimization and feasibility evaluation of low power off grid/grid connected microgrids [46]. The advantage of the LEAP model is the analysis of medium and long-term energy supply and demand balance, which is of great relevance to this research. In this study, we applied the LEAP model, with modification, in constructing the least cost model of electric system capacity expansion. We explored the optimum installed capacity of thermal power, wind power, solar power, hydropower, and nuclear power, with a view to optimizing policies related to the low-carbon transformation of the electric system to avoid power shortage.



LEAP is an energy demand forecasting model based on sector analysis, which has been widely applied to national, regional, and industrial sector energy strategy [47], for energy policy analysis and climate change mitigation assessment [48]. This model was developed by the Stockholm Environment Institute and Boston University. The dataset in the LEAP model includes four modules. The key assumptions module mainly sets the status of economic and social development and the key factors affecting the energy environment, including GDP, population, industrial structure, family size and others. The demand module describes the energy demand sectors, including residents, industry, commerce, transportation, agriculture and others. Power demand scenario analysis is mainly reflected in the LEAP model’s energy demand module, which is composed of various energy terminal demand sectors. The transformation module refers to the transformation process of primary energy to secondary energy, including power generation and power transmission and distribution. The power generation module includes coal power, natural gas power, wind power, solar, hydropower, and nuclear power. Resources mainly include a series of energies involved in the model, including primary and secondary energies. The simulation analysis of the energy system in this model is based on the medium and long term, with one year as the unit of calculation. The principle of the modified LEAP model is shown in Figure 4.



The LEAP model also has limitations. It does not consider transmission network capacity constraints and power plant spatial analysis [49]. The quantification of departmental demand, market development potential and future development goals in the LEAP model depend on the subjective judgment of researchers [46]. These limitations have little impact on this study. The equation and some constraints in this study, are as follows,


  M i n C =   ∑       ∀ m ∈ t e c h       ∀ n ∈ y e a r        (      I  A  m , n   × I  C  m , n   + T  A  m , n   × F  M  m , n   + T  P  m , n   × V  M  m , n         + T  P  m , n   × F  C  m , n   + C  E  m , n   × C  D n       )   



(1)




where C is the total cost of generating units in the life range;   I  A  m , n    ,   I  C  m , n    ,   T  A  m , n    ,   F  M  m , n    ,   T  P  m , n    ,   V  M  m , n    ,   F  C  m , n    ,   C  E  m , n     are the new installed capacity, the investment cost, the total installed capacity, the fixed operating and maintenance costs, the total generating capacity, the variable operating and maintenance costs, the fuel costs, and the total carbon dioxide emissions of type m units in year n, respectively.   C  D n    represents the carbon dioxide emission reduction costs in n years.



The total power generation minus the power loss of transmission lines should meet the total power demand, as shown in Formula (2).


   (  1 − T  L n   )  ×  ∑ m p   (    T A   m , n   × C  C  m , n   × M  H  m , n    )  ≥ T  D n   



(2)




where   T  L n    is the rate of transmission electric line loss;   C  C  m , n     refers to the capacity reliability of m types of units, the share of power plant in rated installed capacity. The capacity reliability of thermal power plants and hydropower plants is 100%, while the capacity reliability of renewable energy is low;   M  H  m , n     refers to the maximum utilization rate of type m units and the maximum utilization hours of units in a year;   T  D n    is the total electricity demand in year n; p represents the number of each type of power generation.



The ratio of actual generating capacity to theoretical generating capacity of each type of unit is less than or equal to the capacity factor, as shown in Formula (3).


  C  C  m , n   × M  H  m , n   ≤ U  L  m , n      



(3)







  U  L  m , n     refers to the upper operating rate of type m units (generating capacity factor).



The total installed capacity of the system reserve rate should be greater than or equal to the annual maximum load demand of the power system to ensure that the power system has sufficient capacity to ensure its safe, stable and reliable operation, as shown in Formula (4).


   ∑ t n    T A   m , n   ×  (  1 +   S R  n   )  ≥   M L  n   



(4)




where   S  R n    represents the system reserve rate and   M  L n    represents the maximum annual load requirement of the system.



The constraint of installed capacity includes two conditions, one is the constraint of upper and lower limits of installed capacity of new units; the other is the upper and lower limits of the total installed capacity of the system.


  I  A  m , n   ≤ I  A  m , n , m a x      



(5)






      I  A  m , n   ≥ I  A  m , n , m i n        



(6)






   ∑ m p  T  A  m , n   ≤  ∑ m p  T  A  m , n , m a x      



(7)






   ∑ m p  T  A  m , n   ≥  ∑ m p  T  A  m , n , m i n      



(8)




where   I  A  m , n , m a x     ,       I  A  m , n , m i n      , respectively, represent the maximum and minimum newly installed capacity of type m units in year n;   T  A  m , n , m a x   ,     T  A  m , n , m i n    , respectively, represent the upper and lower limits of the annual total installed capacity.



The installed capacity of renewable power and the proportion of its electricity generation in the total installed capacity and the total generation need to reach a certain proportion target, and then the renewable energy target constraint should be added.


   ∑ m p  T  A  m , n   ≥  ∑ m p  T  A  m , n   × C  R n     



(9)






   ∑ m p  R  E  m , n   ≥  ∑ m p  R  E  m , n   × G  R n     



(10)




where    ∑ m p  T  A  m , n    ,   C  R n   , respectively, represent the installed capacity of renewable energy in the power system in year n and the proportion of the total installed capacity;    ∑ m p  R  E  m , n    ,   G  R n   , respectively, represent the proportion of renewable energy generation in the power system in year n.



Total carbon dioxide emissions during the study period must not exceed their emission limits, as shown in Formula (11).


   ∑ m p  C  E  m , n   ≤  ∑ m p  C  O 2     n , m a x      



(11)







   ∑ m p  C  E  m , n        ∑ m p  C  O 2     n , m a x     represents the total GHG emission and maximum emission of the power industry during the study period, respectively.



Considering the two main factors causing the power shortage in China, the climate vulnerability of renewable power and the decreased proportion of thermal power in the electric system, low-carbon transformation policies for the electric system should be optimized to be suitable for various situations. The low-carbon development of the power system must pass the test of small probability events, such as extreme weather. In this study, two future scenarios are simulated using the modified LEAP model.




3.2. Key Assumptions and Demand Module Data Setting


	
GDP growth rate






According to the research-based prediction of China’s future long-term economic growth trend (Table 3), China’s potential GDP will grow at an average annual rate of 5.5% in 2022 [50]. Additionally, China’s economy will grow by about 5.3% in 2022 [51]. The added value of primary, secondary and tertiary industries can be calculated from their proportion in the national economy.



	2.

	
Population







According to the “Green paper on population and labor: No.19 report on China’s population and labor issues” [52] (Table 4), the fertility rate from 2025 to 2030 will be 1.69. China’s population will reach a peak of 1.442 billion in 2029 and enter negative growth from 2030. The “Green paper on population and labor: No.22 report on China’s population and labor issues” gives a prediction of the urbanization rate [53].




3.3. Number of Utilization Hours of Power Generation Equipment by Type


China’s utilization hours of wind power and solar power could be 2378 h and 1658 h in 2025. In 2030, the utilization hours of wind power could be 2616 h, while the utilization hours of solar power could be 1930 h [54].




3.4. Scenario Settings


	
Normal scenario






Assumes that all power generation is in regular operation, including thermal power, nuclear power, and renewable power. Generation from renewable energy power would not be affected by the weather.



	2.

	
Extreme weather scenario







This scenario is based on China’s power supply situation on 7 January 2021. There was zero generation from solar power and the utilization of wind power was about 10%. Meanwhile, more than 200 million kW of installed hydropower at the peak did not work because of the dry season. Thermal power with more than 90% capacity and nuclear power with 100% capacity supported the peak load on that day. Table 5 illustrates the proportion of available installed capacity in the extreme weather scenario.



It is predicted that 10% of the year is characterized as extreme weather, where the proportion of available installed capacity refers to the situation on 7 January 2021. It is assumed that extreme weather events will occur every year from 2025 to 2030. Although this assumed prediction seems overly pessimistic, the increasing frequency of extreme weather events leads us to believe that this setting is relevant.



In recent years, large-scale blackouts caused by extreme weather have occurred all over the world. On 28 September 2016, a strong typhoon hit South Australia with storms, lightning and hail. A series of faults, such as the large-scale disconnection of wind turbines, eventually evolved into a 50-h nationwide blackout [55]. Since 14 February 2021, affected by the extremely cold weather, the power load in Texas has increased sharply, wind turbines have frozen, and a large number of ice blocks have formed in the natural gas transmission pipeline, resulting in a serious imbalance between power supply and demand. A large-scale power outage occurred in Texas for several days [56].



According to research from the World Meteorological Organization, there would be more than ten days every year without light or wind [57]; that is to say, solar and wind power will fail to generate electricity during this period. Although extreme weather is a low probability event, once this phenomenon occurs, it would inevitably result in the problem of an imbalance between power supply and demand. As a result, setting the extreme weather scenario to primarily focus on meeting electricity consumption needs for the whole of society is essential.





4. Results


4.1. Installed Capacity of Thermal Power under Normal Conditions


In 2025, the installed capacity thermal power is predicted to be 1.28 billion kW, accounting for 44.6% of the total power installed capacity. In 2030, the installed capacity of thermal power is predicted to be 1.31 billion kW, accounting for 37.4% of total power installed capacity. Figure 5 illustrates the installed capacity of various energy sources in 2025 and 2030 under normal conditions.



Many researchers have forecast China’s power demand in the future, assuming that all the power generators are operating properly. The thermal power generation in 2025 and 2030 under the usual scenario predicted in this study is basically consistent with others’ predictions [58,59]. Moreover, the expected proportion of thermal power installed capacity in 2030 agrees with the research of Shu YB [59]. The installed capacity of thermal power in 2030 (37.4%) could be much lower than that in 2020 (56.6%). However, the predicted proportion of thermal power installed capacity in 2030 in Zhang’s research (62.1%) in a normal scenario and 46.1% in a low-carbon scenario is higher than in our study [60]. Different predictions of power demand in 2030 would lead to this result. Findings in our study are more consistent with the future development situation. In conclusion, the decline of both the generation and installed capacity of thermal power is in line with China’s energy structure transformation target under the normal scenario.




4.2. Installed Capacity of Thermal Power under the Condition of Extreme Weather


The installed capacity of thermal power would be 1.36 billion kW in 2025 and 1.42 billion kW in 2030, which accounts for 46.1% and 39.3% of the total power installed capacity. Figure 6 illustrates the installed capacity of various energy sources in 2025 and 2030 under the extreme weather condition.



In the extreme weather scenario, the installed capacity of thermal power is larger than those in other studies. Previous findings were mostly based on policy scenarios, low-carbon scenarios, or deep low-carbon scenarios. They assumed that renewable power would play an increasingly important role in China’s electric system and that all types of power are in normal operation. Most of these studies analyzed thermal power generation with carbon emission reduction as the main goal, while our study emphasized the balance between power demand and supply. In the extreme weather scenario, our study assumed that wind power and solar power would not generate as regularly all the year because of the uncertainty and volatility of renewable energy. Thermal power, therefore, should contribute more generation to meet the power demand. As a result, the installed capacity would be higher than others’ predictions.




4.3. Policy Optimization of Low-Carbon Transition of Power System Based on the Power Demand Assurance


In conclusion, the installed capacity proportion of wind power and solar power would increase from 25% in 2020 to 40% in 2030. Thermal power, accounting for about 44.6–46.1% in 2025 and 37.4–39.3% in 2030, would still play a fundamental role in China’s power system. Table 6 and Figure 7 illustrate the installed capacity of various power generation types.



From the point of view of renewable power supply in China and other countries, such as Germany and US [61], generation from renewable power is insufficient during the loading peak period, especially in extreme conditions. The power shortage in China in 2021 has highlighted some problems, such as over-reliance on renewable energy and insufficient coal power supply for the power system. It reflects the fact that there are structural problems in China’s power supply, and that the estimation of renewable energy generation output might be too optimistic. Frequent extreme weather is the biggest uncertainty factor leading to low generation from renewable energy power in the future [62]. Therefore, the flexibility of power regulation, the accuracy of the renewable power generation prediction, and the technology of power storage need to be further improved [63,64,65].



In the process of the low-carbon transformation of electric energy, it is necessary to ensure that thermal power plays the role of ensuring the electricity demand for the whole of society [66]. By 2025, the installed capacity of thermal power would account for 44.6%. By 2030, the installed capacity of thermal power would account for 37.4%. In summary, China’s electric system needs to avoid the radical transition of the energy system, and systematically promote the diversified development of power sources.





5. Discussion


Under the “dual control policy” and the “climate target”, the annual installed capacity of wind power and solar power would be increased to alleviate power shortage. The annual newly installed capacity of wind power would be not less than 40 million KW, and that of solar power would be not less than 60 million KW. Overall, the annual newly installed capacity of wind and solar power would be between 80–120 million KW. Consequently, due to the unstable power supply of the power system dominated by renewable energy power, especially in extreme weather conditions, a certain scale of thermal power generation needs to be maintained. Coal fired units provide flexible dispatching operation modes, such as “peak regulation”, “frequency regulation”, etc., to provide technical support for the consumption of renewable energy power generation. The development of thermal power would follow the route of “increasing installed capacity and reducing generation”, that is, the generation of thermal power would be controlled, but the installed capacity still needs to increase. It is estimated that the installed capacity of thermal power in 2030 would be 1.31 billion KW under normal conditions and 1.42 billion KW under extreme weather conditions.



The low carbon transformation also needs to consider the long-term costs. According to the “China provincial renewable power, competitiveness report 2019” released by the Wood Mackenzie organization, the average of LCOE (levelized cost of energy) of wind and solar power was already lower than the gas cost in China in 2019 [67]. As the generation cost of renewable energy falls, projects with solar power generation costs reaching the level of coal power generation costs have begun to appear in China since 2019 [68]. In June 2021, the National Development and Reform Commission in China issued a notice related to the price policy of renewable energy [69], requiring that the price of renewable energy projects in 2021 shall be implemented according to the local benchmark price of coal power generation. It is estimated that, by 2025, the cost of newly installed solar power generation is expected to be less than 0.3 yuan/kWh, and, by 2035, the cost of newly added solar power generation would be reduced to about 0.2 yuan/kWh. The cost advantage of solar power generation will become more and more apparent in the future [70].



However, due to the randomness, volatility, and intermittent nature of renewable energy power, a power system with a high proportion of renewable energy generation needs other power sources to maintain the stable and safe operation of the power system [71]. Therefore, a full cost evaluation of renewable energy utilization from the perspective of the safe and reliable operation of the entire power system is urgently needed. In the future, with increase in both the installed capacity and generation from renewable energy power, the utilization costs of renewable energy, including flexible power investment, system regulation and operation cost, large power grid expansion and reinforcement investment, and connection and distribution network investment, would also increase [72]. The higher the proportion of renewable energy, the higher the consumption cost. In addition, the consumption cost of renewable energy is still difficult to be reflected in the current mechanism design, so it is likely to push up the long-term costs of the electric system.



For instance, to meet the efficient and rapid regulation needs brought about by the continuous increase in renewable energy installed capacity, on the one hand, the scale of power side flexibility transformation is required to further increase, thus increasing the cost of power side transformation; on the other hand, a large number of pumping and storage power stations, energy storage and other rapid regulation resources need to be configured, increasing the construction investment on the energy storage side [73]. At present, the proportion of flexible power supply in China is less than 6%. In northern China, the installed capacity of wind power and solar power is 72% and 61% respectively. However, power supply with flexible regulation is less than 3% [74]. The flexibility transformation of China’s conventional thermal power needs to be continuously promoted to maintain the reliability and stability of the electric system. The operational costs of the entire electric system would continue to rise, which may increase the power supply cost for the whole of society.



Furthermore, extreme weather increases the difficulty of power supply guarantee, especially in an electric system with a high proportion of renewable energy, which could increase power supply costs [75]. The installed capacity of thermal power would increase to meet the power demand, increasing the costs and causing a negative impact on the environment, while the relevant policy effects may be uncertain and diverse. Overall, in the process of the low carbon transformation of the electric system, we should not only consider the power generation cost of renewable energy, but also consider other costs, such as flexible power supply investment, system regulation and operation cost, etc.



It is often noted that policies should not only emphasize the role of thermal power in power security but also pay attention to how to overcome the shortcomings of renewable energy power. The following suggestions should be thoroughly considered.



First, the prediction of renewable energy generation could be more accurate. The greater the uncertainty of renewable energy output, the greater the need for reserve capacity and flexible resources [60]. Further improvement in the accuracy of forecasts can reduce the need for coal power regulation capacity.



Second, the instantaneous balance between power supply and demand could be more controllable. Especially in the event of extreme weather change, the maximum speed of frequency change of wind turbines and solar power stations needs to be well controlled to avoid sudden change of the output of the same amplitude caused by the instantaneous change of wind speed and light [76,77].



Third, voltage control devices could be deployed on the renewable energy power supply side and grid side [78]. Sufficient resources are required to provide voltage control, even when the proportion of renewable energy is very high. Moreover, based on the transformation of low voltage traverse, renewable energy units could avoid off-grid, and even interlocking, faults by being equipped with high voltage traverse capability.



Fourth, constructing a new balance system to control power load demand, based on the capacity of renewable energy generation, is needed. To minimize the overall operating cost of the system, orderly guidance of load-side response, flexible transformation of coal power, pumped storage and electrochemical energy storage technology could participate in power grid regulation [61,62]. Additionally, in view of the conflict between power supply and heavy load periods in winter, energy storage equipment with high energy density and low storage loss should be configured.




6. Conclusions and Policy Recommendation


In this study, we focused on the problem of power shortage in China in 2021. First, power demand and supply from March 2021 to November 2021 were analyzed and the relationship between the growth rate of raw coal production and that of power generation was also analyzed to quantify the gap of power shortage. Second, three aspects of the driving factors for power shortage were considered. Third, the modified LEAP model was used to analyze the optimum installed capacity and generation of thermal power in 2025 and 2030 considering the regular situation and the extreme weather situation. Finally, some policy suggestions for the low-carbon transformation in China’s electric system were proposed. The main findings of this study are as follows:




	
Controlling the total energy consumption and energy intensity led to power shortage in China in 2021. The gap between power demand and supply was from 5.2 billion kW·h–24.6 billion kW·h. In the first three quarters of 2021, China’s power generation grew by 10.7% year-on-year and coal production grew by 3.7% year-on-year, while coal imports grew by −3.6%. The growth rate of imported coal, coal generation and power generation show a big difference.



	
Generation and installed capacity of thermal power in 2025 and 2030 were predicted in two scenarios. Under normal circumstance, the installed capacity of thermal power would be 1.28 billion kW in 2025 and 1.31 billion kW in 2030. Under the extreme weather circumstance, where the utilization of wind and solar power generation is extremely low, the installed capacity of thermal power would be 1.36 billion kW in 2025 and 1.42 billion kW in 2030.



	
Coal power supply must be guaranteed to ensure energy security. It is necessary to balance coal production, supply, stock, and consumption. Since wind power, solar power, and other renewable energy power are unstable and volatile, when the proportion of renewable energy increases to a high ratio in the electric system, the balance between power demand and supply could be broken. Policies should pay more concern for thermal power to avoid power shortage. Under the constraints of the carbon neutrality target, the development of thermal power needs to involve increase in the installed capacity while decreasing generation. Although the installed capacity of thermal power would keep increasing, the generating capacity could be controlled.



	
Energy consumption should be further reduced with progress in technology, and energy efficiency should be improved. The application of carbon dioxide capture, utilization and storage (CCUS) technology is currently at an exploratory stage. Energy consumption reduction requires national policy support, such as carbon pricing mechanisms or other forms of subsidy.



	
China needs to pursue the development of diversified energy sources and enhanced power supply security capability while strengthening the development and utilization of renewable energy. For renewable energy, the accommodation and storage capacity need to be enhanced. China should follow a more stable pathway with a gradually increasing proportion of renewable energy, and promotion of the large-scale, high proportion, market-based and high-quality development of renewable energy.



	
Continuous improvement in the energy emergency management coordination system is needed, with respect to emergency support measures, such as the construction of the national energy reserve base, and improved emergency plans to deal with large-scale power emergencies.
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Figure 1. Generation of various energy sources. 
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Figure 2. Comparative relationship between the growth of power generation and coal production. 
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Figure 3. The growth rate of each power generation type in the first three quarters of 2021. 
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Figure 4. The principle of the LEAP model with modification. 
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Figure 5. Installed capacity of various energy sources in 2025 and 2030 under normal conditions. 
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Figure 6. Installed capacity of various energy sources under the extreme weather condition. 
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Figure 7. The proportion of installed capacity of various energy sources under the extreme weather condition. (a) The projected value for 2025; (b) The projected value for 2030. 
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Table 1. Power demand-supply gaps from March to November 2021.
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	Month
	Power Demand (Billion kW·h)
	Power Supply (Billion kW·h)
	Power Demand-Power Supply (Billion kW·h)





	March
	663.1
	657.9
	5.2



	April
	636.1
	623.0
	13.1



	May
	672.4
	647.8
	24.6



	June
	703.3
	686.1
	17.2



	July
	775.8
	758.6
	17.2



	August
	760.7
	738.4
	22.3



	September
	694.7
	675.1
	19.6



	October
	660.3
	639.4
	20.9



	November
	671.8
	654.0
	17.8
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Table 2. The growth rate of power generation, GDP, coal production and imported coal amount.
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	Period
	Year-on-Year Growth Rate of Power Generation
	GDP Year-on-Year Growth Rate
	Year-on-Year Growth Rate of Coal Production
	Year-on-Year Growth Rate of Imported Coal





	The first three quarters of 2018
	7.4
	6.7
	5.1
	11.8



	The first three quarters of 2019
	3.0
	6.2
	4.5
	9.5



	The first three quarters of 2020
	0.9
	0.7
	−0.1
	−4.4



	The first three quarters of 2021
	10.7
	9.8
	3.7
	−3.6
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Table 3. The prediction of GDP growth rate in China.
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	Year
	GDP Growth (%)
	Proportion of Added Value of Primary Industry in GDP (%)
	Proportion of Added Value of Secondary Industry in GDP (%)
	Proportion of Added Value of Tertiary Industry in GDP (%)





	2020
	5.1
	7.7
	37.8
	54.5



	2025
	5.5
	7.3
	34.5
	58.2



	2030
	5.0
	6.0
	32.1
	61.9
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Table 4. The prediction of population in China.
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	Year
	Population

(Billion)
	Urban Population

(Billion)
	Rural Population (Billion)
	Urbanization Rate (%)





	2020
	1.412
	0.902
	0.510
	63.89



	2025
	1.435
	1.004
	0.431
	70.00



	2030
	1.442
	1.081
	0.361
	75.00
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Table 5. Generation of various energy types on 7 January 2021.
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	Type of Generation
	Installed Capacity in 2020 (MW)
	Unavailable Installed Capacity (MW)
	Available Installed Capacity (MW)
	The Proportion of Available Installed Capacity (%)





	Total
	2,200,580
	828,090
	1,372,090
	62.5



	Thermal power
	1,245,170
	121,280
	1,123,890
	90.3



	Hydropower
	370,160
	200,000
	170,160
	46.0



	Wind power
	281,530
	253,380
	28,150
	10.0



	Solar power
	253,430
	253,430
	0
	0.0



	Nuclear power
	49,890
	0
	49,890
	100.0
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Table 6. Installed capacity of various power generation types in extreme weather conditions (billion kW).
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Type of Generation

	
2025

	
2030




	
Installed Capacity (Billion kW)

	
Proportion (%)

	
Installed Capacity (Billion kW)

	
Proportion (%)






	
Thermal power

	
1.36

	
46.1

	
1.42

	
39.3




	
Hydropower

	
0.50

	
16.9

	
0.53

	
14.7




	
Wind power

	
0.43

	
14.6

	
0.68

	
18.8




	
Solar power

	
0.58

	
19.7

	
0.87

	
24.1




	
Nuclear power

	
0.08

	
2.7

	
0.11

	
3.0
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