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To investigate the supply-demand balance of regional power systems under extreme scenarios, this study employs the high-resolution power optimization model SWITCH-China to simulate the regional heterogeneity and randomness of extreme weather events in detail. Focusing on the five southern provinces, this study explores various impacts on the power generation side and the grid side under scenarios of reduced wind and solar power output, transmission line failures, and combined scenarios, proposing strategies for constructing a new power system. The main conclusions are: the reduction in wind and solar power output significantly affects provinces with a high proportion of these installations, like Guizhou, necessitating other stable power generation forms to compensate. Transmission line failures notably impact provinces like Guangdong, which rely heavily on imported electricity, requiring increased investment in new wind and solar installations and more self-generated power to offset the reduction in imported electricity. The combination of these factors amplifies their individual impacts, leading to the highest carbon reduction and electricity costs. The simulation results of this study are valuable for China’s five southern provinces in coping with extreme scenarios. As these provinces work on building a new power system and gradually retire fossil fuel units, they should expand the number and capacity of inter-provincial high-voltage transmission lines while considering system economics. Additionally, accelerating the deployment of energy storage is crucial for maintaining power system stability.
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1 INTRODUCTION
In October 2021, the State Council issued the “Action Plan for Carbon Peaking Before 2030,” which proposed “building a new power system with an increasing proportion of renewable energy and promoting the large-scale optimization of clean power resources.” To achieve the goals of carbon peaking and carbon neutrality, the power system must transition from a reliance on fossil fuel power generation to one primarily based on clean energy sources (Luderer et al., 2019). On 9 October 2023, China Southern Power Grid Corporation released the “Southern Power Grid New Power System Development Report” (the “Report”). The Report indicates that the clean power supply framework in Guangdong, Guangxi, Yunnan, Guizhou, and Hainan provinces is largely established, with a new power system featuring an increasing proportion of new energy under construction. Currently, these five southern provinces have a larger share of electricity demand and new energy generation compared to other regions in the country. To address the energy security issues arising from the energy transition, such as source, network, load, and storage in the regional power system, it is essential to study the impact of wind and photovoltaic power output fluctuations, which are significantly influenced by meteorological factors (Peng et al., 2024), as well as the impact of transmission and distribution line faults on the medium- and long-term stability of the power system (Daisy et al., 2023). This study aims to propose effective countermeasures for these challenges.
The imbalance between supply and demand affects all aspects of the power system, including source, network, storage, and load. Current research mainly focuses on the following areas:
From the power supply side, Compared to traditional fossil fuels, the economic viability of non-fossil energy sources like wind and solar is continuously improving (Sun et al., 2021). However, the impact on the safety of the power system varies with different types of new energy and their different penetration rates (Wang et al., 2024; Mahmood et al., 2024). Systems with wind and solar power generation need to prioritize capacity optimization (Zhao et al., 2024) and avoid wind and photovoltaic (PV) power curtailment (Chen et al., 2022), as the output uncertainty of wind and PV power is more significant than other types of power generation. Existing solutions primarily involve the integration of wind, solar, and storage, which can effectively mitigate the impact of load fluctuations on the stable operation of the power grid (Emrani and Berrada, 2024). The above supply-side research mainly focuses on the short-term fluctuations of solar resources, with less analysis of how these fluctuations affect the long-term transformation of the power system.
From the grid side, regional or inter-provincial transmission can enhance mutual aid capacity (Yang et al., 2022), but high-voltage transmission lines between provinces face capacity limitations and transmission losses. Additionally, meteorological factors affect line impedance and fault outages (Li et al., 2023; Yang et al., 2022), and rebuilding regional transmission lines in extreme scenarios requires considerable time and investment. Therefore, it is essential to comprehensively consider the cost-effectiveness of self-generation, high-voltage transmission, and energy storage in the load area.
From the energy storage perspective, pumped hydro storage has a significant economic advantage in enhancing the system's supply security (Maio et al., 2024). However, chemical energy storage responds more quickly to short-term load fluctuations (Lee et al., 2024). Therefore, electrochemical energy storage is a better option for addressing short-term load balancing and extreme scenarios (Deguenon et al., 2023) Given the high cost and limited lifespan of energy storage stations, it is essential to include storage costs alongside various generation and transmission costs in the overall optimization of the power system's operation to achieve the dual objectives of operational safety and cost minimization.
Extreme weather events (such as significant fluctuations in wind and solar output) and transmission line failures significantly impact the power supply and demand balance in each province (Huang et al., 2024). However, detailed simulation studies of the Chinese power system in existing literature rarely involve these two scenarios. Most existing studies mainly focus on the impact of regional differences on China’s power system (Huang et al., 2017; Li et al., 2022; Li et al., 2023), seldom emphasizing the interactions between provinces within a single region and how load areas achieve supply-demand balance. Addressing these gaps, this study aims to minimize costs using the high-resolution power optimization model SWITCH-China. It simulates the regional heterogeneity and randomness of wind and solar power output reductions under the context of carbon peaking and carbon neutrality in the national power sector. This study examines changes in power supply and grid sides in the five southern provinces under scenarios of reduced wind and solar power output and transmission line failures, as well as the impact of these changes on carbon reduction costs and per-unit electricity costs in the national power sector. Based on the scenario analysis results for the five southern provinces, measures are proposed to ensure the balance of energy supply and demand in response to reduced wind and solar output.
2 MODEL METHODOLOGY AND DATA SOURCES
2.1 SWITCH-China
SWITCH is a loose acronym for Solar, Wind, Hydro, and Investment in Conventional Technology. SWITCH-China is a power optimization model (He et al., 2016) that can simulate the cost-minimized configuration of wind, solar, hydro, and conventional technology generation and transmission in China’s power sector. It is mainly used to analyze the economic and technological impacts under medium- and long-term decarbonization scenarios in the power sector (He et al., 2020). The model has finer granularity in time and space scales compared to general power optimization models, with hourly precision in time and provincial precision in space. To reduce model solving time, typical years and typical days are set to represent continuous 5-year and 1-month periods, respectively. For example, this study selects the typical investment years of 2023, 2028, 2033, 2038, 2043, 2048, 2053, and 2058, corresponding to investment periods of 2023–2027, 2028-2032, 2033-2037, etc. Typical days are selected based on actual loads, with each typical day consisting of six time points corresponding to 0:00, 4:00, 8:00, 12:00, 16:00, and 20:00.
2.1.1 Model mechanism
The SWITCH-China model aims to minimize costs of generation, transmission, and distribution. As shown in Figure 1, it constrains the power supply side through carbon limits, load demand, unit operations, and technological developments. Additionally, the grid and storage sides are constrained by transmission line selection and scheduling, respectively. The optimization results in different power generation combinations, capacity configurations, carbon reduction costs, and other components of the power system.
[image: Figure 1]FIGURE 1 | Model operation mechanism.
2.1.2 Power system simulation
From the power supply side, the generation technologies include six main categories: coal, gas, wind, solar, hydro, and nuclear. The model comprehensively considers the fuel costs of fossil fuel power generation and the price curve fluctuations of wind and solar power. Under cost minimization and carbon constraints, existing units will be retired according to preset retirement times, and new units of various types will be continuously built to meet power demand under cost constraints.
From the grid side, each province’s geographical area is treated as an independent load area, forming a network that conducts local transmission and distribution within each region and long-distance high-voltage transmission between regions. The length of transmission lines between regions is based on the distances between provincial capitals, with transmission directions being unidirectional from one load area to another, all under cost constraints.
From the storage side, the model differentiates between pumped storage and electrochemical storage. The construction of storage power stations is adjusted based on electricity load demand and cost constraints, similar to new power generation units.
From the load side, the SWITCH-China model pre-sets the predicted power demand of each province according to investment periods as input data and sets a 15% capacity reserve margin to meet various overload scenarios in the power system.
2.2 Data sources
This study builds upon the latest version of SWITCH-China, with data adjustments and expansions based on existing research or provincial energy development plans. The following settings apply to wind and solar power output and transmission line simulations.
2.2.1 Unit capacity factors
Wind and solar resources exhibit regionality and spatial differences, and their output characteristics are unstable and uncertain over time (Sun et al., 2024). Thus, depicting scenarios of reduced wind and solar power output, such as “no wind” and “no light,” requires precision in both time and space scales. According to studies on the power and characteristics of Chinese wind and photovoltaic units (Liu et al., 2020), a “no wind” event can be defined when the wind speed is less than or equal to 3 m/s during wind power generation. A “no light” event can be defined when the horizontal radiation intensity for daytime power generation of photovoltaic units is less than or equal to 30W/m2.
As shown in Table 1, the main data comes from the literature (Liu et al., 2020), which statistically analyzes the occurrence frequency of sustained 4-h “no wind” and daytime 4-h “no light” events in each season of the year in southern regions. “No wind” events occur similarly across the four seasons in the south, with an average of 33 times per quarter and 11 times per month for sustained 4-h “no wind” events. “No light” events mainly occur in the spring, autumn, and winter seasons in the southern region, with an average of once per month.
TABLE 1 | Frequency of “windless” and “sunlight-absent” events in the south region.
[image: Table 1]In the SWITCH-China model, the impact of weatherIn October 2021, the State Council issued the “Action Plan for Carbon Peaking Before 2030,” which proposed “building a new power system with an increasing proportion of renewable energy and promoting the large-scale optimization of clean power resources."
Based on Table 1, the probabilities of extreme weather events were calculated for typical days to derive the expected occurrences of such events. On average, “no wind” events occur approximately 2.2 times across six time nodes in a typical day. These events typically occur at times of stable environmental temperatures, such as noon or early morning, when air convection is weak or nonexistent. Consequently, the SWITCH-China model sets two of the three time nodes (0:00, 4:00, 12:00) with zero wind capacity factors to represent “no wind” occurrences. Similarly, photovoltaic output mainly occurs during the daytime, with “no light” events primarily modeled at 8:00 and 16:00, choosing one of these time points as the “no light” event in a typical day.
2.2.2 Regional transmission line failures
In the SWITCH-China model, grid transmission lines are unidirectional. To simulate the scenario where the southern five provinces face high-voltage transmission line failures, power transmission into these provinces and between them is disrupted. However, transmission from these provinces to other regions remains normal to avoid affecting the power balance in other load areas. When local power generation cannot meet demand due to transmission line failures, new transmission lines may be constructed, albeit at higher costs and potentially limited capacities. The model optimizes cost by balancing the construction of new generation units or transmission lines to meet the demand.
2.2.3 Electricity demand of the five southern provinces
Power demand is an exogenous parameter in the SWITCH model and needs to be predetermined. For comparability, power demand in different scenarios remains constant across provinces. The demand growth rates for the five southern provinces are based on related research and forecasts (Jin et al., 2024). The load curves for the typical years and days are also defined. For instance, Figure 2 shows the load curve for the five southern provinces in 2030, indicating significant fluctuations in Guangdong, with increased demand during July to September. Similar patterns are observed in other provinces during the summer.
[image: Figure 2]FIGURE 2 | Load curve of the five southern provinces in 2030.
3 SCENARIO SETUP
To explore the impact of reduced wind and photovoltaic power output or existing transmission line failures on the power balance in the five southern provinces, the study sets the baseline and three extreme scenarios as shown in Table 2. The power demand for each province remains unchanged across scenarios, determined by actual load requirements. In the baseline scenario, data for the five southern provinces are sourced from statistical yearbooks or power company records. The three extreme scenarios involve adjustments to factors related to solar and wind power output or transmission line conditions beyond the baseline scenario, as simulated based on Sections 2.2.1 and 2.2.2 of this paper.
TABLE 2 | Scenario setting.
[image: Table 2]Baseline Scenario (S0): Wind and photovoltaic units operate normally, and power is transmitted through existing high-voltage lines, achieving a supply-demand balance under current constraints and technological goals.
Transmission Failure Scenario (S1): Wind and solar output remain normal, but existing high-voltage input lines to the five southern provinces fail (output lines remain functional). New transmission lines are required to balance the load.
Reduced Wind and Solar Output Scenario (S2): Due to weather, wind and solar output decrease. Increased local generation and external power imports are needed to meet the demand.
Combined Scenario (S3): Both reduced wind and solar output and transmission line failures occur, necessitating greater investment in local generation.
4 RESULTS ANALYSIS
4.1 Carbon emissions in the power sector
Carbon emissions, constrained as a key objective, primarily arise from fossil fuel units like coal and gas, significantly impacted by the “30-60″goals. Figure 3 shows the carbon emissions trajectory for China’s power sector, peaking around 2027-2029 and achieving zero emissions by 2060 (Wang et al., 2024). The SWITCH model sets a typical year to represent 5 years, so it requires peaking before the existing peak time for better simulation. The peak is set for 2023-2025 in this study, with emissions at 4.134 billion tons, declining to net zero by around 2060.
[image: Figure 3]FIGURE 3 | Carbon emissions from China’s power sector from 2025 to 2060.
4.2 Power self-sufficiency rate of the five southern provinces
The self-sufficiency rates of the five southern provinces are influenced by their installed capacities and power generation. Provinces with varying wind and solar installations have different degrees of reliance on self-generated power when facing climatic impacts. Additionally, part of the electricity demand in each province is met through power imports from other load areas.
Figure 4 illustrates the primary sources of electricity (self-generated or imported) for the five southern provinces in 2030 and 2060 under the baseline scenario. The horizontal axis represents the power demand of each province, while the vertical axis represents the self-generated power. The ratio of self-generated power to demand indicates the self-sufficiency rate, reflecting the balance between supply and demand. Larger bubbles represent lower self-sufficiency rates, indicating a greater need for external power imports to maintain balance.
[image: Figure 4]FIGURE 4 | Baseline scenario of electricity demand and self-generated electricity in five southern provinces in 2030 and 2060.
Based on whether the self-sufficiency rate is greater than 1 (self-generation exceeds demand) or less than 1 (self-generation falls short of demand), the five southern provinces can be categorized as follows:
Self-Sufficient Provinces: Yunnan and Guizhou.
Non-Self-Sufficient Provinces: Guangdong, Guangxi, and Hainan.
For detailed analysis, selected provinces from each category will be further examined.
4.3 Installed capacity and generation mix
The scenarios and model calculations reveal the installed capacity and generation mix for the five southern provinces in 2030 (see Figure 5). Weather impacts significantly affect wind and solar output, necessitating increased investments in these resources to compensate for reduced output and manage load fluctuations. Consequently, more wind and solar units are built, and coal-fired units are utilized for peak shaving, leading to reduced wind and solar installations and increased coal-fired generation under cost optimization.
[image: Figure 5]FIGURE 5 | Installed capacity and power generation in various scenarios in five southern provinces in 2030.
In Guizhou, where the self-sufficiency rate is greater than 1, surplus self-generated power is exported. The province has a significant proportion of wind and solar installations, making it highly sensitive to reductions in these resources. In 2030, under Scenario S2 compared to S0, power generation and installed capacity decreased by 278.94 GWh and 172.16 GW, respectively.
When comparing Scenario S0 (normal conditions) and S1 (transmission line failures), provinces like Guangdong, with self-sufficiency rates less than 1, need to generate more self-generated power to meet demand. In 2030, Guangdong’s power generation and installed capacity increased by 207.34 TWh and 33.45 GW, respectively.
Scenario S3 vs S2 demonstrates that further self-generation is required when wind and solar output is reduced, and transmission lines fail. Provinces with higher coal-fired capacity, such as Guangdong, increase coal-fired generation under Scenario S3 by 91.77 TWh and 189.56 TWh compared to S1 and S2, respectively. Coal-fired units play a crucial role in maintaining supply-demand balance when transmission is insufficient, or wind and solar output is low. For provinces with self-sufficiency rates greater than 1, like Yunnan, local demand is low, and external transmission gradually decreases despite unaffected internal supply.
As electricity demand grows, external power purchases become challenging to meet, constrained by local generation types and carbon reduction targets. As shown in Figure 6, by 2060, the power generation mix will primarily consist of nuclear, wind, solar, and hydropower, with a small amount of coal or gas for peak shaving. In non-self-sufficient provinces like Guangdong, Guangxi, and Hainan, the share of nuclear power increases significantly in the absence of alternative generation types. In the baseline scenario, nuclear power generation in Guangdong and Hainan increases from 10.06% to 28.36% and from 18.30% to 31.86% from 2030 to 2060, respectively. Provinces with larger self-sufficiency rates and fewer hydropower and nuclear installations, such as Yunnan, will compensate for reduced wind and solar output by increasing installations to maintain supply-demand balance.
[image: Figure 6]FIGURE 6 | Installed capacity and electricity generation in various scenarios in the five southern provinces in 2060.
4.4 Power consumption in the load area
Yunnan Province has the highest self-sufficiency rate, with electricity generation capacity from its units far exceeding demand. Therefore, during the investment period, Yunnan mainly exports electricity to meet the electricity demand of other load areas. In contrast, the other three provinces, represented by Guangdong, have a self-sufficiency rate of less than 1. Apart from self-generated electricity, they also require a large amount of purchased electricity to meet their demands.
Figure 7 illustrates Guangdong’s power transmission and distribution for 2030 and 2060. “XTPowerNet” represents the transmission power from other load areas to this load area, “ZoneTotalCentralDispatch” represents the total dispatch power in this region, “StorageNetCharge” represents the energy storage charging power. In 2030, under the baseline scenario, both self-generated and imported electricity contribute significantly. Under Scenario S1 (transmission line failure), Guangdong compensates by increasing self-generated power. Under Scenario S2 (reduced wind and solar output), Guangdong relies heavily on imported electricity to balance supply and demand. In Scenario S3 (both reduced self-generation and transmission failure), Guangdong invests in new transmission lines and generating units to address insufficient output and reduced imports. By 2060, under prolonged reduced wind and solar output and increasing demand, the cost-optimal solution is to investing in additional generating projects, with transmission primarily used for peak shaving in summer.
[image: Figure 7]FIGURE 7 | Transmission and distribution power in Guangdong in 2030 and 2060.
Yunnan’s power transmission and distribution for 2030 and 2060 are depicted in Figure 8. Yunnan consistently exports large amounts of electricity across all scenarios. In 2030, exports peak from June to September due to high load demands across southern China and the nation. By 2060, Yunnan maintains high levels of power export throughout the year, with midday marking the peak for both generation and transmission. Part of this power is directed to other load areas via high-voltage transmission lines, and another part is stored through energy storage systems.
[image: Figure 8]FIGURE 8 | Transmission and distribution power of Yunnan in 2030 and 2060.
4.5 Energy storage charging and discharging
Guangdong, with its large and fluctuating power demand, relies significantly on both self-generated and imported electricity, necessitating substantial energy storage to stabilize the grid and promote renewable energy integration. The SWITCH-China model includes two primary forms of energy storage: pumped hydro storage and electrochemical storage.
Figure 9 shows the power of different forms of energy storage in Guangdong under the 2030 baseline scenario. In optimization aimed at minimizing costs, pumped hydro storage is chosen as the primary form of energy storage, particularly during periods of low peak shaving and renewable energy integration demand. During months with lower electricity load demands in Guangdong, such as January to April and October to December, the overall charge and discharge power are low. Energy storage is thus used less frequently during these times, with discharge power being low and steady. During months with higher electricity load demands, the charging power is high, resulting in significant discharge from pumped hydro storage, which is sustained over time.
[image: Figure 9]FIGURE 9 | Baseline scenario of Guangdong’s energy storage charging and discharging power in 2030.
As shown in Figure 10, when renewable energy penetration increases and pumped hydro storage reaches its capacity limits, electrochemical storage becomes the primary form. On a typical day, electrochemical storage discharges after 16:00, while it primarily charges during other times.
[image: Figure 10]FIGURE 10 | Baseline scenario of Guangdong energy storage charging and discharging power in 2060.
4.6 Carbon reduction costs and power sector costs
In the SWITCH-China model, carbon reduction costs reflect the additional expenses needed to meet the predetermined carbon emission trajectory, indicating the difficulty of achieving carbon peak and neutrality targets in the power sector.
Figure 11 illustrates the variation of carbon reduction costs relative to the baseline scenario in different scenarios. The fluctuation of wind and solar resources has a minimal impact on the fossil fuel capacity in the five southern provinces. The additional non-fossil units do not emit emissions, thus the overall carbon emissions change slightly and the reduction costs do not significantly differ from the baseline scenario. However, in the scenario of transmission line faults, there will be an increase in the construction and output of fossil fuel units in the five southern provinces, resulting in more carbon emissions and higher carbon reduction costs. Over time, as the capabilities of supply-side and grid-side in the five southern provinces improve, the carbon reduction costs will decrease.
[image: Figure 11]FIGURE 11 | Changes in carbon emission reduction costs of various scenarios relative to the baseline scenario.
In this paper, under the normal operation of the national power system, the power reduction of wind and solar resources and transmission line failures in the southern region are studied, and the cost analysis mainly reflects the impact of regional changes on the country. Table 3 illustrates the total cost of the power sector. In scenario S2, where wind and solar power output decreases, an additional 0.7 trillion yuan is required for plant construction compared to the baseline scenario, and 0.4 trillion yuan more compared to the transmission failure scenario S1. In scenarios S2 and S3, coal power in the installation structure initially increases and then decreases, causing early-stage costs to rise and then fall as shown in the cost curves.
TABLE 3 | Costs of power sector.
[image: Table 3]The cost per kilowatt-hour (kWh) reflects the power sector’s investment in producing electricity over a given period. Figure 12 shows the changes in the cost per kWh relative to the baseline scenario. In scenarios S2 and S3, the cost per kWh curves are opposite to the carbon reduction cost curves. This is mainly because, under reduced wind and solar power output, fewer wind and solar installations are built initially, leading to a reliance on coal power to meet demand. Coal power entails higher carbon reduction costs, but its generation cost is lower than other renewable sources, so the cost per kWh does not change significantly from the baseline. As coal power retires and renewable installations dominate, carbon reduction costs become similar to the baseline, but the higher number of renewable installations increases the cost per kWh.
[image: Figure 12]FIGURE 12 | Changes in the cost per kWh of various scenarios relative to the baseline scenario.
5 CONCLUSION AND POLICY RECOMMENDATIONS
5.1 Conclusion
This study, within the context of China’s carbon peak and carbon neutrality goals, utilizes a high temporal and spatial resolution power optimization model to examine the effects of reduced wind and solar power output and transmission line failures on the southern five provinces. The primary conclusions are as follows.
5.1.1 Impact of reduced wind and solar power output
Provinces with a high proportion of wind and solar power in their energy mix, such as Guizhou, are significantly affected by extreme weather conditions that reduce wind and solar power generation. Before reaching the carbon peak, coal power will compensate for the reduced output. Afterward, nuclear and hydro power will dominate, with energy storage playing a crucial role in peak shaving and renewable energy integration.
5.1.2 Impact of transmission line failures
Transmission line failures primarily impact provinces that rely on imported electricity. For example, Guangdong will need to invest in more generating units when imported electricity decreases, leading to increased carbon reduction and electricity costs. Conversely, provinces like Yunnan, which export significant amounts of electricity, will see reduced self-generation when exports decrease.
5.1.3 Combined scenario impact
The combined scenario, composed of fluctuations in solar and wind output and transmission line failures, has a greater impact on provinces compared to individual factors alone. This impact is especially pronounced in provinces with larger installed capacities of solar and wind power and higher levels of imported electricity. In these provinces, nuclear power generation in the power mix increases, and there is also greater demand for energy storage and regulation.
5.2 Policy recommendations
For Provinces with High Wind and Solar Power Installation (Guangdong, Guizhou, and Yunnan):Gradually phase out and retain some coal and gas power plants to cope with extreme weather conditions. It is also necessary to choose generating units with more stable output that can operate under low wind speeds and low irradiation levels.
For Provinces with High Imported Electricity (Guangdong and Guangxi):In addition to fully utilizing self-generated power, plan and construct more and larger capacity transmission lines. Develop and implement main grid structures and grid investment optimization strategies suitable for the development of the power system (Chen et al., 2023).
Accelerating Energy Storage Deployment. All southern provinces should accelerate the deployment of energy storage systems, especially Guangdong, Guangxi, and Hainan, which primarily rely on nuclear and hydro power by carbon neutrality. Pumped hydro storage and electrochemical storage should be considered to meet user-side demand fluctuations, promptly integrate renewable energy, and improve the safety and stability of the power system.
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