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Enhancing the flexibility of power systems helps to balance the increasing renewable generation for achieving the rigid carbon reduction targets. The current flexible system in China can hardly meet the regulating demand of its ever-increasing renewable generation, especially in the Heilongjiang power grid (HPG), where the proportion of combined heat and power units that determine power generation by the heat requirement is enormous, while the peak shaving capacity in winter is limited. This research analyzes the necessity of establishing a new flexibility system for the HPG. Also, it introduces the new characteristics and the flexibility of the HPG. Then, it proposes classification and definition methods for the flexibility system of the HPG by referring to some similar power grids, e.g., the UK grid and the Danish grid. A simulation framework of power systems with flexibility enhancement is developed to perform quantitative evaluation of the HPG in different carbon reduction scenarios. The suggested flexibility system reorganizes and revises the principles of reserve classification, response time, and minimum reserve configuration. Simulation results verify the effectiveness of the proposed method through the measurement and analysis data of the HPG. This paper takes the HPG as an example to perform a quantitative analysis of the flexibility system. Also, it can provide tips and suggestions for other regions seeking carbon reductions.
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1 INTRODUCTION
China sets the ambitious goals of achieving carbon emissions peak by 2030 and carbon neutrality by 2060 (Chen et al., 2018a), and constructing new types of power system is indispensable to achieving these great goals. Therefore, the rapid development of renewable energy, the bold electricity market reform, and the increasing proportion of regional power grids will significantly change the characteristics of the power system (Li et al., 2017; Guo and Zhao, 2018; Zhou et al., 2019; Guo et al., 2020). To cope with the various uncertainties occurring in the increasingly complex operating conditions, these issues desperately need a larger and more diverse active regulation capability (Ban et al., 2021). Therefore, the power sector performs a significant paradigm shift in the flexibility system to develop more measures to cope with the uncertainties like prediction deviations, power shortages, and operation accidents (Kondziella and Bruckner, 2016; Gandoman et al., 2018; Chen et al., 2020). For example, the Guide on Technology for the Power System. GB/T 38969-2020 (Li et al., 2021) reorganized and explained the contents related to various operating reserve in China. Likewise, some typical grid systems like the UK grid and the Danish grid made provisions in terms of the type of reserve (Child et al., 2019), response time, and minimum reserve configuration capacity to meet the active regulation needs of the power grid based on the operating characteristics of their respective systems. Besides, Tushar et al. (2014) reviews the development of power grids in countries and regions such as North America, Australia, and Europe, and they classified their reserve criteria in a more refined way. In general, the power systems are undergoing the transition from a simple reserve system to a diversified one (Li et al., 2018; Chen et al., 2018b; Munné-Collado et al., 2019). Therefore, quantifying the power systems’ flexibility requirements and capability is essential, taking into account decarbonization options for the power sector.
Flexibility refers to the extent to which a power system can modify electricity production or consumption in response to variability, expected or otherwise (Feng et al., 2022). Or, in order to provide a service within the energy system, it can be described as the modification of generation injection or consumption patterns in reaction to an external signal (price signal or activation) (Heydarian-Forushani and Golshan, 2020). At present, the proportion of flexible sources such as hydropower, pumped storage, and gas-fired power plants with adjustable performance in areas rich in renewable energy resources in China is low, and the system flexibility is insufficient (Kehler and Hu, 2011; Aghaei and Alizadeh, 2013; Song et al., 2021). Flexibility does not make coal-fired units clean, but making existing ones more flexible enables the integration of more renewable generation in the power system. Affected by factors such as unit performance design and electricity price mechanism, the maximum peak shaving range of coal-fired units in China is generally set at 50%. The minimum load and ramp rate indicators of conventional units are far behind the levels of leading countries, such as that in the UK grid and the Danish grid. In the Heilongjiang power grid (HPG), a typical representative energy system in the Northeastern China, the proportion of heating units is high, and the peak shaving capacity in winter is extremely limited (Richter et al., 2019). Besides, most of HPG’s cogeneration units are not gas-fired units and thus demonstrate limited flexibility. Next, the shortage of flexibility will not only be aggravated by the increasing differences between load peak and off-peak but also by the expansion of the heating area in the corresponding season. Therefore, the flexibility shortage severely restricts the development of renewable energy.
In summary, the current flexibility system of the HPG can hardly meet the increasing flexibility demand. Also, the power marketization process puts forward new requirements on the types and sources of flexibility. Therefore, it is necessary to study the flexibility system of the HPG with new operating characteristics. It will help to improve the safety and reliability of the HPG. Also, it will lay the foundation for the power market reform in the HPG. Considering the above issues, reviewing and revising the operating reserve system of the HPG is necessary to cope with the increasing operating complexity and to improve its flexibility. First, this paper introduces the data of HPG and analyzes the necessity of constructing a flexibility system for the HPG considering rigid carbon reduction targets. Then, the foreign typical power grid operating reserve systems are introduced and combine the existing domestic guidelines and regulations to construct a flexibility system for the HPG under the new situation. Also, it reorganizes the classification of the reserve, response time, and minimum reserve configuration principles and gives suggestions for revision. At last, the rationality of the proposed flexibility system is verified through the analysis of the actual operating data of the HPG.
2 INTRODUCTION OF THE HEILONGJIANG POWER GRID AND ITS FLEXIBILITY
This section illustrates the necessity of enhancing the flexibility system for the HPG, and it explores the new characteristics of the HPG.
2.1 Introduction of the Heilongjiang Power Grid
Heilongjiang is located in Northeast China, with a 32 million population and a power supply area of about 4.7 × 105 km2. The overall installed generation capacity in Heilongjiang Province is redundant, and coal power units are mainly for heat supply with low utilization efficiency and severe surplus. At of the end of 2019, the installed capacity of coal power units in Heilongjiang Province accounted for 71.25% of the total installed power generation capacity and over 90% of the installed capacity of thermal power units. At present, Heilongjiang Province is rich in wind resources, with a potential development capacity of about 23,000,000 kW and an installed capacity of about 54,000,000 kW. By the end of 2019, wind power accounted for 19.07% of the total installed power supply in Heilongjiang Province, as shown in Figure 1. Heilongjiang Province is rich in solar energy resources, with an average of 2,400–2,800 h of sunshine per year. Also, the installed photovoltaic (PV) capacity in Heilongjiang Province developed rapidly and increased to 201 million kW by 2019. Heilongjiang Province demonstrates a high degree of hydroelectric development, with an installed hydroelectric capacity of 1,089,700 kW by the end of 2019, accounting for 3.4% of all installed power sources. By the end of 2020, 1,500,000 kW of biomass power plants and wind power accounts for 28.6% of the total installed capacity: see Figure 1.
[image: Figure 1]FIGURE 1 | Illustration for the installed power generation in the Heilongjiang power grid .
The renewable power consumption of the HPG is limited by uncoordinated power planning, insufficient peak regulation capacity of the market incentive system, and other factors. Take wind power as an example, whose consumption capacity of the province is limited, and it fails to reach the fully guaranteed acquisition hours of renewable energy. The HPG bears a high wind curtailment rate exceeding 20%, and the wind curtailment rate increased from 15% in 2013 to 21% in 2015. Since 2016, the HPG implemented a series of measures to increase the capacity of renewable energy consumption, including constructing new power transmission lines and thermal power flexibility transformation pilots. Also, accordingly, the wind power utilization hours get close to the national average level, and the wind abandonment rate dropped to 1% in 2019, which improved the wind curtailment situation, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Wind curtailment rate in Heilongjiang Province.
2.2 Flexibility of the Heilongjiang Power Grid
The HPG installed 9 GW wind power and 6 GW PV by the end of 2020. However, due to the high proportion of combined heat and power units, the minimum output of the HPG system is difficult to be compressed during the heating periods. The minimum output regulation of coal-fired units in the HPG is limited, and the minimum output can only be reduced to 50%. To ensure the heat supply, a very limited regulation capacity is left for wind power generation, even during high wind generation periods (Fang et al., 2016). In addition, the startup and shutdown time of coal units is also an important factor affecting flexibility. The startup and shutdown time of coal-fired units in the HPG is usually between 3 and 5 h. The long startup and shutdown time make the system unable to meet the demand for downward regulation when renewable energy is connected to the grid in a timely manner (Jiang et al., 2019). In general, the coal-fired units in Heilongjiang Province are redundant. They demonstrate limited regulation capability, and no gas-fired units exist with strong regulation capability, which makes the HPG lack the flexibility to consume high penetration of renewable energy.
To address the above issues, the flexibility of the HPG can be enhanced in the following ways.
From the grid side, the HPG needs to improve the transmission capacity of the interprovincial lines. During the 13th Five-Year Plan period, the HPG exhibited a surplus of electricity. The power transmission to other provinces was significant, which improved the wind power consumption capacity to a certain extent. In 2019, the northeast regional grid sent 11,264 GWh to the HPG, while the latter sent 20,854 GWh to the former. The cross-regional power exchange improves the wind power consumption capacity of the HPG. In the future, it is necessary to continue enhancing interprovincial transmission capacity, improving the utilization rate of transmission grids, and improving the flexibility system.
From the customer side, the degree of future customer-side flexibility in the HPG can be determined by multiple factors. The most important ones include the maturity of the electricity market, the ability to support smart electricity meters and innovative grid technologies, the scale of energy storage, and the number of deployable electric vehicles. From both the generation and consumption sides, the existing dispatching plan in the HPG is still managed in a planned economy. Various flexible resources are not motivated to play an active role in system balancing and regulation.
In general, the existing flexibility system of the HPG can hardly meet develop demands of renewable energy. The current dispatching mode mainly aims to guarantee the utilization hours of generating units and complete the annual power generation plan. Next, it makes the generating units unwilling to provide other services such as peak regulation. For example, units with higher energy efficiency and regulation capacity demonstrate little additional profits in the dispatching process, making them less motivated to improve their flexibility further. Therefore, when the balancing of power supply and load is tight, dispatching agencies are required to use mandatory measures like peak avoidance, power restriction, and lockout to keep a strenuous balance (Belderbos and Delarue, 2015).
2.3 New Characteristics of the Heilongjiang Power Grid
The operation characteristics of the HPG changed significantly due to issues like the rapid development of renewable energy, the increasing cross-regional power transmission, and the development of the electricity market. The resulted new situations and new challenges can be concluded as follows.
(1) The rapid development of distributed renewable energy in the HPG exacerbates active regulation capacity shortages. Meanwhile, the load volatility in the HPG is increasing. Therefore, the flexibility of the HPG needs to be further enhanced to maintain system frequency stability and power balance.
(2) The proportion of dispatching caliber of new energy will increase, and some of the peak hours of electricity consumption will face the situation of insufficient flexibility. Uncertainty of new energy output will directly affect the balance of supply and demand of electricity. During the winter and summer peak consumption periods, a shortage in the whole grid will occur during local periods and insufficient flexibility of some regional power grids.
(3) The rapid advancement of the electricity marketization process increased flexibility management compliance and refinement requirements. The HPG carried out a simulation operation. The other provinces and cities will also construct the electricity spot market one after another. Under the power market environment, the retention of flexibility will be more focused on economic benefits. This process will further enhance the compliance and refinement requirements for flexibility management.
In general, considering the new characteristics of the HPG, the flexibility capacity of the HPG will be challenging to meet the flexibility demand, and the power marketization process also puts forward new requirements on the type and source of flexibility. Therefore, it is necessary to investigate and sort out the operating reserve system of the existing typical power grid and provide suggestions for the construction of the operating reserve system of the HPG under the new operating characteristics, to further improve the regulation capacity of the HPG under the new power system development, guarantee the operational safety, and power supply reliability of the HPG.
3 CONSTRUCTION OF FLEXIBILITY SYSTEM OF THE HEILONGJIANG POWER GRID
The UK grid and Danish grid are well in construction, and their generating units also need to meet heating requirement. This section investigates the operation of typical foreign power grids, i.e., the UK grid and the Danish grid. It analyzes the characteristics of the operating reserve system in different operating conditions to provide references for the construction of the flexibility system for the HPG.
3.1 Flexibility System of Typical Power Grids
3.1.1 UK Grid
The operating reserve of the UK grid mainly includes the accident reserve, fast reserve, and short-term operating reserve in its reserve system, and the purpose and requirements of the corresponding reserve settings are as accident reserve, fast reserve, and short-term operating reserve. Accident reserve deals with uncertainties in the availability of large power stations and errors in weather and load forecasts (Wilson et al., 2011). In real-time system operation, fast reserve copes with load forecast errors and new energy generation forecast errors. The UK grid requires a fast reserve unit to respond within 2 min after dispatching instructions are issued, reach full output within 4 min, and last for 15 min. The minimum capacity of the unit to provide fast reserve is 2.5 × 103 kW. Short-term operating reserve copes with load forecast errors and new energy generation forecast errors within the system, as well as to guarantee frequency stability at low frequencies of the system. The UK grid requires short-term operating reserve units to respond within 20 min of dispatching instructions and maintain full output for 2 h and up to 4 h. The minimum capacity of short-term operating reserve units available is 3 × 103 kW.
Minimum reserve configuration principle of the UK grid considers the uncertainty of operation accidents of the system and the prediction error of load and new energy output. The day-ahead operating reserve capacity [image: image] of the UK grid is calculated as follows.
[image: image]
where [image: image] is the capacity reserved for the most serious accidental shortage in the system, [image: image] is the capacity reserved for maintaining system frequency stability, and [image: image] is the capacity reserved for load and renewable energy generation forecast errors.
3.1.2 Danish Grid
The operating reserve of the Danish grid mainly includes primary reserve and secondary reserve (Li et al., 2021). Operating reserve copes with uncertain events such as load forecast errors and forced outages. In this setting, the operating reserve capacity refers to the reserve capacity of all units that can respond to the dispatching instruction and the load capacity that can be removed within 30 min. Besides, the units involved in the operating reserve include grid-connected units and offline units. Primary reserve copes with load forecasting errors, which need to be kept synchronously with the grid and can be put into operation within 10 min (Zheng et al., 2013). The primary reserve includes synchronous reserve and nonsynchronous reserve. Among them, synchronous reserve (i.e., spinning reserve) refers to the increase in output or reduction in a load of grid-connected units within 10 min. Non-synchronous reserve (i.e., quick-start reserve) refers to the generation capacity of offline units that are immediately started and connected to the grid within 10 min according to the dispatching instruction. Next, secondary reserve copes with uncertain events such as load forecast errors and forced outages on the generation side. The secondary reserve capacity refers to the unit reserve capacity that can respond to the dispatching command within 10–30 min and the load that can be removed. From the above classification and definition, it can be seen that the Danish grid classifies reserves mainly based on response time and takes into account both generation-side and load-side resources.
The day-ahead operating reserve capacity [image: image] for the Danish grid is determined by the load forecast error rate, the generator forced outage rate, and the maximum forecast load, which is calculated as follows:
[image: image]
where [image: image] is the error rate of load forecast, while [image: image] is the forced generator outage rate, based on the average level of forced outage in 3 consecutive years between 18:00 of the previous day and 20:00 of the operation day, and [image: image] is the maximum forecast load.
The overview of the flexibility system of the UK grid and the Danish grid states that setting operating reserve needs to consider the effects of power shortages caused by load forecast errors, renewable energy fluctuations, and operation accidents. Besides, to maintain the system’s frequency stability and power balance, different time scales and different types of reserve services should be set to respond to the active power shortages. The operation characteristics of the UK grid, the Danish grid, and the HPG are comparable and analogous; therefore, replicating the structure of the foreign flexibility system is possible to meet the actual grid operation needs of the HPG. Still, it is necessary to study further and establish a flexibility system applying to the practical network conditions of the HPG.
3.2 Classification and Definition for Flexibility System of the Heilongjiang Power Grid
This section reorganizes and classifies the flexibility from reserve and response time perspectives. It draws on the successful experience of the typical flexibility system of foreign power grids, e.g., the UK grid and the Danish grid, and it considers the challenges faced by the HPG in terms of flexibility system enhancement and new issues newly released by Code on Security and Stability for Power System. GB 38755—2019 and Guide on Technology for Power System. GB/T 38969-2020. The operating reserve is divided into positive reserve and negative reserve. Also, the positive reserve is further classified into a 10-min reserve (including spinning reserve) and 30-min reserve, and the purpose and source of the corresponding reserve are introduced as follows.
(1) Operating reserve. The reserved capacity to balance the power imbalance of the grid caused by fluctuations in load and sources, grid accidents, and other uncertain future events to ensure safe operation of the grid and reliable power supply. The operating reserve needs to consider the impact of the distributed renewable energy with strong stochastic characteristics, and it involves both positive regulation capability and negative regulation capability.
(2) Spinning reserve. In order to cope with the load and power fluctuation, single large unit tripping, and multiple large units lost due to unplanned failure, etc., reserved upregulation capacity is immediately available for load. It is not subject to grid stability limits. The spinning reserve is included in the 10-min reserve. The total spinning reserve should neither be less than the maximum capacity of the largest unit nor be less than 2.5% of the highest forecast load of the power system.
(3) 10-min reserve. In order to guarantee the system reserve adequacy after the unit tripping, DC lockout, grid accident, and other events in the case of load and power (including new energy) fluctuation, the reserve capacity arranged can be fully transferred within 10 min. Also, it is not bound by the grid stability limit and can last at least 1 h. The total 10-min reserve of the whole grid is taken as the sum of the larger of the largest single capacity, the largest DC bipolar transmission power of the grid in operation at that time, and 2.5% of the highest forecast load of the whole grid.
(4) 30-min reserve. Reserved capacity that can be fully deployed by the power dispatching department within 30 min, is not bound by the grid stability limit, and can last at least 2 h. The 30-min reserve of each province and municipality is not less than the loss caused by the failure of a single facility. Also, it is not less than the maximum loss of regional power grids after the bipolar blocking.
(5) Negative reserve. In response to load and power supply fluctuations, sudden loss of transmission lines, and other unexpected situations, the negative reserve can be fully transferred out within 10 min. Also, it is not limited by the grid stability constraints. The negative reserve capacity is 3% of the lowest forecast load in the normal conditions. In extreme natural weather conditions like holidays and typhoons, the negative reserve adjusts according to practical conditions.
3.3 Simulation Framework for Power System With Flexibility Enhancement
The framework of the power system operation simulation with flexibility enhancement is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Framework of power system operation simulation with flexibility enhancement.
The power system operation simulation framework taking flexibility enhancement into account mainly consists of three major parts: input data, calculation links, and simulation results. The input data part forms the power system operation boundary conditions based on the practical data of the HPG, combined with the system load and dispatching operation mode of power system. Next, the maintenance schedule module arranges the maintenance scheduling considering the coordination between different regions and different types of power sources to ensure the steady operation of the system.
Based on the stochastic characteristics of renewable energy generation (like wind power or PV) and the installed capacity of renewable energy resources, the simulation module simulates the stochastic operation of renewable energy resources. Next, it generates a series of power generation time series consistent with the stochasticity, volatility, and spatial-temporal correlation of renewable energy power generation (Liu et al., 2016). Based on the input boundary conditions, unit maintenance plan, stochastic operation mode of renewable energy, and flexibility transform of thermal power units, the day-by-day operation simulation module considers the operation characteristics of thermal power and renewable energy. It simulates the dispatching operation of the system on a day-by-day basis (Wang et al., 2008; Ban et al., 2017). Based on the unit output information obtained from the daily operation simulation, the simulation results are calculated with the evaluation indexes such as unit power output, system operation cost, start and stop cost, etc.
4 QUANTITATIVE EVALUATION OF THE FLEXIBILITY IN THE HEILONGJIANG POWER GRID
In the HPG, the total electricity consumption in 2019 is 89,320,000 MWh, and the maximum hourly electricity consumption is 11,584 MW. According to the actual power supply installation and the heat supply constraint in 2019, 22,841 MW of coal power installation, 6,114 MW of wind power installation, and 2,012.85 MW of photovoltaic installation are retained. According to the National Energy Administration, Heilongjiang exhibits 2,323 h of a full generation of wind power and 1,459 h of a full generation of PV for the year. The specific parameters of 40% renewable energy penetration in Heilongjiang Province are designed as follows. The annual load and the installed capacity of coal power remain unchanged, and the installed capacity of wind power and PV in the power system increases to 13,145.1 and 3,558.6 MW, respectively. Six operation scenarios of the HPG are employed, which are shown in Table 1, to implement the quantitative evaluation of the power system flexibility. Also, the renewable energy penetration is calculated by referring to the ratio of total renewable energy generation to total electricity consumption.
(1) Baseline scenario. Baseline scenario (renewable energy penetration is 19%).
(2) Baseline+ scenario. Thermal units under the baseline scenario with deep peaking flexibility modification: assume that the minimum output of 5,150 MW coal-fired units can be achieved after flexibility modification is 30%.
(3) Baseline++ scenario. Equal coal power flexibility capacity replacement to gas power under the baseline scenario: 5,150 MW of coal-fired units can be improved by flexibility enhancement with 1,030 MW of regulation capacity. This scenario directly replaces its equal capacity with 1,030 MW of gas power.
(4) Carbon reduction scenario. 40% renewable energy penetration with coal-fired unit flexibility enhancement, i.e., 3,020 MW of coal-fired units will demonstrate more flexibility by deep peak shaving transformation.
(5) Carbon reduction+ scenario. 40% renewable energy penetration with 5,150 MW coal-fired unit flexibility enhancement, namely, carbon reduction scenario, and an additional 1,030 MW of gas-fired units.
(6) Carbon reduction++ scenario. 40% renewable energy penetration with 5,150 MW coal-fired unit flexibility enhancement and 1,030 MW of gas-fired units, namely, carbon reduction+ scenario, and additional flexibility of energy storage and demand response (DR). The penetration of DR can reach 5% of the peak load and 1,500 MW/9,000 MWh energy storage is installed to help balancing the peak and valley loads.
TABLE 1 | Scenario settings for evaluation of power system flexibility in the Heilongjiang power grid .
[image: Table 1]Calculations of the renewable energy penetration is according to the ratio of total renewable energy generation to total electricity requirement, as shown in Eq. 3
[image: image]
where [image: image] is the renewable energy penetration, [image: image] is the installed capacity of wind, [image: image] is the annual wind power generating hours, [image: image] is the installed power capacity of PV, [image: image] is the annual PV generating hours, and the [image: image] is the annual requirement of power.
The simulation results are listed in Tables 2 and 3. In Table 2, Ewind and Cwind represent generation and curtailment of wind power, EPV and CPV represent generation and curtailment of PV, and φwind and φPV represent wind power penetration and PV penetration. In Table 3, ΔTCFU and ΔCCFU represent changes in annual startup/shutdown times and cost of coal-fired units, ΔTGFU and ΔCGFU represent changes in annual startup/shutdown times and cost of gas-fired units, ΔC0 CFU represents idle cost of coal-fired units, and ΔCFE CFU represents estimated flexibility enhancement cost range of retrofitting coal-fired units, while ΔCNEW GFU represents estimated invest cost range for installing gas-fired units.
TABLE 2 | Simulation results of power system flexibility in the HPG.
[image: Table 2]TABLE 3 | Simulated costs of flexibility system in the HPG.
[image: Table 3]In the baseline+ scenario, coal-fired units with deep peak shaving transformation, namely, the minimum output is reduced to 30% of the total generation capacity, can accommodate more renewable generation, i.e., wind power. Also, the wind power generation increases by 81 GWh compared with the baseline scenario, and the wind power curtailment decreases from 473 to 392 GWh. By comparison, the wind power generation in the baseline++ scenario increases by 292 GWh compared with that of the baseline scenario, and the wind power curtailment decreases from 473 GWh in the baseline scenario to 181 GWh. In addition, gas-fired units can significantly reduce the startup/shutdown frequency of coal-fired units. Also, the number of startup/shutdown operations of coal power units in the baseline++ scenario reduces by 83.56% compared with that in the baseline scenario. Therefore, the startup/shutdown cost reduces by 86.52%, as shown in Table 3. Next, it shows that gas-fired units demonstrate significantly better performance than that of coal-fired units deep peak shaving transformation concerning flexibility enhancement. The startup/shutdown times and cost of coal-fired units are higher than those of gas-fired units. However, it also should be noted that the investment cost of gas-fired units, i.e., ¥0.3052 billion to ¥0.3329 billion, is much higher than that of retrofitting coal-fired units, i.e., ¥0.0357 billion to ¥0.0512 billion.
In scenarios with 40% penetration of renewable energy, the addition of gas-fired units on top of the flexibility enhancement of coal-fired units can further reduce the wind power curtailment from 8,088 to 7,532 GWh: see Table 2. Since gas-fired units demonstrate lower startup/shutdown costs, higher ramp capacity, and faster response-ability, the startup/shutdown frequency of gas-fired units increases by 825.29% compared with the baseline scenarios. Therefore, the startup/shutdown cost of gas-fired units increases by 850.00%. However, coal-fired units’ startup/shutdown frequency decreases by 12.63%, making the system still demonstrating better performance. Furthermore, the additional flexibility of energy storage and DR in the carbon reduction++ scenario increases the wind power generation, while reducing the wind power curtailment. The system performance is obviously better than that in the carbon reduction+ scenario that only exhibits flexibility enhancement of coal power units. Next, wind power generation increases by 2,673 GWh. The proportion of wind power generation to all power generation increases from 32.99% to 41.48%: see Table 3. The proportion of PV generation increase from 4.79% to 8.45%, and no PV generation curtailment occurs. The number of startup/shutdown operations and corresponding costs of coal-fired units decrease by 27.22% and 25.04%, respectively, while the number of startup/shutdown operations of gas-fired units increases by only 9.36%: see Table 3.
Typical scheduling results in three scenarios are given in Figures 4–6. In the baseline scenario, coal-fired units dominate the output profiles: see Figure 4. When the renewable energy penetration reaches 40%, the first peak load time shifts from 7:00 to 10:00: see Figure 5. The system needs coal-fired units to start quickly to increase the upward regulation capacity, but the coal power units exhibit a long startup time and can hardly respond to the system load in time. Besides, as the number of startups and shutdowns increases, it will cause more startup and shutdown costs, which will also affect the life of units. Also, the deep peak regulation flexibility enhancement of coal-fired units can no longer meet the demand of downward regulation, and the wind power generation curtailment will increase. DR can play a significant role of peak shaving during peak periods, as shown in Figure 6. After adding DR, the system load is equivalent to a part of the reduction during the peak hours. That is, the orange line show that DR during peak hours directly reduces peak load and accordingly reduces the need for upward flexibility. In general, the coal-fired units only generate at the minimum output, a portion of the units are in the state of shutdown, and gas-fired units can start quickly and respond to system peak demand, while energy storage can guarantee peak-load demand. The combination of coal-fired units flexibility, gas-fired units flexibility, energy storage, and DR provides more regulation capability for the power system.
[image: Figure 4]FIGURE 4 | Power components of the Heilongjiang power grid on a typical winter day under in baseline scenario.
[image: Figure 5]FIGURE 5 | Power components of the Heilongjiang power grid on a typical winter day in carbon reduction + scenario.
[image: Figure 6]FIGURE 6 | Power components of the Heilongjiang power grid on a typical winter day in carbon reduction ++ scenario.
In general, the flexibility of the power system is enhanced by the modified coal-fired units, in which the system features improved downward regulation capability, reduced costs in startup and shutdown, and exhibit better cost-effectiveness in comparison to the gas-fired units. However, with the further development of renewable energy in the future, flexibility enhancement of coal-fired units, even with additional gas-fired units, can hardly meet the demand of renewable energy consumption, which requires various flexible resources. Gas power, energy storage, DR, and grid mutual aid can rapidly change power output at peak and low load periods and coordinate with wind and PV power output characteristics, allowing the system to maintain operational safety and reliability in a more economical way (Orfanos et al., 2013; Palmintier and Webster, 2016; Takeshita et al., 2021; Li et al., 2022).
5 DISCUSSIONS AND SUGGESTIONS
5.1 Discussions

(1) Thermal power flexibility transformation can hardly support medium and long-term power system flexibility demand by itself, in terms of comprehensive regulation capability and technical-economic performance. Although thermal power flexibility transformation will significantly improve the upward and downward flexibility with acceptable cost, fully meeting all the flexibility demands for a future power system with extremely high proportion of renewable energy is still impossible. Another thing worth noting is that gas-fired units demonstrate a high-power supply efficiency, short startup and shutdown time, and fast climbing rate than coal-fired units, and they are the best peaking power source in terms of regulation characteristics. Also, gas-fired units will provide strong support for power system flexibility with the decrease of construction cost and gas price. Therefore, gas-fired units demonstrate potentials to play an import role in future flexibility system.
(2) The development of different types of flexible resources varies and the potential of source-grid-load-storage flexibility needs to be further released. On the resource side, the completed coal units can reduce the minimum stable output to 20–30% of their rated capacity, through technical modifications such as thermal-electrolytic coupling and low-pressure combustion stabilization, but their climbing rate is slow. Next, coal power flexibility transformation has been developed on a pilot basis, but the scale of the transformation is still insufficient, and the flexibility potential has not been fully released. On the grid side, grid interconnection and mutual aid can take advantage of the nonsimultaneous nature of electricity consumption in each region for load adjustment, reduce spare capacity, improve power quality, enhance the system’s ability to withstand accidents more economically, consume more scenic volatile power sources, and improve grid security and power supply reliability.
(3) The current power market mechanism limits the system flexibility enhancement for the future power system with high penetration of renewable energy. In the HPG, for example, the existing coal unit deep peaking flexibility transformation can reduce coal unit startup and shutdown and enhance its downward adjustment capability. Administrative means can compensate for its deep peaking cost in the auxiliary service market. However, with high renewable energy penetration in the future, the demand for flexibility cannot be met by deep peak regulation of coal power alone. Next, the existing market mechanism for ancillary services cannot actively stimulate other units to actively participate in system flexibility regulation. It is necessary to stimulate various flexible resources such as gas and electricity, energy storage, and DR to adjust their output according to load changes through the electricity market price mechanism and also introduce flexibility regulation products in the auxiliary service market, so that various resources can obtain certain economic benefits. Using market competition, they can make up for the lack of flexibility in real-time dispatching and, at the same time, obtain certain economic benefits. Therefore, improving the electricity spot market and ancillary services market is essential to enhance the flexibility of the power system.
5.2 Suggestions

(1) Establishing a reasonable path for medium and long-term flexibility enhancement. The current thermal power system is not flexible enough, while the installed capacity of renewable energy is increasing year by year, showing a serious mismatch between the two. Retrofitting thermal power can significantly improve system flexibility at this stage. However, as the flexibility demand rises rapidly, it is not advisable to install more coal-fired units to support a high penetration of renewable energy. In the long run, developing other flexible resources such as gas-fired units, energy storage hydropower, and DR is reasonable to promote the renewable energy.
(2) Performing medium- and long-term power system planning considering the coordination and unification of source-grid-load-storage flexibility resources development. It is necessary to accurately assess the future flexibility demand, incorporate the flexibility enhancement targets into medium- and long-term power planning, and promote the coordinated development of source-grid-load-storage flexibility resources. Besides, it is necessary to invest in power supply construction reasonably according to flexibility needs and guide power plants to adopt more flexible operation modes. The DR participation fields should be expanded, and DR incentive rates and penalties should be improved to accelerate implementation. Besides, energy storage, including electrochemical, water, gas, and thermal storage, should be emphasized and accelerated as flexible resources at the planning stage.
(3) Taking measures to explore the flexibility potential of source-grid-load-storage. It is necessary to explore the flexibility potential of various existing resources from the power supply side, the grid side, and the user side. On the power supply side, the flexibility potential of the thermal power units needs to be fully utilized to enhance the system’s flexibility by changing the operation mode of the existing units, making equipment flexibility modifications, and innovating flexible power generation methods. Next, on the grid side, the utilization of existing transmission lines needs to be improved. In particular, the extrahigh-voltage network needs to be brought into play to restructure the grid pattern and reduce the additional flexibility demand due to grid blockage. On the user side, the tariff can be used to achieve better user-side flexibility regulation. For energy storage, it is necessary to optimize the incremental amount and pay attention to its coordinated development and application on the power, grid, and user sides.
(4) Adapting power markets to fully tap the flexibility potential of thermal power plants and developing more flexibility regulation products. Real-time markets with fast response times need to be created to shorten transaction time scales to the minute level, enabling the market to make timely and rapid price judgments with volatile renewable energy generation. More complete compensation mechanisms, considering characteristics such as fast climbing capability, minimum upward and downward climbing time, response accuracy, and reasonable pricing of flexible resources, are required to reduce the incentive for inflexible operating power plants and realize the superiority of flexibility resources. Besides, the power system can adopt load demand-side management, spare capacity sharing, and interprovincial mutual assistance to peak-load shifting and further guide demand-side electricity consumption through price mechanisms such as time-sharing tariffs and peak tariffs.
6 CONCLUSION
More variable power production increases the flexibility requirements placed on the overall power system, both on the supply and demand sides. This paper studies the flexibility enhancement methods for a regional power system, i.e., the HPG, considering issues like operation characteristics, renewable energy development, load fluctuation, and the electricity market reform. Next, by referring to similar power grids, it reorganizes the definition and classification principles of reserve capacity, response time, and minimum reserve. Besides, it performs a quantitative evaluation of the flexibility system in the HPG by developing a simulation framework, and then, it makes some practical discussions and suggestions to improve the flexibility of the HPG. The effectiveness of the proposed methods is demonstrated through the historical and forecasted data of the HPG, and it will also provide references for developing flexibility systems for other regional power grids.
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