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In order to solve the problem of there being a high proportion of wind and photovoltaic (PV) abandonment in the new energy system, an optimal dispatching method of concentrated solar power (CSP)–PV–wind hybrid power generation considering demand response is proposed. First, on the basis of the combination of wind and PV power stations and CSP stations, electric heating (EH) devices are used to convert unconsumed wind and PV power into thermal energy stored in the thermal storage system of the CSP station. Second, based on the difference in response time and response volume of customers, a stepped incentive-based demand response (IBDR) approach is introduced. Thus, a CSP–PV–wind power optimal dispatch model taking into account IBDR is established to achieve coordinated source-load dispatch. Finally, the CPLEX solver is invoked to optimize day-ahead scheduling with the goal of the lowest system comprehensive cost. Example analysis is used to confirm the proposed method’s usefulness in enhancing the system’s wind and PV power consumption capacity and reducing the system’s comprehensive cost.
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1 INTRODUCTION
In the process of transforming China’s power system toward a cleaner power system, renewable energy, mainly wind and photovoltaic (PV) power, is taking an increasing share of the power system. Due to the constraints of the natural properties of wind and solar energy, wind and PV power generation are characterized by volatility and intermittency, and it is necessary to ensure the safe operation of the grid by abandoning wind and PV power. How to improve the grid’s ability to consume wind and PV power is still a hot issue (Peng et al., 2020; Guo et al., 2017; Xiong et al., 2022; Cui et al., 2019).
In order to solve the new energy consumption problem, the combined operation of wind and PV power generation with other energy sources can be considered. This has been studied by some scholars from several perspectives. Tan et al. (2020) proposed a scheduling method for the combined outward transmission of thermal, wind, and PV power, which improved the consumption of wind and PV power by changing the scheduling strategy. However, thermal power relies on fossil fuels and has low environmental benefits. In the work of Liu (2020), wind power, PV power, and pumped storage power were added as a combined power generation system, taking advantage of the complementary power output of each plant for scheduling optimization. However, the operation of a pumped storage power station is susceptible to geographical constraints. Concentrated solar power (CSP) plants can convert solar energy into thermal energy and store it in a thermal storage system. This feature makes it relevant for studying the combined power output of wind and PV power plants. In the work of Liu et al. (2019), two types of generation, CSP plants and PV plants, were combined as a joint dispatch strategy to derive the output of each plant and the heat storage and emission power of the PV plant. Pousinho et al. (2016) constructed a combined optimal scheduling strategy for wind power and CSP with energy storage, in which controllable reliability parameters are introduced and used for double-layer planning and scheduling, and the analysis verifies that considering CSP plants on the power side results in a certain improvement in the consumption of wind power. The above studies focus on the combined operation and dispatch of wind, PV power, and CSP, with each power station operating independently. Fewer studies have been conducted on the combined power generation system formed by these three power stations. In this paper, we consider linking various new energy generation stations by converting excess wind and PV power into thermal energy and injecting it into a CSP plant. The time-shifted characteristics of a CSP plant can be better utilized than conventional combined generation. When peak loads occur at times when wind generation is low, the CSP plant will use the stored thermal energy to generate electricity to make the most of its regulating properties and provide a more stable power output.
Most of the research on traditional multi-source coordinated scheduling focuses on single optimal scheduling on the load side or power side. Although this type of scheduling has certain advantages for new energy sources operating in the power system, the flexibility of its power output is more limited (Wang et al., 2023). The addition of load side demand response resource regulation can effectively improve the system’s flexibility and regularity. Ma et al. (2019) combined four types of plants for dispatch optimization based on the consideration of price-based demand response. However, the degree of customer response to time-of-use tariffs is fraught with uncertainty, often making it difficult to fully utilize demand side resources. In contrast, incentive-based demand response (IBDR) is more operational and attractive to customers (Liu et al., 2022). The subsidy amount of conventional IBDR is often based on a fixed standard, which is not conducive to the motivation of customers as they have little choice. This paper divides the subsidy response criteria into periods of time and also proposes a stepped-type unit subsidy amount based on the difference in customers’ response volume to provide more response options for customers. The key contributions of this work are as follows:
1) The architecture and implementation procedure of a combined power system linking wind farm, PV plant, and CSP are described, as well as the role of the electric heating (EH) device and the thermal energy storage (TES). The CSP–PV–wind hybrid power generation system offers better regularity than single new energy generation stations.
2) We consider adding IBDR on the load side and, on the basis of the conventional IBDR, divide the subsidy standard according to the different periods and establish a stepped-type subsidy incentive mechanism according to the customer’s response volume so as to realize coordinated dispatching on both sides of the source and load and enhance the system’s wind and PV consumption capacities.
3) Three combinations of units are set up for day-ahead scheduling at the optimal comprehensive system cost, and the effectiveness of the proposed method is verified through CPLEX software simulations. In addition, two separate comparison models are set up to verify the superiority of the proposed IBDR method compared to conventional IBDR.
The remainder of this paper is structured as follows: Section 2 explains the architecture of the hybrid power generation system, Section 3 models the IBDR component and describes the specific subsidy strategy, and Section 4 models day-ahead scheduling of the hybrid power generation system. Section 5 summarizes the case study data and results, and Section 6 comprises the conclusion.
2 HYBRID POWER GENERATION SYSTEM
2.1 Principle of the hybrid power generation system
A CSP plant consists of a solar field (SF), a thermal energy storage (TES), and a power block (PB). The heat transfer fluid (HTF) is used to transfer energy between the three components. The SF in the CSP plant absorbs solar thermal energy and then uses heat transfer equipment to heat the HTF. Part of this heat is transferred to the steam turbine in the PB, and the remainder is stored in the TES, which then releases heat energy to the PB through the HTF when needed. The TES provides some flexibility in the use of solar energy, while the steam turbine unit in the PB is similar to a conventional thermal power unit, providing system back-up resources and enabling the CSP plant to have fast regulation capabilities (Cui et al., 2020a; Sun et al., 2023; Che et al., 2019).
CSP plants have good dispatch ability, and for wind and PV power generation with high output volatility, the combination with CSP plants can effectively improve their output stability. In order to transfer the excess power generated by wind and PV plants into the CSP plant for storage, an electrical heater is now installed on the CSP plant side; the HTF in the TES not only absorbs the heat collected by the SF of the CSP plant but also absorbs the heat energy converted by EH, thus realizing the storage process of electricity to heat. Figure 1 shows a schematic diagram of the structure of the CSP–PV–wind hybrid power generation system.
[image: Figure 1]FIGURE 1 | Schematic diagram of the hybrid power generation system.
When the wind and PV power output are higher than the load, the unconsumed power generation will be stored in the TES in the form of thermal energy through EH; when the wind and PV power output are lower than the load, the stored thermal energy will be transported to the PB for power generation, which will smooth out the fluctuation of the wind power output, which will directly improve the wind and PV power consumption capacities.
In the conventional multi-source combined operation, each proportional power station operates separately and is dispatched together. The addition of the electricity to heat link in the CSP–PV–wind hybrid power generation system enables the CSP plant’s TES to better perform its energy storage function while making fuller use of the complementary characteristics of the wind and PV resources (Cui et al., 2020b).
2.2 Uncertainty expression of the output of the wind and PV equations
Wind and PV power generation are volatile and stochastic in nature; their forecast errors should be taken into account in the analysis. Most of the studies on optimal operation express the actual output of both by the sum of the determined prediction value and the uncertain prediction error, and the normal distribution, t-distribution, and generalized Gaussian mixture distribution model are usually used to describe the output prediction error of wind power and PV power generation. In this paper, the Gaussian distribution formula is used to describe the prediction error of wind power and PV power generation. The actual output should be the sum of the definite forecast value and the uncertain forecast error calculated as follows (Ma et al., 2016):
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where [image: image] and [image: image] are the actual output of wind power and PV power generation at time t, respectively; [image: image] and [image: image] are the predicted output of wind power and PV at time t; and [image: image] and [image: image] are the prediction errors of the output of wind power and PV at time t, respectively. The two errors obey a normal distribution with mean zero, and the standard deviations of the prediction errors of wind power and PV power generation are modeled as follows:
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where [image: image] and [image: image] are the standard deviation of the power prediction error at time t for wind farms and PV plants, respectively; [image: image] is the installed capacity of the wind farm.
3 STEPPED-TYPE INCENTIVE-BASED DEMAND RESPONSE
Implementing demand response measures on the load side to guide customers to change their electricity consumption plans has become an important tool for power companies to promote the consumption of new energy and maintain the stability of the power supply (Wei et al., 2021; Han et al., 2023). The effectiveness of IBDR is closely related to the amount of subsidy provided to customers in the compensation contract.
Conventional IBDR has a fixed price for customers’ response subsidies. To better motivate customers to participate, this work takes into account differences in response time and response volume when setting the IBDR subsidy unit price, with separating calculations for both high and low load periods (Zhou et al., 2023; Xu et al., 2021).
With the method designed to increase the consumption of wind and PV power, the unit price of the subsidy for customer response is raised to a higher level than that of the peak load hours during the low load hours, which are prone to the abandonment of new energy power so as to guide the customers to participate in the response to a greater extent during the low-load hours. Different from the traditional fixed compensation unit price, as the user response volume increases, the compensation unit price is also stepped up, so the final subsidy amount is higher than the fixed subsidy unit price, and the incentive effect on the customer is stronger. The stepped-type IBDR scheme gives customers more choices and promotes IBDR results that are more in line with dispatch needs.
The IBDR proposed in this paper is divided into two types of subsidy price setting for customers: load downward peak shaving and load upward valley filling, each with a different subsidy price increase scheme. The IBDR load type in this paper refers specifically to transferable load, and the compensation costs include electricity subsidy and capacity subsidy, with the capacity subsidy being a fixed value.
Subsidy price adjustments are related to net load increments. First, the net load increment needs to be calculated as follows:
[image: image]
where [image: image] is the load at time t; [image: image] and [image: image] are the actual on-grid wind and PV power output at time t, respectively; and [image: image] is the output of CSP stations at time t.
When [image: image], the load is greater than the power output, encouraging users to reduce the electricity load, and the downward price at this time is related to the amount of user load down, the more downward, the higher the amount of subsidy. At time t, the user's downward adjustment of the subsidy price can be expressed as follows:
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where [image: image] is the amount of change in the unit subsidy price of the load down at moment t, and its phase curve is shown in Figure 2; [image: image] is the customer’s downward power unit subsidy price at the moment t; [image: image] is the base unit subsidy price; [image: image] is the customer’s response power at the moment t; [image: image] and [image: image] are this customer’s load at moment t and the load at the previous moment, respectively, with [image: image] as a positive load difference under peak shaving; [image: image] is the base compensation price; [image: image] is the peak shaving incentive factor; and [image: image] is the reference value for the customer’s downward response power.
[image: Figure 2]FIGURE 2 | Step - type incentive price adjustment.
[image: image] indicates that the load is less than the power output; at this time, the electricity load should increase; load upward price is also related to the amount of upward adjustment, similar to the load downward adjustment; the more the user load upward adjustment, the higher the unit price of subsidy obtained; the user load upward adjustment subsidy price at t moment is modeled as follows:
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where [image: image] is the unit price of the user’s upward power subsidy, whose value curve is shown in Figure 2; [image: image] is the customer’s response power at time t; in the valley-filling state, [image: image] is negative as the load difference; [image: image] is the valley-filling response factor; and [image: image] is the reference value for the customer’s upward adjustment response.
The reimbursement costs for a particular user are modeled as follows:
[image: image]
where [image: image] and [image: image] are the downward and upward demand response capacities for this user at time t, respectively; [image: image] and [image: image] are the downward and upward incentive prices for this user at time t, respectively.
4 SCHEDULING MODEL OF HYBRID POWER GENERATION SYSTEM NOMENCLATURE
4.1 Objective function
The objective function of the day-ahead scheduling optimization model is primarily considered in terms of the economics of the system and ultimately consists of the summation of four different cost functions, and the optimization objective is expressed as the minimum of the integrated cost of the system as follows:
[image: image]
where [image: image] is the operating costs of thermal units; [image: image] is the operating and maintenance costs of wind, PV, CSP generation, and electric-to-thermal installations; [image: image] is the penalty costs of wind and PV power abandonment; and [image: image] is the demand response cost. [image: image] is the number of units; [image: image] , [image: image] , and [image: image] are the coal cost coefficients of thermal power unit h; [image: image] is the start-up cost of unit h; [image: image] is the start-up status of unit h at time t, [image: image] indicates that unit h is in start-up status; [image: image] is the output of unit h at time t; [image: image], [image: image], [image: image], and [image: image] are the O&M cost factors for wind power, PV, CSP, and electric-to-thermal installations, respectively; [image: image] is the fraction of the electric-to-thermal power at time t that comes from wind power; and [image: image] is the fraction of the electric-to-thermal power at time t that comes from PV. [image: image] and [image: image] are the penalty cost factors for wind and PV power abandonment, respectively; [image: image] and [image: image] are the actual on-grid wind and PV power output at time t, respectively; [image: image] and [image: image] are the actual output of wind power and PV power generation at time t, respectively; [image: image] is the number of load aggregators participating in the IBDR; [image: image] is the reimbursement cost of user d; [image: image] is the capacity cost of implementing the IBDR; and [image: image] is the capacity invoked by the user d participating in the IBDR at time t.
4.2 Constraints

1) Power balance constraint
Ignoring transmission network losses, the hybrid power generation system needs to be grid-tied to achieve power balance, and the power transmitted by thermal, wind power, CSP, and PV needs to be equal to the load power and electric heating power after the response at each moment.
[image: image]
where [image: image] is the value of the load power at moment t after a demand response.
2) Operating constraints for thermal power units
Thermal power unit output and start/stop operating constraints are modeled as follows:
[image: image]
where [image: image] and [image: image] are the upper and lower limits of the output of the thermal power unit h, respectively.
Ramp rate constraints for thermal power units are modeled as follows:
[image: image]
where [image: image] and [image: image] are the upper and lower limits of the climbing rate of the thermal power unit h, respectively.
3) Wind power and PV output constraints
During the joint system dispatch, the grid-connected power of wind and PV must not be greater than their forecast power, with the following constraints:
[image: image]
where [image: image] is the maximum on-grid power of wind power; [image: image] is the maximum on-grid power of PV power.
4) CSP plant-related constraints
There is a certain heat loss when heat is exchanged between the TES and HTF, and the heat charging and discharging power of the TES are modeled as follows:
[image: image]
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where [image: image] and [image: image] are the actual charging and discharging thermal power of the TES, respectively; [image: image] and [image: image] are the charging and discharging thermal efficiencies, respectively; and [image: image] and [image: image] are the thermal power exchanged between the HTF and the TES at time t.
The TES has certain heat losses of its own, which are reflected in the energy storage equation of state.
[image: image]
where [image: image] is the existing heat storage at time t; [image: image] is the dissipation factor; and Δt is the time interval, taken as 1h.
In order to ensure that the CSP plant has sufficient regulation capacity, the TES has capacity limit, which is modeled as follows:
[image: image]
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where [image: image] and [image: image] are the charging and discharging power of the thermal storage system at time t, respectively; [image: image] and [image: image] are the upper limits of charging and discharging power, respectively; [image: image] and [image: image] are the upper and lower limits of thermal storage, respectively; [image: image] is the existing thermal storage at time t; and [image: image] is the thermal storage coefficient.
5) Demand response constraints
The segmentation constraint on the volume of user response is modeled as follows:
[image: image]
where at this point in the eth interval of the segmented offer curve, [image: image] is the response capacity value of aggregator d at time t; [image: image] is the maximum load value of aggregator d.
The response capacity constraint for the load aggregator is modeled as follows:
[image: image]
where [image: image] is the total number of segments of the segmented offer curve and [image: image] is the maximum response load value for aggregator d.
Load shifting needs to be limited in terms of time periods; otherwise, there will be frequent start-ups and stoppages of equipment. There should, therefore, be a minimum interruption time constraint.
[image: image]
where [image: image] is the minimum response interruption time for load aggregator d; [image: image] is the response status of aggregator d at time t when the demand response is implemented, with [image: image] indicating participation and [image: image] indicating non-participation.
5 EXAMPLE ANALYSIS
5.1 Basic data
In this paper, a double-fed 300 MW wind farm, a 100 MW PV plant, a 100 MW CSP plant, and three thermal power units are used to form a CSP–PV–wind hybrid power generation system. The wind and PV output data are from the measured data of a 300 MW wind farm and a 100 MW PV plant in Northwest China on a typical day in July 2020, and the DNI data are from SAM, a CSP plant simulation software developed by the National Renewable Energy Laboratory. The predicted power and DNI of wind power, PV, and load are shown in Figure 3, the relevant parameters of the CSP plant are shown in Table 1, and the relevant data of the thermal power units are shown in Table 2. The maximum feed-in power of the wind farm, PV plant, and CSP plant is 350 MW, 150 MW, and 150 MW, respectively.
[image: Figure 3]FIGURE 3 | Wind power, PV, load forecast base power and DNI index.
TABLE 1 | Main parameters of the 100 MW CSP plant.
[image: Table 1]TABLE 2 | Relevant data of the thermal power units.
[image: Table 2]Operation and maintenance cost factors [image: image] = [image: image] = 120 CNY/MW for wind farms and PV plants, [image: image] = 80 CNY/MW for the CSP plant, [image: image] = 10 CNY/MW for EH installations with a maximum power of 50 MW, and [image: image] = [image: image] = 500 CNY/MW for wind and PV power abandonment costs.
There are two load aggregators A and B participating in the IBDR, with [image: image] taken to be 200 CNY/MWh and [image: image] taken to be 70 CNY/MWh, and the remaining parameters are shown in Table 3.
TABLE 3 | IBDR-related parameters.
[image: Table 3]The algorithms in this paper are optimized using MATLAB software by calling CPLEX via the YALMIP toolkit (Ma et al., 2023; Ma et al., 2021; Yang et al., 2022). All the scheduling is day-ahead scheduling.
5.2 Analysis of optimization results
5.2.1 Day-ahead dispatching result analysis
In order to verify the effectiveness of the proposed dispatch model in promoting wind and PV consumption and reducing the comprehensive cost, three comparison cases were set up:
Case 1:. conventional thermal, wind, and PV power generation day-ahead dispatch model, neither considering IBDR nor using a hybrid power generation system that incorporates a CSP plant, where two 100 MW PV plants are used.
Case 2:. A 100 MW PV plant is replaced by a 100 MW CSP plant in a conventional thermal, wind, and PV power generation to form a hybrid power generation system but without using IBDR on the load side.
Case 3:. A hybrid power generation system using the consideration of a stepped-type IBDR strategy and a CSP plant joining.
In the example, the wind, PV, load, and DNI shown in Figure 3 are used as the base data, and all three cases are optimized with the objective of optimizing the overall cost. The three subplots (A),(B), and (C) in Figure 4 show the day-ahead scheduling results for cases 1, 2, and 3 from left to right, respectively. Figure 5 and Figure 6 show the comparison of wind and PV power abandonment for the three cases, respectively. The comprehensive cost of the three cases and the amount of electricity abandoned by wind and PV power are shown in Table 4.
[image: Figure 4]FIGURE 4 | Day-ahead scheduling results for three cases.
[image: Figure 5]FIGURE 5 | The results of the wind power abandoned.
[image: Figure 6]FIGURE 6 | The results of the PV power abandoned.
TABLE 4 | Comparison of the day-ahead scheduling results.
[image: Table 4]Combining Figures 3, 4, 5, and 6, it can be seen that when demand response is not implemented, the load demand is low around 5:00 h, resulting in wind power abandonment. Case 1 uses two 100 MW PV plants with high PV generation and no thermal storage. As the solar radiation index increases between 6:00 and 19:00 h, the PV output increases, resulting in severe PV power abandonment. To enable a clearer comparison of the effectiveness of each unit combination in enhancing wind and PV consumption capacities, the amount of wind and PV power abandoned by each unit combination is compared. In addition, in order to verify the effectiveness of the TES of the CSP plant introduced in this paper in enhancing the new energy consumption capacity of the system, the charging and discharging of the TES in cases 2 and 3 are analyzed. Figure 7 shows the electric to thermal power of EH in cases 2 and 3 at each moment. The two subplots (A) and (B) in Figure 8 show, from left to right, the heat charging and discharging and the total heat storage capacity of the TES of the CSP plant in cases 2 and 3 at each moment in time, respectively.
[image: Figure 7]FIGURE 7 | Comparison of EH device power between Case 2 and Case 3.
[image: Figure 8]FIGURE 8 | Changes in the heat storage capacity in Cases 2 and 3.
While the CSP plant converts the solar energy collected by the SF into thermal energy, the EH device can simultaneously convert the wind and PV power unconsumed energy into thermal energy and deposit it together in the TES. Combined with Figure 4 and Figures 7 and 8, it can be seen that from 1:00 to 6:00 h, there is no solar energy, and the TES exerts heat through the HTF. The CSP plant generates power, and at the same time, the excess wind power is subjected to electric-to-thermal treatment, but the charging heat power is still lower than the exothermic power. After 6:00 h, the PV power generation climbs, and the TES then reduces the exothermic heat until it turns to the charging heat state, during which EH continues to work. At 16:00, the heat storage of the system is about to reach its peak, and the solar-to-heat power decreases significantly. At sunset, the solar value tends to be zero, and the TES enters the exothermic state again, maintaining the CSP plant’s continuous output. From the analysis shown in Figure 5 and Figure 6, we can see that with the addition of the CSP plant and EH in case 2, through the electricity-to-heat mechanism of EH, the significant level of abandoned PV power from 6:00 to 19:00 is effectively suppressed, and the abandoned wind power at around 5:00 is also stored in the TES through EH, and the overall abandoned wind and PV power are significantly reduced by 63%, which indicates that the addition of the CSP plant in the dispatch case can effectively improve the amount of wind and PV power consumption. From the data shown in Table 4, it can be seen that case 2 adds the CSP power plant assembled with EH on the basis of thermal, wind, and PV power generation in case 1, and the comprehensive cost of the system is reduced by 14%, which verifies that the hybrid power generation system also has certain advantages in economy. However, at 17:00–18:00, the heat storage capacity of the TES has reached a higher value, and it is unable to consume more of the excess abandoned wind and PV power, thus resulting in a partially high amount of abandoned wind power.
To address this phenomenon, a stepped-type IBDR mechanism is introduced in case 3 to integrate the load profile. The load profile of case 3 shown in Figure 8 is adjusted for IBDR, and the load demand decreases between 0:00–5:00 and 20:00–23:00, resulting in a decrease in the CSP plant’s own output compared to case 2 and a solar increase in the amount of abandoned wind power converted by EH. Load filling is carried out at 14:00–19:00, when the wind power output is high, and wind and PV power generation drop sharply at 20:00–24:00, when the load curve is shaved, which again reduces the new energy power abandonment by 37% based on case 2. As can be seen from the data shown in Table 4, case 3 introduces a stepped-type IBDR scheme on the load side on the basis of case 2, and the comprehensive dispatch cost is again 8% lower than that of case 2, realizing the double minimum of new energy power abandonment and comprehensive cost, which verifies that the stepped-type IBDR scheme and the hybrid power generation system proposed in this paper have certain effectiveness in reducing the comprehensive cost of the system and increasing the capacity of wind power and PV power consumption.
5.2.2 IBDR comparative case analysis
To verify the effectiveness of the stepped-type IBDR scheme proposed in this paper, additional cases 4 and 5 are added.
Case 4:. Based on case 3, the IBDR added is modified to leave the subsidy criteria unchanged for load shedding periods, and the values of [image: image] and [image: image] taken for valley filling are changed to be the same as those in Table 3 for [image: image] and [image: image], respectively.
Case 5:. Based on case 3, the IBDR added is modified to change the values of [image: image] and [image: image] for load shedding periods to the same as [image: image] and [image: image], respectively, in Table 3, with no change to the subsidy rate for valley filling periods.
That is, the load aggregators A and B have [image: image] = [image: image] and [image: image] = [image: image], and the load shaving and load filling periods are no longer differentiated, and the same subsidy criteria are used. Table 5 shows a comparison of the dispatch results for each case including case 3. Figure 9 shows a comparison of the final load curves in different IBDR scenarios.
TABLE 5 | Comparison of the day-ahead scheduling results.
[image: Table 5][image: Figure 9]FIGURE 9 | Comparison between the original load and the load after IBDR in each case.
As can be seen from Table 5, the conventional IBDR system is used in cases 4 and 5, the comprehensive cost of the system has increased compared to case 3, and the amount of new energy abandoned has also increased, verifying the superiority of the stepped-type IBDR system proposed in this paper, which uses different subsidy standards at different times.
The comparative analysis of the above calculations verifies the effectiveness of the optimization model using the stepped-type IBDR on the load side and a hybrid power generation system on the source side in promoting the consumption of wind and PV power and improving system economics.
6 CONCLUSION
In this paper, wind farms and PV plants are combined with the CSP plant through EH to establish an optimal dispatch model for the hybrid power generation system while implementing the stepped IBDR on the load side to change the load curve and achieve coordinated dispatch between the load side and the source side, and the following conclusions are drawn from the analysis of the results of the calculation cases:
1) In contrast to the traditional way of operating between new energy power stations, the integration of the TES of the CSP power station and the wind and PV power stations through the electricity-to-heat link can make full use of the energy time-shifting characteristics of the CSP power station. This provides an effective way to utilize wind and PV abandonment while increasing the scheduling flexibility of the CSP plant itself.
2) By providing compensation to change the way customers use electricity, IBDR can modify the load curve when the difference between the predicted power output and the load curve is too large. IBDR with different subsidy standards set at different times can make the load curve more closely match the demand. The IBDR scheme proposed in this paper can be realized by only making modifications to the traditional IBDR scheme, but only the increase and reduction of customer loads are considered, and increasing the type of demand response will be the focus of the next research.
3) The conventional generation model has a comprehensive cost of 842,746 CNY, while the hybrid power generation model proposed in this paper reduces the comprehensive cost by 14%. After adding the IBDR mechanism in this paper, the comprehensive cost is reduced by another 8%, while the abandoned energy rate is reduced by 37%, which shows that the optimization method proposed in this paper is effective in improving the system’s ability to consume new energy and reducing the comprehensive cost.
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