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Recently, wind energy has been developed as an important technology to address the energy crisis. However, due to an unreasonable energy structure, wind power curtailment is becoming increasingly severe. Combined heat and power dispatch (CHPD) provided a solution for wind accommodation by utilizing the flexibility resources of district heating systems. Because of the imperfect dispatch methods and CHPD platforms, many wind power heating projects have not effectively linked the use of abandoned wind and heating. The virtual power plant (VPP) achieves the reasonable combination of controllable power sources, distributed energy, controllable loads, and energy storage systems within a certain area. Thus, we propose a VPP model based on combined dispatch of wind power and heat energy, which integrates wind turbines, thermal turbines, CHP units, etc., into a whole to join in the grid operation. Besides, to preserve the privacy of energy agents, Benders decomposition algorithm is adopted to solve the proposed model in this paper. The validity and efficiency of the proposed VPP model and Benders decomposition algorithm are verified via numerical cases.
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1 INTRODUCTION
In recent years, wind energy has been developed as a key strategy to handle with the energy crisis. The total installed capacity of wind turbines is expected to reach 3,105.9 GW by 2030. However, due to an unreasonable energy structure and lack of flexibility, wind power curtailment is becoming increasingly severe. In Inner Mongolia in China, the total amount of wind curtailment reaches 5.06 billion, accounting for 8.9% of the total available output in 2021 (Zhao et al., 2023). Especially in winter, due to the large number of combined heat and power (CHP) units undertaking the heating task, the implementation of the “determining power by heat” operation mode seriously reduces the accommodation space of wind power (Li et al., 2016; Qu et al., 2020).
To address this crisis, some researchers have conducted research on the combined dispatch of wind power and heat energy (Li et al., 2024), such as demand response (Rigoni et al., 2021), energy storage deployment (Toubeau et al., 2021), flexibility reformation of thermal power units (Sun et al., 2020), etc. Rigoni et al. (2021) present a method that combines demand response aggregators with power operators for combined heat and power dispatch (CHPD). Meanwhile, many wind power heating demonstration projects are constantly emerging. However, due to the imperfect dispatch methods and CHPD platforms, many wind power heating projects have not effectively linked the use of abandoned wind and heating, resulting in only a small portion of wind power heating electricity coming from abandoned wind power, which deviates from the original intention of wind power heating projects.
In order to promote the efficient utilization and wind accommodation by wind power heating, many scholars generally consider wind power heating as a heat load side management resource. There are virtual power plant (VPP) projects that combine CHP units, wind turbines, and load side management within a certain region (Houwing et al., 2009). VPP refers to the reasonable combination of controllable power sources, distributed energy, controllable loads, and energy storage systems within a certain area, managed by a control center, and integrated into a whole to join in the grid operation Xia et al. (2016), Wang et al. (2022), Houwing et al. (2009) propose the formation of a VPP consisting of wind turbines and CHP units, achieving the objective of smoothing wind fluctuations and reducing operation costs. Xia et al. (2016) add an electric boiler to the VPP-CHPD operation model to achieve direct conversion of wind power to heating, reducing carbon emissions. However, due to the fact that the electric power system (EPS) and district heating system (DHS) belong to different energy agents, the traditional centralized dispatch cannot guarantee the privacy of each energy agents (Zhao et al., 2024). Therefore, VPP is difficult to apply in practice due to the demand for privacy preservation.
Many distributed optimal algorithms have been studied to ensure privacy preservation among energy agents. Each energy agent solves its own subproblem, only interacting boundary information to achieve the global optimal, implementing privacy preservation in a decoupled manner (Chen et al., 2020). As one of the most popular optimal algorithms in combined dispatch, the Benders decomposition algorithm has been widely applied in integrated energy system (Tan et al., 2023; Du et al., 2024). Tan et al. (2023) propose a coordinated optimization framework based on equivalent projection theory, which can be solved by Benders decomposition algorithm. Chen et al. (2020) propose a improved generalized Benders decomposition method to address the combined natural gas and power model without privacy leakage.
The main contributions of this paper are summarized as follows:
(1) To better accommodate wind energy, a VPP model based on combined dispatch of wind power and heat energy is proposed, which integrate wind turbines, thermal turbines, CHP units, etc. into a whole to join in the grid operation, reducing wind curtailment.
(2) Inspired by multi-agent characteristics, Benders decomposition algorithm is adopted to handle with the VPP model in this paper, in order to preserve the privacy of energy agents. The efficiency and accuracy of the algorithm are verified via numerical cases.
The remaining part of this paper is summarized as follows: The VPP model is formulated in Section 2. Section 3 focuses on the solution strategy based on Benders decomposition algorithms. Section 4 discusses the case studies. Section 5 summaries and concludes this paper.
2 PROBLEM FORMULATION
This section discusses the VPP model. Its goal is to maximize the profits of EPS and DHS, with the physical constraints related to two system.
2.1 Objective function
The objective of the virtual power plant model is to maximize the revenue of all units in EPS and DHS, i.e., to minimize their operation cost. And the objective function and constraints (Equations 1–5) are as follows:
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where,
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where, [image: image] denotes the set of units. T is the set of time. [image: image] denotes the unit operation cost. [image: image] is the fuel consumption of heating boiler i during dispatch time t. [image: image] is the heating power of CHP units during dispatch time t. [image: image], [image: image], [image: image] denote the electric power of CHP units, wind turbines and thermal units during dispatch time t respectively. [image: image], [image: image], [image: image], [image: image], [image: image] are the coefficient of cost function of units.
2.2 Constraints
The constraints in the VPP model include the constraints related to the DHS and the EPS, as follows i.e., (Equations 6–21) and (Equations 22–28):
2.2.1 District heating system
The heating source consists of CHP units and heating boilers. The heating output of heating sources must be controlled to a specific range due to the limitations of transmission capacity of pipelines and lines and feasible operation range (Xue et al., 2020).
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where, [image: image], [image: image], [image: image] are the maximum output of CHP units and heating boilers. [image: image], [image: image], [image: image] are the minimum output of them.
The output of heating source satisfies the specific heat capacity formula (Xue et al., 2020), as follows:
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where, c is the specific heat capacity of water, [image: image] is the total mass flow at node n, [image: image] and [image: image] are the node temperature in heating network during dispatch time t. The superscript S represents the supply network, and R represents the return network.
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where, [image: image] is the heating output efficiency of boilers in DHS.
To guarantee a certain level of heating quality, the node temperature connected to the heat sources must be maintained within a certain range:
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where, [image: image] and [image: image] are minimum and maximum node temperature in the supply network.
The mass flow rate of the supply and return pipeline at the same node should be consistent.
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The flow in the pipeline should be balanced, which means the inflow flow is equal to the outflow flow.
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Moreover, the mixed temperature of node in DHS is presented as follows:
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where [image: image] and [image: image] are the outlet temperatures of pipelines in heating network, [image: image] and [image: image] are the mass flow of heating network. [image: image] and [image: image] are the set of inlet and outlet pipelines connected to node n. The first equation presents the supply network, and the second equation presents the return network. The inlet temperature of the mass flow in pipeline is consistent with the temperature of the nodes connected to it.
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where, [image: image] and [image: image] are the inlet temperatures in supply network and return network.
The heat loss and transfer delay of mass flow are involved in this paper, which can be computed as follow:
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where, [image: image] is the set of heating pipelines in DHS. [image: image] is ambient temperature in DHS. [image: image] and [image: image] are intermediate variable. [image: image] and [image: image] are transfer time of heating pipelines in supply network and return network. [image: image] is water density. [image: image] is heat transfer factor. [image: image] is the time interval. [image: image] and [image: image] are the length and cross area of pipelines.
The heating load [image: image] can be represented by specific heat capacity formulation.
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where, [image: image] is the set of heating load. Similarly, the water temperature of return network must be limited a specific range (Xue et al., 2020).
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where [image: image] and [image: image] are the minimum and maximum node temperature in the return network.
2.2.2 Electric power system
The constraints related to EPS are presented as follows:
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The energy balance constraint in EPS is presented in Equation 22. Equation 23 is the network capacity constraint. The unit output constraints of CHP units and wind turbines are showed in Equations 24, 25. Equations 26–28 are shows the ramping and spinning reserve constraints. [image: image] refer to the upward/downward ramping rate, [image: image] refer to the spinning reserve, [image: image] refer to the shift factor.
3 SOLVING STRATEGY
In this paper, the Benders decomposition method is proposed to solve the privacy information protection of the whole system. According to the variable type of the virtual power plant system, the original problem is decomposed into the main problem of the district heating system and the sub-problem of the electricity power system. There is no need for interactive privacy information between the electricity power system and the district heating system. Two systems only need to interact with the optimal output of the system and Benders cut constraints to solve the model.
3.1 Second-order control relaxion
In order to successfully apply Benders to solve the original problem, the model needs to be relaxed. This is because the change in flow rate introduces a bilinear term, which causes the subproblem of heat to be non-convex and cannot be solved.
To reduce the complexity of the model, the auxiliary variable [image: image] is introduced to replace the product of M and T.
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Based on the above re-formulation, the above model can be transformed into the NCQCP model. However, constraint Equation 29 is still a nonlinear term, which needs to be dealt with. Therefore, the second-order control relaxation is introduced to relax the bilinear term, which could be solved efficiently by solvers such as the cplex.
Constraint Equation 29 is equivalent to the following Equation 30:
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where the parameters [image: image] is to make the order of magnitude of the parameter close. The constraint is transformed into inequality constraint (Equations 31, 32):
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Since constraint (Equation 32) is nonconvex, it is transformed into a second-order cone form (Equation 33).
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3.2 Decomposed model based on the benders decomposition
The Benders algorithm has certain requirements for the format. For the optimization problem of a specific format, it will divide the original problem into a main problem and two groups of sub-problems, namely, the feasibility subproblem and the optimal subproblem. Therefore, it is necessary to rewrite the original problem into a vector form that is easy to solve, which is expressed as follow Equation 34:
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The main problem (Equation 35) is the optimization of the power system.
[image: image]
The solution to the main problem is brought into the subproblem. The [image: image] refer to the objective functions of the main problem, [image: image] is the bounds for the objective function of subproblem. If the subproblem is feasible, the optimal subproblem is obtained. The optimal subproblem (Equation 36) is the optimization of the district heating system.
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where [image: image] and [image: image] represent the objective functions of optimal subproblem. And the optimality cut is generated to update the [image: image] in the main problem. which (Equations 37) is expressed as:
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If the subproblem is infeasible with the fixed solution of the main problem, the feasibility subproblem is generated. The feasibility subproblem (Equation 38) is expressed as:
[image: image]
where the [image: image] and [image: image] is the slack variables. And the feasibility cut (Equation 39) is expressed as follows:
[image: image]
3.3 Iteration procedure
The optimal solution needs to be obtained iteratively by the main problem and the subproblem. The summary of this Benders decomposition procedure is as follows:
Algorithm. The Benders Decomposition.
1. Initialize [image: image], [image: image], [image: image]
2. While [image: image]
3.  Solve the main problem and send the solution [image: image] to the subproblem
3.  IF SP is feasible
  THEN:
3.  The optimal subproblem is generated
3  Add the optimality cut to the main problem and solve the main problem
  ELSE:
3.  The feasibility subproblem is generated
3.  Add feasibility cut to the main problem and solve the main problem
4.  Update the value of the [image: image], [image: image], [image: image]
5. End While
The proposed solution strategy includes two problems, the primary problem (PP) is divided into the master problem (MP) and the subproblem (SP). To better and clearer illustrate the process of the consensus algorithm in this paper, we have added the descriptions of the pseudocode. The solution progress is expressed as follows:
First, the upper and lower bounds are initialized. And set the number of iterations [image: image] is 0. Second, the first iteration is to solve the MP and send the initial value [image: image] to the SP. SP is solved and add the OC or FC to the SP. The next step is to solve the MP and update the value of the [image: image], [image: image], [image: image].
If the convergence criterion [image: image] is satisfied, the iteration procedure ends, otherwise the loop is continued until the criterion is satisfied. The detailed steps are shown in the Algorithm.
4 CASE STUDIES
4.1 Case setting
In this paper, a park-level power-heat virtual power plant considering mass flow is built to verify the validity of the model. Figure 1 shows the system of the P6H6, in which the two nodes are traditional power units, two nodes are wind farms, and one node is the CHP unit. The upper and lower temperature bounds of the mass flow rate in the supply pipeline are 110°C/80°C, and the temperature in the return pipeline is 70°C/40°C.
[image: Figure 1]FIGURE 1 | The configuration of the P6H6 system.
To prove the rationality and validity of the model, and solution method proposed in this paper, the following two schemes are set up and solved by the gurobi 9.5.0 software package. The results of different schemes are compared and analyzed:
Case 1. Chose the Quality regulation mode (refer to the constant flow and variable temperature).
Case 2. Chose the Quality–quantity regulation mode (refer to the variable flow and variable temperature).
4.2 Analysis of case results
As shown in Table 1, the operating cost of the electricity-heat virtual power plant in Case 2 decreased by 6.8% the virtual power plant in Case 1. It can be seen that compared with the constant mass flow rate, the variable flow rate will have a wider adjustment range. Therefore, in Case 2, the cost of wind curtailment is further reduced. Moreover, the Benders algorithm is consistent with the results of the centralized algorithm. It further demonstrates the effectiveness of the Benders in this paper.
TABLE 1 | The cost of two modes in Case 1 and Case 2.
[image: Table 1]The dispatch results of the two cases are shown in Figure 2. The CHP units store more heat supply between 10:00–15:00, which can release more wind power at night, thus further improving the wind accommodation. The amount of heat stored during the day of Case 2 is 19% more than that of Case 1, and the wind power consumption is 4.1% more, which shows the superiority of variable flow and temperature mode. Through the combination of the two variables of mass flow rate and temperature, the adjustment range of CHP units becomes larger, CHP units bear more heat during the day, and the thermal power unit reduces the output. Obviously, in this mode, the output of wind power will be greater, thus reducing wind curtailment.
[image: Figure 2]FIGURE 2 | Comparison of power in two cases. (A) Heat power in two cases (B) Wind power in two cases.
Figure 3 compares the differences in temperature and mass flow rate at the source node under the two modes. From the difference between the two cases, it demonstrates the mode of variable flow rate and temperature in Case 1 has more advantages. This is because the change of mass flow rate in case 1 will make the change of temperature tend to be gentle. The supply temperature of Case 2 in Figure 3A is obviously lower than that of Case 1. Lower temperatures will bring less heat loss. The heat loss is reduced by 10.3% considering the flow rate in Figure 3B.
[image: Figure 3]FIGURE 3 | Comparison of temperature and heat loss in two cases. (A) Temperature in two cases (B) Heat loss in two cases.
5 CONCLUSION
This paper presented a VPP model considering the combined dispatch of wind power and heat energy with the variable mass flow rate mode, which reduces wind curtailment and heat loss. Besides, the Benders algorithm is adopted to solve the VPP model to protect the information privacy of energy agents. And the correctness of the model and the effectiveness of the algorithm are further verified in the case. In the future, we can consider extending the quality–quantity regulation mode to the secondary heating network, further analyze the architecture of the heating network, explore the mode suitable for each part, and achieve a better adjustment effect in the electricity-heat virtual power plant.
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