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Heating network constraint is one of the important factors that affect the scale of electro-thermal coupling scheduling. This paper first establishes an electrothermal coupling scheduling model considering the multi-source ring heating network pipe structure and then proposes a method of simplifying a multi-source cyclic heating network topology approximation. Second, the electrothermal coupling scheduling system is coordinated and solved. Finally, Through the simulation example results, the annular heating network topological approximate equivalent can simplify the model complexity of the original heating network while also retaining the thermal dynamic characteristics of the initial multi-source ring heating network. This study will greatly improve the efficiency of solving the electrothermal coupling system.
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INTRODUCTION
The Combined Electricity and Heating System can realize the cascade utilization of different energy efficiency, which is an important way for the low-carbon economic operation of the power generation link. Considering the heat storage characteristics of the District Heating Network (DHN) can bring coordination and flexibility to the entire coupled electricity–heat energy system. In recent years, many scholars have studied the heat storage characteristics of heat network pipes (Li et al., 2021; Tang et al., 2021). The node method is effective to describe the temperature dynamic model of DHN (Li et al., 2017; Zheng et al., 2018; Wang et al., 2019; Yu et al., 2019; Shen et al., 2020; Shen et al., 2021; Shen and Raksincharoensak, 2021). The above study only considers the supply pipe network as a tree heating network structure which is harmful to the solution of the electrothermal coupling scheduling model. However, it does not match the structure of the multi-heat source combined with the multi-heat source, which will directly affect the applicability of the model.
Further, compared with the conventional tree heating network structure, the different heat sources of the multi-source cyclic heating network structure can be spared to each other, and the mutual coordination provides heat (Tian et al., 2017; Yang et al., 2019a; Shi et al., 2020; Yang, 2020). The heating network structure has been applied in some cities in the Nordics and China (Wu et al., 2019). Therefore, it is possible to further improve the flexibility between the electrothermal coupling system in the electrothermal coupling schedule. The scale and laying area of the actual heating pipe network are very huge, and it has brought difficulties to the solution of the model. In recent years, scholars have conducted research on reducing the complexity of scheduling models (Jiang et al., 2019; Lu et al., 2019). Document (Larsen et al., 2002) is subtracted into a conventional tree heating network, but the actual multi-heat source combined heating network is more complex. The traditional simplification method cannot be applied to the actual operation of the current large-scale multi-heat source ring network.
In response to the questions raised above, this paper proposes a combined heat and power scheduling method based on ring heating network topological approximate equivalent. For the complex topology of the ring heating network, topology equivalent transformation and pipeline node aggregation are carried out on ring heating pipeline under the condition of ensuring accuracy, and the electric-thermal joint scheduling model is solved. There are many ways to solve the model (Yang et al., 2019b; Yang et al., 2021a; Yang et al., 2021b; Zhang et al., 2021). Finally, the effectiveness and accuracy of the method mentioned in this study is verified by example analysis.
TOPOLOGICAL EQUIVALENT METHOD OF LOOP REMOVAL FOR MULTI-HEAT SOURCE RING HEAT GRID
Topological Approximate Equivalent Method
In the actual multi-heat source heating ring network, due to the joint heating of multiple heat sources, the heat flow direction flowing through the same ring can be divided into the same direction and different direction, as shown in Figure 1A. On the basis of retaining most dynamic characteristics of the original pipe, this section will be used to topologically approximate the annular pipe network of the condition that satisfies the same flow direction and polymerizes the topology of the relatively simple tree network then use the node method to model the temperature dynamic model of DHN after the simplification. For heating networks and their models, the physical parameters of the pipe and the state variables of heat transfer process are very important. Its physical parameters are heating network topologies and pipeline parameters such as pipe mass flow [image: image], pipe cross-sectional area S, pipe length L, pipe heat transfer coefficient [image: image], etc. The state variable parameters are each load node temperature [image: image], each node temperature [image: image] passed during water flow transfer, and the heat source to the time delay [image: image] of each load node.
[image: Figure 1]FIGURE 1 | (A) Two-heat source heating pipe network diagram under actual conditions. (B) Simplification process of general ring heating pipe network.
For the ring-shaped heating pipe network with the same heat flow (marked in green in Figure 1A), it can be equivalently simplified into a polymerization pipe. In order to ensure that the dynamic characteristics of heat transfer after the topological transformation of the heating network are equivalent, the heating network state variable needs to meet the following thermal equivalent conditions:
Assumption Condition 1: The total volume of water in the pipeline before and after the simplification of the model structure remains unchanged.
[image: image]
In Formula (1), [image: image] represents any pipe, and [image: image] represents the water volume of the conduit [image: image]. [image: image] represents a collection of all pipes in the heating network, the tag ′ represents the corresponding parameters after the heating network topology is equivalent.
Assumption Condition 2: The mass flow of each sub-branch flow into and out of each node remains unchanged.
[image: image]
In Formula (2), [image: image] represents the mass flow of water in the pipe.
Assumption Condition 3: The temperature of the node before and after polymerization does not change.
[image: image]
In Formula (3), [image: image] represents the temperature of any node before and after polymerization.
When the above three thermal equivalent conditions are met, the operating time of heating water in the pipe can be expressed as
[image: image]
On the basis of preserving the thermal dynamic characteristics of the original pipe, the process of loop removal is essentially a topological approximate equivalent method which changes the original pipeline parameters to a tree-shaped heating pipe network, as shown in Figure 1B. Before the ring network is removed, this paper takes the starting point of the ring network shunting as the initial point and defines the ring heating network after shunting as the main line and secondary line. According to Formula (4), the heat flow is obtained by the starting point to flow through the time required for each node, and the time delay flowing through the respective nodes on the main/secondary line is [image: image]/[image: image], where [image: image] represents the time set that flows through the main/secondary trunk nodes. The resulting time is arranged in size to obtain the time set sequence [image: image]. [image: image] is a time series consisting of [image: image] and [image: image]. The nodes that have not alternated in the collection φ are considered a redundant node, such as [image: image] in [image: image], where [image: image] represents any node on the pipe. The redundant node is removed by conventional tree heating network simplification (Wu et al., 2019). After the redundant node is removed, the new [image: image] is obtained as an alternating time sequence that occurs by [image: image] and [image: image].
[image: image]
The secondary trunk is aggregated to the main line. The mass flow of each pipeline after polymerization is
[image: image]
[image: image]
In the above Formulas (6) and (7), [image: image] and [image: image] represent the mass flow of the main trunk and the secondary trunk polymerization.
The weighting average of the mass flow of each conduit on the secondary trunk and the weight of the mass flow corresponding to the main line can delay the flow of water flow through the new polymerization node time delay as follows:
[image: image]
[image: image]
The equivalent water volume of each pipeline is obtained by Formulas (4), (8), and (9).
[image: image]
[image: image]
The current flow rate of the original carrier in the main trunk line is the initial flow rate. By changing the volume of the pipeline before and after polymerization, the flow rate of the heating carrier in the pipeline polymerization is kept constant, then the tube length is determined based on the piping of the heat flow through the polymerization in the conduit and the ratio of the predecessor travel time during the pipeline. The equivalent length L of each pipe obtained by Formula (8) can be obtained.
[image: image]
[image: image]
where [image: image], [image: image] respectively represent the sum of the time it takes for the heat flow of all nodes in the secondary trunk line and the main trunk line to flow through the pipe 1 to pipe [image: image].
Bring Eqs (10)–(13) to volume formula equivalent cross-sectional area:
[image: image]
[image: image]
Thus, the equivalent model heat transfer coefficient [image: image] should be adjusted as follows:
[image: image]
[image: image]
As can be seen from Formula (3), the temperature of the node before and after the polymerization does not change. [image: image] is the temperature of the terminal outlet after the tube [image: image] polymerization; [image: image] is the temperature of the exit before the piping [image: image] is polymerized, where [image: image] is a specific heat capacity of the heating flow, [image: image] is a polymerized pipeline radius, and [image: image] is a natural ambient temperature.
After the above simplification, in the case of retaining most of the thermal dynamic characteristics, the multi-source annular DHN model completes the ring removal processing, which reduces the complexity of the original pipeline.
Multi-Source Ring Network Regional Heating System Model
1) CHP unit heating output
[image: image]
[image: image]
where [image: image] is the mass flow of the heating first station [image: image]; [image: image] is the output of heat unit. [image: image] is a node connected to the heating head [image: image]. [image: image] is the upper and lower range limit for supplying pipe node temperatures. [image: image], [image: image], and [image: image] are connected to the CHP unit, and the tube collection of the heating first station and the collection of nodes belong to the heating.
2) Temperature station model:
In order to realize the exchange of heat load in the heating system, the heat transfer station model is constructed.
[image: image]
[image: image]
where [image: image] is the mass flow of the heat exchange station (HES) [image: image], [image: image] is the heat load [image: image] of the switch [image: image] at the period [image: image], and [image: image] is the upper and lower range limit of the returns of the pipe node temperature.
3) Temperature mixing: Mass flowing into the same node is mixed, and the temperature of the mixed mass as a result of energy conservation is as follows:
[image: image]
[image: image]
where [image: image] indicates a set of pipelines at the end of the node V, and [image: image] means a set of pipes that start with node V.
4) Temperature network pipeline dynamic model based on node method
It can be seen from Formula (2) that the mass flow does not change, and the amount of water flowing and flowing out does not change. The historical inlet temperature is used to estimate the outlet temperature without heat loss as follows:
[image: image]
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Among them, [image: image] represents the mass flow temperature of the pipe b at the t hour. The superscript out and in respectively indicate the inflow end and outflow end of the pipe. [image: image] indicates a collection of heating networks. [image: image] represents the time collection of the scheduling cycle. [image: image] represents the mass flow temperature flowing out of the t hour after the heat loss. [image: image] represents the ambient temperature of the T moment. [image: image] indicates a specific heat capacity of water in the water flow in the pipeline.
MODELING AND SOLUTION OF ELECTROTHERMAL COUPLING SYSTEM
Objective Function

[image: image]
[image: image] denotes the operation cost of non-CHP thermal units, [image: image] denotes the penalty cost of wind power spillage, and [image: image] denotes the operation cost of CHP units. [image: image] represents a collection of units.
1) The operation cost of a non-CHP thermal unit is defined as a quadratic function of the generation dispatch
[image: image]
[image: image], [image: image], and [image: image] are the cost factors of the conventional unit; [image: image] is the scheduling period; [image: image]; [image: image] is the electric power output of the unit i at time t.
2) Wind abandonment cost of wind farm
[image: image]
[image: image] is the penalty factor for abandonment of wind farm i; [image: image] is forecasted output for wind farm i at time period t; [image: image] is the set for wind farms.
3) Operation cost of CHP unit
[image: image]
[image: image] is the cost coefficient of i CHP unit. [image: image] is the set for CHP; [image: image] is the thermal power output of unit [image: image] at time t.
Constraint Condition
1) Power balance constraints:
[image: image]
[image: image] is the electric load at time t.
2) Generation output constraints for non-CHP units:
[image: image]
[image: image] and [image: image] represent the minimum and maximum output power of unit i.
3) Spinning reserve constraint for non-CHP units:
[image: image]
[image: image]
[image: image] and [image: image] are reserved for the up/down rotation of the unit at time; [image: image] is upward ramping capability of generation unit [image: image]. [image: image] Downward ramping capability of generation unit [image: image].
4) Operation constraints of wind power plant:
[image: image]
[image: image] is wind farm output; [image: image] is predicted available wind energy of wind farm [image: image] at period [image: image].
5) Ramping constraints:
[image: image]
6) Feasible region constraint of CHP unit:
[image: image]
[image: image]
[image: image]
[image: image] is CHP unit electrothermal coupling coefficient, [image: image]/[image: image] is minimum/maximum fuel consumption, [image: image] is fuel consumption rate of electricity output, [image: image] is fuel consumption rate of heat output, and [image: image] is the maximum heat output of the CHP unit.
7) CHP unit constraints: Defined in Eqs (18) and (19)
8) HES constraints: Defined in Eqs (20) and (21)
9) Temperature mixing constraints: Defined in Eqs (22) and (23)
10) Temperature dynamics constraints: Defined in Eqs (24) and (26)
SIMULATION RESULTS
The structure of this calculation example adopts the combined heat and power system shown in Figure 2. The power supply type and unit parameters of the system are shown in Supplementary Appendix Tables A1–A3. The calculation example is day-ahead scheduling, and its scheduling period is 24 h which takes 1 h as the scheduling unit. The time resolution of the heat network model is 5 min. The electrical load of the system, the total heat load of the district heating system, and the predicted maximum output of wind power are shown in Supplementary Appendix Tables B1–B3, and the heating network pipeline parameters are shown in Supplementary Appendix Table 1.
[image: Figure 2]FIGURE 2 | Example model of combined electric heating system.
Precision Analysis of the Ring Network After Loop Removal
To verify the accuracy of the proposed strategy, four different control modes are compared in the paper:
Model 1: The initial model of the original 35-pipe multi-source ring heating network.
Model 2: After the first loop removal, model 1 is equivalent to an approximate equivalent model of 32 heating network pipes.
Model 3: After the second loop removal, model 2 is equivalent to the approximate equivalent model of 29 heating network pipes.
Model 4: Model 3 is further resolved into a topological equivalent heating network model of 12 heating pipes.
The pipe simplification results of the model are shown in Table 1, model 2, and model 3; the loop removal operation is carried out for the multi-source annular heating network model 1. After the loop removal, the total length of model 1 is reduced to a certain extent, and the loop structure is removed, which greatly reduces the complexity of the entire network. On the basis of model 3, model 4 further simplifies the model after loop removal and equivalence (using reference 14, traditional tree-shaped heating pipe simplification method), reducing the total number of pipes to 34.29% of the original network. The error of the time delay may be due to the loop structure of the heating pipeline; at least one node will have two different time delays when the loop is removed. This article only uses the weighted average of its time delay to calculate, which will cause a certain error. After the above steps, the topological de-ring of the multi-source ring heating network is approximately equivalent while ensuring that the total heat loss remains unchanged.
TABLE 1 | The pipeline simplification result of the model.
[image: Table 1]In addition to the above, we also need to consider the accuracy of different models after simplification. The initial water supply temperature is set in this paper. the return temperature and pipeline supply temperature curves of model 1 were compared with those of models 2, 3, and 4, respectively. The temperature of each model before and after simplification is compared and analyzed to verify whether the temperature is roughly the same before and after simplification.
For model 2 and model 3, the initial supply temperature and return temperature of the initial node and end point of loop removal were selected to compare with the temperature of the node before loop removal. It can be seen from Figure 3(A1, A2) that the supply temperature curve remains basically unchanged before and after the pipeline is simplified, and the return temperature is the same in Figure 3(A3, A4). The blue line in Figure 3(A3, A4) shows no significant change in temperature; because there is a time delay in the heat transfer process of the heating pipeline, the load node that is close to the heat source first feeds back the change of temperature, but the mass flow of a single load is limited, so the previous change is not obvious.
[image: Figure 3]FIGURE 3 | (A) Temperature comparison curve after ring. (B) Each unit output dispatch plan.
After removing the loop first and simplifying it later, the loop heating network of multi-heat source combined heating is gradually simplified, which reduces the complexity of the current multi-source loop heating pipeline model. Using the equivalent simplification method of multi-source heating network to get rid of loops, model 4 is obtained, and model 1 is equivalently simplified to 12 pipes. Compared with the initial loop heating network of 35 pipes, the heating network is simplified by 65.717%, and the heating network pipe constraints are reduced by 65.717% in the scheduling model, which greatly reduces the complexity of the model′s topology and the difficulty of solution. Figure 3(5) shows the accuracy comparison of the final pipeline simplification.
Analysis of the Result of Combined Electric and Heating Dispatching for Loop Heating Network
In order to verify the accuracy and validity of the combined electric heating dispatching results based on the approximate equivalent model of heat network after loop removal, in this section, the electrothermal scheduling results of model 1 and model 4 are compared. Figures 3(B1, B2) show the optimal electric output of units of the two models, where Figures 3(B1, B2) are the thermal output of CHP unit; Figure 3B shows the unit power output scheduling plan, where Figure 3(B3) is the output of wind farm. Figures 3(B4, B5, B6) are the output of three thermal power units, respectively, and Figures 3(B7, B8) are the thermal output of CHP units. It can be seen that the electrical and thermal outputs of the two models are basically the same, except that there is a large error between the thermal and electrical outputs of CHP unit 1 at the initial stage (1, 2 h).
The experimental results show that the scheduling costs of model 1 and model 4 are respectively 1,193,400 yuan and 1,190,300 yuan, indicating that the simplification of the model does not affect the scheduling costs. Moreover, the computation time of simplified model 4 is reduced by 60.11% compared with the scheduling time of model 1.
CONCLUSION
This paper proposes a method of simplifying a multi-source cyclic heating network topology approximation. The simulation results show that the multi-heat source ring heating network was first removed and then simplified. On the premise of ensuring accuracy, the topology complexity of the ring heating pipeline model was reduced by 65.717%, the complexity of calculation was reduced, and the solving time in the scheduling process was further reduced.
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