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To realize low-carbon energy systems, distributed energy storage systems and flexible loads have been integrated into power grids. System reliability, economy, and resilience, therefore, face significant challenges. This article presents modeling of a distributed energy micro-grid including wind turbines, micro gas turbines, waste heat recovery devices, electric boilers, direct-fired boilers, battery energy storage, interruptible loads, and transferable loads. At the same time, the optimal configuration of energy storage and the demand-side response modeling are studied, and the combined optimization control strategy of the two is demonstrated. The simulation results indicate that the proposed control strategy has better performance than the traditional operation. In addition, this article also clarifies the impact of control strategy on distribution system resilience. The results show that the control strategy proposed in this article can achieve the resource complementarity of demand-side response and energy storage, and realize the integrated coordination of source, network, load, and storage. The distributed energy micro-grid under this control strategy has the best overall economic benefit and the best capacity to accommodate load growth.
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INTRODUCTION
It has been extensively reported that distributed renewable energy power generation technology provides useful solutions to the energy crisis and excessive carbon emissions (Iqbal and Siddiqui, 2017). However, the direct connection between distributed renewable energy units and distribution networks will affect the original power flow distribution status and short-circuit current characteristics (Zho et al., 2021). The uncertainty of renewable energy is likely to cause problems in the reliability of the energy supply, leading to the reconfiguration of protection and control systems (Tian et al., 2020). A distributed energy micro-grid is a good solution to these problems. The United States Electrical Reliability Technical Measures Solutions Association and the European Union Micro-grid Project define a micro-grid (Muhammad Arif et al., 2020) as a small energy system composed of distributed units, loads, energy storage, power electronic devices, communication equipment, power transmission lines, and other facilities. It supplies users with energy such as cooling, heating, and electricity and can be regarded as a unified and schedulable whole. The distributed energy micro-grid is mainly divided into two types according to the operation mode: grid-connected and independent (Wenwu et al., 2018). The independent micro-grid has a weak connection with the utility grid. Because of its small scale and great sensitivity to uncertain factors, it has high requirements on flexible resource utilization, operating economy, and energy supply reliability. With the help of the independent micro-grid, it is possible to supply loads in areas far from the utility grid such as mountainous areas, islands, offshore oil platforms, etc. Besides, it can achieve complementary coordination of cooling, heating, and electricity. This micro-grid can bring superior social benefits (FENG et al., 2020). Therefore, it is of great significance to study the modeling of distributed energy micro-grid and explore how to establish a control strategy for fully and flexibly calling toward the various resources in the micro-grid, which makes the micro-grid better in operational reliability, economy, and resilience.
Power system resilience is an important criterion to assess the ability of a system to adapt and recover from the significant power outages caused by accidents, deliberate attacks, or natural disasters. During this period, electric utilities desire to serve as much load as possible and to minimize the penalty cost for load shedding, which is a critical measure of distribution system resilience (Ma et al., 2018). There are approaches to enhance resilience, one of them is to increase the penetration of distributed energy resources (Shi et al., 2020). For some areas, rapid load growth is also a threat to system resilience. Therefore, studying the impact of a distributed energy system on load growth after adopting a control strategy can reflect the impact on system resilience. The operation of a micro-grid requires the support of various resources that can be flexibly invoked. In terms of power supply, the scheduling technology for conventional units has matured. However, problems such as uncertain output and wind abandonment still exist. As far as energy load, demand-side response (DR) resources can be flexibly invoked, and the DR technology enables both sides of supply and demand to participate in the optimal scheduling simultaneously. Qi et al. (2021) proposed a scheduling strategy that considers DR classification and segmented participation in multi-timescale source–load coordination. This method can effectively reduce the cost of scheduling operations and promote the utilization of renewable energy. Duan (2016) introduced a price-based demand bidding mechanism, which effectively stabilizes load fluctuations in dispatch. This bidding mechanism brings the surplus adjustable capacity to the source side and increases the social welfare of the power system. China has already implemented guidelines and interface standards for power systems and DR technology. Nonetheless, large-scale and automatic DR cannot be carried out with the limitation of imperfect policies and regulations (Zhang et al., 2014). Meanwhile, the personalized demand on the load side prevents excessive interference in energy usage upon scheduling. Therefore, only a few loads can participate in DR. When considering DR in the process of optimizing operation, it is necessary to arrange an appropriate load response plan to achieve a win–win situation between supply and demand. In addition, energy storage has attracted attention due to its advantages including bidirectional power flow, energy transfer across time, and low environmental impact. The configurations of electric energy storage and power control in the micro-grid can resolve uncertainties and improve the reliability of the energy supply (Bahramirad et al., 2012). Hajipour et al. (2015) carried out a micro-grid electric energy storage plan based on the Monte Carlo method. This plan proved that electric energy storage can effectively handle uncertain factors and possess economic competitiveness. Ding et al. (2011) adopted a new type of battery to optimize the operation of the micro-grid. This type of energy storage has a special operating environment and high management costs, and it has little effect on the cost cutting of the micro-grid operation. Considering the high cost and environmental pollution, it is important to configure electrical energy storage rationally before optimizing an operation. In the process of optimizing the configuration of energy storage, the complementation of resources in the distributed energy micro-grid should be considered. At this time, considering DR is expected to make the plan more economical and has better operating performance. Tao et al. (2017) employed variable participation frequency to control refrigerator temperature control load and optimized the configuration of electric energy storage based on the probability planning method. The results demonstrated that the DR resource can partially replace the electric energy storage and improve the economics of the micro-grid. Shi (2018) optimized the dual-layer configuration of wind power and energy storage with the load transfer, translation, and reduction being considered. The result proved that the proposed DR method can cut operating costs, improve power supply reliability, and reduce the configuration requirements for electrical energy storage.
Existing research does not comprehensively consider factors such as reservation of conventional units, thermal power compensation, and waste heat depletion of the combined heat and power (CHP) system or clarify the impact on distribution system resilience. Based on the establishment of a distributed energy micro-grid model, the control strategy introduced in this article explores the abovementioned problems. The strategy uses the integrated time series of typical days in the four seasons and the idea of cost discounting to optimize the configuration of energy storage. It also implements the flexible deployment of multiple resources such as conventional units, wind turbines, DR, and electrical energy storage in multiple time nodes. In the process of energy storage configuration optimization, this article compares the difference between whether to involve DR. The results show that involving DR is beneficial to reduce energy storage configuration capacity. This article creates four combination modes of DR and energy storage, and the control model is solved by GAMS to minimize the accumulative cost for dispatchable DER operation. According to the results, the operational reliability, economy, and interference to energy consumption behavior of the four modes are compared. Calculations are performed to illustrate the impact on distribution system resilience. This article reveals a control strategy that comprehensively considers reservation of conventional units, thermal power compensation, waste heat depletion of the combined heat and power system, optimal configuration of energy storage and the DR, and the impact on distribution system resilience. The strategy shows good performance in promoting the integrated coordination of source, network, load, and storage of a distributed energy micro-grid, improving the reliability of energy supply, cutting operating costs, reducing the interference to energy consumption, increasing system resilience, and advocating a way to guide the planning of work in areas with a high load growth rate.
RESOURCE MODELING IN INDEPENDENT MICRO-GRID
Main Structure of Independent Micro-Grid
The main structure of a CHP-independent micro-grid is shown in Figure 1. The micro gas turbine is a gas–electric coupling device. The waste heat recovery device is a gas–heat coupling device. The direct-fired boiler is a gas–heat coupling device, and the electric boiler is an electric–heat coupling device. The electric load is divided into conventional electric load and electric boiler. Both conventional electric load and heat load participates in DR partly. The electric energy storage is treated as an electric energy transfer station.
[image: Figure 1]FIGURE 1 | Schematic diagram of an isolated combined heat and power micro-grid.
Unit Modeling
The mathematical models of conventional controllable distributed thermal power units such as micro gas turbines and waste heat recovery devices, electric boilers, and direct-fired boilers are given in Supplementary Appendix (Tao et al., 2017). And the active power output characteristics of wind turbines can be found in the Supplementary Appendix (Shi, 2018).
DR Resources
The current DR strategy is mainly composed of price type and incentive type (Luo et al., 2020). The price-based DR uses a pricing mechanism to guide users to respond to changes in energy supply prices actively. Incentive DR signs an agreement between the energy supply side and the user side and grants subsidies to users to obtain direct load management rights. The real-time power balance of the system is maintained by invoking interruptible and transferable loads and other resources. The agreement routinely stipulates the limit on the number of loads participating in DR and other factors. Compared with the price-based DR, incentive type one has a shorter response time, more flexible method, and more obvious effect. The subsidy paid in this way is smaller than the penalty fee caused by load shedding, which is beneficial to cutting operating costs. In this article, the independent micro-grid does not involve electronic transactions with the utility grid. The user-side information is not transparent. The responses under the price-based DR cannot be certainly described and is difficult to be reflected in the optimization model. Therefore, the incentive-based DR is selected. Taking into account the incentive-type DR, the electric and heat load components are decomposed as in Eqs 1, 2:
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where
[image: image] is active power load at node i before DR is implemented in time period t,
[image: image] is active power load at node i after DR is implemented in time period t,
[image: image] is active power load planned to be moved in,
[image: image] is active electrical load planned to be removed,
[image: image] is active power load planned to be interrupted,
[image: image] is active electrical load cut off outside the agreement, and
Q represents the heat load, where the subscripts have the same meaning as those mentioned above, and the units of the above load items are all kW.
Electric Energy Storage
Electric energy storage is mainly divided into power type and energy type according to their technical characteristics. As far as the independent micro-grid optimization, the main consideration is the energy-type electric energy storage possessing high energy density. Pumped water storage and compressed air energy storage are not commonly used due to the constriction of resource and geographical conditions. Battery storage (BS) has been widely used in modern power systems owing to its characteristics of commercialization and large-scale energy storage. For example, BS can be used for the operating power supply of power plants and substations or as the backup energy of AC uninterrupted power supply (Zhu et al., 2014). Recently, the performance of BS has been improved, and the cost has declined. With rational configuration, its technical benefits and economic investment can be balanced. Therefore, we selected BS to form an electric energy storage system and involved the flexible invocation of BS resources in the independent micro-grid optimal scheduling.
For BS unit b, the main technical parameters are as follows: rated capacity [image: image] (kWh), self-discharge rate [image: image] (h−1), charging efficiency [image: image], discharge efficiency [image: image], maximum state of charge [image: image], minimum state of charge [image: image], maximum charging power [image: image] (kW), maximum discharge power [image: image] (kw), set unit b with power in time period t as [image: image] (kW), external charging power for unit b [image: image] (kW), and external discharge power of unit b [image: image] (kW). The definition and calculation of the state of charge in the time period t are shown in Eqs 3, 4, respectively.
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OPTIMIZATION MODEL
Cost Calculation

1) Total cost of independent micro-grid operating expenses:
The calculation of the total cost of independent micro-grid operating expenditures within the simulation duration [image: image] (Yuan) can be calculated by Eq. 5:
[image: image]
where
[image: image] is wind abandonment penalty cost (Yuan),
[image: image] is consumption of wind power subsidies (Yuan),
[image: image] is operating cost of micro gas turbine switch (Yuan),
[image: image] is sum of fuel costs of micro gas turbines and direct-fired boilers (Yuan),
[image: image] is cost of treating carbon dioxide released by micro gas turbines and direct-fired boilers (Yuan),
[image: image] is operation and management cost of conventional controllable distributed thermal power unit (Yuan),
[image: image] is load shedding penalty cost (including heat load and electric load) (Yuan), and
[image: image] is cost of DR subsidies (Yuan).
The specific calculation formula of the above variables are given in Supplementary Appendix.
[image: image] involves various cost items that reflect the economics, environmental protection, and power supply reliability of an independent micro-grid operation.
2) Cost of BS configuration conversion:
The calculation of the cost of optimizing the configuration of the BS converted to the value [image: image] (Yuan) within the simulation duration is shown in Eq. 6:
[image: image]
where
[image: image] is the investment of a BS unit, which is converted to the value within the simulation duration considering the idea of cost discounting [Yuan/(quantity × simulation time length)], and
[image: image] is the number of BS units at node i.
Constraints

3) The switch state of the micro-gas turbine and action variable constraints can be found in Yun et al. (2020), and the specific computational formulas are provided in the Supplementary Appendix.
4) The upper and lower limits of the active output of the micro gas turbine:
Standby is the additional unit capacity of the power system to ensure safe and stable operation when the power system is subject to uncertain factors. The adjusted reserve is used to balance the forecast error of the wind turbine output, and the spinning reserve is used to deal with accidents. The upper and lower limits of the active power output of the micro gas turbine are shown in Eq. 7:
[image: image]
where [image: image] is the minimum active power output of gas turbine (kW), [image: image] is the maximum active power output of gas turbine (kW), [image: image] is the switch machine state 0-1 variable in time period t, [image: image] is the adjust reserve capacity (kW), and [image: image] is the spinning reserve capacity (kW).
5) The climbing constraints of micro gas turbines are detailed in the Supplementary Appendix.
6) The upper and lower limits of the power of the electric boiler and the heating power of the direct-fired boiler are given in the Supplementary Appendix.
7) The actual active power output of the wind turbine and the wind curtailment power constraints are given in the Supplementary Appendix.
8) The load shedding power constraints are given in Eqs 8, 9:
[image: image]
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where [image: image] is the coefficient of the heat load that the node allows to remove, [image: image] is the coefficient of the electric load that the node allows to remove, [image: image] is the node heat load, and [image: image] is the node electric load.
9) The DC power flow constraints are provided in the Supplementary Appendix. The independent micro-grid in this work has less load and the phenomenon of branch power flow exceeding the limit is not easy to occur. Thus, only the direct current wave is considered, and this can meet the requirements for the electric network part.
10) Constraints in DR:
(a) The upper and lower limits of interruptible and transferable load are given in Eqs 10–15:
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where [image: image] is the ratio of the maximum interruptible heat load of a node to the original load, [image: image] is the ratio of the maximum interruptible electric load of a node to the original load, [image: image] is the ratio of the maximum transferable heat load of a node to the original load, and [image: image] is the ratio of the maximum transferable electric load of a node to the original load.
(b) Interruption duration constraint of the interruptible load is given by:
[image: image]
where
[image: image] is the upper limit of the interruption duration allowed by the node each time.
(c) Constraint on the total number of cut offs of interruptible loads is given by:
[image: image]
where [image: image] is the total number of interruptions allowed by the node per day.
(d) Interruption time interval constraint of the interruptible load is given by:
[image: image]
where n(i) is the minimum value of the time interval between the two load cut off of the node, and V(i,t) is the 0–1 variable that indicates whether the node is interrupted during the t period.
(e) Constraints of transferable load balance
It is assumed that the transferable load needs to be met within 1 day to control the impact of load movement on users. Then, the total load moved in by a node in 1 day should equal the total load moved out by the node:
[image: image]
where L is the number of days included in the simulation duration.
11) BS operation constraints:
Assuming that the parameters of all BS units are the same and that the initial state of charge and charging and discharging behaviors of the BS units of the same node are consistent, the constraints that need to be met by the BS unit group of a node can be listed as follows:
(a) The upper and lower limits of charge and discharge power and the upper and lower limits of the state of charge are given in the Supplementary Appendix.
(b) BS power constraint at the end of the cycle:
At the end of a BS work cycle (1 day), the power stored in the BS unit group of each node [image: image], [image: image] (kWh) needs to be limited to the upper limits [image: image] and lower limits [image: image], so there is a remaining power at the beginning of the next work cycle that can be charged and discharged. The BS rated capacity is kept unchanged during the simulation. This constraint can be equivalent to the upper and lower bound constraints of the BS state of charge at the end of each working cycle, as shown in Eq. 20:
[image: image]
12) BS configuration constraints which include constraints on the number of BS units allowed to be installed on a single node and the total number of BS units allowed to be installed in the network has been provided by Yun et al. (2020). See the Supplementary Appendix for specific formulas.
13) Power balance constraint
(a) Considering the active power balance constraint of DR and BS configuration at the same time, as given in Eq. 21:
[image: image]
where [image: image] is the number of micro gas turbines installed at the node, [image: image] is the number of wind turbines installed at the node, [image: image] is the number of electric boilers installed at the node, and [image: image] is the collection of nodes connected by the branches between nodes.
(b) Considering the thermal power balance constraint of the DR and BS configuration at the same time, as given in Eq. 22:
[image: image]
Because heat is easy to lose during transmission, a thermal power compensation coefficient [image: image] larger than 1 is included to reserve thermal power margin.
Strategy of BS Optimal Configuration Considering DR
The BS optimal configuration based on specific data is an important prerequisite for optimal scheduling. The modeling of configuration includes two aspects: constraints and optimization goals.
14) Constraints: all constraints listed in Constraints.
15) Optimization goals: solving the number of access nodes and units of the BS to minimize the value of [image: image]. The purpose is to optimize the overall economy of the independent micro-grid when configuring the BS. The calculation of this is shown in Eq. 23:
[image: image]
Control Strategy Considering DR and BS Configuration

16) Constraints: constraints (1)–(9) and (11) in Constraints.
17) Optimization objective: solving the planned output value of the thermal power unit, the consumed wind power and abandoned wind power, and the thermal power load removal during the day to be dispatched. To formulate the BS charge and discharge, load interruption, and transfer plan to minimize the value of [image: image]. The BS is configured according to the solution results of the model in Strategy of BS Optimal Configuration Considering DR.
CALCULATION EXAMPLES AND ANALYSIS
Basic Parameter Settings
We built an independent micro-grid model of combined heat and power based on the IEEE 33-node system. Based on the optimized configuration of BS, the independent micro-grid optimized dispatching takes into account DR and the configuration of BS. The model contains 30 load nodes, 32 lines (numbered branch1–branch32), 16 micro gas turbines and the corresponding heat recovery devices (numbered CG1–CG16), two wind turbines (WT1 and WT2), one direct-fired boiler (DB), and two electric boilers (EB1 and EB2). Assuming that the access node of the unit has been given, the information of each node in the micro-grid can be obtained and is provided in Supplementary Appendix Table SB1. The system voltage is 10 kV, and the reference capacity S base is 10 MVA. Thus, the standard unit value of the electrical network parameters can be obtained and is listed in Supplementary Appendix Table SB2. The configuration of the independent micro-grid network is shown in Figure 2. Node 13 is a phase reference node.
[image: Figure 2]FIGURE 2 | Diagram of network of the isolated micro-grid.
WT1 and WT2 have the same parameters: [image: image] = 750 kW, [image: image] = 2.5 m/s, [image: image] = 12 m/s, and [image: image] = 20 m/s. The parameters of EB1 and EB2 are the same: [image: image] = 92.5%, [image: image] = 1.35 Yuan/kwh, [image: image] = 120 kw, and [image: image] = 0 kw. The technical parameters of DB are as follows: [image: image] = 85%, [image: image] = 0.3 kg/kwh, [image: image] = 500 kw, [image: image] = 0 kw, and [image: image] = 2.25 Yuan/kwh. The parameters of CG1–CG16 are shown in Supplementary Appendix Table SB3: [image: image] = 1.1, [image: image] = 0.75 Yuan/kwh, [image: image] = 0.55 Yuan/kwh, [image: image] = 2.4 Yuan/m3, [image: image] = 1.15 (p.u.), and [image: image] = 0.25 Yuan/kg.
It is assumed that the predicted values of the electrical load and thermal load of node i in time period t are expressed in the form of “load base value at node i predicted value of load rate in time period t.” The base value of the electrical load and thermal load of each node is shown in Supplementary Appendix Table SB4. The DR related parameters were set as follows: [image: image] = 0.2%, [image: image] = 0.2%, [image: image] = 8%, [image: image] = 10%, [image: image] = 3 Yuan/kWh, [image: image] = 2 Yuan/kwh, [image: image] = 1.85 Yuan/kWh, and [image: image] = 1.35 Yuan/kWh.
The BS unit parameters are selected as follows: [image: image] = 200, [image: image] = 2,000, [image: image] = 30 Yuan/(quantity *96 h), [image: image] = 95%, [image: image] = 95%, [image: image] = 6 kWh, [image: image] = 0.98, [image: image] = 0.2, [image: image] = 0.35, [image: image] = 0.75, [image: image] = 0.5, [image: image] = 0.01% h−1, [image: image] = 1.2 kW, and [image: image] = 1.2 kW.
BS Optimized Configuration Parameter Settings
Considering long-term operation and multiple load conditions, we selected the typical daily data of the independent micro-grid for the four seasons to optimize the configuration of the number of BS access nodes and units. To avoid the different configuration results of each typical day caused by solving in the unit of day, the four curves of typical days in the four seasons are integrated into a single curve which are in the order of spring, summer, autumn, and winter. The forecast values of the output of a single wind turbine is shown in Figure 3, and the forecast values of the electric and heat load rate are shown in Figure 4. Then, the simulation time of the BS optimal configuration model T(96 h) can be obtained, including the number of BS working cycles, L = 4. Additionally, both are set as 0.1%.
[image: Figure 3]FIGURE 3 | Forecast values of the output of single wind turbine during typical days of four seasons.
[image: Figure 4]FIGURE 4 | Forecast values of electric and heat load rate during typical days of four seasons.
Solution and Analysis of BS Optimal Configuration
The CPLEX solver in GAMS is used to solve the independent micro-grid BS optimal configuration model that takes DR into account. The model is a mixed integer linear programming problem, and the results are given in Table 1.
TABLE 1 | Optimal configuration results of battery storage (BS) in the isolated micro-grid considering DR.
[image: Table 1]Regardless of DR, the same parameter settings are used to solve the BS optimal configuration model, and the results are provided in Table 2.
TABLE 2 | Optimal configuration results of battery storage (BS) in the isolated micro-grid without considering demand-side response (DR).
[image: Table 2]Under the same conditions, compare the total number of configured BS units in Tables 1, 2, and it can be seen that the total number has reduced by 45.14% after the implementation of the incentive-type DR, indicating that the incentive-type DR can effectively reduce the overall configuration requirements of the independent micro-grid.
Optimized Scheduling Parameter Setting of Independent Micro-Grid
We take the simulation duration of the scheduling model as T = 24 h. Assuming that the forecasted wind speed of the area where the independent micro-grid is located in each period of the day that needs to be dispatched is given, the forecasted value of the active power output of a single wind turbine can be calculated according to the model in Main Structure of Independent Micro-Grid. The results are presented in Figure 5. The predicted values of the electric load and heat load rate on the day that needs to be dispatched are shown in Figure 6. Both [image: image] and [image: image] are set as 0.
[image: Figure 5]FIGURE 5 | Forecast values of wind speed and a single wind turbine's output during the day to be dispatched.
[image: Figure 6]FIGURE 6 | Forecast values of electric and heat load rate during the day to be dispatched.
Solution and Analysis of Optimal Scheduling of Independent Micro-Grid
Taking the results in Table 1 as the BS configuration scheme, the CPLEX solver in GAMS is utilized to solve the mixed integer linear programming problem. Taking the BS of node 11 as an example, the planned charging and discharging, and state-of-charge curves are shown in Figure 7. The BS characteristics of the other nodes are analogous to node 11.
[image: Figure 7]FIGURE 7 | Charging or discharging behaviors and state of charge of battery storage units at node 11.
Considering the DR and BS configuration of independent micro-grid, the results of the plan values of heat power, active power, and thermal power on the scheduling day are shown in Figures 8, 9, 10, respectively. If the total active power of the BS is negative, it is in the charging state. On the other hand, the total active power indicates the discharging state.
[image: Figure 8]FIGURE 8 | Planned values of heat power items during the day to be dispatched.
[image: Figure 9]FIGURE 9 | Planned values of active power items during the day to be dispatched.
[image: Figure 10]FIGURE 10 | Net active load values before and after considering demand-side response (DR).
It can be seen from Figure 8 that the removed heat load is satisfied when it is transferred to a low heat load rate and a high electric load rate. On this occasion, the increase in heat load helps to make effective use of waste heat. It can be seen from Figure 9 that the overall BS is charged from 1 to 6 o'clock and 21 to 24 o'clock when the electricity load rate is low and wind power resources are abundant. On the other hand, it is discharged from 9 to 16 o'clock when the electricity load rate is high and wind power resources have been consumed and cooperate with the micro gas turbine to supply the electric load in the grid.
In addition, the following configurations are taken for independent micro-grids: 1) DR is not implemented, and BS is not connected; 2) DR is not implemented, and BS is configured according to Table 2; 3) DR is implemented, and BS is not connected. Subsequently, the same parameters are used to solve the independent micro-grid optimization scheduling. The comparison of the planned expenditures of the independent micro-grid on the day of scheduling and the total cost of operating expenditures in the four scenarios are given in Table 3. For each scenario, the comparison of the total cost of independent micro-grid expenditures considering the BS investment converted to the value on the day that needs to be scheduled is shown in Figure 11. In addition, to give priority to the stable operation of the power system, the remaining heat of the micro gas turbine is dissipated when the heat load is light and the heat resources are abundant (not “using heat to determine electricity”). The comparison of the remaining heat dissipated in each scenario is shown in Figure 12.
TABLE 3 | Comparison of cost items of optimized dispatching plans under various scenarios.
[image: Table 3][image: Figure 11]FIGURE 11 | Total expenditures of the isolated micro-grid considering the cost of electrical energy storage.
[image: Figure 12]FIGURE 12 | Residual heat dissipation under various scenarios.
For the same calculation example, after the independent micro-grid implements the incentive DR and optimally configures the BS, the comparison results with other scenarios are as follows:
(1) It can be seen from Table 3 that there is no load removal and interruption in the plan, indicating that the model can guarantee the reliability of energy supply at the plan level and realize economic dispatch on the source side. From Figures 8–10, it can be seen that the transferable load makes the thermal and electrical load curves achieve “peak shaving and valley filling.” Regarding the electric load, the rise of the trough section allows part of the wind power that was originally abandoned due to surplus to be absorbed. The reduction in the peak section reduces the power supply pressure of the unit and the dissipation of the waste heat. Regarding the heat load, the reduction of the peak period reduces the heating pressure, and the cost of the direct-fired boiler is reduced to zero.
(2) It can be concluded from Table 3 that [image: image] reduces by 89.598% compared with the situation where no measures are taken. This is the minimum value in all scenarios. [image: image] is increased by 31.546% after no method is invoked, which is the maximum value in all scenarios. The total cost of the thermoelectric unit is reduced by 9.993% compared with when no measures are taken, which is the minimum value in all scenarios. Even considering the investment of the BS equivalent to the dispatch date 30/4 = 7.5 yuan/(quantity·24 h), [image: image] is also reduced by 7.651% when compared with when no measures are taken, which is the minimum value in all scenarios. In addition, it can be seen in Figure 12 that the remaining heat dissipation is reduced by 29.934% when no measures are taken, which is the minimum value in all scenarios. Hence, it can be concluded that the model proposed in this article has the best overall economics compared with other configurations and can further realize the energy saving and emission reduction of independent micro-grids.
(3) It can be concluded from Table 3 that for the same incentive type DR, the transferable load is reduced after the BS is optimized, especially for the transferable electric load, which is reduced by 8.683%. This shows that the introduction of BS can reduce the interference to energy consumption. Combined with the analysis in Solution and Analysis of BS Optimal Configuration, the simultaneous use of the two resources has achieved complementary effects.
Impact on the Distribution System Resilience
In the real system, the load will increase over time, and the source side needs to be upgraded regularly to meet the load demand. As mentioned earlier, studying the impact on load growth after adopting a control strategy can reflect the impact on system resilience. By examining the data reported here, we can see that there exist redundant configurations of energy in the network, indicating that a certain load increase is acceptable. After considering the incentive DR or the configuration of BS (see Solution and Analysis of Optimal Scheduling of Independent Micro-Grid), the reduction of the energy supply pressure during the peak load period means the redundant capacity of the source side increases, and it has the potential to accommodate more load growth. In this section, the typical days of the four seasons are selected as the time series, and the thermal load and electrical load of each period are set to increase at the same rate ([image: image]) based on the original load. The control strategy corresponding to each scenario is employed to calculate the operation status until a convergence solution cannot be obtained. Then, the previous value of [image: image] is recorded as the critical load growth rate [image: image] of the micro-grid in this scenario to measure its ability to accommodate load growth. The model is programmed with GAMS, and the solution is carried out by the CPLEX solver. The results are shown in Table 4. Since only the parameter [image: image] is under control, if the model does not have a convergent solution, it indicates that the scheduling plan under the value of [image: image] cannot be implemented as required, rather than there being a problem within GAMS.
TABLE 4 | Critical rate of load growth in the isolated micro-grid under various scenarios.
[image: Table 4]It can be seen from Table 4 that [image: image] reaches the smallest when DR is not implemented and BS is not configured, [image: image] is the largest when incentive-type DR is implemented and BS is configured. This shows that the effective control of BS and DR is beneficial to accommodate more load. The control strategy with BS and DR at the same time shows the most effective way to improve system resilience. This can further delay the upgrade of the micro-grid and brings long-term comprehensive benefits for the micro-grid while maintaining the required reliability of energy supply.
CONCLUSION
Based on the establishment of a distributed energy micro-grid model, this article carried out the control strategy for flexible invocation of multiple types of resources such as conventional thermal power generators, wind turbines, and incentive-type DR, BS, etc. The interference of different resources combination on network reliability, economy, and energy consumption behavior was also compared. The impact on distribution system resilience was demonstrated. Our simulation results show:
(1) The method we proposed realizes the unified and flexible call of various resources in the distributed energy micro-grid and the integrated coordination of the elements of source, network, load, and storage.
(2) The incentive DR reduces the configuration requirements of the BS when optimizing the operation of micro-grid. The access of the BS can reduce the interference to the energy consumption behavior during the optimization schedule. The two resources achieve complementary effects.
(3) Without sacrificing the reliability of energy supply, our method enables the distributed energy system to achieve economically optimal operation, greatest energy saving, emission reduction, and the best system resilience.
This article expects the coordination and optimization of active and reactive resources of distributed energy micro-grid, more detailed energy storage models, more complex DR strategies, and uncertainty modeling of wind turbine and load in subsequent research so that the performance of the micro-grid can be further optimized.
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