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Under the background of “dual carbon” strategy, the integration of renewable energy adds volatility to the grid. Relying solely on generation-side resources for regulation is inadequate, necessitating a flexible demand response from diverse demandside resources. This paper employs a physical connection and information exchange between the distribution network and microgrids to leverage the advantages of centralized-distributed optimization. This establishes a coordinated demand response model between the distribution network and microgrids, gradually establishing a new type of distribution network that integrates interconnected grids and microgrids. This also necessitates the analysis of the response characteristics of various load resources within microgrids and the categorization and modeling of loads based on their response speeds. Additionally, a method for evaluating the multi-time scale schedulable capacity of microgrids is proposed. Finally, a coordinated demand response model between the distribution network and microgrids based on the schedulable capacity assessment is established. This model is validated through case studies, demonstrating its effectiveness. The coordinated demand response between distribution networks and microgrids enables them to operate in a collaborative and economically safe manner.
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1 INTRODUCTION
The global market is becoming more interconnected due to societal demand and the shift in global industrial development. As a result, climate change and environmental pollution have become increasingly severe issues. The consumption of non-renewable resources in an outdated pattern leads to excessive depletion of finite resources and serious environmental pollution, which constitutes an unsustainable development model. Therefore, the energy transition is currently undergoing continuous experimentation as a strategic approach capable of achieving both improved environmental conditions and resource sustainability (Gielen et al., 2019; Hillerbrand et al., 2019; Li and Kong, 2019).
In China, the power industry accounts for about 40% of the country’s carbon emissions (Kang et al., 2022). Under the background of “double carbon,” carbon reduction in the power industry has become a key task (Li Y. W. et al., 2022; Zhang and Kang, 2022; Huang et al., 2023). Opening up new energy and low-carbon transformation is an inevitable trend in the development of the power system. With the continuous improvement of the whole industrial chain system of new energy in China, the construction cost of new energy development has been declining, the pace of market-oriented development of wind power and photovoltaic generation has been accelerating, and the proportion of new energy has gradually increased. At the same time, the impact of uncertain factors such as climate and seasons on new energy generation has brought many new challenges to the power system (Wei, 2019; Li P. S. et al., 2021; Chen, 2021; Yuan et al., 2022; Zhou et al., 2023). It is necessary to fully tap into the diverse resources on the demand side and form a more flexible, convenient, and rapid demand response to improve the regulating capacity of the power system (Jiang, 2018; Gan, 2022).
Microgrids can provide an effective solution to the problems of difficult distributed resource management and insufficient power grid regulation capacity caused by new energy access (Ju and Chen, 2023; Belkhier and Oubelaid, 2024). At the same time, demand response guides users to actively shift and avoid peak loads through market-oriented means (Xu et al., 2018; Wang et al., 2020), which effectively reduce peak loads while also obtaining certain economic benefits for users. It is a win–win approach for the power grid and users.
Demand response is mainly classified into two types: price-based and incentive-based. At present, in the practical application of demand response, users spontaneously adjust their electricity consumption behavior based on the electricity price to obtain benefits from the peak valley dispersion. Large-scale users can obtain corresponding incentives by signing contracts with the power grid to complete the agreed peak load shifting response within the agreed time period. Cui et al. (2021) built the demand response model and guided load adjustments using a price elasticity matrix to alleviate peak system pressures. Li W. et al. (2021) proposed an incentive mechanism for load aggregation merchants targeting shiftable load resources from the perspective of user electricity preferences, thus obtaining optimal incentive contracts for users and optimal scheduling strategies for load aggregation merchants. Both of the above methods fail to closely integrate users’ response with grid-side regulation needs, so the response effect often fails to meet expectations. Peak-valley prices are difficult to accurately and dynamically reflect regulation needs, and the scale and frequency of the latter are relatively limited (Fan et al., 2022). For users, the response cost is high and it is difficult to form scale benefits.
Assessing demand response potential is an important aspect of demand response research, also known as the schedulable capacity or controllable capacity. Currently, research on the demand response potential assessment has made some progress (Li et al., 2017; Xu et al., 2017; Zhang et al., 2018), with three typical assessment methods: electricity consumption analysis, elasticity coefficient method, and regression analysis method. Alvarez et al. (2004) quantified the quality and characteristics of its demand response resources through electricity consumption analysis at higher education institutions, achieving a demand response potential assessment at both intraday and intraday time scales. Li et al. (2017) analyzed the range of load response for industrial, commercial, and residential users based on the electricity demand-price elasticity coefficient, combined with industry load characteristics statistical models, forming a demand response potential envelope. Kong et al. (2022) established a secondary regression parameter database for typical electricity consumption patterns by analyzing key factors influencing power users’ participation in demand response, proposing a depth-subdomain adaptive demand response potential assessment method based on feature similarity. The elasticity coefficient assessment method primarily targets load group behaviors with a certain magnitude and is not related to the actual specific load response process. The regression analysis method focuses on users with regular electricity consumption patterns, studying the characteristics and patterns of their historical responses to assess their demand response potential. Both of these methods cannot be used to guide users in conducting demand response.
In addition to theoretical research, countries around the world are actively implementing demand response in practice. The United States has established demand response based on electricity markets in various states, with a wide range of demand response types and relatively well-developed policies and regulations, placing it in a leading position globally. The European Union has not yet formed a comprehensive demand response implementation plan. However, European countries have launched distinctive demand response projects tailored to their national conditions. For instance, France has implemented the “Red, White, and Blue Electricity Price” policy to encourage user participation in demand response. In the United Kingdom, market participants primarily include large electricity users and load aggregation merchants, with transactions executed every half hour and participation in the United Kingdom's electricity balancing mechanism (Huang and Zhang, 2020).
Microgrids not only optimize the coordination of local generation, load, and storage resources to enhance regional economic benefits but also participate as controllable units in the optimization and scheduling at the distribution network level. They provide services such as peak shaving, frequency regulation, and demand response, thereby enhancing grid regulation capabilities and further improving the reliability and flexibility of power system operations (Yang et al., 2014; Dashtdar et al., 2022). Currently, the main application scenarios for coordinated distribution–microgrid operations are optimization and scheduling. Osama et al. (2020) divided large distribution networks into multiple virtual microgrids and proposed a microgrid optimization design method that includes distributed generation units, thereby optimizing the operation and control of the distribution network. Zhou and Ai (2020) studied distribution network systems with multiple microgrids, introducing the concept of a virtual coordinator to divide the topology into a “component–subsystem–main system” structure, achieving a joint economic dispatch of the distribution network and multiple microgrids. Yan et al. (2021) proposed a two-pole network constraint equivalent energy interaction method for multiple microgrids, ensuring flexible connectivity and power exchange between microgrids while maintaining the privacy of microgrids and the operational safety of the distribution network.
As an independent demand-side stakeholder, microgrid-related research studies on the demand response characteristics are relatively well-established, with some explorations and innovations in coordinated distribution-microgrid demand response. Li X. et al. (2022) considered various types of microgrid demand response characteristics and proposed a distributed optimization scheduling strategy for urban distribution systems, reducing overall operating costs and improving the economic viability of microgrids and distribution systems. Li Z. K. et al. (2022) introduced a dual-layer scheduling model considering microgrid demand response and power exchange, with the lower layer coordinating the outputs of various microgrids to minimize operating costs, while the upper layer optimizes active and reactive power at the distribution network level. Kahnamouei and Lotfifard (2022) achieved a critical load recovery after extreme events through the coordinated optimization of distributed energy sources, microgrids, and demand response.
However, current research studies have not fully utilized the function of distribution networks as guideline for the demand response of microgrids nor has it distinguished the demand response of microgrids from other stakeholders at the practical application level. If the guidance role of the distribution network on microgrid demand response can be strengthened, forming a dedicated channel for coordinated demand response between distribution and microgrids, where microgrid demand response becomes the execution of “demand response instructions” from the distribution network, it can achieve more targeted and frequent small-scale demand response. Additionally, it would exhibit characteristics of being more stable, accurate, and rapid in response.
Therefore, this paper conducts research on the distribution–microgrid-coordinated demand response based on the multi-time scale schedulability assessment. Conducting specific application scenario research on coordinated distribution–microgrid demand response, this paper aims to enhance the rapid regulation capabilities of distribution networks through scaled and normalized microgrid demand response, thereby forming a hierarchical demand response structure. The contributions of this study are as follows:
(1) Proposed a load grading modeling method based on the response time of loads. By considering the different response characteristics of different loads within the microgrid, especially their response time during demand response, a load grading modeling method was proposed. The grading of loads corresponds to demand response at multiple time scales.
(2) Introduced a multi-time scale dispatching ability assessment method for microgrids. Based on the grading model, demand response was divided into four scales: day-ahead, hourly, minute-level, and second-level. A multi-time scale dispatching ability assessment model for microgrids was established to describe the relationship between schedulable loads and corresponding costs.
(3) Studied distribution–microgrid coordinated demand response based on the multi-time scale schedulable capacity assessment. Leveraging the load grading model and multi-time scale schedulable capacity assessment of microgrids, a distribution–microgrid coordinated demand response framework was developed. This framework maximizes the advantages of centralized-distributed optimization, allowing rapid instructions from the distribution network to the microgrid for stable and accurate responses. This approach achieves stable and efficient demand response while maximizing economic benefits.
2 LOAD CLASSIFICATION AND MODELING CONSIDERING RESPONSE TIME
First, the response time, sustainability time, response uncertainty, and differential characteristics of demand response of commonly available demand response loads are studied, and the load is divided into seven levels according to response time, as shown in Figure 1. Different levels of load resources can meet the regulatory needs of different scenarios. Below is a load modeling of interruptible loads, energy storage, electric vehicles, and air conditioning that this article focuses on, and a brief explanation of their control methods of how they involve in demand response.
[image: Figure 1]FIGURE 1 | Load grading by response time.
2.1 Interruptible loads
Interruptible loads can be controlled through load control devices such as specialized transformer load control terminal or precise load control terminal to achieve shunt tripping function and complete load control. The response time is less than 1 s, and it belongs to the first-level response resources.
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where [image: image] is the power before interruptible load response; [image: image] is a binary variable (0 or 1) that enables the interruption of interruptible loads, where 0 indicates the removal of interruptible loads and 1 indicates the normal operation of interruptible loads; and [image: image] is the power of interruptible loads considering demand response.
2.2 Energy storage
The energy storage can flexibly adjust the charge–discharge power according to the power command, achieving a bidirectional power flow and fast response. The response time is in the second level, so the energy storage belongs to the second-level response resources. Then, a load model for energy storage is established:
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where [image: image] is the output power of energy storage equipment at time t in microgrids, and a positive value indicates charging, while the negative one indicates discharging. [image: image] and [image: image] are charge power and discharge power of the energy storage at time t, respectively; [image: image] and [image: image] are the charge–discharge efficiency of the energy storage, respectively; Δt represents the charging and discharging time, and here, it is set to 1; [image: image] is the capacity of the energy storage; [image: image] is the state of charge (SOC) for energy storage at time t; Eqs 4–6 indicate the restrain of SOC and charge–discharge power; [image: image] and [image: image] are the upper and lower limits of SOC, respectively; [image: image] and [image: image] are the upper and lower limits of charge power, respectively; and [image: image] and [image: image] are the upper and lower limits of discharge power for energy storage, respectively.
2.3 Electric vehicles
The electric vehicles can be regarded as the user’s private and movable energy storage. To achieve a two-way power flow, special charging station equipment is required and complex practical factors such as ownership, battery loss, financial compensation, and user willingness are considered. More technical and policy supports are needed in the actual application; therefore, this paper only considered the charging properties of electric vehicles which conducted demand response by stopping charging. The response time is approximately 5–15 min, which belongs to the third-level response resources.
User j could choose to accept a set of charging interruption periods, denoted as [image: image], as well as the maximum duration of charging interruption, [image: image], to establish a load model for electric vehicles:
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where [image: image] represents the power of electric vehicle load j before response; [image: image] represents the power of electric vehicle load considering demand response; [image: image] is a binary variable (0 or 1) that controls the start/stop charging of electric vehicle load, where 0 indicates charging interruption and 1 indicates the resumption of normal charging; [image: image] is a vector form of the binary variable for [image: image] time periods; [image: image] represents a demand response cycle; Eq. 9 represents the constraint for periods without participating in demand response; and Eq. 10 represents the constraint for the maximum duration of charging interruption.
2.4 Air conditioning
Air conditioning is a typical temperature-controlled load, and its operation characteristics are closely related to the thermal changes in buildings. Buildings have certain thermal storage properties, and human comfort temperature is within a range, which gives air conditioning loads a virtual energy storage property. The temperature adjustment lag makes the response time of air conditioning in the order of hours, making it a fourth- or fifth-level response resource. Then, a load model for air conditioning is established:
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where [image: image] represents the power consumption of the air conditioning system. [image: image] is the energy efficiency ratio (EER) of the air conditioning system. [image: image] represents the cooling power of the air conditioning system; Eq. 12 represents the heat conduction formula for the buildings, where [image: image] is the specific heat capacity of air, [image: image] is the density of air, [image: image] is the volume of the buildings, [image: image] is the indoor temperature at time t, and Δt represents the heat exchange time, and here, it is set to 1. [image: image] represents the heat gained by the buildings due to the temperature difference, where [image: image] is the heat transfer coefficient, [image: image] is the surface area of the buildings, and [image: image] is the outdoor temperature. [image: image] and [image: image] represent the upper and lower limits of the power consumption of the air conditioning system, respectively. These limits can be set based on the capacity and operational constraints of the air conditioning system.
3 EVALUATION OF MICROGRID’S MULTI-TIME SCALE DISPATCHING ABILITY
The dispatching ability of a microgrid refers to the relationship between the reduction amount and corresponding cost in a specific future time period based on the planned/current operating state of the microgrid (Wang, 2020; Xu, 2021). Depending on the time scale, it can be categorized into day-ahead, hourly, minute, and second dispatching abilities.
The evaluation process of the multi-time scale dispatching ability of a microgrid and its specific application scenarios are illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Process flowchart of demand response in the distribution–microgrid based on multi-time scale scalable capability evaluation.
At the day-ahead time scale, the microgrid conducts economic optimization based on time-of-use electricity prices to meet the energy demand of users to the greatest extent. Only the generation units and energy storage output are optimized, and the planned electricity consumption curve is reported to the distribution network. The distribution network then issues day-ahead demand response periods based on the overall situation. The microgrid evaluates its day-ahead dispatching ability for demand response periods and reports it to the distribution network. Day-ahead demand response ensures the energy demand of users and is achieved solely through generation units and energy storage resources. The distribution network performs coordinated optimization based on the dispatching ability of each microgrid and issues demand response instructions to each microgrid. The microgrid then conducts day-ahead optimization, considering the demand response based on the instructions.
At the intraday time scale, the microgrid operates normally based on the day-ahead optimization results while conducting minute and second dispatching ability evaluations, which are updated every 15 min. When the distribution network issues hourly demand response periods, the microgrid evaluates its hourly dispatching ability for the specific period and reports it to the distribution network. Hourly demand response sacrifices a portion of user satisfaction with energy consumption and involves not only generation units and energy storage resources but also air conditioning and electric vehicles. After coordinated optimization by the distribution network, demand response instructions are issued to the microgrid, and the microgrid performs hourly demand response accordingly. When the distribution network issues minute-level demand response instructions, the microgrid executes pre-set minute-level demand response coordination strategies, which are achieved through electric vehicles and energy storage with minute-level response speeds. When the distribution network issues second-level demand response instructions, the microgrid’s load controller automatically executes the corresponding instructions, involving interruptible loads and energy storage with second-level response speeds.
In summary, different time scales of demand response involve different resources. The day-ahead grid side has more diverse regulation measures, so the microgrid side participates in day-ahead demand response while meeting the energy needs of users, utilizing generation units and energy storage as response resources. For the overall grid, the dispatchable day-ahead resources are relatively limited. Therefore, the microgrid sacrifices a portion of users’ satisfaction to increase the response quantity, mobilizing all resources that can meet the response speed for intraday demand response. Hourly demand response involves generation units, air conditioning, electric vehicles, and energy storage. A minute-level demand response involves electric vehicles and energy storage. The second-level demand response only considers energy storage and interruptible loads.
3.1 Economic operation of microgrids
The economic optimization results of microgrid operation in the day-ahead grid size are used as the basis for dispatching ability evaluation. Every day is divided into [image: image] time intervals, with each interval being [image: image]. The microgrid optimizes energy consumption based solely on time-of-use electricity prices, with the objective of minimizing internal daily operating costs. The decision variables include microgrid purchasing power, generation unit output, and energy storage output shown in Eq. 15 to Eq. 18. The objective function is defined as follows:
[image: image]
where [image: image] represents the daily operating cost of the microgrid, [image: image] represents the purchasing cost of electricity for the microgrid, [image: image] represents the generation cost of the internal generation units in the microgrid, and [image: image] represents the cost of equipment operation and maintenance.
[image: image]
where [image: image] represents the time-of-use electricity price and [image: image] represents the power exchanged between the microgrid and the distribution network at time [image: image], which is the power purchased by the microgrid from the distribution network.
[image: image]
where [image: image] represents the output of generation unit [image: image] in the microgrid at time [image: image]. [image: image], [image: image], and [image: image] are the corresponding cost coefficients for the generation unit. [image: image] represents the number of generation units in the microgrid.
[image: image]
where [image: image] represents the unit power operation and maintenance cost for air conditioning and [image: image] represents the unit power operation and maintenance cost for energy storage.
The power balance constraint, generation unit output and ramping constraints, equipment constraints, and environmental temperature constraints in the microgrid are expressed as follows from Eq. 19 to Eq. 22:
(1) Power balance constraint:
[image: image]
where [image: image] represents the power of other non-dispatchable loads in the microgrid and [image: image] represents the output power of the photovoltaic system.
(2) Generation unit output and ramping constraints:
[image: image]
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where [image: image] and [image: image] represent the upper and lower limits of the generation unit [image: image]’s output, respectively. [image: image] represents the maximum ramping rate of the generation unit.
(3) Equipment constraints:>Eqs 1–14
(4) Environmental temperature constraints:
[image: image]
where [image: image] and [image: image] represent the upper and lower limits of the indoor environmental temperature, which are typically set to default values [image: image] and [image: image], respectively. However, during hourly demand response, they can be adjusted. When the environmental temperature exceeds the range of human comfort, an environmental temperature penalty is applied to compensate for the decrease in user satisfaction due to reduced comfort.
3.2 Day-ahead dispatching ability evaluation
Day-ahead dispatching ability (DADA) refers to the relationship between the achievable reduction amount and the corresponding cost in the known day-ahead demand response time period [image: image] for a microgrid. The expression for DADA is given by Eq. 23:
[image: image]
where [image: image] represents the function that describes the relationship between the reduction amount and the corresponding cost in the day-ahead demand response. [image: image] represents the unit reduction amount in the day-ahead demand response. [image: image] is a positive integer used to represent the increasing steps of the reduction amount. [image: image] represents the cost increase associated with the corresponding reduction amount. The relationship equation is obtained through the following steps:
Step 1: Perform day-ahead economic optimization to obtain the microgrid’s daily operating cost without considering the demand response, denoted as [image: image]. Given the day-ahead demand response time period [image: image], set the unit reduction amount as [image: image] and set an initial value for [image: image].
Step 2: Add the reduction amount constraint to the microgrid’s economic operation optimization problem in Section 2.1, as shown in the following Eq. 24:
[image: image]
where [image: image] represents the planned purchasing power from the microgrid to the distribution network after day-ahead demand response and [image: image] represents the planned purchasing power obtained from day-ahead economic optimization.
Step 3: The decision variables are the microgrid’s purchasing power and the output of generation units and energy storage. Solve the optimization problem.
Step 4: If the optimization problem has a solution, obtain the microgrid’s daily operating cost [image: image] corresponding to the reduction amount [image: image]. Calculate the cost increase of demand response [image: image] using Eq. 25, and set [image: image]. Repeat steps 2 and 3. If there is no solution, obtain the maximum achievable reduction amount in day-ahead demand response [image: image] and proceed to step 5.
[image: image]
Step 5: Based on the obtained [image: image] sets of data: [image: image], where [image: image] is the set of values for which the optimization problem has a solution, approximate the relationship between the reduction amount and the corresponding cost as linear between adjacent sets of data. This allows for the solution of the relationship equation [image: image].
3.3 Hourly dispatching ability evaluation
Hourly dispatching ability (HDA) refers to the relationship between the achievable reduction amount and the corresponding cost in the hourly demand response time period [image: image] for a microgrid. The expression for HDA is given by Eq. 26:
[image: image]
The parameters in the equation have the same meanings as in the day-ahead dispatching ability, and the solution steps are also the same as in the day-ahead evaluation method, so it will not be repeated. The final result is a set of data denoted as [image: image]. The difference lies in the decision variables, which include not only the microgrid’s purchasing power and the output of generation units and energy storage but also the output of air conditioning and the binary variable [image: image] for electric vehicles. To increase the hourly dispatching ability of the microgrid, the upper and lower limits of the environmental temperature, [image: image] and [image: image], can be set to fully utilize the hourly response speed of the air conditioning load. The participation of air conditioning and electric vehicles in demand response will decrease user satisfaction, so compensation terms need to be added to the original objective function, shown in Eq. 27 to Eq. 29:
[image: image]
where [image: image] represents the compensation for environmental temperature and [image: image] represents the compensation for the participation of electric vehicles in demand response.
(1) Environmental temperature cost:
[image: image]
where [image: image] represents the penalty unit price for temperature, [image: image] and [image: image] are binary variables (0 or 1) indicating whether the temperature exceeds the upper or lower limit. A value of 0 indicates that the temperature is within the limit, while a value of 1 indicates that the temperature has exceeded the limit. [image: image] and [image: image] represent the upper and lower limits of the human comfort temperature, respectively.
(2) Electric vehicle compensation:
[image: image]
where [image: image] represents the number of charging stations in the microgrid and [image: image] represents the unit compensation price for electric vehicles to stop charging.
3.4 Minute dispatching ability evaluation
Minute dispatching ability (MDA) refers to the relationship between the achievable reduction amount and the corresponding cost in the minute-level demand response for a microgrid. The expression for MDA is given by Eq. 30:
[image: image]
The solution steps and the evaluation methods are consistent with the previous approach and will not be reiterated. The differences are as follows: 1) instead of solving for specific time periods, the solution will be for the 1-h time period 30 min later, with updates every 15 min; 2) the power generation units and air conditioning load will remain in their planned operating state without control adjustments, and the optimization decision variables will be the energy storage output and the binary variable [image: image] for electric vehicles; 3) the minute-level dispatchable capacity will no longer be represented by a relationship curve between the reduction amount and corresponding cost but will provide a fixed set of optional reduction amounts; and 4) the optimization results corresponding to each set of reduction amounts will be saved, allowing the microgrid to execute the corresponding minute-level demand response strategy when the distribution network issues minute-level demand response instructions.
3.5 Second dispatching ability evaluation
The second dispatching ability refers to the maximum reduction amount that a microgrid can achieve in second-level demand response, without considering costs. The calculation method is as follows in Eqs 31–33:
[image: image]
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where [image: image] represents the maximum reduction amount in second-level demand response, including the maximum adjustment power of interruptible loads and energy storage. [image: image] represents the maximum adjustment power of energy storage, which is obtained by subtracting the maximum discharge power [image: image] after the response from the energy storage output before the response. The maximum discharge power [image: image] should be sustained for at least [image: image].
When the distribution network issues a second-level demand response instruction, the load controller within the microgrid automatically executes the corresponding instruction. It disconnects the interruptible loads and simultaneously initiates the discharge of the energy storage system at the maximum discharge power until it reaches [image: image].
4 DISTRIBUTION–MICROGRID-COUPLED NETWORK DEMAND RESPONSE
4.1 Day-ahead and hourly demand responses
At the day-ahead level, the distribution network receives the power consumption plan curve [image: image] reported by each microgrid [image: image], which is the economic operation optimization result of the microgrid, as mentioned in Section 2.1. After assessing the overall energy usage of the system for safety, the distribution network sends a day-ahead demand response invitation to the microgrid, during [image: image]. Microgrid [image: image] reports its day-ahead dispatching ability for the corresponding time period to the distribution network. The distribution network performs economic dispatch, considering the dispatching capacity and cost of each microgrid, taking into account the constraints for safe operation of the power lines. It calculates the reduction amount for each microgrid and sends it to the respective microgrid. The microgrid then responds during the specified time period, completing the day-ahead demand response coordinated between the distribution network and microgrid. The formulation of the coordinated demand response model between the distribution network and microgrid is consistent for both the previous day and hourly levels. This section will use the previous day as an example for illustration.
The objective function is to minimize the operating cost of the distribution network and the interaction cost between the distribution network and the microgrid. The decision variables are the power generation output of the units and the demand response quantity of the microgrid. The objective function can be expressed as follows in Eqs 34–37:
[image: image]
where [image: image] represents the purchasing cost of the distribution network from the transmission network, [image: image] represents the generation cost of the distribution network, and [image: image] represents the interaction cost between the distribution network and the microgrid.
(1) Distribution network electricity procurement cost:
[image: image]
where [image: image] represents the electricity price for purchasing by the distribution network, [image: image] represents the purchasing power of the distribution network from the transmission network at time [image: image], and [image: image] represents the demand response time period.
(2) Distribution network generation cost:
[image: image]
where [image: image] represents the output of the power generation unit [image: image] in the distribution network at time [image: image]. [image: image], [image: image], and [image: image] are the corresponding cost coefficients for the power generation unit [image: image]. [image: image] represents the number of power generation units in the distribution network.
(3) Interactions cost between the distribution network and microgrid:
[image: image]
where [image: image] represents the demand response peak shaving instruction issued by the distribution network to the microgrid [image: image]. [image: image] represents the corresponding cost increase for the microgrid [image: image] when the reduction amount is [image: image].
The power balance constraint of the distribution network, line flow constraints, unit output and ramping constraints, and reduction amount constraints are expressed as follows Eqs 38–43:
(1) Power balance constraints:
[image: image]
where [image: image] represents the power consumed by the uncontrollable load at the [image: image] th location in the distribution network at time [image: image].
(2) Line-flow constraints:
[image: image]
[image: image]
where [image: image] represents the power flow through the transmission line [image: image] in the distribution network at time [image: image]. [image: image] and [image: image] represent the upper and lower limits of the power flow through the line [image: image], respectively. [image: image], [image: image], and [image: image] represent the power transmission distribution factors (PTDF) corresponding to the power generation unit [image: image], microgrid [image: image], and uncontrollable load [image: image], respectively. [image: image] represents the set of transmission lines in the distribution network.
(3) Unit output and ramping constraints:
[image: image]
[image: image]
where [image: image] and [image: image] represent the upper and lower limits of the power generation output for unit [image: image], respectively. [image: image] represents the maximum ramping rate for unit [image: image].
(4) Reduction amount constraints:
[image: image]
where [image: image] represents the total reduction amount requirement for the distribution network.
By solving the above optimization problem, we can obtain the reduction amount [image: image] for each microgrid.
4.2 Minute and second demand response
During the minute demand response coordinated between the distribution network and microgrid, considering the requirement for response speed, the reported dispatching ability of microgrid [image: image] is no longer a relationship curve between the reduction amount and corresponding cost. Instead, it is a fixed set of reduction amounts [image: image]. The distribution network optimizes its operation to determine the reduction amount for each microgrid [image: image].
During a second demand response coordinated between the distribution network and microgrid, the reported second dispatching ability by the microgrid is denoted as [image: image]. The microgrids are sorted based on the reduction amount in descending order, and the microgrid index is denoted as [image: image]. Given the requirement to meet the second reduction amount [image: image], the distribution network determines the participating users [image: image] for second demand response based on the “capacity priority” principle, satisfying the following equation in Eqs 44, 45:
[image: image]
[image: image]
5 EXAMPLES
The calculations will be performed on a computer with an Intel Core i7-12700 2.10 GHz processor and 16 GB of memory. The programming language used will be MATLAB R2019a, and the CPLEX 12.10 solver will be invoked for solving the optimization problem.
5.1 Analysis of the dispatching ability
The evaluation and analysis of the dispatchable capacity at different time scales were conducted for Microgrid 1 during the time period of 15:00–17:00. Figure 3 presents the economic operation results of Microgrid 1 in advance. The various regions of time-of-use electricity prices are indicated by dashed lines and colors at the bottom of the x-axis. The green color represents the off-peak electricity price periods, the red color represents the peak electricity price periods, and the white color represents the high peak electricity price periods.
[image: Figure 3]FIGURE 3 | Day-ahead economic operation curve of Microgrid 1.
It can be observed that the time period of 11:00–13:00 corresponds to the off-peak electricity price, during which the output of the microgrid units is reduced, the energy storage system is in the charging state, and the power purchased by the microgrid is at its peak. The time period of 19:00–21:00 corresponds to the peak electricity price, during which the microgrid itself has a relatively small electricity consumption and achieves internal electricity balance through the units and a small amount of energy storage. The time periods of 8:00–11:00 and 13:00–19:00 both correspond to the high peak electricity price, and the microgrid has a relatively large electricity consumption during these periods. The units have a higher output, and the energy storage system has a negative value, indicating that it is in the discharging state to reduce the amount of electricity purchased by the microgrid. The total cost of the advance economic operation of the microgrid is 48,761.45 yuan, including 27,428.32 yuan for purchased electricity and 21,049.98 yuan for generation costs.
Figure 4 illustrates the operation of Microgrid 1 with a demand response reduction of 600 kW in advance. The red dashed line indicates the demand response period from 15:00 to 17:00. It can be observed that the day-ahead demand response is achieved through the units and energy storage. During the demand response period, the output of the units increases and the energy storage system starts discharging, thereby reducing the power purchased by the microgrid. At this time, the operating cost of the microgrid is 48,794.29 yuan, which is slightly higher compared to the pre-planned cost.
[image: Figure 4]FIGURE 4 | Day-ahead demand response reduction of 600 kW of Microgrid 1.
Table 1 presents the relationship between the day-ahead demand response reduction and cost for Microgrid 1. It can be observed that as the reduction amount increases, the cost of purchased electricity decreases, while the generation cost increases. At this point, the unit cost of generation is higher than the unit cost of purchased electricity, resulting in an overall increase in the total cost. The maximum demand response reduction for Microgrid 1 during the time period of 15:00–17:00 is 680 kW.
TABLE 1 | Relationship between day-ahead demand response reduction and cost of Microgrid 1.
[image: Table 1]Figure 5 illustrates the operation of Microgrid 1 with an hourly demand response reduction of 1,000 kW. The resources involved in the hourly demand response include units, air conditioning, electric vehicles, and energy storage. As the reduction amount increases, the microgrid first utilizes the energy storage with the lowest cost and starts discharging. Then, the units increase their output. Finally, the electric vehicles and air conditioning, which have higher response costs, are adjusted. The electric vehicles stop charging, and the air conditioning adjusts its output within a small range based on the characteristics of the energy storage.
[image: Figure 5]FIGURE 5 | Hourly demand response reduction of 1,000 kW of Microgrid 1.
Table 2 presents the relationship between the hourly demand response reduction and cost for Microgrid 1. It can be observed that as the reduction amount increases, the cost of purchased electricity and generation initially increases, then decreases, and finally increases again. The decrease in the middle is caused by the response of electric vehicles. When the electric vehicles stop charging, the electricity consumption of the microgrid decreases, resulting in a reduction in both the cost of purchased electricity and generation. The maximum hourly demand response reduction for Microgrid 1 during the time period of 15:00–17:00 is 1,080 kW.
TABLE 2 | Relationship between hourly demand response reduction and cost of Microgrid 1.
[image: Table 2]Figure 6 illustrates the operation of Microgrid 1 with a minute demand response reduction of 700 kW. The resources involved in the minute demand response are electric vehicles and energy storage. The energy storage discharges, and the electric vehicles stop charging.
[image: Figure 6]FIGURE 6 | Minute demand response reduction of 700 kW of Microgrid 1.
Table 3 presents the relationship between the minute demand response reduction and cost for Microgrid 1. As the reduction amount increases, the response from electric vehicles gradually increases, and the compensation from electric vehicles also increases. The maximum minute demand response reduction for Microgrid 1 during the time period of 15:00–17:00 is 760 kW.
TABLE 3 | Relationship between minute demand response reduction and the cost of Microgrid 1.
[image: Table 3]Figure 7 illustrates the relationship between the demand response reduction and the corresponding cost increase at multiple time scales for Microgrid 1. It can be observed that there are certain similarities in the demand response across the three time scales. When the reduction amount is less than 500 kW, the cost increase is minimal. However, after the reduction amount exceeds 500 kW, the cost increase shows a clear upward trend.
[image: Figure 7]FIGURE 7 | Curve of relationship between multi-time scale demand response reduction and cost of Microgrid 1.
In addition to these similarities, there are also some differences. In the advance time scale, the dispatchable capacity is relatively small, resulting in lower response costs compared to the hourly scale. In the hourly scale, there is a greater availability of dispatchable resources and a larger dispatchable capacity. However, this additional capacity comes at the expense of user satisfaction, resulting in relatively higher costs. In the minute scale, the first 500-kW reduction is provided by energy storage with almost no cost. However, the subsequent 260-kW reduction is provided by electric vehicles, resulting in higher costs.
5.2 Analysis of demand response in distribution–microgrid coordination
Figures 8–10 represent the day ahead, hourly, and minute dispatching abilities of three microgrids during the time period of 15:00–17:00. These abilities correspond to the relationship between the reduction amount and cost increase. According to the parameters in Supplementary Table SA3, it can be observed that in terms of microgrid loads and various resource magnitudes, Microgrid 2 > Microgrid 1 > Microgrid 3. Correspondingly, at various time scales, the maximum dispatchable capacity of the microgrids follows the order Microgrid 2 > Microgrid 1 > Microgrid 3, as indicated in Table 4. When the reduction quantity is small, the dispatch costs of each microgrid are relatively low. However, with an increase in the reduction quantity, the costs of each microgrid start to rise. Additionally, the marginal dispatch cost becomes larger, and there is a turning point in the reduction quantity, with Microgrid 2 > Microgrid 1 > Microgrid 3.
[image: Figure 8]FIGURE 8 | Day-ahead scheduling capability of the microgrid.
[image: Figure 9]FIGURE 9 | Hourly scheduling capability of the microgrid.
[image: Figure 10]FIGURE 10 | Minute scheduling capability of the microgrid.
TABLE 4 | Maximum schedulable capacity of the microgrid with multiple time scales.
[image: Table 4]The hourly level is taken as an example to illustrate the process of demand response between distribution and microgrids. When the distribution network meets the safety constraints of the line and receives instructions from superiors to reduce peak load during the 15:00–17:00 period, only the unit peak load cost of each microgrid is considered. When the peak shaving instructions are 1 MW, 2 MW, and 3 MW, the reduction amounts of microgrid 1, 2, and 3 obtained by solving are shown in Table 5, making the total adjustment cost of the three microgrids the lowest. At this point, the microgrids participating in demand response have similar reduction unit prices. The schedulability of the microgrid is composed of several straight lines between the reduction amount and cost, but in reality, there is not a strict linear relationship. Therefore, the reduction unit prices are not completely consistent, and the error is within an acceptable range.
TABLE 5 | Microgrid peak shaving command and corresponding cost.
[image: Table 5]When the total reduction amount is 3 MW, the demand response curves for the three microgrids are shown in Figures 11–13.
[image: Figure 11]FIGURE 11 | Demand response reduction of 881 kW of Microgrid 1.
[image: Figure 12]FIGURE 12 | Demand response reduction of 1,902 kW of Microgrid 2.
[image: Figure 13]FIGURE 13 | Demand response reduction of 217 kW of Microgrid 3.
Taking the hourly scale as an example, the process of demand response in distribution–microgrid coordination is explained. When the distribution network operates within the constraints of line safety and receives instructions from the higher-level authority to implement peak shaving during the time period of 15:00–17:00, the focus is on the unit peak shaving cost of each microgrid.
6 CONCLUSION
To improve the scale and frequency of demand response implementation, this paper proposes a coordinated demand response method for distribution–microgrid based on the multi-time scale dispatchable capacity assessment. It is hoped that coordinating distribution and microgrids in a collaborative demand response architecture can enhance the guidance role of the distribution grid in responding to microgrid demands. Simultaneously, microgrid control strategies should be improved to enable more stable, efficient, and accurate responses, reinforcing the proactive support role of microgrids in the distribution grid. The multi-time scale dispatchable capacity refers to the relationship between the achievable load adjustment and the corresponding cost for demand response at different time scales, including day-ahead, hourly, minute, and second levels. The following conclusion can be drawn:
(1) Different resources are mobilized for demand response at different time scales based on the response characteristics of various load resources. Day-ahead demand response mainly considers the response characteristics of demand-side units and energy storage while meeting the user’s energy demand. Hourly demand response, in addition to units and energy storage, also mobilizes air conditioning and electric vehicle resources at the expense of sacrificing some user’s energy satisfaction. Minute-level demand response mobilizes load resources with fast response characteristics such as energy storage and electric vehicles. The second-level demand response corresponds to energy storage and interruptible loads.
(2) The maximum adjustable power and unit adjustment cost at different time scales in the microgrid are different. The overall trend of the maximum adjustable power is as follows: hourly > day-ahead > minute > second; the overall trend of unit adjustment cost is second > minute > hourly > day-ahead, which is consistent with the characteristics of demand response at different time scales.
(3) Through the dispatchable capacity assessment, the distribution network has a clear understanding of the adjustable amount and corresponding cost for each microgrid. With the distribution–microgrid-coordinated demand response architecture, the distribution network can quickly issue instructions, and the microgrid can respond stably and accurately according to the instructions. The coordinated method enables more targeted and frequent demand response on a smaller scale while ensuring the safety constraints of the lines and achieving the lowest total adjustment cost for the microgrid.
However, there are directions for further improvement and enrichment.
(1) Uncertainty in new energy/load forecasting accuracy. The paper currently fully considers the response characteristics of various adjustable resources within the microgrid but does not take into account the impact of factors such as the volatility, randomness, and accuracy of load forecasting on the assessment of microgrid schedulable capacity.
(2) Long-term schedulable capacity assessment. Currently, only the schedulable capacity of microgrids for intraday and intraday is evaluated, without consideration of longer time scales such as “monthly” and “annually.” Evaluation of the schedulable capacity within these time frames can have an impact on grid planning.
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