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1 INTRODUCTION
Under the influence of recent power system reforms, the spot market (SM) (Song et al., 2019; Li et al., 2023; Jiang et al., 2022) can fully restore the commodity attributes of electricity, effectively facilitate price discovery (Figuerola-Ferretti and Gonzalo, 2010; Kou et al., 2021), and optimize the resource allocation (Jiang et al., 2022; Alzhouri et al., 2020). As an emerging flexible resource in the power market, distributed energy storage systems (DESSs) play the dual roles of generation and consumption (Kalantar-Neyestanaki and Cherkaoui, 2021; Li et al., 2021), thereby complicating the market dynamics for energy storage users. Currently, large-scale energy storage systems mainly operate independently in the SM, both on the generation (Gao et al., 2021; Gu and Sioshansi, 2022) and grid sides (Jiang et al., 2020; Abdelghany et al., 2024). However, there are few studies on the small-scale user-side DESSs, which participate in SM transactions (Wang et al., 2024; Scheller et al., 2020; Sun et al., 2022; He and Zhang, 2021), and their cooperative operational mechanisms and profit models have remained underdeveloped. Therefore, an operational price-taker bidding strategy of the DESSs, combined with users that participate in the SM, has been proposed in the present study. This model combines the DESS and users, which ensures the access conditions for the DESS to participate in the SM, and at the same time, the whole can be directly dispatched by the dispatching organization. This allows the DESS to fully utilize its regulating capacity and smooth out the uncertainty and volatility of the users’ electricity consumption, in addition to allowing the users to adjust their time of use to reduce the cost of electricity through this approach. A novel approach has been provided to enhance the profitability and reduce the payback period of DESSs.
This paper is divided into two parts: 1) A clearing model for DESS joint users to participate in the electricity spot market (ESM) has been constructed while concurrently developing a profit model for price-taker DESSs based on price spread. 2) A two-layer bid quantity model for DESS joint users to participate in the SM has been proposed, where the optimal trading strategy has been devised to maximize the daily revenue of the DESSs in the upper layer, while the clearing model guides the bid quantity strategy of the upper-layer DESSs through market price signals.
2 CLEARING MODEL OF THE ELECTRICITY SPOT MARKET FOR DESSS AND USER AGGREGATORS
The clearing process in the ESM involves the power trading center (PTC) maximizing social welfare or minimizing system purchasing costs by collecting bidding data from buyers (such as users and sellers), including conventional thermal power units (CTPUs) and renewable energy units (REUs), to obtain the generation plan of the generation side on the operation day, the clearing power of the user side, and the marginal clearing tariffs required for settlement before the day of settlement (Wei et al., 2021; Wang and Ai, 2023). Allocated electricity quantities (AEQs) for both buyers and sellers will be obtained, and the marginal clearing price (MCP) can be determined (Figure 1A). In the ESM, the intersection between the offer curve of the user demand and the generated offer curve of the unit generation is the market clearing point. The power and price that correspond to this point are the traded electricity volume (TEV) and transaction price (He and Zhang, 2021; Wang et al., 2022). Furthermore, social welfare is the sum of the net surplus on the generation and user sides, namely, the area of the shaded part in Figure 1A.
[image: Figure 1]FIGURE 1 | Transaction framework of the DESS participation in the SM for the price-taker bidding mode: (A) Schematic diagram of the system structure and clearing rules of the bilateral electricity spot market. (B) Schematic diagram of the dual settlement mechanism. (C) Framework diagram of the two-tier model.
In this paper, the objective function of the security-constrained unit commitment (SCUC) model, which considers DESS participation in the SM, aims to maximize social welfare, including user-side purchasing costs, operational costs of REUs, and operational and start-up costs of CTPUs, which is shown in Equation 1. Equations 2–4 are the interpretation of the characters in Equation 1.
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where γt,j,k is the charging bid of user j in segment k during the time period t; Pt,j,k is the declared charging power; γt,g,m is the generation price declared by the CTPU g in segment m for the time period t; Pt,g,m is the winning generation power; γt,b,n is the generation tariff declared by new energy b in segment n for the time period t; ut,b,n is the binary variable if the declared output has been called; Pt,b is the output of the REU b in the time period t; ut,g is the binary variable of the startup and shutdown for unit g in the time period t; [image: image] is the startup cost of the CTPU g; [image: image] and [image: image] are the upper and lower limits of the output power, respectively; [image: image] and [image: image] are the maximum and minimum technical outputs, respectively, of the CTPU g; ag and bg are the cost coefficients; Nb is the equipment life span of the REU b; Cb,nec is the initial investment cost of the REU b; [image: image] is the annual electricity generation in medium- and long-term forecasts; [image: image] is the daily generation capacity in medium- and long-term forecasts; [image: image] is the daily generation capacity in a short-term forecast; κt,b,n is the fixed cost-sharing coefficient of the REU b for the time period t in the nth segment, which is related to market supply and demand, and is estimated based on historical data on supply and demand in the electricity spot market; αt,b,n is the declared output proportion in the nth segment; and [image: image] is the upper limit.
Additionally, to ensure the safe and stable operation of the system, it is necessary to consider the operational constraints of CTPUs Equations 5–13, the operational constraint of REUs Equation 14, the bidding segment constraints of NEUs Equations 15–17, and the system power balance constraints Equations 18, 19, as detailed below:
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where [image: image] is the climbing capacity in adjacent time periods; [image: image] and [image: image] are the start-up and shutdown times, respectively, of unit g; [image: image] and [image: image] are the required minimum start-up and shutdown times, respectively; [image: image] is the maximum generation output of the NEU b; rSR is the planned standby ratio of the system; ut,b,n is the binary variable if the declared output is invoked; [image: image] is the load power; [image: image] is the power demand of all customized power users in the kth segment of the time period t; and [image: image] and [image: image] are the charging and discharging power, respectively, of the DESS.
After that, the security-constrained economic dispatch (SCED) model (Zhang M. et al., 2023; Tang et al., 2022) also needs to be centrally optimized to obtain the day-ahead AEQ and MCP for the operating day. Therefore, the model is specified as shown in Equation 20:
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3 PROFIT MODEL FOR SPREAD TRADING OF DESSS IN THE ELECTRICITY SPOT MARKET
For the ESM, users settle the power price according to the “day-ahead benchmark, real-time difference” principle (Ding and Tan, 2022). The power price consists of two components: the day-ahead market, which determines the power price, and the deviation power price, which is determined by the real-time market. The day-ahead market-clearing power tariff is calculated as the product of the day-ahead user clearing quantity in the day-ahead electricity energy market and the day-ahead marginal clearing price, and the same applies to the deviation power tariff for real-time market settlement. This dual settlement mechanism is illustrated in Figure 1B.
Currently, most researchers claim that the terminal electricity price for the user includes the market prices of electricity, transmission and distribution electricity prices (TDEPs), government funds, and user surcharges (Ding and Tan, 2022). In the context of the SM environment, the commodity nature of electrical energy implies that its market price is primarily determined by supply-and-demand dynamics (Jiang et al., 2022). Therefore, the above-presented market price for electricity is the market clearing price. It is calculated by using the PTC, which is based on the bidding information that is reported by the supply and demand participants rather than being based on the final settlement price for end-users. Therefore, the spot spread arbitrage model for DESS considering TDEPs is shown in Equation 21.
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where [image: image] is the integrated daily revenue of the DESS in the SM, including both the day-ahead and real-time market returns; [image: image] and [image: image] are the nodal clearing prices in the day-ahead and real-time SM, respectively; [image: image] and [image: image] are the charging and discharging powers, respectively, of the DESS in the day-ahead SM; and [image: image] and [image: image] are the charging and discharging powers, respectively, in the real-time SM.
4 OPTIMAL TWO-STAGE BIDDING STRATEGY OF THE SPOT MARKET FOR PRICE-TAKER DESSS
In the process of electricity spot trading, the decision-making of each market subject’s quotation needs to consider the reaction of the PTC, and the PTC is also subject to the limitations of the information declared by each market subject in the clearing of the SM. Therefore, the optimal charging and discharging problem of the DESS participating in the SM is a two-stage optimization problem. Its model framework is presented in Figure 1C. For the upper layer, the DESS optimizes its bidding strategy with the objective of maximizing the revenue in the day-ahead and real-time SM. Moreover, due to the deviation between the renewable energy output and the actual power consumption of users in the real-time market, in addition to the power reported in the day-ahead market (Li et al., 2023; Shamsi and Cuffe, 2021; Zhang C. et al., 2023), it is necessary to introduce an error penalty mechanism to penalize the parties with larger errors in the real-time market. Additionally, the customized power services (CPSs) provided by the DESS and the corresponding default costs are considered in the day-ahead power energy gain. Therefore, the objective function of the upper level is shown in Equation 22. Equation 23–Equation 26 are the interpretation of the characters in Equation 22.
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where [image: image] is the total revenue of the DESS in the day-ahead–real-time spot energy market; [image: image] is the revenue of the power quality control (PQC); CW is the default cost of the PQC; Cpum is the cost of the deviation penalties of the real-time market; [image: image] is the unit price of the PQC in level h; Wh is the compensation cost that is agreed between the DESS and user for a level h PQC; ςh indicates that the user selects the hth level of PQC; [image: image] is the probability of the DESS default for the level h PQC; ρs is the probability of the new energy output and user bidding scenario s; [image: image] is the penalty charge on the user side of the real-time market for scenario s and the time t; [image: image] and [image: image] represent the charging power and discharging power, respectively, of the DESS; [image: image] is the power demand of all customized power users; [image: image] is the clearing tariff of the real-time market; and ΔLs,t,j is the load forecasting error for user j in scenario s in the time period t. ΔGs,t,b is the forecast error of the new energy source b in scenario s in the time period t.
The constraints of the upper-layer model mainly include the capacity occupation constraints Equations 27, 28 for the user CPSs and various physical constraints Equations 29–35 for the operation of DESS, as follows:
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where Pfv is the capacity of the DESS converter, used for the management of voltage dips; [image: image] and [image: image] are the maximum charging and discharging power, respectively; [image: image] and [image: image] are the binary variables of charging and discharging, respectively, in the time period t; ηch and ηdis are the charging and discharging efficiencies, respectively; SOCmin and SOCmax are the lower and upper limits, respectively, of the state of charge (SOC); SOCt denotes the SOC in the time period t; E is the rated capacity; and Kmax is the maximum time of charging and discharging.
The lower layer simultaneously simulates the clearing processes of the day-ahead and real-time ESM, and its objective function is to minimize the costs of the power purchase in the market clearing. Assuming that the start-up mix of all units in the day ahead has been determined, the calculation process of the lower-layer model is as follows: first, the generation plan of each unit in the day-ahead and real-time markets and the nodal clearing prices are determined through the SCED model, and then, the results of the clearing processes of the two markets are passed to the upper layer to guide the bid quantity strategy of the upper-layer DESS through market price signals. Therefore, the day-ahead and real-time SCED models are shown in Equation 36 and Equation 37, respectively.
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In the objective function of the above SCED models, there are nonlinear terms for the multiplication of binary variables with continuous variables, and the big M method (Wu and Zhu, 2024; Han et al., 2023; Hassan and Dvorkin, 2018) is adopted to linearize these nonlinear terms. Finally, the market clearing results obtained from the day-ahead and real-time spot market SCED models, which are linearized in the lower layer, are transmitted to the upper layer model to guide the DESS in formulating its bidding strategy. In addition, the two layers of the linearized model are solved alternately and iteratively to determine the optimal charging and discharging strategies for the DESS to participate in the electricity spot market.
5 CASE STUDY
To validate the proposed model, the SM in an eastern province of China serves as an example, and four comparison scenarios are established: Scenario 1 is the model proposed in the present study; Scenario 2 is the situation where the DESS utilizes the spare capacity to charge and discharge in accordance with the time-of-use price, which is based on the PQC; Scenario 3 considers the full participation capacity of the DESS in the SM; and Scenario 4 explores the charging and discharging of the DESS capacity according to the time-of-use price. The optimal charging and discharging strategies for the DESS to participate in the SM are solved using the CPLEX commercial solver in the MATLAB software platform, and the results of these scenarios are presented in Figure 2.
[image: Figure 2]FIGURE 2 | Comparison of results of the DESS participation in the SM for different scenarios: (A) Comparison of trading prices for the DESS power under Scenarios 1 and 2. (B) Comparison of clearing prices for spot electric energy market under Scenarios 1 and 3. (C) The various cost and benefit diagrams of the DESS under different scenarios.
As shown in Figure 2, compared to Scenario 2, the valley hour price of the SM clearing tariff in Scenario 1 is lower than that of the time-of-day tariff in Scenario 2, but the peak hour price of the spot clearing is much smaller than that of the time-of-day tariff. At the same time, the maximum price spread of 339.74 ¥/MWh in Scenario 1 is significantly smaller than that of 825.7 ¥/MWh in Scenario 2. This indicates that the DESS generates higher revenue with a time-of-use price strategy compared to the participation in the SM. Compared with Scenario 3, the reuse operation strategy of DESSs in Scenario 1 reduces the power trading gain by 0.54%, but the total energy storage gain increases by 173.05%, which is due to the fact that the DESS can only obtain energy gain between 0.1 and 0.9 of the charge state, which limits the increase in the power trading gain in Scenario 3. Therefore, the market clearing prices in scenarios 1 and 3 are identical.
6 CONCLUSION
In the present study, a two-layer bid quantity model for the DESS joint users to participate in the SM has been proposed. The purpose of this model is to obtain an optimal charging/discharging strategy for the price-taker DESSs. The following conclusions have been drawn: 1) compared to the existing single operational mode of the DESSs, the proposed multiplexing operational strategy for the participation of DESSs in the ESM can effectively improve the daily revenue by a factor larger than 1.7. 2) In scenarios where the peak-to-valley spread of time-of-use electricity pricing exceeds the maximum peak-to-valley spread of the market clearing price, DESSs can offer customized power services to users in generating a value-added income, thereby enhancing the economic feasibility of participating in the ESM.
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