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Chinese electricity market reform poses huge challenges to hydropower operations and electricity trading. This study proposes a scheduling method coupling priority electricity and day-ahead trading for large hydropower plants. The study focuses on complex factors such as tariff uncertainty, different types of electricity settlement rules, and inter-provincial electricity transmission links. Spot market tariff scenarios are determined through the Latin hypercube and the K-means methods. A performance formulation of priority electricity deviation considering settlement assessment rules is established. A transmission description for different sub-plants and a triangular linear interpolation method based on binary independent branching mode are proposed to solve inter-regional transmission connections and hydraulic coupling in cascaded hydropower plants, respectively. Finally, the Big M method is employed to equivalently transform the complex non-linear problem into a mixed-integer linear programming (MILP) model. The method is verified with the day-ahead operation of four large hydropower plants downstream of the Jinsha River in China as a case study. Settlement assessment rules, inter-regional power transmission, and price uncertainty are analyzed in three different cases. Three conclusions are obtained: 1) the priority electricity performance rate and the price are positively correlated, which is useful to guide hydropower plants to actively participate in the market. 2) Introducing the prediction error of electricity price in the model can help avoid market decision risk and improve the expected return by approximately 1.2%. 3) Considering the settlement penalty rule is helpful for power generation enterprises to improve power allocation and thus seek higher revenue compared to traditional methods without considering it.
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1 INTRODUCTION
In March 2015, China issued “Several Opinions on Further Deepening the Reform of the Electricity System,” kicking off the reform of China’s electricity (Chen et al., 2022; Cheng et al., 2023). The aim is to restore the commodity attributes of electric energy, establish a fully competitive, open, and orderly Chinese electricity market, and enable the market to play a decisive role in power resource allocation. There are significant advantages for hydropower to participate in the electricity market. Hydropower exhibits high regulation capacity (Pérez-Díaz et al., 2010; Gómez-Navarro and Ribó-Pérez, 2018; Shen et al., 2022) with low operating costs (Cheng et al., 2018; Rodríguez-Sarasty et al., 2021). At the same time, hydropower faces unprecedented challenges. In long-term operation, hydropower generation is strongly dependent on the water stored in the reservoir and inflow uncertainty in the future. In short-term generation scheduling, the electricity price in the day-ahead (Golmohamadi et al., 2021; Lago et al., 2021; Tschora et al., 2022) market is another important factor that is influenced by the load and nodal blockage in each receiving province. Currently, hydropower simultaneously faces long-term trading and short-term spot markets (Cai et al., 2020; Jia et al., 2022). The former involves both priority electricity and market trading, and the latter has to meet complex hydraulic connections and constraints, as well as market limitations (Guo et al., 2021). Such a complex situation inevitably poses severe challenges to hydropower scheduling, the decomposition of priority electricity, and the participation in the electricity market. Specifically, large hydropower plants with inter-provincial power transmission tasks must consider the multiple different markets, which further lead to additional complexities in market bidding and operations.
In the central dispatch mode, hydropower plants usually consider the results of medium- and long-term priority electricity decomposition, runoff forecast information, unit operating restrictions, transmission channel blockage, and other conditions to make day-ahead generation schedules (Avesani et al., 2022; Jiang et al., 2023; Zhang et al., 2023). However, in the electricity market environment with priority electricity and market trading, hydropower plants need to deal with three major day-ahead production tasks: 1) decomposing power curves of priority electricity for multiple power grids; 2) making day-ahead markets for declaration; and 3) determining day-ahead generation schedules for each hydropower unit.
As is known, the spot market price is affected by complex supply and demand relationships, bringing significant uncertainty to short-term trading decisions (Tang and Zhang, 2020; Guo et al., 2021; Wu et al., 2022). There have been many studies about hydropower operations and bidding in the electricity market. We summarize four main categories.
The first is market design and mechanism optimization (Fang et al., 2017; Shen et al., 2018; Stančin et al., 2020; Xinhong et al., 2020). These studies focused on the design and mechanism of hydropower marketing in order to facilitate effective supply and demand matching and optimize price discovery and transaction efficiency, for example, a trading decision-making method that uses the electricity market to promote established clean energy accommodation. Making full use of load difference, peak-to-valley difference, and time difference, a joint optimization model of clean energy purchasing–selling–transmission is established to promote clean energy accommodation. The second is cross-regional and inter-national hydropower trading (Lu et al., 2021). For instance, Lu et al. (2021) analyzed the types and channels of trans-provincial and trans-regional power transactions and then analyzed the mechanism of resource optimization allocation of trans-provincial and trans-regional power transactions. The third is cross-energy scheduling and trading (Merkert et al., 2015; Xiao et al., 2015; Wang and Huang, 2018). These studies focused on the collaborative scheduling and trading of hydropower with other energy sources (such as wind, solar, and storage) to optimize the overall utilization of renewable energy and the stability of the power system. This requires consideration of complementarities between different energy sources, coordinated dispatch, and market trading. For example, Wang and Huang (2018) studied the interactions among interconnected autonomous microgrids and developed a joint energy trading and scheduling strategy. The last aspect is uncertainty and risk management (Yuan et al., 2016; Carvajal et al., 2017; Kebede et al., 2022; Xu et al., 2022). These studies focused on investigating how to effectively deal with uncertainties and risks in hydropower dispatch (Kebede et al., 2022), such as water source changes, market price fluctuations, and external environmental changes. This may involve aspects such as uncertainty modeling, risk assessment, and risk management strategies. In particular, Carvajal et al. (2017) presented a method to assess the sensitivity of hydropower generation to uncertain water resource availability driven by future climate change.
Few of the aforementioned studies considered power defaults and hydropower flexibility in market trading, and even fewer studies involved both the complex actual operation constraints of hydropower units and power decomposition requirements for multiple power grids. In this paper, we propose a scheduling method coupling priority electricity and day-ahead trading for large hydropower plants, considering complex factors such as electricity price uncertainty, different types of power settlement rules, and inter-provincial power transmission connections. In this method, the spot market electricity price scenarios are determined using Latin hypercube sampling (Zhang et al., 2020; Bulut et al., 2021; Karolczuk and Kurek, 2022) and K-means clustering. A performance formulation of priority electricity deviation considering settlement assessment rules is established. A transmission description for different sub-plants and a triangular linear interpolation method based on binary independent branching mode are proposed to solve inter-regional transmission connections and hydraulic coupling in cascaded hydropower plants, respectively. Finally, the Big M method (Ding et al., 2014; Zhang et al., 2021) is employed to equivalently transform the complex non-linear problem into a mixed-integer linear programming (MILP) model (Krien et al., 2020; Zhao et al., 2021; Cao et al., 2022).
The remainder of the paper is organized as follows: the objective function and constraints are described in Section 2. Section 3 describes the tariff uncertainty approach and the associated linearization strategy. Section 4 shows the results of the demonstration calculation. Finally, Section 5 providesthe conclusion.
2 MATHEMATICAL MODELS
2.1 Objective function
Taking into account the basic benefits of the medium- and long-term decomposition of planned electricity to day, the negative deviation penalty of the actual decomposition of day-ahead, and the day-ahead market time-of-use tariff settlement benefits, the model objective function is divided into the following three components:
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Negative deviation penalty rule for planned electricity. Negative deviation power is penalized by planned electricity price.
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Here, [image: image] is the contract electricity revenue; [image: image] is the planned electricity negative deviation penalty; [image: image] is the day-ahead market revenue; [image: image] is the penalty coefficient of planned electricity; [image: image] is the planned electricity of power station i in province k; [image: image] is the market price of power station i in province k at time t; [image: image] is the planned electricity of power station i in province k at time t; and [image: image] is the output of power station i in province k at time t;
2.2 Constraints
2.2.1 Hydroelectric power plant-related constraints

(1) Water balance constraint
[image: image]
where [image: image] is the reservoir capacity of power station i at time t, in billions; [image: image] is the interval inflow of power station i at time t; [image: image] is the set of upstream power stations with hydraulic connection of power station i; and [image: image] is the outflow of power station i at time t.
(2) Water level–reservoir capacity relationship and upper and lower limits of the water level
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where [image: image] is the relationship between the water level and reservoir capacity of power station i and [image: image] and [image: image] are the upper and lower limits of the water level of power station i at time t, respectively.
(3) Flow balance and upper and lower limit constraints
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where [image: image] is the outgoing flow of power station i at time t; [image: image] is the generation flow of power station i at time t; [image: image] is the disposal flow of power station i at time t; [image: image] and [image: image] are the minimum and maximum outgoing flows of power station i, respectively; and [image: image] and [image: image] are the minimum and maximum generation flows of power station i, respectively.
(4) The relationship between the flow rate and the tailwater level
[image: image]
where [image: image] is the tailwater level of power station i at time t and [image: image] is the tailwater level–discharge flow relationship of power station i.
2.2.2 Unit-related constraints

(1) Power generation characteristic curve relationship of the unit
[image: image]
where [image: image] is the output characteristic relationship of unit e power station i; [image: image] is the output of unit e power station i at time t; [image: image] is the generation flow of unit e power station i at time t; and [image: image] is the head of unit e power station i at time t.
(2) Unit stable output operation area
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where [image: image] is the start–stop status of unit e power station i at time t, with 0 for off and 1 for on; [image: image] is the upper limit of stable operation output of unit e power station i; and [image: image] is the lower limit of stable operation output of unit e power station i.
(3) Stable flow constraint of the unit
[image: image]
where [image: image] is the upper limit of the quoted flow rate for the stable operation of unit e power station i and [image: image] is the lower limit of the quoted flow rate for the stable operation of unit e power station i.
(4) Head calculation constraint
[image: image]
where [image: image] is head loss of unit e power station i at time t.
(5) Start/stop-related constraints
Although hydro units can be adjusted quickly, frequent start-ups and shutdowns still have a negative impact on the unit’s service life and operating costs. To avoid frequent start-ups and shutdowns of hydro units, online and offline hourly constraints are introduced.
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where [image: image] indicates whether unit e power station i performs start-up action at time t, where 0 represents no and 1 represents yes; [image: image] indicates whether unit e power station i performs shutdown action at time t, where 0 represents no and 1 represents yes.
(6) Correlation between power station and unit output
[image: image]
(7) Correlation between power station and unit generation flow
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Here, [image: image] is the output of unit e power station i at time t and [image: image] is the generation flow of unit e power station i at time t.
2.2.3 Market power decomposition constraints
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where [image: image] is the proportional requirement of power delivery of power station i in province k and [image: image] is the floatable proportional limit of marketed power (set at 0.2 in this paper)
3 MODEL PROCESSING STRATEGY
3.1 Uncertainty description method of the price
Since electricity prices are affected by multiple complex factors such as grid blockage (Golmohamadi et al., 2021), market transactions (Tschora et al., 2022), and weather conditions (Lago et al., 2021), coupled with limitations in spot electricity price forecasting technology, there are bound to be certain deviations between the predicted and actual values of spot market electricity prices. Therefore, the uncertainty of the next day’s spot market electricity price should be fully considered when formulating short-term dispatching plans. In general, the forecast error distribution law of the electricity price is a finite skewed distribution at both ends, but generally the corresponding normal and skewed distributions do not differ much. Therefore, this model describes the electricity price uncertainty as follows (Figure 1):
(1) Assume that the forecast error [image: image] of the spot tariff for each time period follows a normal distribution with a mean of [image: image] and a mean squared deviation of [image: image], where [image: image] is the forecast tariff for time period t.
(2) The Latin hypercube sampling (LHS) method is used to generate multiple tariff simulation scenarios. The core technique of this method is to first stratify the probability distribution of the samples and then randomly select samples from each stratum in turn. The cumulative probability distribution function [image: image] is calculated for each time period based on the mean and mean squared deviation assumed in (1), and [image: image] is divided into [image: image] non-overlapping subintervals, each with a spacing of [image: image]. An integer [image: image] is randomly selected from the set [image: image], representing the interval where the cumulative probability distribution lies. Subsequently, a random number in a range of [image: image] is generated, which is denoted as [image: image] corresponding to the interval [image: image]. The cumulative probability function for [image: image] is [image: image]. Finally, the inverse function of the cumulative probability distribution function [image: image] is substituted by [image: image] to obtain the corresponding tariff data sampling value.
(3) In order to fully reflect the stochastic variation characteristics of the spot market clearing price, the LHS method in (2) is used to generate many electricity price scenarios. If all scenarios are considered in the model, it will significantly affect the computational efficiency, but if very few scenarios are considered, the computational accuracy will be lower. Therefore, in order to balance solution accuracy and efficiency, the K-means clustering algorithm based on the initial clustering centers and contour coefficients is used (Cheng et al., 2023) to reduce the number of scenarios as much as possible while maintaining the important features of the tariff scenarios.
[image: Figure 1]FIGURE 1 | Uncertainty description method of the price.
3.2 Power station–substation difference regional outbound relationship processing
The Jinxia terraced power station contains various differential cases of outgoing transmission of sub-plants: (1) the power stations in the left and right banks represented by the Wudongde power station have the same outgoing and retained provinces. (2) The left and right bank outgoing provinces represented by Baihetan are different, but the retained provinces are the same. (3) In the case of Xiluodu, the power plants in both the left and right banks are different in terms of outgoing and retained provinces.
First, the aforementioned three cases require refined modeling of the outgoing power and the output of the corresponding substations, given K = 1, 2, 3, 4, 5, 6, and 7 corresponding to the provinces Guangdong, Guangxi, Jiangsu, Zhejiang, Shanghai, Sichuan, and Yunnan.
Case (1): No further refinement modeling is required because the sub-plant feeder areas are the same. Case (2): The following additional refinement modeling constraints are required.
➢ The output of the left bank unit is greater than or equal to the outgoing output to Jiangsu.
[image: image]
➢ The output of the right bank unit is greater than or equal to the outgoing output to Zhejiang.
[image: image]
Case (3): The following additional refinement modeling constraints are required.
➢ The output of the left bank unit is equal to outgoing output for Zhejiang and the retained output for Sichuan.
[image: image]
➢ The output of the right bank unit is equal to the outgoing output for Guangxi and the retained output for Yunnan.
[image: image]
3.3 Target linearization processing
Since Eq. 3 contains the max function, resulting in a non-linearly constrained objective, it needs to be linearized to transform the mixed-integer non-linear programming (MINLP) model into a MILP model. Then, a sophisticated and efficient optimization solver is used to solve the MILP model in order to obtain the optimal solution efficiently.
Variables 0–1, auxiliary variables [image: image] (i represents whether there is a positive deviation in the power plant plan power), [image: image], and [image: image], and infinity value constant M are introduced, where [image: image] in Eq. 3 and [image: image] in Eq. 5 are transformed into the following mathematical expression:
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3.4 Description of the flow curve under the tailwater level considering the top support of the return water
The backwater is a complex hydraulic connection between coupled reservoirs (Figure 2). Under normal conditions, there exists a stable relationship curve between the tailwater level and outflow. However, when the upstream and downstream dam sites of the reservoirs are closer, a high downstream reservoir level produces backwater. Furthermore, the stabilized water level–flow relationship curve will be disrupted, which is known as the backwater effect (Zhao et al., 2019). The requirements for short-term scheduling refinement of hydropower are becoming more stringent due to the gradual increase in the capacity of wind power and photovoltaic power. Addressing the influence of downstream backwater in the model and realizing an efficient solution is one of the key points and difficulties in current reservoir scheduling.
[image: Figure 2]FIGURE 2 | Description of backwater.
The example shows that if the optimal scheduling model is not constructed by taking into account the complex hydraulic coupling relationship between power stations, there will be deviations between the calculation results and the actual operation process, which does not meet the requirements of accuracy and practicality of hydropower scheduling. Therefore, this paper constructs the relationship between the upstream reservoir level, tailwater level, and downstream flow based on the triangular linear interpolation method in binary independent branching mode, as described in Cheng et al. (2022).
4 EXAMPLE ANALYSIS
4.1 Calculation parameters
This paper takes Wudongde, Baihetan, Xiluodu, and Xiangjiaba (hereinafter referred to as Wu–Bai–Xi–Xiangba), the four mega power stations that have been put into operation in the lower Jinsha River gradient, as the research objects. The installed capacities are 10,200 MW, 16,000 MW, 12,600 MW, and 6,000 MW, respectively. Seven provinces (cities), namely, Guangdong, Guangxi, Jiangsu, Zhejiang, Shanghai, Sichuan, and Yunnan, are included in the grid at the receiving end of the gradient.
4.2 Analysis of penalty rules
As we can see from the aforementioned table (Table 1), according to the planned electricity price penalty (Figure 3), the planned electricity compliance rate decreases with the planned electricity price. According to the market price penalty (Figure 4), the planned electricity compliance rate does not change with the planned price. When the planned price is close to or much larger than the mean market price, the compliance rate of the punishment rule according to the planned electricity price is much larger than that according to the market price. In this case, the planned electricity price is higher than the market price during most periods. The punishment rule according to the planned electricity price can cause generators to suffer large revenue losses. According to the punishment rule based on the market price, power plants can seek higher revenue by defaulting on planned electricity during the period of low market price and participating in the day-ahead market during the high market price. Considering the policy specificity of planned power, grid companies use planned tariffs for compliance deviation penalties in order to ensure the compliance rate of planned power.
TABLE 1 | Effect of punishment rules on the compliance rate.
[image: Table 1][image: Figure 3]FIGURE 3 | Penalized negative deviations with planned electricity prices.
[image: Figure 4]FIGURE 4 | Penalized negative deviations with market electricity prices.
From another perspective, if the planned power price is appropriately reduced, the willingness of hydropower plants to contract planned power will be weakened at the same time, so this paper tries to explore the correlation between planned power pricing and market performance, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Relationship between the compliance rate and planned electricity price.
4.3 Scheduling result analysis
The model proposed in this paper can obtain the short-term dispatching scheme of cascade hydropower stations under the corresponding electricity price scenario. Figure 6 respectively, shows the changes in water level and output of each power station during the scheduling period, and their water levels and output meet the operation constraints and are within a reasonable range. It can be seen that the variation in the upstream water level is greater than that in the downstream water level, and the downstream power station can maintain stable high-head power generation as far as possible through the adjustment of upstream discharge flow so as to increase the overall power generation and benefits.
[image: Figure 6]FIGURE 6 | Power generation and level.
Further analysis of the overall output of cascade power stations shows that the electricity price is higher in the peak period and lower in the trough period. Under the guidance of the market price before the day, cascade hydropower stations give play to the spatial–temporal coupling characteristics and maximize the total revenue of the cascade hydropower station during the operation period through the spatial cooperation between its upstream and downstream and the coordination between different periods. It is consistent with the experience of hydropower optimal dispatching and the profit-seeking rule in the market environment and verifies the rationality of the dispatching results.
4.4 Analysis of the stable unit operation
As shown in Figure 7, power stations such as Baihetan and Xiluodu with different regions of the left and right bank sending provinces ( refer Section 3.2 Power station–substation difference regional outbound relationship processing) can be considered in the process of unit load distribution of the complex provinces of the sub-bank sending demand, at the peak of the two provinces, to increase the power allocation in a timely manner while taking into account the safe and stable operation of the unit (Table 2; Figure 8), to ensure the practicality of the power plan.
[image: Figure 7]FIGURE 7 | Hydroelectric power plant power outflow map.
TABLE 2 | Unit stabilization parameters.
[image: Table 2][image: Figure 8]FIGURE 8 | Unit output distribution.
4.5 Analysis of market price uncertainty
Using the methodology described in Section 4, five typical electricity price scenarios were generated based on the uncertainty of the forecast electricity price error (Figure 9). Two regional grids, the National Grid (NG) and the Southern Grid (SG), are included in the electricity price scenario. In this section, the planned electricity price is set to 0.3¥.
[image: Figure 9]FIGURE 9 | Multi-scenario electricity prices.
The aforementioned table shows the mean and maximum prices in different regions for different scenarios (Table 3). Overall, the average price in the SG region is higher than that in the NG region. Within the same region, the mean price for different scenarios does not vary much, but the maximum price difference accounts for approximately 4% of the mean price. Maximum tariffs are very important for market-based electricity allocation.
TABLE 3 | Multi-scenario electricity prices.
[image: Table 3]In order to facilitate the comparison between multiple scenarios of tariff uncertainty and single tariff scenarios, this subsection adopts “Plan Electricity Negative Deviation Penalty Rule II” and conducts a comparative analysis according to the principles of the plan tariff penalty.
The main difference between a single scenario and multiple scenarios (Figure 10) is observed in the seventh, 11th, and 16th time periods. The seventh and 11th time periods show a significant decrease in market decision power in the 11th time period with the single scenario. There was a significant increase in market decision power in the seventh time period compared with the single scenario, which is mainly due to the fact that only one scenario of price scenario 1 is considered in the single-scenario mode. The price in the seventh time period is lower than the tariff in the 11th time period in tariff scenario 1, while the other scenarios are the opposite. Therefore, in order to take into account the possibility of multiple tariffs and improve the expected revenue of the power plant, the power output in the seventh period is increased and the power output in the 11th and 16th periods is reduced in the multi-scenario decision to avoid the revenue risk. Using the decision results from scenario 1 to find the possible expected revenue for all price scenarios, there is a 3% reduction in revenue compared to the present expected return maximization model. It shows that expectation modeling is very important for risk aversion.
[image: Figure 10]FIGURE 10 | Comparison between single scenario and multiple scenarios.
5 CONCLUSION
Currently, in the stage of market reform where planned electricity and marketed electricity coexist, hydropower taking on the task of delivering power to multiple-recipient provinces plays a decisive role. In the current market background, how to take into account the planned electricity and the cross-provincial market revenue is an important problem that cascade hydropower plants face. In this paper, taking the Jinsha River cascade hydropower plants as a relying project, we propose a day-ahead planned electricity compliance strategy and market electricity decision-making methods considering complex settlement rules and many end-user provinces. Finally, the expected revenue maximization model, considering the price uncertainty, is developed. The following conclusions were obtained:
(1) Hydropower plants have a much larger planned power compliance rate for the planned electricity compliance penalty rule based on the planned electricity price than based on the market price.
(2) The model proposed in this paper hedges the market decision risk by taking into account the tariff forecast error.
(3) While taking into account the demand for power delivery from complex provinces, the model can obtain an operation plan that meets the safe and stable operation of the units.
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