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The comprehensive cascade reservoir system is extensively used for flood control and power generation. Traditional reservoir scheduling often treats these tasks as competing objectives, prioritizing flood control during the flood season and neglecting power generation benefits. This approach, primarily applied to large floods, leads to hydraulic resource wastage and power generation loss during minor and moderate floods. The lower Jinsha River cascade reservoirs have significant flood control storage capacity, allowing part of the capacity to be used for maintaining higher water levels without compromising safety under minor and moderate floods within a 20-year return period. This paper proposes an optimal scheduling model that considers both flood control and power generation tasks for the lower Jinsha River cascade reservoirs. The Multi-objective Particle Swarm Optimization (MOPSO) algorithm was used to find non-inferior solution sets. An evaluation index system was developed to select optimal solutions under different flood frequencies, using the Minimum Discriminant Information Principle and VIKOR model. The results indicate that the optimal scheduling scheme under 20-year, 10-year, and 5-year return period floods can enhance power generation by 1.64, 1.71, and 1.35 billion kWh, respectively, compared to conventional scheduling. This approach supports coordinated flood control and power generation scheduling, contributing to the high-quality development of the Yangtze River Economic Belt.
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1 INTRODUCTION
The comprehensive cascade reservoir system is one of the most widely used engineering measures for flood control in river basins (Li and Xu, 2023). It undertakes tasks such as flood control and power generation, often resulting in conflicts between these objectives (Brunner and Sikorska Senoner, 2019). Traditionally, it is believed that flood control tasks and the benefits of power generation are in a competitive relationship and cannot be simultaneously satisfied (Loucks et al., 1981). Consequently, during flood periods, the scheduling of cascade reservoirs typically does not consider power generation benefits. However, this strategy is primarily applied to large floods that exceed downstream flood control standards. Applying the same strategy to minor and moderate floods that meet downstream standards leads to the wastage of hydropower resources.
In recent years, the multi-objective optimal scheduling of reservoirs has been a hot research topic. Traditional reservoir scheduling methods typically optimize for a single objective, overlooking the synergistic effects among multiple objectives. To address this issue, researchers have proposed various multi-objective optimization methods (Ning et al., 2024). applied the improved Advanced Multi-objective Ant Lion Optimization (AMOALO) algorithm to reservoir flood control and scheduling. Using the Pine Reservoir and Dongfeng Reservoir in the Fuzhou River Basin of Dalian as examples, they obtained non-dominated solution sets for different objectives, providing an effective method for solving multi-objective reservoir scheduling problems. Wan et al. (2023) addressed efficiency and flood risk in reservoir scheduling decisions. They proposed a multi-objective synergistic decision-making method based on the synergistic theory of flood resource utilization in reservoirs, offering a basis for flood resource utilization decisions. Hashemi et al. (2024) studied the Masjed-e-Soleyman and Gotvanand Olia dams to construct an optimal dispatch model. The objectives included generating hydroelectric power, meeting downstream demands (drinking water, agriculture, industry, environment), and controlling floods. They constructed four assessment criteria and four indicators (reliability, resilience, vulnerability, and sustainability) to analyze the dispatch results. Wang et al. (2023) developed a pathological two-layer planning model to quantify the relationship between flood control and power generation in optimal reservoir scheduling. This model aims to reduce flood control risks without sacrificing power generation benefits during flood regulation. Huang et al. (2014) developed a nonlinear multi-objective optimization model to coordinate hydropower generation with the joint operation of 15 reservoirs in the Upper Yangtze River Basin. And an extended POA is proposed to accelerate the efficiency and effectiveness of solving nonlinear optimization model. Ouyang et al. (2013) developed an optimization model of multi-objective flood control for cascaded reservoirs to solve scheduling problem of large-scale reservoirs on the middle and upper Yangtze River, considering the requirements such as dam safety, flood control over the upstream area and flood control over the downstream protected area. And they formulated an adaptive algorithm of multi-objective electromagnetism-like mechanism (MOEM) for evolution of the feasible solution sets. Previous research by scholars has largely focused on how to ensure power generation under lower flood risk during major floods, with insufficient analysis on maximizing overall benefits during medium and small floods. We aims to provide a method to specifically address the scheduling strategies that should be employed for the large cascade reservoirs when facing low flood risk.
The selection of evaluation indexes and the allocation of weights directly affect the accuracy of multi-objective decision-making (Malekmohammadi et al., 2011; Chen, 1988). A reasonable scheduling scheme needs to adapt to different flood levels in the basin, meeting upstream and downstream flood control needs, and reducing power generation losses and flood risks. This paper starts from the framework of an ‘objective-criteria-indicator’ hierarchical relationship. Five dimensional criteria are selected with the objective of seeking the optimal scheduling scheme under different frequency floods. The multi-objective decision-making index system of the cascade reservoirs is constructed using the non-inferior solution set of multi-objective optimal scheduling as input. The Minimum Discriminant Information Principle (MDIP) combined with the VlseKriterijuska Optimizacija I Komoromisno Resenje (VIKOR) model (Opricovic and Tzeng, 2007) is used to solve the multi-objective decision-making problem of scheduling schemes more rationally, precisely, and efficiently.
This paper takes the lower Jinsha River cascade reservoirs as the research object. According to the operation demands of flood control and power generation when facing minor and moderate floods, this paper establishes the multi-objective optimal scheduling model for cascade reservoirs to balance power generation, flood flow reduction, and efficient use of flood control capacity. And the Multi-objective Particle Swarm Optimization (MOPSO) algorithm is used to solve and analyze the competitive relationships among these objectives. Then, in order to further evaluate and select the satisfied or optimal one from the flood control scheduling schemes, namely the Pareto non-inferior set solved by MOPSO, this paper establishes an Multi-objective decision-making model including a three layer indicator system and MDIP-VIKOR. The flowchart of different steps of this research is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of different steps of this research.
As opposed to previous studies, this research proposes a new multi-objective optimal scheduling model to address the multiple demands of the cascade reservoirs when facing minor and moderate floods within a 20-year return period or less. The large cascade reservoirs, due to their significant storage and discharge capacity as well as large flood control capacity, can ensure the safety of the reservoirs and downstream protective structures during medium and small floods. They can also utilize part of their capacity to retain floodwaters, thereby reducing peak flow and increasing the overall power generation of the cascade system. The novelty of this paper is that the multi-objective scheduling problem for the cascade reservoirs is systematically analyzed and optimized by MOPSO algorithm, focusing on flood control, power generation, and the utilization of flood control capacity. The goal is to achieve a balance of benefits during medium and small floods. On the other hand, to enhance the accuracy of multi-objective decision-making and identify the best solution for decision-makers, this paper has developed a new multi-objective evaluation indicator system based on the hierarchical relationship of “objectives-criteria-indicators.” It integrates MDIP with VIKOR model to conduct a comprehensive evaluation of various scheduling schemes. Using this method, this paper aims to offer a more reasonable, accurate, and scientifically sound scheduling scheme for the cascade reservoirs when managing floods of varying frequencies.
2 STUDY AREA
The Jinsha River originates from the Tanggula Mountain in China and flows through the Tibetan Plateau, the Yunnan-Guizhou Plateau, and the western edge of the Sichuan Basin. It covers five provinces: Qinghai, Tibet, Sichuan, Yunnan, and Guizhou, forming the upper part of the Yangtze River, the longest river in China. The Jinsha River basin consists mainly of high mountains and deep valleys, with higher terrain in the north and lower terrain in the south. The natural drop is 5,100 m, accounting for nearly 95% of the total drop of the Yangtze River. This gives the Jinsha River extremely rich hydropower resources and excellent development conditions. The hydropower reserves are estimated to be 112.4 million kWh, making up 16.7% of the country’s hydropower resources and occupying a leading position (Yang et al., 2024).
The study area is the lower Jinsha River Basin, shown in Figure 2. It is known for its abundant hydraulic resources and numerous large-scale integrated hydraulic hubs. These hubs play a key role in joint dispatching, flood control, and power generation. The large hydropower hubs of Wudongde, Baihetan, Xiluodu, and Xiangjiaba form cascade reservoirs. These reservoirs are designed for flood control as well as power generation and other benefits, highlighting their crucial controlling role in this region. The topological diagram of cascade reservoirs in the lower reaches of the Jinsha River is shown in Figure 3.
[image: Figure 2]FIGURE 2 | Lower jinsha river basin map.
[image: Figure 3]FIGURE 3 | Topological diagram of cascade reservoirs in the lower reaches of the jinsha river.
The lower Jinsha River cascade reservoirs have outstanding storage and discharge capacities, and large flood control reservoirs. In the event of a minor or moderate flood within a 20-year return period, the safety of the reservoirs and downstream protection objects will not be affected. Part of the reservoir capacity can be used to store floodwater, reducing the flood peak flow while increasing the overall power generation capacity of the cascades. One of the flood control tasks of the lower Jinsha River cascade reservoirs is to protect Yibin and other cities along the Chuan River from floods. To improve the flood control standard of these towns, about 4.42 billion m³ of flood control storage capacity is reserved. Wudongde, Baihetan, and Xiluodu reservoirs can raise their levels by 24.4 m (not exceeding the normal storage water level), 22.8 m, and 35.0 m respectively, utilizing these capacities. With installed capacities of up to 10.2 million kW, 12.0 million kW, and 14.0 million kW respectively, the cascade reservoirs can store floodwater to reduce flood peak flow during minor and moderate floods. They can also adjust water levels to optimize the head for different power generation benefits depending on storage sequences.
3 MODEL
3.1 Multi-objective optimal scheduling model for cascade reservoirs
3.1.1 Objective functions
The multi-objective optimal scheduling model for cascade reservoirs is constructed in this paper by taking the maximum peak shaving rate, the minimum utilization rate of total flood control capacity, and the maximum total power generation of the cascades as the scheduling objectives (Li et al., 2024).
Objective function 1: Maximum peak shaving rate.
For optimal scheduling of reservoirs aiming at flood control, the superiority or inferiority of the flood control effect must be taken as one of the discriminating benchmarks. Therefore, the maximum discharge flow of the cascades is minimized as the objective of the flood control dimension (Nihei et al., 2024). The objective function 1 is expressed as Equation 1.
[image: image]
where, [image: image] represents the discharge flow from the Xiangjiaba reservoir in the tth period, [image: image] denotes the interval discharge flow in the tth period, t0 is the initial time period, and tT is the final time period.
Objective function 2: Minimum utilization rate of total flood control capacity.
One of the main flood control tasks of the cascades is to cooperate with the Three Gorges joint dispatch to reduce the flood control pressure in the middle and lower reaches of the Yangtze River in the event of minor and moderate floods in the Jinsha River. In order to take into account the safety of flood control downstream of Yibin and reserve as much flood control capacity as possible with the Three Gorges flood control, the minimum total flood control capacity utilized by the staircase reservoirs is taken as one of the objectives. The objective function 2 is expressed as Equation 2.
[image: image]
where, [image: image] respectively represent the flood control storage capacities utilized for the Wudongde, Baihetan, Xiluodu, and Xiangjiaba reservoirs in the tth period.
Objective function 3: Maximum total power generation of the cascades.
The four cascade hydropower stations in the lower reaches of the Jinsha River are the main energy bases for sending electricity from west to east in China, and their engineering development tasks are mainly based on power generation. Therefore, the maximum total power generation of the cascades is taken as one of the objectives (Xu et al., 2018). The objective Function 3 is expressed as Equation 3.
[image: image]
where, [image: image] respectively denote the power generation by the Wudongde, Baihetan, Xiluodu, and Xiangjiaba reservoirs in the tth period.
3.1.2 Constraints
The constraints of the multi-objective optimal scheduling model are as follows:
Constraint 1: Water balance constraints, as Equation 4.
[image: image]
where, [image: image] represents the reservoir storage volume, [image: image] denotes the inflow into the reservoir, and [image: image] is the outflow from the reservoir in the tth period. Δt is the duration of the one time period.
Constraint 2: Drain Variation Constraints, as Equation 5.
[image: image]
where, [image: image] denotes the outflow from the reservoir in the tth period, and [image: image] represents the permissible variation in the discharge flow that conforms to the operational standards of the reservoir and the downstream river channels.
Constraint 3: Safety Drain Constraints, as Equation 6.
[image: image]
where, [image: image] is the outflow from the reservoir in the tth period, [image: image] is the maximum permissible discharge to ensure the safety of downstream flood control points, and [image: image] is the minimum permissible discharge required to meet the operational standards of the reservoir and the downstream river channels.
Constraint 4: Drainage capacity constraints, as Equation 7.
[image: image]
where, [image: image] represents the outflow from the reservoir in the tth period, [image: image] is the minimum outflow from the reservoir at the time period t, based on the water level at the end of the previous period t-1; and [image: image] is the maximum outflow from the reservoir, respectively.
Constraint 5: Generation flow constraints, as Equation 8.
[image: image]
where, [image: image] represents the electricity generation flow from the reservoir i in the tth period, [image: image] is the maximum allowable generation flow for the reservoir i in the tth period; and [image: image] is the minimum allowable generation flow, respectively.
Constraint 6: Power output constraints, as Equation 9.
[image: image]
where, [image: image] represents the power output of the hydroelectric station at the reservoir i in the tth period, [image: image] is the maximum power output limit for the reservoir i in the tth period; and [image: image] is the minimum power output limit, respectively.
Constraint 7: Total Flood control capacity constraints, as Equation 10.
[image: image]
where, [image: image] represents the maximum flood control storage capacity permitted for all of the cascade reservoirs. In this paper, the reserved flood control capacity for the Jinsha River cascade reservoirs is considered, specifically 44.2 billion cubic meters.
3.1.3 Model solutions
Intelligent algorithms have been widely used to solve multi-objective optimization problems (Zhou et al., 2014; Windsor, 1975; Wei and Hsu, 2008; Wang et al., 2015). The Particle Swarm Optimization (PSO) algorithm is one of the most widely used algorithms. It offers advantages such as fast solving speed, low computational complexity, simple operation, and minimal parameter adjustment (Huang, 2015; Kim et al., 2021). PSO can effectively solve high-dimensional and nonlinear problems, providing a set of non-inferior solutions that meet different objectives. The Multi-Objective Particle Swarm Optimization (MOPSO) algorithm is developed rapidly, in which the Pareto dominance is incorporated into PSO to handle problems with several objectives function (Coello, et al., 2004). Now it has been a typical optimization approach for multi-objective problems. MOPSO can provides a set of feasible solutions for the decision-makers or researchers, who will choose the most satisfied one from the solutions according to actual requirements. Compared to PSO, MOPSO perform better in handling the competitive and collaborative relationships among multiple objectives. Especially, it is more suitable for MOPSO to solve the problem of continuous target space.
So we select MOPSO as the optimization algorithm to solve the Multi-objective optimal scheduling for cascade reservoirs in this paper. The discharge flows over 120 flood process periods of the three reservoirs (Wudongde, Baihetan, and Xiluodu) are encoded as decision variables, resulting in 360 decision variables. The time interval period is 6 h. The particle dimension is set to 360, the population size is 300, the maximum number of iterations is 1,000, the maximum allowed speed for particles is 0.1, the number of external file sets is 100, the inertia factor is 0.6, the individual learning factor is 2.0, and the group learning factor is 2.0.
3.1.4 Model inputs and parameters
The model inputs include: the reservoirs inflow processes of the frequency P = 5%, P = 10% and P = 20% flood, reservoir level-volume curves, reservoir level-discharge flow curves, discharge capacity curve of hydroelectric power plant and so on. The other inputs and parameters are shown in Table 1.
TABLE 1 | The other inputs and parameters of the model.
[image: Table 1]3.2 Multi-objective decision-making model of flood control scheduling scheme
3.2.1 Evaluation indicator system
The index system for optimization of reservoir scheduling program is divided into three layers, namely, target layer, criterion layer and index layer in this paper, following the framework of “target-criterion-indicator” hierarchical relationship. The target layer is the relatively preferred option A pursued by multi-objective decision-making, and the criterion layer is the various dimensions of evaluation A (Santonab et al., 2023). Taking into full consideration of the representativeness, operability and comprehensiveness required for the selection of evaluation indexes, the specific contents of the criterion layer are as follows:
(1) Maximum water level during reservoir scheduling B1.
The maximum water level during reservoir dispatching refers to the maximum water level in front of the dam reached by each reservoir of the cascades in the course of a flood, which is related to the flood control safety of the reservoir itself. It is a smaller and better indicator (Santonab et al., 2023).
(2) Maximum discharge flow during reservoir scheduling B2.
The maximum discharge flow of the reservoir is an important indicator for evaluating the safety of the reservoir, which reflects the flood storage capacity of the scheduling program in the process of flood control, and it is directly related to the safety of the downstream protection area. The smaller the maximum discharge flow from the reservoir, the greater the reservoir’s role in storing the field flood, and the safer the downstream protection objects. Therefore, it is a smaller and better indicator (Zhang et al., 2024).
(3) Ideal degree of flood regulation-ended water level B3.
The ideal degree of flood regulation-ended water level refers to the closeness of the final water level of the reservoir to the ideal water level at the end of a flood scheduling by adopting this scheme. The closer the final water level of the reservoir is to the ideal level, the higher the safety coefficient will be when facing the next flood. Therefore, this indicator is the larger the better type of indicator. The ideal water level is set as the flood-limited level of each reservoir in this paper (Ho et al., 2024).
(4) Reservoir flood control capacity utilization rate B4.
The utilization rate of flood control capacity of single reservoir is the capacity corresponding to the maximum water level reached by each cascade reservoir in the process of flood control, minus the capacity corresponding to the flood control limit level of each reservoir, and then divided by the total flood control capacity of each reservoir. The overall flood control capacity utilization rate of the cascades refers to the maximum value of the sum of the flood control capacity used at each moment during the operation of the reservoir group divided by the total flood control capacity of 15.493 billion m3. This indicator is a smaller and better indicator. The smaller the indicator is, the more flood control capacity is reserved in the cascade reservoirs.
(5) Cascade reservoirs benefits B5.
The criterion for the cascade reservoirs benefits reflects the total power generation revenue of the backbone cascade reservoirs in the lower Jinsha River basin, which reflects the benefit of the scheduling process. Therefore, this indicator belongs to the larger is better type of indicator, and the total power generation of the lower Jinsha River cascades in the scheduling process is chosen as the quantitative standard. The main objective of the lower Jinsha River cascade reservoirs is still power generation, and how to ensure the power generation benefit under the premise of utilizing the minimum flood control capacity when facing minor and moderate floods is also one of the focuses of this paper (Zhou et al., 2024).
In addition, the specific index layer is the specific index value of each reservoir under the guideline layer, which is shown in Figure 4 Evaluation indicators system for multi-objective scheduling schemes 4.
[image: Figure 4]FIGURE 4 | Evaluation indicators system for multi-objective scheduling schemes.
3.2.2 Optimal evaluation model
The structure of the MDIP-VIKOR model and the multi-objective decision-making method adopted in this paper are shown in Figure 5 MDIP-VIKOR Model Structure5, and the specific calculation process is as follows:
(1) Indicator weight setting.
[image: Figure 5]FIGURE 5 | MDIP-VIKOR model structure.
Let the subjective weight vector of evaluation indicators be Wsub = {wsub(j)|1 ≤ j ≤ n}, the objective weight vector is Wobs = {wobs(j)|1 ≤ j ≤ n}. The combined weight vector is W = {w(j)|1 ≤ j ≤ n}, where n is the number of total evaluation indicators. The G1 method and entropy weight method are used to set the subjective and objective weights of specific indicators (Osokin, 2017).
(2) Evaluation matrix construction and normalization process.
Let the m to-be-selected programs corresponding to n indicators x1, x2, x3, ..., xm form the set of non-inferior solution programs X. Correspondingly, let the evaluation indicators y1, y2, y3, ..., yn form the set of evaluation indicators Y. The overall evaluation matrix is constructed as A. It is expressed as Equation 11.
[image: image]
The matrix A is standardized according to the economic attributes of each indicator (the larger the better or the smaller the better) using the following formula to obtain the decision matrix D. The indicator dij is expressed as Equations 12 and 13, and the matrix D is expressed as Equation 14.
(i) Benefit-based indicators.
[image: image]

(ii) Cost-based indicators.
[image: image]

(iii) Decision matrix.
[image: image]
(3) Optimization model construction
Next, the principle of Minimum Discriminative Information is used to combine the two assignments. The core idea of MDIP is to find a new weight distribution that minimizes the “distance” (using the Kullback-Leibler dispersion metric) from the subjective and objective assignments. The optimization model is expressed as Equations 15, 16.
[image: image]
[image: image]
The model determines the combination weights of the factors with the constraint of minimizing the information difference, using the Lagrange multiplier method, as shown in the following Equation 17.
[image: image]
(4) Determination of positive and negative ideal values.
According to the specific situation of reservoir operation, the positive ideal value (PIS) and negative ideal value (NIS) of each index in the decision matrix D are determined. The positive ideal value is the maximum value of the larger and better indicator in a certain indicator system, and the negative ideal value is the minimum value of the smaller and better indicator in a certain indicator system. The specific formula is expressed as Equation 18.
[image: image]
(5) Calculate evaluation parameters.
Then, the evaluation parameters in the model are calculated, including individual regret value R (R-value) group utility value S (S-value), and program benefit coefficient Q (Q-value). The R-value is a psychological regret level from the decision-maker, who has not selected the optimal solution in the process of the multi-index decision. Based on Regret Theory, it can be calculated from the comparison between the currently selected solution and other alternative options. The S-value is a utility value that integrates personal preferences and inclinations from the entire decision-maker group. It can be determined by calculating the expected comprehensive utility value of every solution. The Q-value is an important parameter to reflect the comprehensive benefits of the proposed solution in the multi-index evaluation model, which can measure the closeness of each solution to the ideal one. The higher its value, the closer the solution is to the ideal solution. The Q-value integrates the R-value and S-value, and enables MDIP-VIKOR model to maximize the group utility and minimize the individual regret. The specific formulas are expressed as Equations 19–23.
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where, [image: image]、 [image: image]、and [image: image] respectively represent the individual regret value, the collective utility value, and the benefit coefficient of the ith option. v is the compromise coefficient, which ranges from 0 to 1. When v is in the range (0.5, 1), it indicates a preference for maximizing the collective utility value; when v is in the range (0, 0.5), it represents a preference for minimizing the individual regret value; when v = 0.5, it signifies a decision-making mechanism based on negotiation and compromise. In this paper, v = 0.5 is used.
(6) Judgment of Decision Options.
Based on the R-value, S-value and Q-value of each program, the programs are sorted into three different sorting results, and the top program in each sorting result is better than the corresponding bottom program. The decision solutions are determined according to the following two criteria, which is also the relatively optimal.
(i) Criteria for acceptable advantages.
This criterion is used to determine the range of acceptable advantages for decision-making. It is based on the following formula, as Equation 24.
[image: image]
where, the total number of options is denoted by m. The suboptimal and optimal options obtained by ordering according to the Q-value are represented by [image: image] and [image: image], respectively. The corresponding attributes for these options are Q1 and Q2.
(ii) Decision Stability Criteria.
When ranking based on the R-value or S-value, the top-ranked solution is selected to ensure the stability of the decision.
In general, when the decision criterion (i) is not satisfied and each [image: image] satisfies the above equation, the set of solutions {([image: image])} are compromised solutions. When the decision criterion (ii) is not satisfied, the schemes [image: image] and [image: image] are both compromise solutions.
4 RESULTS AND ANALYSIS
4.1 Optimal results and analysis
The above model is applied to optimize the scheduling of minor and moderate floods by taking P = 5%, P = 10%, and P = 20% flood frequency amplification as input conditions in a typical year of 1966. We obtained 100 non-inferior solutions using the MOPSO algorithm for different frequency floods.
Figure 6 Pareto frontier of multi-objective optimization scheduling results shows the Pareto solution for multi-objective optimization scheduling of cascade reservoirs in the lower reaches of the Jinsha River. It includes typical floods of 20-year, 10-year, and 5-year in 1966. The x, y, and z-axes represent the utilization of total flood control capacity, the maximum peak shaving flow, and the total power generation of the cascades. The Pareto frontier is roughly located on a surface, indicating a significant competitive relationship among the three scheduling objectives. An increase in any one objective affects the performance of the other two, reflecting a degree of mutual constraint.
[image: Figure 6]FIGURE 6 | Pareto frontier of multi-objective optimization scheduling results. (A) P = 5% (B) P = 10% (C) P = 20%.
To further analyze the interrelationships between the various objectives, Figure 7 Relationship between various scheduling objectivesshows the two-dimensional projection of the set of non-inferior solutions in Figure 6 onto various planes, using the example of the 20-year flood. Figure 7 shows a negative correlation between the maximum peak shaving rate and the maximum utilization of total flood control capacity. Under the same other conditions, the smaller the maximum discharge flow pursued, the more flood control storage capacity is occupied. This aligns with general reservoir scheduling knowledge, effectively reducing flood peaks and ensuring downstream safety by utilizing flood control capacity to store more floodwater.
[image: Figure 7]FIGURE 7 | Relationship between various scheduling objectives. (A) Power generation and discharge flow (B) flood control capacity and discharge flow (C) power generation and flood control capacity.
Figure 7 Relationship between various scheduling objectives) shows the relationship between discharge flow and total power generation. Although not obvious, they are positively correlated to a certain extent. Analyzing the complex relationship between the cascade reservoirs reveals that increasing the overall discharge flow of the cascade reservoirs will increase the power generation flow of the unit in the actual reservoir scheduling process. However, downstream reservoirs will raise their tailwater level by discharging more flow, which reduces the tailwater level of upstream reservoirs and affects the overall power generation benefit of the cascade to some extent due to the close water conservancy connection of the cascade reservoirs. This analysis proves that cascade reservoirs can achieve better benefits by using more flood control capacity and raising the level and power generation head during reservoir operation in the event of minor and moderate floods. It also improves downstream safety by cutting down more flood volume. Figure 7C shows a significant positive correlation between the use of flood control storage and the total power generation of the cascades. This proves that it is possible to utilize part of the flood control storage in minor and moderate floods to increase the total power generation of the cascades.
4.2 Evaluation results and analysis
Based on the calculation method in the previous section and the scores of each criterion layer in the evaluation index system, the results of evaluating the optimized multi-objective flood control scheduling scheme for cascade reservoirs for minor and moderate floods at each frequency are shown in Table, Table and Table. The 100 non-inferior solutions generated by the optimal scheduling are ranked by the Q-value in this section to make the evaluation parameters more intuitive.
(1) Results of multi-objective evaluation for the frequency P = 5% flood.
According to the decision-making method in the previous section, the results and parameters of the scheme selection from the non-inferior solution set generated by the optimized dispatching of the 20-year flood are shown in Table 2 ranked by Q-value.
TABLE 2 | Optimization scheduling evaluation metrics and optimal parameters of the 20-year flood.
[image: Table 2]Based on the MDIP-VIKOR evaluation model and the Q-value ranking, scheme 5 is ranked first and scheme 4 is ranked second. Scheme 5 is ranked second in S-value and first in R-value, both of which are top-ranked, meeting the criterion of decision-making stability (criterion ii). Additionally, according to decision criterion (i), with 100 decision schemes, Q5-Q4 = 0.0214 > 1/(100-1), which meets the acceptable advantage criterion. Therefore, for a flood with a 20-year return period, scheme 1 is the relatively optimal scheme. In this scheme, the maximum discharge flow of the cascades is 20,900 m³/s, the maximum occupied total flood control capacity is 3.849 billion m³, the capacity utilization rate is 24.84%, and the total power generation of the cascades during the scheduling process is 27.36 billion kWh. Based on the above evaluation and selection results, the relatively optimal dispatching process of the cascade reservoirs in the event of a 20-year return period flood is shown in Figure 8 20-year flood optimal scheduling process.
[image: Figure 8]FIGURE 8 | 20-year flood optimal scheduling process. (A) Wudongde (B) Baihetan (C) Xiluodu (D) Xiangjiaba.
When the inflow of Wudongde Reservoir is small at the beginning of the scheduling, the outgoing flow equals the incoming discharge. After the inflow reaches 17,000 m³/s, the reservoir starts to store floodwater, raising its water level to 970.10 m while reducing the peak flow and maintaining a high level to increase power generation. During this period, the maximum flood control storage capacity of 1.84 billion m³ is used, and the level is slowly lowered to 953.20 m during the withdrawal stage after the flood peak, maintaining the flood-limited water level. Baihetan Reservoir plays an auxiliary role in supporting the downstream reservoirs by appropriately reducing the flood flow. During the operation period, the maximum water level reaches 787.70 m, the maximum used flood control capacity is 430 million m³, and the reserved flood control capacity reaches 7.07 billion m³. Xiluodu Reservoir stores water up to 577.70 m in the upwelling section and maintains a discharge of 19,500 m³/s to bring the level back to the flood-limited water level after maintaining operation for a certain period.
(2) Results of multi-objective evaluation for the frequency P = 10% flood.
The results and parameters of the scheme selection from the non-inferior solution set generated by the optimized dispatching of the 10-year flood are shown in Table 3, ranked by Q-value.
TABLE 3 | Optimization scheduling evaluation metrics and optimal parameters of the 10-year flood.
[image: Table 3]According to the calculation results of the aforementioned evaluation model, scheme 22 and scheme 26 are ranked first and second, respectively, based on Q-value. Scheme 22 is ranked third in S-value evaluation and fifth in R-value evaluation, both of which are top-ranked, indicating it conforms to the principle of stability in decision-making and meets the judgment criterion (ii). The Q-value difference between scheme 22 and scheme 26 is 0.0642 out of 100 decision scenarios, exceeding the criterion of 1/(100-1) for acceptable advantage according to criterion (i). Therefore, scheme 22 is recognized as the relatively optimal choice for the incoming flood of P = 10%. In this scheme, the maximum discharged flow of the cascade reservoirs reaches 17,800 m³/s, and the maximum utilization of the total flood control capacity is 4.070 billion m³, with a utilization rate of 20.94%. The total power generation of the cascade reservoirs during the flood control scheduling process is 27.076 billion kWh. The relatively optimal scheduling process for the cascade reservoirs during the 10-year flood is shown in Figure 9 10-year flood optimal scheduling process9.
[image: Figure 9]FIGURE 9 | 10-year flood optimal scheduling process. (A) Wudongde (B) Baihetan (C) Xiluodu (D) Xiangjiaba.
To fully utilize flood resources and increase the water head for more power generation, reservoirs begin to store floodwater at the early stage of water rise. Wudongde Reservoir can raise its water level by 16.30 m, generating 5.96 billion kWh during the entire scheduling period, which is 1.00 billion kWh more than without raising the level. Similarly, Xiluodu Reservoir can raise its water level by 20.60 m, generating 8.27 billion kWh, which is 0.72 billion kWh more than without raising the level. However, Baihetan Reservoir plays an auxiliary role in peak shaving, with an overall level variation of 1.10 m. Most of its capacity is reserved to handle possible successive floods and to cooperate with the Three Gorges for flood control in the middle and lower reaches of the Yangtze River. Additionally, Xiangjiaba Reservoir is scheduled according to regular rules and helps smooth the overall outflow process of the cascades.
(3) Results of multi-objective evaluation for the frequency P = 20% flood.
The results and parameters of the scheme selection from the non-inferior solution set generated by the optimized dispatching of the 5-year flood are shown in Table 4, ranked by Q-value.
TABLE 4 | Optimization scheduling evaluation metrics and optimal parameters of the 5-year flood.
[image: Table 4]Based on the Q-value ranking, scheme 61 is ranked first and scheme 97 is ranked second after further analysis of the calculation results. However, the S-value of scheme 61 is ranked 17th and the R-value is ranked 53rd, which does not meet the decision stability criterion (judgment criterion ii). Additionally, there are 100 decision scenarios, and Q61-Q97 = 0.1017 > 1/(100-1), which meets the acceptable advantage criterion (decision criterion i). Therefore, both scheme 61 and scheme 97 are compromises rather than optimal solutions for the P = 20% flood. Generally, a compromise solution is a relatively acceptable or satisfied one for decision maker rather than an optimal solution. The preferences for decision-making vary, and the selected compromise solutions also differ. However, it well balances the power generation, flood flow reduction, and efficient use of flood control capacity in the flood management. Considering that scheme 61 has the highest Q-value, this compromise solution is chosen as the relatively optimal one. As shown in Figure 10 5-year flood optimal scheduling process10, when the cascade reservoirs encounter a 5-year flood, Wudongde Reservoir and Xiluodu Reservoir are mainly used to store the floodwater, while Baihetan Reservoir is used to reduce the flood flow.
[image: Figure 10]FIGURE 10 | 5-year flood optimal scheduling process. (A) Wudongde (B) Baihetan (C) Xiluodu (D) Xiangjiaba.
When the 5-year flood arrives, Wudongde Reservoir first stores water, raising its level from the flood-limited water level of 952.00 m–972.00 m. After storing part of the floodwater, it maintains a higher water level to increase power generation capacity while providing the maximum power generation flow. Using the water level-capacity curves of each reservoir, it is evident that Baihetan raises its water level less than other reservoirs with the same amount of water storage, despite having a larger capacity. Therefore, in the preferred scheme, Baihetan mainly reduces peak flows. Its maximum flood protection capacity utilization rate is only 2%, making it the primary reservoir for reserved flood protection capacity. By storing a certain amount of water early in the flood, Xiluodu Reservoir raises and maintains a higher water level of 565.00 m to increase power generation. When the flood peak arrives, it stores water to reduce the peak. Xiluodu plays the main storage role in the downstream reservoirs of the cascades, maintaining a water level of 573.00 m until the flood recedes to ensure total benefits. According to conventional rules, Xiangjiaba Reservoir is scheduled with outflow equal to inflow. All of its flood control capacity is used as a backup reserve to handle possible successive floods and coordinate with the Three Gorges scheduling.
5 CONCLUSION
This paper addresses the scheduling problem of the lower Jinsha River cascade reservoirs when facing the minor and moderate floods of a 20-year return period or less. The aim is to ensure the overall benefits of cascade flood control scheduling while balancing three demands: protecting downstream areas, improving power generation benefits and reserving enough flood control capacity for the Three Gorges and the middle and lower reaches of Yangtze River.
Based on the above three demands, the optimal scheduling model for the Lower Jinsha River cascade reservoirs focuses on three goals: maximizing power generation, minimizing peak outflow, and reducing flood control capacity. Using the Multi-objective Particle Swarm Optimization algorithm, we generated solutions for these objectives under different water supply frequencies and analyzed the relationships between them. The results showed that the level of competition among the objectives varies with different water inflow frequencies. There is strong competition between power generation and reserved capacity, as well as between peak reduction and reserved capacity. In contrast, the correlation between power generation and peak reduction is relatively weak. This indicates that better overall benefits can be achieved by allocating more reservoir capacity for minor and moderate floods.
Additionally, a multi-objective evaluation system with 18 specific indicators was developed. This system considers factors such as flood control, power generation benefits, reservoir safety, and reserve capacity to assist the Three Gorges flood control, based on a hierarchical “objective-criterion-indicator” framework. The evaluation criteria included the maximum water level, maximum discharge flow, ideal end water level, flood control capacity utilization, and cascade benefits. Furthermore, the MDIP-VIKOR evaluation model was used to identify the optimal scheduling schemes for three water inflow conditions (P = 5%, P = 10%, and P = 20%). It was found that the power generation of each scheme increased by 1.64, 1.71, and 1.35 billion kWh, respectively, significantly enhancing the comprehensive benefits of the Lower Jinsha River reservoirs during minor and moderate floods, although the scheduling process of flood only maintains 30 days. In conclusion, this study proposed optimal scheduling strategies for minor and moderate floods, offering valuable guidance for decision-makers in practical applications.
However, in order to translate our research findings into actionable recommendations for decision-makers in flood management, we would like to do more research in the future. Firstly, we should identify or forecast the flood size whether is a minor or moderate flood within a 20-year return period. Secondly, a flood management software would be developed to generate the optimal scheduling scheme in real-time. Lastly, we can take the flood forecasting and the corresponding software to implement the proposed scheduling strategies. Certainly, the reservoir scheduling is a complex multi-objective problem, and there is a curse of dimensionality usually. To further improve multi-objective reservoir scheduling, dimensionality deduction and optimization algorithm for solving efficiency are very essential.
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