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With the rapid development of photovoltaic power generation, how to improve the photovoltaic grid connection rate is an urgent problem to be solved. This article proposes an optimized scheduling method for the water and photovoltaic complementary system, taking into account the operation strategy of pump stations to improve the photovoltaic grid connection rate. Firstly, a multi-objective optimization scheduling model is constructed to consider both power generation and output fluctuation, and the uncertainty of photovoltaic power generation is analyzed from multiple perspectives. Then, taking the cascade hydropower stations and surrounding photovoltaic power stations in a river basin in Sichuan as an example, the operation strategy of pump stations is introduced into the water and photovoltaic complementary system, considering different weather scenarios, to reduce the photovoltaic curtailment rate. The study verifies that the introduction of pump stations can effectively increase the photovoltaic grid connection rate, and quantitatively analyzes the pump station capacity configuration under different photovoltaic penetration rates.
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1 INTRODUCTION
Since the 21st century, in response to global climate change and energy crises, 31 major countries, including the United States, China, and the European Union, have established carbon reduction targets (Ding et al., 2014). As a response to climate change and to achieve green and low-carbon development, China has made solemn commitments to the international community that include peak carbon emissions and carbon neutrality goals. These commitments have given strong impetus to the development of a clean and low-carbon energy system in State Council of the People's Republic of China (2021). Vigorously developing and fully utilizing renewable energy such as wind, solar, and water is an important way to fulfill the commitment to reduce carbon emissions (National Energy Administration, 2022; Huang et al., 2021). By the end of 2022, China’s cumulative installed capacity of PV power reached 358 GW, making it the country with the largest installed capacity of PV power globally (2016). However, PV power generation exhibits significant volatility, intermittency, and randomness, posing challenges to the stable operation of the power grid when directly integrated (Pang and Zhang, 2017). Therefore, the coordinated development and operation of hydropower and PV power in a complementary manner has been proposed as an important approach to promote the integration of PV power and enhance its utilization efficiency (Zhu et al., 2021).
The complementary principle between hydropower and PV power generation lies in the fact that when the PV power generation is insufficient to meet the demand, the surplus electric energy can be utilized to elevate the water level in the hydropower station reservoir, thereby storing water energy for future needs (Liu et al., 2011). However, the integration of hydropower and PV power still faces certain challenges. Due to the intermittent and uncertain nature of PV power generation, it presents higher demands for energy scheduling and management when combined with hydropower. Rational arrangements of both power generation levels and operational status are required to achieve balanced and optimized energy supply. Furthermore, the coordinated operation of hydropower and PV power is essential, encompassing coordinated operation of power generation equipment, grid scheduling, and the safety and stability of system operation. Some research has been conducted to overcome the difficulties in integrating and accommodating PV grids. Zhu et al. (2021) proposed a daily coordinated optimization operation strategy for hydropower-PV complementarity in terms of the fluctuating power ratio. They developed an optimization model and proposed a PSO algorithm based on the sigmoid function for model resolution. Ming et al. (2018) focused on short-term dispatch of the Longyangxia hydropower-PV joint operation on the Yellow River, establishing a mathematical model for peak shaving capability and proposing a model resolution method based on simulated optimization goals, considering factors such as reservoir capacity, water level changes, and restrictions in the hydropower-PV complementarity dispatch calculation. However, these research has limited the model’s practical applicability by rigidly defining the PV power uncertainty scenario and failing to fully account for variables like environmental protection requirements, grid planning, and equipment lifespan in the hydropower-PV complementarity dispatch.
In addition, other renewable sources (Zhang et al., 2019; Yang et al., 2021; Shen et al., 2022), their operational scheduling has also received widespread attention (Liu et al., 2021; Song, 2021 constructed a scheduling model for hydropower-PV complementarity systems, employing different control strategies aimed at minimizing total output volatility and optimizing overall stability. However, the consideration of various complex factors in actual operation was insufficient, limiting the universality of the model. Hongyang et al. (2016) proposed three operational strategies based on the different degrees of hydropower regulation for PV fluctuations, while summarizing the strengths and weaknesses of each strategy. Nevertheless, the consideration of reservoir capacity constraints for hydropower stations was omitted. Luo et al., 2021 presented a probabilistic point allocation algorithm based on polynomial chaos theory for operational safety, considering the stochastic nature of PV output. Theoretically, the cascade hydropower-PV complementarity system might operate safely and steadily owing to this method, but it did not fully account for the effects of variables like variations in light intensity on system performance and operation.
The major novelty of this study is: 
(1) Considering PV uncertainty from the aspects of changes in light and temperature, comprehensively considering the impact of PV uncertainty in different scenarios on system operation.
(2) Under the premise of considering ecological flow, measures are taken to reduce the impact of PV power generation uncertainty by introducing pump stations in hydropower stations, and the introduction of pump stations increases the absorption capacity of PV power generation.
(3) Through the analysis of different PV output scenarios, it is also demonstrated that the introduction of pump stations has universal applicability, and the capacity configuration of pump stations is also analyzed.
The rest of this paper is arranged as follows. In Section 2, the objective function, constraint conditions, and model resolution method of a hydropower-PV complementarity scheduling model are presented. The fundamentals of the case study are presented in Section 3, which also includes an examination of the case study results for PV output under various conditions and a capacity configuration analysis of the pumping station. Finally, the main conclusions are drawn in Section 4.
2 COMPLEMENTARY HYDRO-PV MODEL
2.1 Objective function
Maximizing power generation and minimizing fluctuations are two important objectives in the complementary operation of hydro-PV systems (Wang et al., 2019). The multi-objective model for maximizing power generation and minimizing fluctuations enables better utilization of the complementarity of the hydro-PV system, achieving optimal power generation under different weather and lighting conditions. These two objectives are mutually constraining and balanced. These two objectives can be balanced and traded off by creating a multi-objective model, which can assist to identify the most suitable plan for overall system optimization.
1) Objective Function 1: Maximization of Power Generation within the Calculation Period.
[image: image]
In Eq. 1, i represents the station number; j = s, h, representing the PV power station and hydropower station, respectively; nj is the total number of stations for type j; t is the time period variable; T is the total number of time periods in the calculation period; E is the total power generation of hydro and solar, kW·h; Nj,it is the power generation output of the ith station of type j in the tth period, kW; mt is the number of hours in the tth period; η is the efficiency of the hydro turbine generator unit, typically ranging from 0.82 to 0.90 for large hydropower stations, and in this paper, η is selected as 0.82; Qh,it is the power generation flow rate of the ith hydropower station in the tth period, m3/s; H is the net working head of the hydro turbine, m.
2) Objective Function 2: Minimization of the Total Power Generation Fluctuations within the Calculation Period.
[image: image]
In Eq. 2, F represents the total power generation fluctuation of hydro and solar within the calculation period; [image: image] represents the average power generation output of hydro and solar within the calculation period, kW.
2.2 Constraint conditions
2.2.1 Generating station output constraints

[image: image]
where, [image: image]、 [image: image] represent the minimum and maximum allowable output for the ith station of type j in the tth period, kW.
2.2.2 Station flow constraints
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where, [image: image]、 [image: image] represent the minimum required discharge flow and the allowable maximum discharge flow for the ith hydropower station in the tth period, in m3/s.
2.2.3 Reservoir water storage constraints
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where, [image: image]、 [image: image] represent the allowable minimum and maximum reservoir water storage for the ith reservoir at time t, m3. The maximum reservoir water storage corresponds to the highest water level, typically based on safety considerations such as flood control restrictions during the flood season. The minimum reservoir water storage corresponds to the lowest water level, which is typically the dead storage capacity.
2.2.4 Output channel constraints
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where, q represents sunny weather, while y represents cloudy and rainy weather.
2.2.5 PV uncertainty constraints
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where, X represents the random variable of PV power generation, μ represents the expected value of the PV power generation, σ represents the standard deviation of the PV power generation, k is a positive number, taken as 2, and P represents probability. This inequality describes the upper limit of the probability that the PV power generation deviates from its expected value by more than k times the standard deviation.
2.3 Model solution
The solving steps of the complementary system’s model for maximizing power generation and minimizing the fluctuations are as follows to fluctuations are shown in Figure 1,
Step 1: Model establishment.
The scheduling problem of hydropower-PV complementarity is formulated as a standard mathematical optimization problem using MATLAB and the YALMIP framework. This involves defining decision variables, and constraint conditions.
Step 2: Solver invocation.
The Gurobi solver is utilized for problem resolution. In YALMIP, the established mathematical optimization problem can be addressed by the Gurobi solver.
Step 3: Problem resolution.
During the resolution process, the Gurobi is utilized to solve the problem, finding the optimal values for decision variables to maximize or minimize the objective function.
Step 4: Results output.
Output results include the power station outputs, discharge flow, reservoir water levels, and other relevant data under different combined scenarios, considering the multi-objective of maximizing power generation and minimizing fluctuations in the complementary system.
[image: Figure 1]FIGURE 1 | Solving process flowchart.
3 CASE ANALYSIS
3.1 Description of the case
This paper focuses on the cascade power stations in the Xiao Jin River basin and the surrounding PV power stations to validate the model and solution strategy. The Xiao Jin River is formed by the confluence of the Beiyuan Fubian River and the Dongyuan Wori River, which are tributaries of the Dadu River. The basin covers an area of 5,275 square kilometers, with a total length of 60.8 km, a drop of 472.6 m, and an average gradient of 7.8%. The main stem of the Xiao Jin River is planned for 3 levels of development, the Beiyuan Fubian River is planned for 4 levels, and the Dongyuan Wori River is planned for 3 levels of development. Except for the Meiwuo station on the Fubian River, the rest are already in operation. Among them, Mupo and Yangjiawan have daily regulation capabilities, while Menggu Bridge is a runoff power station. The last level of the Wori River, the Chunchangba station, has been put into operation with an installed capacity of 54 MW and has daily regulation capabilities. In this paper, the study focuses on the daily complementary scheduling of the Mupu, Yangjiawan, and Chunchangba hydropower stations (MHS,YHS,CHS) as a case study, with a total installed capacity of 159 MW. The main constraint conditions for the cascade power stations are detailed in Table 1.
TABLE 1 | Main constraints of cascade hydropower stations.
[image: Table 1]3.2 Simualtion results
3.2.1 Scenarios generation
PV uncertainty refers to power and energy fluctuations caused by the influence of elements such as weather, environment, and equipment during the operation of solar power generation systems. Describing PV uncertainty can consider the following aspects: changes in sunlight, temperature, and equipment performance (Mao, 2014). Where changes in sunlight refer to changes in solar radiation and weather conditions, the intensity of sunlight on the PV power generation system will change. According to this situation, we can divide the PV output into three scenarios: sunny, overcast, and rainy days. Figure 2 shows the 24-h output of PV in these three scenarios. From the figure, we can see that the PV output curve shows an overall parabolic shape, with a nonlinear relationship between output power and sunlight intensity. In sunny weather, direct sunlight shines on the PV cells, resulting in high sunlight intensity and providing greater energy input, increasing the output power of PV cells. However, in overcast, rainy weather, or at night, the sunlight intensity is lower, resulting in a decrease in the output power of the PV cells (An et al., 2016). The fluctuation of sunlight intensity in different weather conditions leads to a fluctuating curve characteristic of the output power of PV cells. This is due to the instability and non-uniformity of sunlight intensity, such as factors like cloud cover or tree shadows, which can cause sudden changes in sunlight intensity, thereby affecting the output power of PV cells.
[image: Figure 2]FIGURE 2 | 24-h PV output in sunny, cloudy, and rainy weather.
Seasons also are significant impacts on PV output. Seasonal changes can result in variations in sunlight duration and solar elevation angle. In summer, longer sunlight duration and higher solar elevation angle lead to a greater amount of energy being directly incident on the PV cells, thus providing a relatively higher output power. Conversely, in winter, shorter sunlight duration and lower solar elevation angle result in less solar radiation being received by the PV cells, leading to lower output power (Bai et al., 2018b). However, seasonal changes also affect environmental temperatures. In the summer, higher temperatures raise the working temperature of the PV cells. High temperatures can raise internal resistance and reduce electron transfer speed, lowering the conversion efficiency and output power of PV cells. In contrast, colder temperatures in the winter cause the PV cells to work at a lower temperature, increasing their efficiency and output power. The figure below compares total monthly solar radiation to the number of hours of full operation each month at a ground-based solar power station in Inner Mongolia (Li et al., 2018). As shown in Figure 3, the months with the highest total radiation are May and June, but the months with the most hours of complete operation are April and March, followed by September and October. As a result, despite June being the month with the most solar energy resources due to abnormally high temperatures, it may not be the month with the most electricity generation for PV stations all year. In reality, April is frequently the month of peak electricity generation.
[image: Figure 3]FIGURE 3 | Comparison of monthly total solar radiation and monthly full sunshine hours for solar energy resources.
3.2.2 Scheduling results
3.2.2.1 Power output of complementary hydro-PV without pumping station
Figure 4 displays the complementing hydro-PV outputs in three weather scenarios: sunny, cloudy, and rainy. The figure shows that cascade hydropower and PV generating complement one other because of their resource characteristics. While PV generation is impacted by weather and sunshine intensity, hydropower generating is restricted by weather and water supplies. By operating in a complementary manner, it is possible to use PV generation to fill in the gaps when hydropower generation resources are inadequate or unstable, thereby increasing overall electricity generation. The output of PV generation exhibits significant volatility, while hydropower generation output is relatively stable (Bai et al., 2018a). By adjusting the coordinated operation strategy of hydropower and PV generation, it is possible to smooth the volatility of PV generation and reduce the overall system volatility. Cascade hydropower and PV generation systems possess a certain degree of flexibility and adjustability, allowing for the adjustment of generator output and scheduling strategies based on actual conditions. By flexibly adjusting the operation mode and output of hydropower and PV generation, it is possible to maximize the utilization of renewable energy resources and achieve the dual objectives of maximizing electricity generation and minimizing fluctuations (Chen et al., 2019).
[image: Figure 4]FIGURE 4 | Hydro-PV complementary output in sunny, cloudy, and rainy weather.
3.2.2.2 Power output of complementary hydro-PV with pumping station
The complementary operation of cascade hydropower and PV generation can be achieved by flexibly adjusting the output of hydropower generator units to reduce curtailment of solar power, whereby the output of the hydropower units is flexibly adjusted based on the situation of PV generation to match its output (Ma et al., 2019). When the PV generation capacity is high, reducing the output of hydropower can help avoid curtailment. Conversely, when the PV generation capacity is low, increasing the output of hydropower can help compensate for the energy shortfall. However, to ensure the ecological water use of rivers and lakes, promote the green development of small hydropower, and maintain the healthy life of rivers, ecological flow releases from hydropower stations must meet certain requirements. In this context, adding a pumping station to a hydropower station allows for the flexible adjustment of the output of hydropower generator units based on the situation of PV generation. When the PV generation capacity is high, the output of hydropower can be reduced, and the excess water energy can be utilized for pumped storage; when the PV generation capacity is low, the output of hydropower can be increased to compensate for the energy shortfall (Liu et al., 2015). Therefore, to meet ecological flow release requirements while reducing curtailment of solar power under the premise of PV uncertainty, this paper studies the hydro-PV diurnal output process under sunny, cloudy, and rainy scenarios. Taking the example of the diurnal output process of hydro-PV under sunny conditions (Figure 4A), assuming the minimum output of the Chunchangba, Mupu, and Yangjiawan hydropower stations is 18, 23, and 20 MW, respectively, the addition of a pumping station to the hydropower station enables coordinated operation between PV and hydropower generation. This approach not only reduces curtailment of PV power but also satisfies the ecological flow requirements of the hydropower station.
Figure 5 shows the output of the Chunchangba, Mupu, and Yangjiawan hydropower stations. The graph illustrates that without the addition of a pumping station, the Mupu hydropower station alone can meet the minimum power generation requirements, whereas the Chunchangba and Yangjiawan hydropower stations cannot. Therefore, this paper proposes the addition of a pumping station based on the cascade hydropower station, ensuring that all three stations (Chunchangba, Mupu, and Yangjiawan) meet the minimum power generation requirements.
[image: Figure 5]FIGURE 5 | Output of Chunchangba, Mupu, and Yangjiawan Hydropower Stations (red line: Minimum Output).
In this case, a 3 MW pumping station was introduced to the hydropower station. Figure 6 displays the optimized complementary hydro-PV output and the output of the Chunchangba and Yangjiawan hydropower stations after the addition of a 3 MW pumping station. The daily PV generation utilization rate was calculated using Eq. 8. Following this procedure, the diurnal hydro-PV output processes under cloudy and rainy scenarios were analyzed, as depicted in Figures 4B, C. Subsequently, the PV generation utilization rates before and after the introduction of the pumping station were determined for sunny, cloudy, and rainy weather conditions (Table 2). The results demonstrate that the introduction of a 3 MW pumping station in the hydropower station system effectively reduces curtailment of solar power under any weather scenario, indicating that the application of pumping stations is not limited by weather conditions (Zhang and Yang, 2015). The primary role of the pumping station is to convert excess electrical energy generated by PV systems into mechanical energy and store it as potential energy in the form of water or other energy forms, thereby enhancing the overall efficiency of the PV generation system. During sunny weather, the electrical energy generated by the PV system may exceed the demand of the load, and the pumping station can transform the surplus electrical energy into stored potential energy (Zhang et al., 2018). On cloudy or rainy days, the introduction of the pumping station can compensate for the insufficient electrical energy by releasing stored potential energy, thus reducing curtailment of solar power (Wang et al., 2018). As a result, regardless of weather conditions, whether sunny, cloudy, or rainy, a 3 MW pumping station may efficiently reduce solar power curtailment while increasing overall PV generation utilization. This demonstrates the usability of pumping stations in various weather circumstances.
[image: image]
[image: Figure 6]FIGURE 6 | Complementary Hydro-PV Output after Introducing Pumping Stations and the Output of Chunchangba and Yangjiawan Hydropower Stations (red line: Minimum Output).
TABLE 2 | Utilization of PV power generation on sunny, overcast, and rainy days.
[image: Table 2]Where, [image: image] is the utilization rate of PV generation, E.G., is the electricity generation, and TSR is the total solar radiation.
3.2.2.3 Discussion
Based on the results in Section 3.2, the following conclusions can be drawn.
(1) In the complementary operation of cascade hydropower and PV power generation systems, the introduction of a 3 MW pump station can significantly improve the utilization rate of PV power generation and effectively reduce the occurrence of curtailment.
(2) Regardless of different weather scenarios such as sunny, cloudy, or rainy days, the addition of a 3 MW pump station can increase the utilization rate of PV power generation. It can effectively mitigate the impact of PV uncertainty in any scenario, demonstrating its universal applicability.
3.2.3 Pump station capacity configuration
In a hydropower station, the capacity configuration of the pumping station must be considered to ensure the stability and efficiency of the hydraulic power generation system, and to meet the demand under different water level conditions, while maximizing operational cost savings. This study calculates the utilization rate of PV power generation for different capacity pumping stations in sunny weather scenarios and analyzes to determine the most suitable pumping station capacity.
Figure 7 shows the optimized PV power generation utilization rate after introducing different capacity pumping stations. It can be observed that introducing pumping stations of different capacities can enhance the power generation utilization rate. However, when the pumping station capacity exceeds 3 MW, the upward trend of the PV power generation utilization rate becomes more moderate. The choice of introducing a 3 MW pumping station is based on comprehensive consideration of other factors, such as economic feasibility, technical viability, and environmental impact. A 3 MW pumping station may have lower construction and operational costs compared to a 6 MW pumping station. Moreover, the implementation of a 3 MW pumping station may be more mature and stable, with easier access to relevant equipment and support systems. Additionally, from an environmental perspective, the relatively smaller scale of a 3 MW pumping station may have a smaller impact on the environment, including aspects such as land use, water resource consumption, noise, and ecological impact. By selecting a smaller-scale 3 MW pumping station, potential impacts on the local environment may be mitigated. Although introducing different pumping stations can enhance the utilization rate of PV power generation, a 3 MW pumping station is enough based on comprehensive considerations of economic, technical, and environmental factors.
[image: Figure 7]FIGURE 7 | The PV power generation utilization rate of pump stations with different capacities.
4 CONCLUSION
In order to investigate the complementary operation of cascade hydropower and PV power generation, a multi-objective model for maximizing power generation and minimizing fluctuations was established in this paper. This model was constructed in Matlab focusing on the cascade power stations in the Xiao Jin River basin and its surrounding PV power stations. According to case analysis, the PV output was categorized into three scenarios: sunny, cloudy, and rainy days, and the following conclusions can be drawn.
(1) By considering multiple factors such as weather conditions and the characteristics of PV systems, it is possible to better predict and manage the output fluctuations of PV generation, thereby enhancing system stability and reliability. From a seasonal perspective, the months with the highest solar energy resources may not necessarily coincide with the months of highest PV generation.
(2) This study proposes the introduction of pump stations in hydropower plants to enhance the synergistic effects between hydropower and PV generation, thereby increasing the consumption capacity of PV generation and meeting the ecological flow requirements of hydropower plants.
(3) Analyzing the introduction of pump stations under different meteorological scenarios, the results demonstrate that the comprehensive utilization of PV generation can be effectively improved in all scenarios, indicating the universal applicability of pump stations.
(4) A capacity configuration analysis of pump stations was conducted. Considering factors such as economic feasibility, technical feasibility, and environmental impact, a 3 MW pump station was selected as the optimal solution. This provides important reference for the planning and construction of practical projects.
The proposed complementary operation strategy of hydro and solar power is applicable in regions with both hydroelectric and PV resources, particularly in areas with significant demand for stable energy supply, environmental sustainability, and renewable energy promotion. However, there are limitations to this approach. Firstly, this scheme is not applicable to regions that lack water and PV resources. Therefore, when selecting the implementation of this scheme, it is necessary to fully consider the resource conditions and feasibility of the specific region. Secondly, the introduction of pump stations requires significant financial investment and can have certain impacts on the local ecological environment. The construction and operation of pump stations may have effects on the local ecological environment, such as variations in reservoir water levels that could disrupt the balance of surrounding ecosystems. Therefore, a comprehensive evaluation should be conducted when introducing pump stations, along with the implementation of appropriate environmental protection measures, to minimize adverse impacts on the ecological environment. Furthermore, the feasibility of this scheme also requires specific research and evaluations in different scenarios. Due to variations in resource conditions, climatic characteristics, and energy demands across different regions, the feasibility and effectiveness of this scheme may vary. In summary, further research and specific on-site evaluations are necessary to determine the applicability and potential limitations of this scheme in different environments. This will contribute to a better understanding of the feasibility of this scheme and provide scientific foundations and reasonable guidance for its implementation.
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