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Hydropower and photovoltaic power are widely used as clean energy sources around the world. Hydro-Photovoltaic complementary is precisely the use of the regulation performance of hydropower stations and the peak regulation performance of PV electric fields to improve the system’s power generation efficiency. The Yalong River basin as one of China’s clean energy bases, is rich in water and light resources. And now its midstream Yangfanggou hydropower station has just been completed, and the relevant PV electric field is in the construction planning stage. It is worth studying how to effectively utilize its hydropower and PV output resources. Therefore, Yangfanggou hydropower station and its PV electric field are taken as the research objects in this paper. The possibility of hydro-photovoltaic complementarity is analyzed within the year and day respectively. Then, a short-term scheduling model of hydro-photovoltaic complementarity is constructed according to the principle, and its operation mode and effect are optimized using the genetic algorithm NSGA-II. The results indicate that the annual power generation of the system is increased by about 1.4 billion kWh from the original hydropower through the hydro-photovoltaic complementary, and the annual guaranteed output is also increased with a large increase degree at the same time.
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1 INTRODUCTION
Hydro-photovoltaic complementary mainly compensates for photovoltaic volatility, intermittency and randomness through the regulating ability of hydropower stations to enhance the system’s ability to consume photovoltaic (PV) power, thus improving the system’s guaranteed output (Züttel et al., 2022). As an important part of sustainable development in the world, energy affects ecological changes and human lifestyles (Anoune et al., 2018). Nowadays, with rapid economic and social development, energy shortage is becoming more and more prominent, and electricity supply is becoming more and more tight (An et al., 2019; Liu et al., 2023), so clean energy development has become an important issue of concern for all countries in the world (Khan and Iqbal, 2005; Li et al., 2018).
As clean energy sources, hydropower and PV resources have been vigorously developed and applied on a global scale (Zhang et al., 2019). The research on hydropower and PV power generation in other countries is more mature, which started earlier than that in China. Margeta et al. first proposed the combination of solar and hydro resources, using the advantages of rapid peak and frequency regulation of hydropower plants to compensate for the shortage of photovoltaic plants, to ensure the safe and stable operation of the power grid (Margeta and Glasnovic, 2012). Dimitra Apostolopoulou et al. proposed an optimal dispatch scheme for hydro-photovoltaic complementary operation based on the Tana River in Kenya that maximizes the head level and minimizes the overflow effect at each dam (Apostolopoulou and McCulloch, 2019). In China, Ming Bo et al. established a short-term robust optimization model for hydro-photovoltaic complementary operation considering the uncertainty of photovoltaic output (Ming et al., 2018). Ding Hang et al. established a short-term optimal scheduling model for hydro-photovoltaic complementary operation based on the first phase of Longyangxia project (Ding et al., 2016). Zhang Yusheng et al. developed a general framework for the short-term optimal operation strategy of the hybrid hydro-photovoltaic system of the terrace based on the Banduo-Yangqu terrace hydropower station (Zhang et al., 2021). Tang et al. established an optimization model to determine the optimal sites and sizes of wind and PV power plants, which aimed to maximize the power output complementary coefficient (Tang et al., 2020). In the field of evaluation and analysis methods for power systems, Nedaei and Walsh developed a new analysis method for efficiency evaluation and optimization of hydropower systems based on the hydropower output model (Nedaei and Walsh, 2022).
Under the influence of China's “14th Five-Year Plan”, renewable energy sources such as solar energy and water energy have a bright future, and are receiving widespread attention and developing at a rapid pace (Mi et al., 2019; Liu et al., 2022). Judging from the 10-year historical data from 2012 to 2021, the proportion of non-fossil energy installed capacity has increased significantly. In 2021, the full-caliber non-fossil energy installed capacity will reach 1.12 billion kilowatts, a year-on-year increase of 13.4%, accounting for 47.0% of the total power generation installed capacity, surpassing coal power installed capacity for the first time (Liang et al., 2020). From the installed capacity growth rate, the installed capacity of solar power grew faster in 2021, up 20.9% year-on-year, and hydropower grew 5.6% year-on-year.
It is not difficult to find that China attaches great importance to the development of new energy. At present, China’s 13 major hydropower bases, including Jinsha River, Dadu River, Yalong River, Wujiang River, Hongshui River, Lancang River and Yellow River, are also under comprehensive development and construction. Among them, the Yalong River Hydropower Base ranks the third in the “China’s Thirteen Largest Hydropower Base Plan”, second only to the Jinsha River Hydropower Base and the Yangtze River Upstream Hydropower Base, and the potential hydropower resources of the whole basin are 30 million kilowatts (Wu et al., 2022).
This paper takes Yangfanggou hydropower station (YHS) and its PV electric field on the Yalong River as the research object. Firstly, this paper analyzes the possibility of hydro-photovoltaic complementation within the year and day from the annual, monthly and daily output characteristics of the hydropower station and PV electric field. Then it constructs a scheduling model of hydro-photovoltaic complementation according to the principle of complementation. Finally, according to the output of the model, it analyzes and studies the hydro-photovoltaic complementation operation mode of YHS and its operation effect.
In this research, as opposed to previous studies, the PV electric field is still in the planning period and its specific power load demand is uncertain. Therefore, the novelty of this article is the establishment of a new multi-objective hydro-photovoltaic complementary model to meet the practical needs of hydro-photovoltaic complementary in the hydropower station. The model not only considers daily power generation, but also introduces other indicators: guaranteed output, water abandonment and PV abandonment rate, which comprehensively analyzes the changes after and before the hydro-photovoltaic complementary.
2 BASIN CASE
The Yalong River ranks third in “China’s Thirteen Largest Hydropower Base Plan”, after the Jinsha River and the upper reaches of the Yangtze River (Wu et al., 2022). The Yalong River, located in the west of Sichuan Province and is the largest tributary of the Jinsha River. The Yalong River basin is rich in water, with many beaches and urgent water, large natural gap and abundant hydropower resources. The mainstream of the Yalong River is planned to be developed with 22 large and medium-sized cascade hydropower stations, such as Wenpo, Lianghekou, Yangfanggou, Jinping- I, Jinping- II and Ertan hydropower stations, which can install about 30 million kW. The mainstream of the Yalong River is planned to be constructed in three sections: the upstream section is in the planning stage, the midstream section is in the planning and construction stage, and the downstream section has been completed. The distribution of hydropower stations and PV electric fields in the Yalong River basin is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Distribution of hydropower and PV stations in Yalong basin.
The middle river section hydropower development plan for “one reservoir seven cascade”, installed about 11.845 million kW. The installed capacity of Lianghekou Hydropower Station is 3 million kW, and the average annual generating capacity is 11.062 billion kWh, which is a controlled “leading” reservoir in the middle reaches. The installed capacity of YHS is 1.5 million kW, and the average annual generating capacity is 5.965 billion kWh. The Yalong River basin is not only rich in water energy resources, but is also located in an area rich in solar energy resources. The Yangfanggou PV electric field is currently in the construction planning stage, with a total installed capacity of 1 million kW planned.
This paper takes the YHS in the middle reaches of the Yalong River as the object of study. Through frequency analysis of the water input data for a total of 60 years from 1950 to 2010, the water input process of five typical years was selected, namely, the year of abundant water, the year of medium abundant water, the year of flat water, the year of medium dry water and the year of dry water. The PV output was calculated from the PV radiation values at the Muli PV station for each time of the year, and the typical PV output process for each month of the year was obtained by dividing the set and scenario analysis. All above will form the basis for subsequent research on hydro-photovoltaic complementary.
3 ANALYSIS OF THE POSSIBILITY OF HYDRO-PHOTOVOLTAIC COMPLEMENTATION
Hydro-photovoltaic complementarity can mainly enhance the grid’s ability to consume PV and the stability of the system (Li et al., 2020; Wei et al., 2022), because the regulating ability of the hydropower station can compensate for the volatility, intermittency and randomness of PV output, and using the abundant energy of PV energy can compensate for the shortcomings of the seasonal peaking power of hydropower (Huang et al., 2020; Fan et al., 2021; Gu et al., 2022). This section is intended to analyze the potential for daily hydro-photovoltaic complementarity of YHS in terms of the characteristics of its hydropower and PV output.
The hydropower resources of the Yalong River basin are rich but unevenly distributed seasonally. It is sufficient in the rainy season from July to October and scarce in the dry season. On the contrary, PV power has the characteristics of high output in the dry season and low output in the flood season, providing a substantial amount of power support in the dry season, which forms a useful complement to hydropower in season. This section analyzed the incoming water information from 1950 to 2010, and ranked the incoming water from rich to dry in frequency to obtain five typical years from rich to dry. The hydropower output and PV output for each month of the Flat Water Year are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Hydropower and PV output by month in the Flat Water Year.
The PV power generation depends mainly on solar irradiance, which is sensitive and volatile with seasonal and weather changes, so there is a certain pattern of PV output with seasonal and weather differences. In this paper, the hour-by-hour PV output process of the Muli PV electric field for a year is classified by month, and the typical daily PV output process for each month is filtered out by scenario analysis. It is not difficult to see that the PV output varies considerably within the day, with the maximum at midday and 0 at night. On the contrary, hydropower is more stable during the day, so it is possible to bundle photovoltaic and hydropower as a combined power source. With the help of reservoir storage, it is equivalent to converting the daytime photoelectricity into hydroelectricity to be stored in the reservoir until the peak of electricity consumption for power generation, which also reflects the good hydro-photovoltaic complementarity.
Based on the analysis of the hydropower and PV output characteristics of YHS, it is easy to find that there is a possibility of complementarity between hydropower and PV power, laying the foundation for the study of short-term optimal scheduling of hydro-photovoltaic complementarity.
4 MODEL
Through the above qualitative analysis of the possibility of intra-year and intra-day hydro-photovoltaic complementarity between the YHS hydropower plant and the PV electric fields, the following short-term scheduling model for hydro-photovoltaic complementarity is established to quantitatively analyse the system’s ability to consume PV and enhance power output. This paper determines that the principles of system’s hydro-photovoltaic complementarity include: water balance, maximum intra-day output, stable intra-day power output and the principle of less abandonment of photovoltaic and water power, based on the characteristics of the tasks undertaken by YHS.
4.1 Hydro-photovoltaic complementary model
This paper establishes an intra-day hydro-photovoltaic complementary short-term scheduling model based on the water and photovoltaic energy resources in the YHS basin. The maximum daily output, the minimum fluctuation of power output and the minimum abandonment of photovoltaic and water are set as the objective functions of the system. The constraints include PV output constraint, hydropower output constraint, hydroelectricity constraint, power balance constraint, water quantity balance constraint and more than three other constraints (Gu et al., 2022).
The objective functions of hydro-photovoltaic complementary model are as follows:
Objective function 1: Maximum daily output after hydro-photovoltaic complementary.
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Where, [image: image] is the average daily output of the water-photovoltaic complementary system; [image: image] is the output of hydropower in the tth period; [image: image] is the generation flow of hydropower in the tth period; H is the generation head of hydropower in the tth period; [image: image] is the output of photovoltaic power in the tth period; K is the integrated output coefficient of the hydropower plant; T is the number of time periods in the scheduling period (Nedaei and Walsh, 2022).
Objective function 2: Minimal intra-day power output fluctuation of hydro-photovoltaic complementary systems (Zhang et al., 2021).
[image: image]
Objective function 3: Minimum abandonment of water.
[image: image]
Where, [image: image] the amount of the water abandonment during the scheduling period.
Objective function 4: Minimum abandonment of photovoltaic.
[image: image]
Where, [image: image] is the PV generation abandonment during the scheduling period.
The constraints on the hydro-photovoltaic complementary model are as follows:
Constraint 1: PV output constraint.
[image: image]
Where, [image: image] is the available maximum value of PV output in the tth period; [image: image] is the installed capacity of PV generation (Li and Wang, 2021).
Constraint 2: Hydropower output constraint.
[image: image]
Where, [image: image] and [image: image] are the upper and lower limits of hydropower station output in the tth period respectively (Li and Wang, 2021).
Constraint 3: Hydroelectricity constraint.
[image: image]
Where, C is the amount of electricity generated by the hydropower station under the total water constraint during the scheduling period, determined according to water and power scheduling, and it is a constant value; ∆T is the duration of the one period (Liu et al., 2023).
Constraint 4: Power balance constraint.
[image: image]
Where, [image: image] is the generation schedule in the tth period (Liu et al., 2023).
Constraint 5: Water balance constraint.
[image: image]
Where, [image: image] and [image: image] are the reservoir capacity of the hydropower station at the beginning and end of the tth period respectively; [image: image] is the incoming flow for the tth time period; [image: image] is the outgoing flow for the tth period (Zhang et al., 2021).
Constraint 6: Upper and lower water level constraint.
[image: image]
Where, [image: image] and [image: image] are the upper and lower limits of the water level allowed in the tth period respectively (Liu et al., 2023).
Constraint 7: Generation flow constraints.
[image: image]
Where, [image: image] and [image: image] are the upper and lower limits of the allowable downstream flow rate in the tth period respectively (Tang et al., 2020).
Constraint 8: Head restraint.
[image: image]
Where, [image: image] and [image: image] are the upper and lower limits of the allowable head in the tth period respectively (Zhang et al., 2021).
4.2 Model solving methods
NSGA-II is one of the most popular multi-objective genetic algorithms, which was proposed by Srinivas and Deb in 2000 on the basis of NSGA (Li and Wang, 2021). As a representative of multi-objective optimization algorithms, it reduces the complexity of non-inferiority sorting genetic algorithms. It not only has the advantages of simple implementation, high efficiency and high accuracy, but also has the advantages of fast running speed and good convergence of the solution set. In addition, the convergence and distributivity can be well maintained under multiple constraints (Li and Qiu, 2016). It can effectively perform multi-objective optimization through methods such as fast non-dominated sorting and congestion calculation (Li et al., 2018; Su et al., 2023). Combined with the characteristics of the hydro-photovoltaic complementary optimal scheduling model, this paper chooses NSGA-II to optimize the model solution.
The settings for the NSGA-II algorithm are as follows: the population is 200, and the number of iterations is 5,000; The probability of cross operation occurring is 0.9, and the distribution index for adjusting the exploratory properties of cross operation is 20.0; The mutation probability is 0.9, and the distribution index controlling the exploratory nature of mutation operations is 30.0.
4.3 Model inputs and outputs
The model inputs include: hourly flow rates of 5 typical years, reservoir level-volume curves, reservoir level-discharge flow curves, and typical daily output of the PV electric fields for each month.
The model outputs include: the hourly output and power generation of the hydro-photovoltaic complementary system, the amount of the PV generation abandonment, and the amount of the water abandonment.
5 RESULTS AND ANALYSIS
5.1 Analysis of complementary results for each typical year
The data in this paper are based on the analysis of the model outputs. The results of guaranteed output (95%), power generation, PV and water abandonment after hydro-photovoltaic complementary for each typical years are shown in Table 1, and the comparison of guaranteed output before and after the hydro-photovoltaic complementary is shown in Figure 3.
TABLE 1 | Guaranteed output and annual power generation at 95% frequency for each typical year.
[image: Table 1][image: Figure 3]FIGURE 3 | Guaranteed output for each typical years before and after hydro-photovoltaic complementary.
Using the Flat Water year (1979) as an example, the guaranteed output after hydro-photovoltaic complementary was 287,000 kW, an increase of 110,000 kW or 62.1% over the pre-complementary period (hydro alone); the annual power generation after the complementary was 7.16 billion kWh, an increase of 1.42 billion kWh or 24.7% over the pre-complementary period. In addition, the annual water abandonment of the Flat Water Year was 3.044 billion m³, and the PV abandonment rate was 24.9%.
In summary, the guaranteed output, hydropower generation and annual system generation for each typical year gradually increase with the incoming water from dry to abundant. The amount of photovoltaic electricity consumption in each typical year is generally stable, at approximately 1.4 billion kWh. As the amount of incoming water increases in each typical year, the amount of water abandonment also gradually increases, but the PV abandonment rate is basically stable at between 25% and 30%.
5.2 Analysis of complementary results for each typical month
Based on the hour-by-hour power output process after the complementary for each typical year of YHS, January and July were identified as typical months due to the different water incoming during the rich and dry seasons. The guaranteed output at 95% frequency for the typical months in each typical year is shown in Table 2.
TABLE 2 | Guaranteed output at 95% frequency for each typical month (January and July) (104 kW).
[image: Table 2]From the table, it is found that the increase of guaranteed output for the dry water month in each typical year after the complementary was about 100,000 kW, with an increase rate of about 60%. The increase of guaranteed output for the abundant water month in each typical year was approximately 200,000 kW, with an increase rate of approximately 20%, except the abundant water year. In the abundant water year, it remained unchanged at 1.5 million kW with no increase, as the system reached full generation before the complementary due to the high incoming water.
It can be seen that for the dry water month, the increase in guaranteed output after hydro-photovoltaic complementary is more significant; for the rich water month, while the increase is large, but the increase rate is not as significant as the dry water month.
5.3 Analysis of typical daily complementary results (flat water year)
Based on the hourly output process after the complementary of YHS in the Flat Water year, the typical daily output process was selected for analysis according to the abundant, medium, and dry incoming water during the month. The typical daily hourly output process is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Typical daily hourly output process before and after the complementary in the Flat Water Year.
The analysis of the complementary results found that due to the dry incoming water in January, there is no water abandonment, but the PV abandonment rate of all cases is between 35% and 50%. July is a period of abundant water, when the incoming water is the abundant water day, there is both water and PV abandonment, and PV cannot be all consumed; when the incoming water is the medium water day and dry water day, there is no PV abandonment, and PV is fully consumed.
6 CONCLUSION
This paper focuses on the possibilities and ways on hydro-photovoltaic complementary in the YHS, and proposes an optimal scheduling model for hydro-photovoltaic complementary based on the YHS and its PV electric fields. Some key conclusions can be summarized as follows.
(1) Through an intra-annual and intra-day analysis of the water and solar resources in the Yangfanggou basin, the complementary possibilities on season and day-night are identified respectively.
(2) The hydro-photovoltaic complementary model is built to carry out quantitative calculation on hydro-photovoltaic complementary. After the complementary, the annual power generation of the system is increased by about 1.4 billion kWh from the original hydropower, and the annual guaranteed output is increased by about between 100,000 and 150,000 kW, with a large increase degree.
(3) The system has a smooth power delivery process, with an adequate complementary. However, the PV abandonment rate is relatively high and basically stable at 25%–30%, especially when the incoming water is particularly abundant or dry. Therefore, how to absorb PV better and reduce the waste of PV resources need be further studied.
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