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ARTICLE INFO ABSTRACT

MSC: Hydropower stations that are part of the grid system frequently encounter challenges related
0000 to the uneven distribution of power generation and associated benefits, primarily stemming
1111

from delays in obtaining timely load data. This research addresses this issue by developing a
scheduling model that combines power load prediction and dual-objective optimization. The
practical application of this model is demonstrated in a real-case scenario, focusing on the
Shatuo Hydropower Station in China. In contrast to current models, the suggested model can
achieve optimal dispatch for grid-connected hydropower stations even when power load data is
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Prediction algorithm unavailable. Initially, the model assesses various prediction models for estimating power load
Neural networks and subsequently incorporates the predictions into the GA-NSGA-II algorithm, specifically an
Deep learning enhanced elite non-dominated sorting genetic algorithm. This integration is performed while

considering the proposed objective functions to optimize the discharge flow of the hydropower
station. The outcomes reveal that the CNN-GRU model, denoting Convolutional Neural Network-
Gated Recursive Unit, exhibits the highest prediction accuracy, achieving R-squared and RMSE
(i.e., Root Mean Square Error) values of 0.991 and 0.026, respectively. The variance between
scheduling based on predicted load values and actual load values is minimal, staying within
5 (m?/s), showcasing practical effectiveness. The optimized scheduling outcomes in the real
case study yield dual advantages, meeting both the demands of ship navigation and hydropower
generation, thus achieving a harmonious balance between the two requirements. This approach
addresses the real-world challenges associated with delayed load data collection and insufficient
scheduling, offering an efficient solution for managing hydropower station scheduling to meet
both power generation and navigation needs.

1. Introduction

The development of water conservancy projects exerts a significant influence on the agricultural and economic progress of
contemporary society, serving as a pivotal factor in strategic, foundational, and socially advantageous aspects. As a result, there is
a growing focus on improving the operational effectiveness of hydropower stations that are interconnected with the power grid.
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In river basins with navigation requirements, the coexistence of power generation and navigation introduces mutual constraints,
posing contradictory scheduling objectives. Lack of equilibrium between navigation requirements and power generation substantially
reduces the operational effectiveness of hydropower stations. Efficiently managing the scheduling of hydropower stations, taking into
account the needs of both hydropower generation and ship navigation, poses a significant challenge within industrial systems. This
task is crucial for aligning the objectives of ship navigation and power generation, contributing to the ongoing endeavors in attaining
carbon neutrality [1].

Yet, difficulties emerge during the practical scheduling phase, especially when it comes to obtaining grid power load data
promptly. Obtaining grid power load data for hydropower stations turns out to be a intricate undertaking. In the initial stages,
the grid operator coordinates power market transactions to ascertain the power demand, following which the hydropower station
collaborates with the grid operator to formulate its hydropower generation plan. In this procedure, encountering delays in obtain-
ing power load data promptly is a frequent issue. The failure to swiftly and efficiently acquire load demand curves directly affects
the optimal scheduling outcomes for hydropower stations, impacting discharge flow, water levels, and the overall efficacy of ship
navigation. It is imperative to promptly devise practical and effective methods to tackle this challenge.

To address such challenges, the initial step involves formulating these issues into a mathematical model with constraints, as
outlined by Tirkolaee et al. [2]. However, existing research has predominantly concentrated on the benefits for hydropower stations,
navigation, and ecological impacts. Notably, there has been a lack of systematic attention to the scientific and optimal dispatch of
hydropower stations, particularly in scenarios where power load data are not promptly available. Confronted with a power load
shortage, current optimal scheduling models are constrained to utilize historical data with the aim of achieving scheduling for
maximum efficiency.

Therefore, this research presents a unified scheduling framework for both hydropower generation and ship navigation. The frame-
work effectively combines prediction and optimization algorithms to manage the scheduling of a hydropower station in instances
where timely grid power load data are not accessible. It collects discharge flow data for each time interval, meeting the require-
ments of both grid power generation and ship navigation. Contrasting with prior literature, the contribution of this study can be
summarized as follows:

1. Integrated Scheduling Model: A unique dispatching model is introduced, utilizing power load prediction and dual-objective
optimization within an actual station system. This model creates a cohesive scheduling framework that integrates prediction
with subsequent scheduling, ensuring the hydropower station’s operations are both scientific and accurate in situations where
power load data is unavailable. The model improves the collaborative efficiency of the scheduling process.

2. Hydropower dual-objective Optimization: Introducing dual-objective functions considering practical constraints of hydropower
stations, including water level, flow rate, and unit output. The functions put emphasis on enhancing power generation efficiency
by targeting the minimum power generation minus load demand. This results in the formulation of an optimization process and
its corresponding solution for achieving the optimal scheduling of hydropower stations.

3. Practical Implementation and Case Study: The proposed model is deployed in the Shatuo Hydropower Station system, and its
performance is assessed in real-world applications. This practical case study serves to deepen comprehension and demonstrate
the practical applicability of hydropower station scheduling, particularly in situations where power load data is unavailable.

The rest of the paper is structured as follows: Section 2 provides a brief overview of relevant studies, Section 3 delves into
the models to predict power loads, Section 4 outlines the proposed solutions of the joint scheduling model, Section 5 presents the
performance evaluation, and finally, Section 6 wraps up the paper with considerations for future work.

2. Related work

Grid power load prediction analyzes the evolving patterns in historical power load data to forecast future load accurately. In
the context of power grid system development, strategically organizing grid power supply loads is vital for hydropower station
stability and efficiency. Numerous effective methods have been proposed by researchers to enhance the precision of power load
prediction. For instance, traditional time series models such as Auto Regressive (AR), Moving Average (MA), and AR Integrated MA
(ARIMA) are widely employed for this task. Alberg et al. utilized the sliding window-based ARIMA algorithm to forecast power load,
assessing its performance against several machine learning algorithms, including Random Forest (RF) [3]. Chen et al. employed the
Support Vector Regression (SVR) algorithm, a kind of the Support Vector Machine (SVM) algorithm recognized for its simplicity, in
their short-term power load prediction study [4]. Xu et al. [5] employed the Long Short-Term Memory network (LSTM), utilizing
the extended memory capacity to forecast power load sequences based on long-term dependencies. Both the Gate Recurrent Unit
(GRU) model and LSTM, which represent advancements in the RNN algorithm, have shown success. Liu et al. [6] applied the
GRU model for predicting energy consumption, surpassing the performance of the Multiple Linear Regression (MLR) model. The
Convolutional Neural Network (CNN) model, originally designed for images, has been adapted for predicting time series. Tudose et
al. [7] applied the CNN model to predict power load using a publicly available dataset from the Romanian power system. In recent
times, researchers have integrated models to improve the accuracy. Cheng et al. [8] introduced an enhanced CNN-LSTM model for
the task of predicting power load data, considering seasonal effects. Sajjad et al. [9] presented a hybrid CNN-GRU model designed
for predicting power consumption, assessing its effectiveness across various datasets. These machine learning and deep learning
algorithms have demonstrated success in predicting power load. To attain the optimal prediction from the case study datasets, we
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chose seven of these models for experimentation and identified the most suitable option for real-world hydropower stations through
comparison.

Scheduling hydropower stations poses a multi-objective optimization problem. Currently, there exist various algorithms designed
to address multi-objective optimization, each with its distinct advantages and drawbacks. Genetic Algorithm (GA) [10] is well-suited
for both single and multi-objective optimization, boasting strong global search capabilities and robustness. However, modifica-
tions are necessary when dealing with multi-objective problems to ensure the preservation of a set of non-dominated solutions.
The Nondominated Sorting Genetic Algorithm (NSGA) demonstrates rapid convergence and effective distribution for simultaneous
optimization of multiple objectives. Yet, it requires managing a substantial number of non-dominated solutions and is sensitive to pa-
rameter selection. NSGA-II [11,12] surpasses its predecessor in performance and convergence, proving more effective in maintaining
sets of non-dominated solutions. Nevertheless, challenges persist in high-dimensional problems and parameter selection. The Multi-
Objective Particle Swarm Optimization (MOPSO) [13] utilizes moving particles to explore optimal solutions for multiple objectives,
applicable to continuous, discrete, and mixed optimization problems. However, it may encounter limitations in high-dimensional
problems due to the curse of dimensionality. Multi-Objective Genetic Algorithm (MOGA) [14] maintains a set of non-dominated
solutions through genetic operations, offering multiple excellent solutions for selection across various optimization problems. Never-
theless, it may encounter challenges in searching for solutions in high-dimensional problems and demands substantial storage space
for maintaining the solution set.

In recent research, considerable attention has been given to multi-objective optimization, especially in the context of hydropower
stations. For instance, Liu et al. [15] created a model that considers power generation, output stability, and downstream river ecology,
employing an improved multi-objective optimization evolutionary algorithm. Meng et al. [16] presented an enhanced multi-objective
cuckoo search algorithm (IMOCS) to optimize the balance between water and energy at the Xiaolangdi Hydropower Station on the
Yellow River. This algorithm, validated using five indicators, exhibited successful outcomes. Meanwhile, Yang et al. [17] applied
the shuffled frog leaping algorithm (SFLA) to address the multi-objective optimization challenge involving power generation and
ecological objectives in cascade reservoirs, termed the multi-objective ecological operation for cascade reservoirs (MOEOCR). Fang
et al. [18] tackled the coordination of power generation benefits and ecological protection at the Minjiang Shuikou Hydropower
Station in China. They employed an enhanced multi-objective particle swarm optimization algorithm (MOPSO) in conjunction with
the self-organizing mapping (SOM) method. In a similar vein, Qin et al. [19] utilized the Relative Speed Estimation Algorithm (RSEA)
scheduling algorithm to optimize the scheduling of the Shuibuya Hydropower Station, considering power generation, navigation, and
ecological objectives. They compared the results with a classical scheme. Additionally, Yu et al. [20] investigated the influence of
climate and hydrology on hydropower station performance. They formulated a multi-objective optimization problem that considered
the total power output and remaining load changes in the grid for the Jinsha River. Kong et al. [21] presented a marine predators
algorithm designed to maximize power generation while minimizing adverse ecological effects. They conducted a performance
comparison with other algorithms. In a related context, Chen et al. [22] applied three multi-objective optimization algorithms to
formulate a coordinated model for power generation and ecological flow in a terraced hydropower station. They compared the
outcomes of these three models. Additionally, Zhou et al. [23] introduced a scheduling model that takes into account the energy
storage mechanism. The predominant emphasis in current research lies in optimizing the synergy between water resources and
ecology for hydrapower generation. Limited attention has been given to investigating methods for enhancing shipping efficiency
while concurrently satisfying the power load demand of the grid. Furthermore, there is a notable gap in addressing the implications
of lacking power load data on the optimal scheduling of hydropower stations.

3. Power load data forecasting model

Access to power load data for our selected practical case, the Shatuo Hydropower Station, is only available after 9:00 pm every
night, presenting a challenge in terms of timeliness. In order to overcome this obstacle, we utilize historical grid power load data to
predict the future needs of the grid.

To address the challenge in this practical scenario, we conduct a comparative study on existing prediction models to identify
the most suitable option for hydropower stations. Specifically, we compare seven prediction algorithms, including widely used and
popular models such as Support Vector Regression (SVR) [24], Auto Regressive (AR), Moving Average Integrated Moving Average
(ARIMA) [25], Convolutional Neural Network (CNN) [26], Long Short-Term Memory network (LSTM) [27], Gate Recurrent Unit
(GRU) [28], CNN-LSTM [29], and CNN-GRU [9]. Ultimately, the results lead us to adopt CNN-GRU with minor adjustments for the
prediction task in practice.

The Convolutional Gated Recurrent Unit (CNN-GRU) is a hybrid model that synergistically incorporates the strengths of Con-
volutional Neural Networks (CNN) and Gated Recurrent Units (GRU), offering robust expressive power and superior generalization
capabilities. This model excels in processing sequential data and extracting features. To begin with, CNN is deployed to extract fea-
ture vectors, serving as inputs to the subsequent GRU layer. The GRU neural network effectively captures dynamic patterns within
these features, facilitating accurate predictions. This approach empowers the model to efficiently mine information from temporal
data, thereby enhancing prediction accuracy.

The power load data originating from the Shatuo hydropower station is presented as a time-series dataset, wherein past power
load information influences the current demand at each moment. Furthermore, during the practical scheduling process, the power
load data displays variability, and the length of each input sequence is not constant, necessitating adaptable adjustments based on
real-time inputs. The CNN-GRU model, with its ability to capture contextual information in time series data and its flexibility with
variable-length temporal data, emerges as an optimal selection for predicting the power load of the station.
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Fig. 3. CNN-GRU illustration.

The CNN-GRU temporal prediction model starts by inputting a time-series dataset. The CNN model then engages in feature
extraction, treating the input data from each moment as an input. Following this, the features generated by the CNN are flattened
into a vector, which serves as input to the GRU model. In the GRU layer, the flattened features are input, and the GRU computes the
current hidden state H(¢) at each time step based on the current input F(f) and the hidden state H(t — 1) from the previous time
step. Optionally, a fully-connected layer can be introduced after the GRU layer for additional processing of the GRU output. Lastly,
the output layer is utilized to produce the timing prediction result. The detailed structures are depicted in Figs. 1-3, respectively [9,
26,28].

4. The model for coordinated scheduling of power generation and navigation

The efficiency of power generation and navigation at the Shatuo Hydropower Station is closely intertwined with its downstream
flow, giving rise to a mutual constraint and contradiction between these two objectives. This situation falls within the domain of
a Pareto problem in multi-objective optimization [30]. To address this challenge, the study commences by scrutinizing the factors
influencing navigation efficiency and examining the correlation between discharge flow and the navigation assurance rate of the hy-
dropower station. Subsequently, it investigates the inherent constraints in the practical scheduling process of the Shatuo Hydropower
Station. Lastly, the study defines the objective functions for both hydrapower generation and shipping, addressing the issue using the
GA-NSGA-II algorithm.

4.1. Investigating variables influencing shipping efficiency

Through an analysis of aqueous elements affecting navigation, it has been established that the navigational safety of the down-
stream channel at the Shatuo Hydropower Station is primarily linked to fluctuations in water level, flow rate, and downstream
channel slope [31]. Particularly, variations in downstream water level, daily tailwater level changes, and water flow rates exhibit
a robust association with discharge flow. Changes in downstream flow, whether an increase or decrease, directly affect both down-
stream water levels and flow rates. Moreover, the rate of water level variation and the downstream water level are intertwined
with discharge flow. Therefore, the key factor influencing downstream channel safety is the discharge flow. Specific factors affecting
navigation safety are outlined in Table 1.
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Table 1
Factors affecting safety of navigation.

Influencing Factors Description
Discharge flow To meet navigational requirements, the discharge flow needs to fall within a certain range.
Daily tailwater level variation The daily fluctuation of water levels is positively correlated with the discharge flow. Due to the hydropower station’s

responsibility for peak load regulation in the power grid, the discharge flow experiences significant fluctuations, leading
to the generation of non-uniform flow in the navigation channel. Therefore, specific conditions must be met for the daily
tailwater level fluctuations as well.

Hourly tailwater level variation For considerations related to navigational safety, in addition to meeting the conditions for daily water level variations,
there is also a requirement for hourly variations.

Downstream water level variation ~ An indicator reflecting the rate of change in downstream water levels.
Water flow rate There are specific requirements for water flow velocity when ships navigate through.

Downstream Channel Slope Whether ships are moving upstream or downstream, a significant channel slope can impact ship safety.

0.75
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Navigation Rate
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0 250 500 750 1000
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Fig. 4. Correlation between discharge flow and navigation rate.

Upon analyzing the historical data from the Shatuo Hydropower Station, it was observed that the navigation rate exceeds 0.9 when
the discharge flow rate is in the range of 0-200 m? /s, and it remains above 0.8 when the discharge flow rate is in the range of 200-400
m?> /s. However, as the discharge flow increases, there is a subsequent decrease in the navigation rate. The correlation between the
specific discharge flow of the Shatuo Hydropower Station and the navigation rate is depicted in Fig. 4, with the relationship between
the two demonstrating near linearity.

4.2. Practical constraints

The scheduling system of the Shatuo Hydropower Station is subject to the following constraints.

Constraints on the operating water level of the hydropower station: The hydropower station is constrained by water level limits,
which must be maintained within specified upper and lower thresholds to ensure operational stability and downstream channel
safety, as shown in Equation (1):

; . .
zZ, . <Z' <zl . (€8]

mi

Here, Z/ denotes the operational water level of the power station at time j, while Zf;,ax and Z ,’n ., represent the upper and lower
limits of the operational water level of the power station at time j, respectively. The water level trend of the Shatuo Hydropower
Station is illustrated in Fig. 5, where the red line signifies the upper limit of water level operation, and the blue line represents the
lower limit of water level operation.

Constraints on the discharge flow from the hydropower station: The discharge flow rate is intricately linked to downstream

navigational benefits and ecological stability. It must adhere to specific conditions, as shown in Equation (2):

J J J
0, <0 <0, ©))
Here, O/ signifies the discharge flow of the power station at time j, while Q{,,ax and an ., denote the maximum and minimum

discharge flow required by the power station to meet shipping requirements at time j, respectively. The flow pattern of the Shatuo
Hydropower Station is illustrated in Fig. 6.
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Fig. 6. The flow trend of the Shatuo Hydropower Station.

Constraints on the Periodic Output of the Hydropower Station: To ensure the protection of the hydropower station units and

maintain the stability of peak load regulation in the power grid, the output must fall within a specified range, as shown in Equa-
tion (3).

J J J
Pmin <P < Pmax’ (3)
where P,{,ax and P’ are the maximum and minimum allowable output of each power unit in the hydropower station, respectively.
min

Constraints on Downstream Water Level Variation: The downstream water level must not only adhere to upper and lower limits
but also meet specified values for the rate of water level change within a period, as shown in Equations (4), (5) and (6).

AZd < Zd,max’ (4)
AZ, SAZy paxs (5)
ZlSmin < ZlSmin_max’ (6)

where AZ;, AZy, Z,s,,, are the daily, hourly and 15-minute variations of the downstream water level respectively. Z; ,.,x» AZp, y4xs
Z 5min_max are the corresponding maximum values.

Non-negativity Constraints: All variables mentioned above must be non-negative.

4.3. Objective function for the joint scheduling

The objective of this paper is to optimize both the hydrapower generation and ship navigation scheduling goals for the station,
concurrently addressing the needs of power grid peak regulation and shipping. In order to maximize water resource utilization and
minimize the impact on ship navigation, two objective functions are chosen: the power generation and the shipping objectives.

Power generation objective: The goal of generation scheduling is to minimize the result obtained by subtracting the predicted
demand from the overall power generation of the hydropower station, considering the initial and final water levels throughout the
calculation period. This optimization goal, referred to as “power by water”, is mathematically expressed as shown in Equation (7):
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T T
min f, = {9.81 x ) PIAt- Fe} = {9.81 xZHfQjAz—Fe}, @)

Jj=1 j=1

Here, f| signifies the optimization objective for generation scheduling, representing the total power generation of the hydropower
station during the time period T'. The coefficient 9.81 corresponds to the power output coefficient of the station, while At denotes
the calculated time interval. F, represents the predicted grid demand. Additionally, P/, H/, and Q’ respectively stand for the power
output, hydraulic head, and generation quoted flow of the power station during the jth time period.

Shipping Objective: With the established mapping relationship between the discharge flow of the hydropower station and the
navigation rate, the latter is employed as the evaluation metric for channel navigation efficiency. A higher value indicates superior
navigation efficiency. The shipping scheduling function is as shown in Equation (8):

T
maxf2=%2kj (0%). ®)
j=1

In this context, f, denotes the objective function for downstream channel shipping scheduling, with k; representing the assured rate
of navigation at time j, and Q/ indicating the discharge flow of the hydropower station at time j.

4.4. GA-NSGA-II scheduling algorithm

The genetic algorithm (GA) serves as a computational simulation technique inspired by natural selection and competition prin-
ciples, applied for problem-solving. The key stages of the algorithm involve encoding, establishing the fitness function, selection,
crossover, and mutation, repeated iteratively until an optimal solution is attained. Unlike conventional mathematical planning algo-
rithms, GA provides extensive applicability, a clear algorithmic structure, and straightforward parallelization processing. Neverthe-
less, it demonstrates constrained global search capability and vulnerability to local optimal solutions. Conversely, the non-dominated
ranking genetic algorithm (NSGA-II) sets itself apart from the GA algorithm by integrating a ranking stratification rooted in domi-
nance relationships before engaging in genetic operations. It utilizes an elite strategy to safeguard the most well-adapted individuals,
maintaining overall diversity through the assessment of crowding degrees among individuals sharing comparable priority levels. In
contrast to the NSGA algorithm, NSGA-II additionally diminishes computational complexity.

This study tackles the multi-objective challenge of optimizing power generation and shipping for the Shatuo Hydropower Station
through the integration of the GA-NSGA-II algorithm. Initially, we encode the downstream flow of the Shatuo Hydropower Station
for each time period and generate scheduling outcomes using the GA algorithm. These results from the GA algorithm serve as
preliminary insights, and the subsequent application of the NSGA-II algorithm refines the solution, ultimately achieving a scheduling
outcome that aligns with both generation and shipping objectives. The algorithm leverages the diversity benefits inherent in NSGA-II
individuals, mitigating premature convergence resulting from excessive genetic inheritance. The incorporation of the GA algorithm
contributes to improving the precision of the optimization results obtained through the NSGA-II algorithm. The detailed flowchart
outlining the algorithm is depicted in Fig. 7. The sequential steps of the algorithm include:

Step 1: Utilize historical load data as input and conduct experimental analysis employing various forecasting algorithms to deter-
mine the algorithm exhibiting the highest forecasting accuracy. Subsequently, proceed to forecast power load. While, in the
current practical case, the CNN-GRU model was chosen for the prediction task, the proposed GA-NSGA-II algorithm can be
generalized for different datasets by selecting the most suitable model from a few available options.

Step 2: Examine the constraints inherent in the practical scheduling procedure of the hydropower station.

Step 3: Set the initial downstream flow values for each time period, taking into account the constraints found in Step 2.

Step 4: Apply the GA algorithm to produce a set of enhanced solutions. Then, use the optimal solutions derived from GA as prior
knowledge for NSGA-II and initiate the algorithm.

Step 5: Verify if the initial generation of scheduling outcomes has been produced. If not, create the first generation of subgroups
through non-dominated sorting, selection, crossover, and mutation.

Step 6: Verify the successful merging of parent and child populations. If unsuccessful, conduct operations like fast non-dominated
sorting, calculating crowding, and employing the elite strategy to generate new parent populations. Subsequently, carry out
selection, crossover, and mutation on the newly generated populations.

Step 7: Check if the number of iterations fulfills the specified condition. If not, continue iterating through the loop until the condition
is satisfied. This iterative process produces the scheduling scheme with the optimal discharge flow value for each time period
of the station.

5. Experiments

The experiments are divided into two segments: power load forecasting and optimal scheduling. To predict the power loads,
the seven models mentioned earlier are utilized to forecast power loads, and the most accurate prediction algorithm is determined
through result comparisons. In the experiments for optimal scheduling, we employ both the predicted and the actual power loads
as input. The performance of the GA-NSGA-II algorithm is compared to that of the NSGA-II algorithm, and the distinctions between
the two approaches are examined. Additionally, experiments are conducted using actual load data with the NSGA-II algorithm, and
a comparison is performed to identify differences between the NSGA-II and GA-NSGA-II algorithms.
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Fig. 7. The GA-NSGA-II algorithm.
Table 2
Parameters of the experimental environment.
Hardware and software environment  Configuration
CPU 12th Gen Intel(R) Core(TM) i7-12700H 2.70 GHz
RAM DDRS5 16G 4800MHZ
Hard Disk SAMSUNG MZVL2512HCJQ-00BL2
0os Windows11
Programming Environment Python3.9
Development language Python
5.1. Setups

The experimental hardware and software environments are outlined in Table 2.
5.2. Testing data

In the practical case study, a comprehensive dataset comprising 51,840 data points was collected from October to November
2021 for the Shatuo Hydropower Station. This dataset includes information on tailwater level, flow, load, and upstream water level.
The dataset was employed in performing the power load prediction experiment, as specified in Table 3.



G. Huang, M. Tan, Z. Meng et al. Heliyon 10 (2024) e28312

Table 3
Shatuo Hydropower Station sample data.

Tailwater level (m) Discharge flow (m? /s) Load (kW) Upstream water level (m)

289.81 311.82 202.31 361.02
289.82 313.19 204.81 361.02
289.76 311.04 206.00 361.02
289.78 316.88 203.20 361.02
289.79 313.97 203.31 361.02
289.84 313.75 205.60 361.02
289.78 312.19 204.70 361.02
Table 4
Scheduling data.
Load (kW)  Flow (m*®/s)  Flow_down (m?/s)  Flowup (m?/s) G H (m)
199.2 332 327 361.02 0.96 0.065687
201.5 334.8 329.8 361.02 0.96 0.065752
357.5 619.1 614.1 361.02 0.84 0.062974
388.4 665.3 661.3 361.02 0.82 0.062413
410.8 702.3 697.3 361.02 0.80 0.559213
205.8 337 332 361.02 0.96 0.055074
250.5 336.7 331.7 361.02 0.96 0.055456

The sampling interval for data points is one minute; nevertheless, scheduling every minute during the scheduling process is
not feasible. Consequently, the data is smoothed, and an average value is computed per quarter-hour (15 minutes). Scheduling
experiments are then performed based on 96 data points over a 24-hour day. The data is classified into power load (Load), real-time
flow (Flow), upper flow limit (Flow,p), lower flow limit (Flow,own), navigation rate (G), and hydraulic head (H), as depicted in
Table 4.

5.3. The findings for power load prediction

In the SVR model experiments, the data is processed as follows. Since the collected data only contains timestamps and load values,
creating a time series dataset without feature data, we shift the load data down by 33% to generate a new column labeled as P Load.
Subsequently, the dataset is divided into a 33.3% test set and a 66.6% training set. For the experiments, we choose linear, Gaussian,
Sigmoid, and polynomial kernel functions for prediction. Ten experiments are conducted for each kernel function to compute the
average of each metric. Finally, we visualize the top 1,200 true and predicted values of the test set for output. We employ evaluation
metrics such as Mean Squared Error Loss (MSE), Mean Absolute Error Loss (MAE), Root Mean Square Error (RMSE), Mean Absolute
Percentage Error (MAPE), and R-Squared (R2) to assess the experimental results. The specific evaluation metrics are detailed in
Table 5, illustrating the diverse performance aspects of the algorithms. MSE quantifies the discrepancy between the observed and
true values. MAE calculates the average of the absolute error between the observed and true values. RMSE is the square root of the
ratio of the squared deviation of the predicted value from the true value to the number of observations. MAPE is a comparison with
MAE, introducing an additional true value in the denominator below the difference between the predicted and true values. For R2,
the numerator part signifies the sum of the squared differences between the true and predicted values, while the denominator part
denotes the sum of the squared differences between the true and mean values. The experimental outcomes are illustrated in Figs. 8
to 11 and Table 6, with green lines representing the actual power loads and red lines representing the forecasted power loads.

The ARIMA model partitions the dataset into training and test sets as follows: The training set comprises data from 2021-10-01
00:00 to 2021-10-28 00:00, while the test set encompasses data from 2021-10-29 00:00 to 2021-11-05 23:59. The order parameters
in ARIMA are determined by analyzing trailing Autocorrelation Function (ACF) and Partial Autocorrelation Function (PACF) plots,
resulting in the selection of values P, D, and Q as 2, 1, and 2, respectively.

Following that, we present a visualization of the initial 1,200 real and predicted values from the test set, where the green line
denotes the actual power loads, and the red line denotes the forecasted power loads. This is depicted in Fig. 12. The predicted data
closely match the real data, suggesting a strong fitting effect.

The CNN model divides the training set, allocating one-third of the total data with a test size of 0.33. Before training, the data
undergoes normalization. The model architecture consists of two convolutional layers linked to a pooling layer, succeeded by a fully
connected layer. In the initial convolutional kernel, the number of filters is configured as 8, the time domain window length is set to
3 (kernel_size), and the activation function is defined as “relu”. Likewise, for the second convolutional kernel, the number of filters
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Fig. 10. Sigmod kernel function.
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is set to 16, the time domain window length is 3 (kernel size), and the activation function is specified as “relu”. The pooling layer
incorporates a pooling window size (pool_size) of 2. The training procedure consists of 50 iterations with a batch size gradient of 100.
Ultimately, the initial 1,200 values from the test set are subjected to inverse normalization and presented visually. The actual power
load is depicted by the blue line, while the red line signifies the predicted power load. The experimental outcomes are depicted in

Fig. 13. The predicted data exhibit a close resemblance to the actual data, suggesting a well-fitting effect.

The LSTM model divides the training set, using one-third of the total data with a test_size of 0.33. Initially, two connected LSTM
layers are followed by a dimensionality reduction operation returning a one-dimensional array. Subsequently, two additional LSTM
layers with 32 units each are connected, along with four feedforward network layers featuring 32 neurons each. The selected loss

10
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Table 5
Evaluation Metrics for Predictive Algorithms.

Performance Metrics Optimal value Mathematical formula

MSE: Assesses the extent of data variability, with a smaller value indicating higher 0 MSE = % ZL " ('\, -V )2
model accuracy.

MAE: The mean distance between the predicted value of the model and the true 0 MAE = i Y5 = wl
value in the sample.

RMSE: Assesses the difference between observed and actual values, with smaller 0 RMSE = i Z:’zl(fi —y)?
values indicating improved prediction accuracy.

MAPE: A statistical indicator employed to gauge prediction accuracy, where 0% 0 MAPE = % E?:l | %|
signifies a flawless model, and values exceeding 100% indicate a suboptimal model. '

LSS |
R2: A metric indicating the degree of model fit, ranging between 0 and 1. Higher 1 R=1- ZT‘(y—y_)

s ZL-v?
values indicate a better fit of the model.

Table 6
SVR experimental results comparison.

SVR model kernel function =~ MSE MAE RMSE MAPE  R2

Linear kernel 3111.8 19.8 55.7 9.8 -0.12278
Gaussian kernel 3113.9 19.8 55.8 9.8 -0.12353
Sigmod kernel 75072.5 1309 2739 85.7 -26.0868
polynomial kernel 3085.7 19.6 55.5 9.8 -0.11336

280
g
g 255
=1
<
S
= 230
o
z
o
=%

205 r

180

2021-10-28 23:50 2021-10-29 4:38 2021-10-29 9:26 2021-10-29 14:14 2021-10-29 19:02
Time

Fig. 12. ARIMA model prediction.
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Fig. 14. LSTM model prediction.

function is the mean square error. Finally, the initial 1,200 real and predicted values of the test set are visualized for output. The
green line illustrates the actual power load, while the red line represents the predicted power load. The predicted outcomes are
portrayed in Fig. 14, revealing a close alignment between the predicted and real data, indicating a well-fitting effect.

The GRU model shares structural similarities with the LSTM model, incorporating the same parameter selection. It comprises
two GRU layers, succeeded by a dimensionality reduction operation returning a one-dimensional array. Subsequently, the model
establishes connections with two additional GRU layers. The employed loss function is also the mean squared error. Finally, the
initial 1,200 real and predicted values of the test set are visualized. The green line depicts the actual power load, while the red line
represents the predicted power load. The predicted outcomes are depicted in Fig. 15, showcasing a close resemblance between the
predicted and real data and underscoring a commendable fitting effect.

The integration of CNN with LSTM and GRU models is employed for power load forecasting, with each model retaining identical
parameter settings. Subsequently, the initial 1,200 real and predicted values of the test set are visualized for output. The green
line signifies the actual power load, while the red line represents the predicted power load. The prediction results are illustrated
in Figs. 16 and 17, showcasing a close alignment between the predicted and real data and underscoring a robust fitting effect. The
specific values of evaluation metrics are outlined in Table 8.

Throughout our experiments, the GRU model demonstrates comparable performance to the CNN-GRU model. Despite this, the
CNN-GRU model proves to be more adept at processing sequence data, enabling it to extract more intricate feature information while

retaining the nuances of the sequence. Consequently, we opt for the CNN-GRU model in predicting power load data, yielding the
associated results.

5.4. The findings for the scheduling algorithms

In our experimentation, we perform separate scheduling trials using the NSGA-II algorithm for both predicted and actual load
data. The primary aim of scheduling is to minimize the objective function F1 while maximizing the value of objective function F2.

We meticulously compare the outcomes of both sets of experiments and incorporate experiments utilizing the NSGA-II algorithm as
a point of reference.

12
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Fig. 17. CNN-GRU model prediction.

We choose the dataset from the Shatuo Hydropower Station on November 1 for our experimental analysis. Initially, scheduling
occurs every fifteen minutes, and the simulated scheduling scheme is executed every six hours. The experiments utilize the GA-
NSGA-II algorithm. In the first layer of the GA algorithm, the parameter NIMD is configured as 800, the maximum evolutionary
generation MAXGEN is set to 20, and the population size is 16,000. In the second layer of the NSGA-II algorithm, the parameter
NIMD is adjusted to 30, the maximum evolutionary generation MAXGEN is defined as 50, and the population size is set at 1,500.
Since the scheduling data involves real values, the encoding method Encoding is designated as RI.
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Fig. 19. Illustrates the scheduling results from 6:00 to 12:00.

The experimental outcomes are graphically represented, with each red dot on the plot corresponding to a population (feasible
solution) — denoting the discharge flow value meeting the condition for each time period. The coordinates denote the values of
the objective functions F1 and F2 for each population, respectively. As the scheduling objective aims to optimize F1 for efficient
generation and F?2 for efficient navigation, individuals closer to the top-left corner indicate better results and scheduling outcomes.
The results for prediction scheduling are showcased in Figs. 18-21, while those for actual load scheduling are presented in Figs. 22-25.
Additionally, the results using the NSGA-II algorithm are depicted in Figs. 26-29. A solution displaying high adaptability from the
GA-NSGA-II model is specifically chosen to illustrate the discharge flow data, as outlined in Table 7.

5.5. Discussion of the experimental results

Following the training of the model with historical data, the test data is introduced to the trained model to compute forecasted
values. These predicted values for the test data are subsequently juxtaposed with their corresponding true values to assess model
performance. This study utilizes five regression metrics for evaluation. Regarding these metrics, n denotes the number of samples, y;
represents the true value of the i-th sample, §; indicates the predicted value of the i-th sample, and ¥ signifies the average of the true
values. The values for the evaluation metrics are presented in Table 8.

Due to the absence of essential feature attributes in our dataset for SVR, a novel label is created through the shift function,
resulting in suboptimal performance of the SVM model. Conversely, the ARIMA model surpasses SVM notably, achieving an R2
metric of 0.95. The GRU model and the integrated CNN-GRU model emerge as top performers, each achieving an R2 metric of 0.99
or higher, as indicated in Table 8.

With a prediction accuracy of around 99% using the CNN-GRU model, the discrepancy between our scheduling based on predicted
power load data and the actual scheduling scenario is correspondingly minimal. As shown in Table 5, the difference in downstream

14
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Fig. 21. Illustrates the scheduling results from 18:00 to 24:00.
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Fig. 22. Illustrates the scheduling results from 0:00 to 6:00.
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Fig. 23. Illustrates the scheduling results from 6:00 to 12:00.
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Fig. 24. Illustrates the scheduling results from 12:00 to 18:00.
Pareto Front Plot
161651 o MOEA PF .
@
o
16160 - o®
(]
P 4
o'...
16155 - °
' 4
L4
16150 - ] l'.
L4
*®
o
16145 - o
..f
s
16140 L T T T T T T T
425 430 435 440 445 450 455
F1

Fig. 25. Illustrates the scheduling results from 18:00 to 24:00.
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Fig. 26. Illustrates the scheduling results from 0:00 to 6:00.
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Fig. 28. Illustrates the scheduling results from 12:00 to 18:00.
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Fig. 29. Illustrates the scheduling results from 18:00 to 24:00.

Discharge flow data for scheduling experiments at Shatuo Hydropower Station.

Heliyon 10 (2024) e28312

Time discharge flow Time discharge flow Time discharge flow Time discharge flow
Period Period Period Period

Predicted Actual Predicted Actual Predicted Actual Predicted Actual

load load load load load load load load
00:15 327 327 06:15 348 348 12:15 333 332 18:15 1503 1503
00:30 335 335 06:30 615 614 12:30 331 331 18:30 1498 1498
00:45 329 330 06:45 660 660 12:45 508 508 18:45 1403 1402
01:00 329 333 07:00 542 541 13:00 699 699 19:00 1638 1637
01:15 329 332 07:15 448 447 13:15 1365 1365 19:15 1667 1669
01:30 330 330 07:30 451 450 13:30 1414 1419 19:30 1672 1671
01:45 338 339 07:45 460 461 13:45 1106 1104 19:45 1821 1821
02:00 339 340 08:00 458 458 14:00 1160 1160 20:00 1876 1877
02:15 340 341 08:15 458 460 14:15 1232 1232 20:15 1869 1872
02:30 339 342 08:30 468 469 14:30 1378 1377 20:30 1872 1873
02:45 342 342 08:45 641 644 14:45 1370 1370 20:45 1871 1872
03:00 340 341 09:00 707 707 15:00 1432 1434 21:00 1871 1871
03:15 341 341 09:15 1271 1272 15:15 1606 1608 21:15 1876 1876
03:30 341 342 09:30 1143 1144 15:30 1869 1870 21:30 1552 1552
03:45 339 342 09:45 1197 1197 15:45 1860 1860 21:45 1381 1382
04:00 342 342 10:00 1389 1392 16:00 1866 1869 22:00 1580 1580
04:15 338 342 10:15 1195 1195 16:15 1741 1744 22:15 1879 1881
04:30 339 341 10:30 1006 1006 16:30 1882 1882 22:30 1682 1682
04:45 343 343 10:45 1008 1009 16:45 1878 1878 22:45 1604 1604
05:00 342 342 11:00 979 979 17:00 1619 1623 23:00 1397 1398
05:15 341 341 11:15 662 664 17:15 1441 1443 23:15 1109 1110
05:30 339 341 11:30 357 557 17:30 1419 1418 23:30 1108 1109
05:45 340 341 11:45 338 338 17:45 1388 1387 23:45 690 690
06:00 339 340 12:00 339 340 18:00 1393 1282 24:00 341 341

The unit of discharge flow in the table is m?/s. The unit of the predicted load and actual load is kW.

flows derived from the two experiments is so negligible that it has virtually no impact on the real scheduling process. The difference
between the two stays within 5 for each of the 96 scheduling instances in a day. The overall variation in the objective function values
is also within single digits. Scheduling simulations are conducted every six hours, and the objective function values for each six-hour
simulation are outlined in Table 9.

We performed experiments to assess the effectiveness of the GA-NSGA-II algorithm in optimizing dual objectives with multiple
constraints related to power generation and shipping for hydropower stations, comparing its performance with the NSGA-II algorithm.
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Table 8
Comparison of prediction models.

Performance Metrics MSE MAE RMSE MAPE R2
SVR(poly) 3082.969 19.651 55.524 9.820 0.1123
ARIMA 37.158 2.629 6.0957 24.432 0.950
CNN 0.001182 0.0125 0.0344 3.138 0.985
GRU 0.000583 0.01021 0.0241 2.9532 0.993
LSTM 0.001095 0.0146 0.0331 3.8749 0.986
CNN-GRU 0.0006796 0.0116477 0.0260 3.1062 0.991
CNN-LSTM 0.0008309 0.0132209 0.0288 3.6110 0.9895

Table 9
Scheduling objective function values.

Time Forecast load scheduling objective function value  Actual load scheduling objective function value
Objective function F1 Objective function F2 Objective function F1 Objective function F2

00:00-06:00  14.19 7778.80 11.17 7793.83

06:00-12:00  66.79 12720.40 64.96 12726.78

12:00-18:00 160.49 15796.74 159.04 15800.03

18:00-24:00  428.74 16136.95 426.74 16121.11

Table 10
Scheduling model comparison.

Time HV index of HV index of Spacing index of Spacing index of Running time of Running time of
GA-NSGA-II NSGA-II GA-NSGA-II NSGA-II GA-NSGA-II (t/s) NSGA-II (t/s)
00:00-06:00  0.076 0.067 0.37 0.40 0.040 s 0.13s
06:00-12:00  0.035 0.031 0.34 0.45 0.030 s 0.13s
12:00-18:00  0.021 0.020 0.41 0.43 0.030 s 0.13s
18:00-24:00  0.015 0.013 0.32 0.45 0.027 s 0.13s

Utilizing actual load data, the objective was to minimize the value of the objective function F1 and maximize the value of the
objective function F2. The experimental outcomes emphasize that the GA-NSGA-II algorithm is better suited for our scheduling
requirements, as it identifies a solution set that closely aligns with the upper-left region of the coordinate axis. We also evaluated the
effectiveness of the two algorithms using the Hypervolume Metric (HV') and Spacing. HV gauges the disparity between the solution
set and the true value, providing insights into the convergence of the solution set. Spacing evaluates the internal distribution of the
solution set, emphasizing its uniformity. Enhanced HV values signify improved convergence of the solution set, whereas reduced
Spacing values suggest a more uniform distribution. The outcomes are presented in Table 10, showcasing the GA-NSGA-II algorithm’s
superior convergence and uniformity in comparison to the NSGA-II algorithm.

In summary, our experimental findings suggest that the GA-NSGA-II algorithm proves to be a superior option for optimizing
the dual goals of hydrapower generation and ship navigation within the practical hydropower station. Furthermore, its versatility
extends to other scheduling challenges featuring similar objectives.

6. Conclusion

Addressing the challenge of delayed power load data collection at Shatuo Hydropower Station, we introduce a joint scheduling
model for the hydropower station incorporating power load prediction. Following a comparative analysis, the CNN-GRU prediction
algorithm is chosen for practical implementation. The outcomes reveal a fitting accuracy of approximately 0.99. The variation
between scheduling using predicted load data and actual results is limited to within 5 m3/s, aligning with the practical scheduling
needs. This investigation employed the GA-NSGA-II algorithm to enhance the scheduling of the Shatuo Hydropower Station, targeting
the dual objectives of hydrapower generation and ship navigation. In the four scheduling time periods, the objective function values,
HV, spacing, and running time surpassed those achieved by the NSGA-II algorithm. Moreover, the prediction-based scheduling model
exhibits versatile applicability and is not confined to the Shatuo Hydropower Station. With minor adjustments, it can be adapted
for other stations, offering a novel approach to address multi-objective scheduling challenges when timely data availability is a
constraint.

There are still limitations to our study. We have only examined the dual benefits of hydrapower generation and ship navigation
in the scheduling optimization of the Shatuo Hydropower Station. Moving forward, we plan to take into account additional factors,

19



G. Huang, M. Tan, Z. Meng et al. Heliyon 10 (2024) e28312

such as the ecological impact of the Shatuo Hydropower Station’s operation. We aim to further enhance and optimize the scheduling
results by incorporating new algorithms.
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