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Abstract

:

The calculation of water supply is affected by many factors, such as water requirements, water-supply capacity, etc., which change with time and the environment. The traditional calculation methods are generally used under several fixed operating situations. The scenarios are too few to cover the various situations encountered in actual operations and take insufficient account of boundary conditions, such as reservoir inflow, water requirements, etc. The water-supply schemes facilitated by these methods are finite and not adaptable to the ever-changing, producing environment. Therefore, based on a traditional water supply-demand balance analysis, this study established a dynamic calculation model that takes into account different variables, such as reservoir inflow, ecological flow, and water demand. This study also constructed a dynamic simulation system based on the comprehensive, integrated platform and dynamic calculation model, which shortens the calculation period from a month to a day. The results show that the water-supply assurance rates calculated under different conditions reach higher than 93.9% for domestic and production, and higher than 50.9% for agriculture, which all exceed the design assurance rates. Additionally, the dynamic calculation model can significantly improve the calculation efficiency, playing an important role in the formulation of the project-operation plan and project-benefit evaluation.
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1. Introduction


The Hanjiang-to-Weihe River Water Diversion (HWWD) Project is known as the “South-to-North Water Diversion Project” in Shaanxi Province. It is one of the largest and most influential water-resource operations and dispatch projects in China. With the steady progress of the project, researching project operations from an adaptive perspective is urgently required.



The most basic method of water-resources management and exploitation is a water-resources supply-demand balance analysis. Many relevant studies on water management are based on this scientific analysis method. Some studies have established balance models of water resources in different areas and analyzed the water supply-demand balance using various typical situations to provide an essential basis for the rational use of water resources when alleviating water shortages [1,2,3,4]. Some researchers carried out the planning and design of water conservation projects using a water supply-demand balance [5,6,7]. Additionally, some other studies have used this method to analyze the impact on the supply-and-demand balance of different factors (sustainability levels, water conservation policies, recycled water, etc.) in certain regions [8,9,10]. Those studies considered the many factors affecting the supply-and-demand side. They are useful for some typical and fixed operation simulations, but it is difficult to guide the actual engineering operation due to a limited adaptability.



The available water supply is the information element of the water supply-demand balance analysis. Additionally, it is also the principal calculation indicator for the supply side. The calculation results of available water supply directly affect the results of the water supply-demand analysis. Some studies used different methods to analyze the water supply, which provided essential ways to calculate the water supply of the projects and basins [11,12]. Some other studies also investigated the factors affecting water availability through scenario analysis and applied them to actual water-supply planning [13]. There are also some more targeted studies that take the water supply as the research focus, thus, exerting the maximum water-supply capacity of the reservoir [14,15,16]. These studies have the value of practical applications for efficient water-resource management and meeting various water requirements. However, there are still some problems that need to be solved about available water supply, such as the incomplete consideration of the factors affecting water supply and fixed situations leading to poor adaptability, and the literature did not fully take the dynamic changes into account.



There are also some applied studies about water supply and a water supply–demand balance analysis. Browne conducted a practice-oriented study on water-supply sustainability, which inspired the application of related research to real life [17]. Additionally, Aoun-Sebaiti has developed a water evaluation and planning system, which uses scenarios to simulate the impact of dynamic-supply and variable-development patterns on water supply and demand [18]. The above studies show the positive changes of using information technology to solve actual water-resource management problems; however, the small number of management solutions obtained using scenario simulations cannot be adapted to the complex and changing actual environment.



Many studies have been conducted on the issue of water-resource allocation and supply since the planning and design stage of the HWWD Project. Xiao and Kong established an allocation model and solved the issue using optimization algorithms, which provided some guidance for the project’s operation and scheduling [19,20]. Hui analyzed and calculated the water-supply volume for the HWWD Project and obtained a result for some typical scenarios [21]. Lei et al. analyzed different risk profiles, assessments, and methods of control by establishing the discharge system-failure risk-calculation theory of the Sanhekou Reservoir, which is considerable for making improvements to project management [22]. The studies described above show that many researchers remain at a macroscopic and theoretical perspective, which focuses on the optimization dispatch and operation model, and emphasize an optimal solution under a few typical scenarios. However, this project will face different and complex operation situations that are far different from the generalization of one or several optimal operation situations. Therefore, those studies have a weak effect in guiding the operation and dispatch of the HWWD Project.



The traditional calculation of water supply involves a water volume that the hydraulic projects can provide to meet a water demand under different typical years, guarantee rates, or frequencies. It is generally carried out by a monthly calculation method. From the above studies, we observed some problems in the traditional calculation of available water-supply volume. First, the unit of calculation period is a month, which is an interval that is too long. Second, the traditional method only considers the impact of the supply side, and its in-demand side is weak, which is quite different from the actual situation of supply-and-demand as a whole. Finally, the calculation method is overgeneralized, which does not accord with the practical water-use situations of different levels and industries. Therefore, adopting a new calculation method is vital to overcome the above problems.



Due to the practical situations of water conservation projects and requirements of water-resource-management businesses, research should consider more comprehensive influential factors to achieve high-accuracy simulations of water resources, laying the foundation for the guidance of actual water-resource management and hydraulic-engineering operations. Therefore, given the practical situations of water resources and diversion projects, this study established a dynamic calculation-model of water supply. This model considers the various influential factors of water supply to build the calculated model. Furthermore, we used the Comprehensive Integrated Platform (CIP) to construct the dynamic calculation model [23,24]. To better illustrate the dynamic calculation model, we established a calculation model that considered influencing factors, including the inflow of supply reservoirs, ecological flow, and water demand in the receiving area of the project. We also constructed a dynamic simulation system using the CIP to calculate the water-supply volume. The simulation system separately depicts the supplied object, operation business, and flow of the physical project togther with the topology diagram, business components, and data flow, respectively. By changing the input and boundary conditions of the compute components, the simulation system changes the fixed and few situations into operational situations that consider more influential factors. The system realizes the calculation and decision-making process of the computer through information technology and simulates different, practical operational situations. Therefore, the simulation system realizes the change in the operation-calculation situations, from the finite to the infinite, which means that any operational situation can be calculated by changing the model’s input, methods, and boundary conditions. The calculation model of the water supply and the simulation system make up the dynamic simulation system, which lays a foundation for the operational decision and the improvements to the operational benefit of the HWWD Project.



This paper proposes a dynamic water-supply model based on a water supply–demand balance and the CIP and its application to a simulation of complex diversion systems with multiple supply-and-demand objects. The dynamic water supply model was constructed based on engineering operation rules, in which water conversion and movement in the system are informalized and clearly described. The natural and artificial water processes are described simply and comprehensively under reasonable assumptions, and various results and information are provided based on supply-and-demand conditions. Ultimately, we obtained a new method to perform a fast and accurate simulation of water supply-and-demand through repeated testing and refinement of the dynamic water-supply model.




2. Calculation Model of Water Supply


2.1. Overview of the Study Area


The HWWD Project is a typical trans-basin water-diversion project. Additionally, it is also a milestone in the history of water conservation projects in terms of engineering quantity and technical difficulty around China. The whole project is composed of two parts, one is the water diversion project, and another is the water transport and distribution project. The diversion project consists of three parts, namely the Sanhekou Reservoir, Huangjinxia Reservoir, and Qinling underground water-transmission tunnel. The water transportation and distribution project consists of the Huangchigou pivotal project, the south and north pipeline of the Weihe River, and the corresponding branch pipeline (Figure 1). The HWWD Project and the reservoirs in the receiving area together meet the water requirements for the receiving area.



The HWWD Project transfers abundant water resources from the Han River basin to the Weihe River basin through the Qinling tunnel. Additionally, the project also is one of the most important engineering measures that alleviates the lack of water resources in the Guanzhong area. The project’s task is to meet the water requirements of major and county-level cities, as well as the industrial parks along the Weihe River in the Guanzhong area. This engineering measure not only gradually returns the agricultural and ecological occupied water to the local area but also promotes improvements to the ecological environment.




2.2. Dynamic Calculation Model of Water Supply


The dynamic calculation model of water supply is based on the traditional calculation method. According to the HWWD Project’s practical operation situations, the incoming water in different target years, different water requirements in receiving areas, different downstream ecological flows, and other factors constitute the simulation-calculation situations. The more factors considered, the closer the relationship between the simulation and practical situations. Therefore, it is necessary to generate water-supply schemes under multiple situations through calculating reservoir-runoff regulations and supply-and-demand calculations [25].



The dynamic calculation model analyzes the balance of supply-and-demand based on the water-supply principle and acquires the water-supply volume through reverse calculation. According to the steps of the water-supply calculation model, first, we need to analyze the water requirements of the source and receiving areas. The water requirement comprises five parts: domestic, production, agricultural, downstream ecological, and eco-environment. The production-water requirement includes secondary (thermal power, general, and construction industries) and tertiary industries (catering industry). Additionally, the eco-environment water requirement includes urban green space and the replenishment of urban rivers and lakes. The water requirement is determined by the quota method used to simplify the calculation.



The water requirements of downstream ecology should be met first when calculating the water-supply volume; therefore, it should be deducted before water diversion. In the calculation of water-supply volume, we took the water requirement of downstream ecology as the variable factor, which can be calculated using 10% of the annual average runoff, the minimum monthly average discharge in the last 10 years, and the Q90 method, respectively [26].



The long-series method calculates reservoir regulations with long series of hydrological data. According to the project’s basic characteristics and operation principles, we carried out the daily operation calculation in this sequence: First, ensuring the water diversion meets the demand for downstream ecological water; next, determining whether it meets the water requirements for urban residents; then, determining whether it meets the ecological water requirements; and finally, making sure it meets the production water requirements. The explanation of parameters and variables that appear in the following content, such as water volume (104 m3) and flow (m3/s), is given in the Nomenclature. The calculation steps are as follows:






	Calculation model:



	Input: reservoir inflow runoff series, engineering parameters, and water requirements for different users.



	Output: the variable water supply of receiving area.



	Steps of calculation:



	Step 1: The water requirements of each type of water user in different years are calculated by the fixed-amount method. Water requirements include Wdn, Wpn, Wan, and Wen.



	Step 2: The principle of water supply in the water source area is priority, thereby meeting the downstream water requirements before water supply. Based on this principle, the water supply is calculated using the daily regulation of the reservoir.

2.1 Based on the dispatching interval of the Sanhekou Reservoir (Table 1), we determined the operation method of reservoirs in the water source area, and calculated the Wsp_max and Wb_max.

2.2 We determined the operation method of the Huangjinxia Reservoir according to its dispatching interval (Table 2) and then calculated the Wsp and Wb.



	Step 3: According to the reservoir application principles of the reservoirs in the receiving area, the priority was to meet the Wre and then carry out the daily regulation calculation to obtain the Wrp.



	Step 4: We calculated the actual water supply for each type of water object through a supply-and-demand balance analysis in the receiving area. If the calculated result is less than 0, we assumed it was 0.

4.1 The water supply from the source area was mainly used as domestic and production water. The actual water supply volume of domestic is:




   W  p p   =  {       W  d n   ,  (   W  s p   ≥  W  d n    )         W  s p   ,  (   W  s p   <  W  d n    )         










The actual production water supply volume can be calculated as follows:




   W  p p   =  {       W  p n   ,  (   W  s p   ≥  W  d n   +  W  p n    )         W  s p   −  W  d n   ,  (   W  s p   <  W  d n   +  W  p n    )         










4.2 The water supply from the receiving area is mainly used as agricultural and ecological environment water. The actual agricultural water supply is determined by the following formula:




   W  a p   =  {       W  a n   ,  (   W  r p   ≥  W  a n    )         W  r p   ,  (   W  r p   <  W  a n    )         










The actual ecological environment water supply is calculated by the following formula:




   W  e p   =  {       W  e n   ,  (   W  r p   ≥  W  a n   +  W  e n    )         W  r p   −  W  a n   ,  (   W  r p   <  W  a n   +  W  e n    )         










4.3 If there was a surplus of water supply in source area and inadequate water supply in the receiving area, we used the former as the latter, which is according to the principle of water supply in the receiving area.



	Step 5: We obtained the available water supply in the source area by back-calculation, which is based on the various types of water requirements and supply, and it is determined by the formula below.




   W  s u p   =  {      min  (   W  s p   ,  W n   )         W  d n   +  W  p n   − (  W  r p   −  W  a n   −  W  e n   ) ,  (   W  s p   ≥  W  d n   +  W  p n    )         W  d p   +  W  p p   , (  W  s p   <  W  d n   +  W  p n   )        
















There are some essential constraints for the dynamic calculation model of water supply volume:




	(1)

	
Water balance.











   W  t + 1   =  W t  +  (   Q  a r r   −  Q  o u t    )  · Δ t  












	(2)

	
Reservoir capacity.











   V d  ≤ V ≤  V  n o r m    












	(3)

	
Water flow.











   Q  d i v   ≤  Q  l i m    












	(4)

	
Variables are not negatively.









All of the variables are non-negative. If the value of any variable is less than 0, directly set its value to 0.




2.3. Construction of the Simulation-Calculation System


The CIP is the basic platform of the Water Conservancy Information Processing Platform Technical Regulation in the water conservancy industry of China. Moreover, it has realized an understanding of the application-support platform’s technical standards. The difference between the CIP and the traditional platform is the service-oriented design of the platform framework, which does not involve specific business functions. The business-implementation techniques include component customization [27], web service [28], knowledge visualization, and cloud computing [29], etc. Therefore, the CIP can be applied to most fields with process characteristics.



The CIP has many advantages due to its advanced design concept, which is described as follows:




	
The construction of the business or application system is convenient, fast, and has a high degree of reuse. Decision-makers can construct the system on the visual panel of the CIP, which has excellent flexibility and adaptability. Decision-makers can add and delete nodes at any time to adapt to the changes in operation situations.



	
The calculation and business implementation of the knowledge graph is detailed and intuitive. With the sequential computation of the knowledge graph nodes, decision-makers can change the computation scenarios and instantly view the results. The CIP’s scenario simulation makes it well suited for dynamic computation [30].








Of course, there are certain limitations to the platform’s application, such as the need to develop new services that have not been performed on the CIP, and the preparation of the relevant components, which requires a technical foundation.



The dynamic calculation model is a real-time and rapid adjustment model to calculate the water-supply volume. This model simulates the project’s practical operational situations by changing the calculation model’s input, output, boundary, and even supply objects to adapt to variations in the actual operating environment. The CIP can change the input, output, and nodes of components to adapt to changes in the calculation model and use the computer’s high-speed information process and computing power, which can rapidly deal with complex, simulated situations. In brief, the calculation model simulates practical situations, and the simulation system simulates the calculation model.



Based on the CIP, we drew a knowledge graph by combining various elements of project’s topology relationship and calculation process. Its elements include three parts: the point, line, and surface. According to the logic and function of each computing or business node in the calculation flowchart or topology diagram, we used Java, SQL, and other programming languages to compile components in the development-tool. The compilation of components is the programmatic implementation of the model’s calculation methods. Next, we finished the debug and packaged, uploaded, and published components to the server. Then, we customized the components on the CIP and added them to the related knowledge-graph nodes to complete the simulation of the data flow to the water flow. The construction process of the simulation calculation system is shown in Figure 2.



Figure 3 is the simulation-calculation system of water-supply volume for the HWWD Project, as drawn on the CIP. It was clear from the figure that the simulation-calculation system clearly describes the distribution and connection relationship of supply objects in the project’s source and receiving areas. Moreover, it calculates and displays each component of the dynamic simulation system of water-supply volume separately. This topology interface is just a display interface for the calculation results, and the actual calculation nodes have been hidden in this interface. The computational component net is the entity of the computational model that is hidden in the editing function of the CIP. Some nodes of the component net are connected to the resulting topology net so that the topology net can display the computation results.



According to the simulation system’s construction principles and process, we constructed the dynamic simulation system of water-supply volume for the HWWD Project. The computational-components net of the simulation system is shown in Figure 4. The simulation-calculation system gradually and visually presents the calculation process of water-supply volume. The decision-makers can click on any node in the calculation flowchart to check the calculation results, and the simulation system can calculate this node progressively. This computing paradigm makes the calculation process more clear and transparent, for example, by clicking the Huangjinxia Reservoir node and checking the calculation results of Huangjinxia Reservoir.





3. Result


The simulation system selects different variable conditions for different operating situations to conduct the simulation calculations. In the actual application, multiple variable conditions can be set in the simulation calculation system according to the practical requirements. To obtain better results and reflect the advantages of the simulation’s calculation, we selected the following variable conditions as control variables for the simulation calculation. The water-inflow conditions were categorized into different typical years of abundance (10%), normal (50%), and dry (90%). The calculation methods of ecological base flow were 10% of the annual average runoff, the minimum monthly average discharge in the last 10 years, and the Q90 method; and the water demand conditions included the current year (2020), near-term plan year (2025), and long-term plan year (2030). The results of water-supply-volume calculation in the simulation-calculation system of the HWWD Project under different situations are shown in Table 3.



According to the simulation-calculation results, the water requirement in the receiving areas continued to increase along with the economic and social development of the local areas. Additionally, the water diversion also increased with the continuous improvement of the HWWD Project, which can supplement water shortages in the receiving area and maintain the water-supply volume at a qualified level. In the current-, near-, and long-term plan years, the average water-supply guarantee rate of domestic and production (ratio of the number of satisfied days to the total days in a year) reached 92.84%, 95.22%, and 93.89%, respectively, which are all higher than the design supply guarantee rate of domestic and production, which was 90%. Additionally, the average water-supply guarantee rate of agriculture was 50.88%, which was higher than the design supply guarantee rate of agriculture (50%). The water-supply schemes are reasonable and can satisfy the HWWD Project’s operational requirements.




4. Discussion


This study comprehensively considered the various influencing factors of water supply to establish a dynamic calculation model as well as to develop the simulation-calculation system in real-time based on the CIP to implement the model. The system simulates practical operating scenarios by changing the simulation conditions to meet the available water-supply calculation requirements in various operating conditions. To clearly present the results, our example used three important influence factors as variable conditions for the simulation situations. The factors include different rates of inflow water, water demand, and downstream ecological flow. The results show that the average calculated values of water transfer in the near-term (2025) and the long-term planning year (2030) are 840 million and 1.23 billion, respectively, which are close to the maximum water-transfer design values of 1 billion and 1.5 billion in the project’s near-term and long-term planning and design, respectively [31,32]; therefore, the water-supply volume’s total results are reasonable. Second, the calculated guaranteed rate of water supply is greater than the required value, so the guaranteed rate of water supply is reasonable.



The dynamic calculation model improves the efficiency of the calculated water supply volume. It can also calculate and generate reasonable schemes of water-supply volume in different situations through the simulation system. Additionally, by adjusting input and boundary conditions in real-time, the simulation system can generate a water supply scheme that is most suitable for the running situation at this time, which provides support for the project’s operation decision. Overall, the dynamic calculation model has strong adaptability for an ever-changing production environment.




5. Conclusions


The results show that the dynamic calculation model of water supply in different situations is practicable. It can deal with the disadvantages of traditional water-supply calculation methods, including single calculation situations, unchangeable results, poor adaptability, and limited application effect. The dynamic calculation model can rapidly calculate and generate water-supply schemes in different situations through timely adjustment, which has good adaptability to the complex and changing actual operating environment. The dynamic calculation model and simulation calculation system of water supply can improve the calculation efficiency. They provide an efficient and dynamic way to manage and simulate the supply and demand of water resources.



However, many complicated factors need to be considered when calculating water supply, such as complex pipeline systems, and businesses, etc. Compared with the traditional calculation method, we conducted a beneficial exploration of the model in terms of application; however, our research was somewhat insufficient. For example, we did not consider the loss and duration of water transmission, or the risks of the discharge in the supply system. Further research is needed to improve the simulation system’s adaptability and flexibility in any operating situation. Moreover, the technical threshold poses a problem when developing computing systems for new businesses; therefore, we need to continue to conduct useful explorations on improving the computing component library and reducing the difficulty of system development.
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Nomenclature




	Symbols
	Description



	   Δ t   
	Duration of time intervals,   Δ t   = 1d



	    V d    
	Dead storage of reservoir



	    V  n o r m     
	Utilizable storage of reservoir



	    Q  l i m     
	Flow constraint of tunnel



	    W  d n     
	Domestic water requirement



	    W  d p     
	Domestic water supply volume



	    W  p n     
	Produced water requirement



	    W  p p     
	Produced water supply volume



	    W  a n     
	Agricultural water requirement



	    W  a p     
	Agricultural water supply volume



	    W  e n     
	Ecological water requirement of environment



	    W  e p     
	Ecological water supply of environment



	    W  s e     
	Downstream ecological flow in source area



	    W  r e     
	Downstream ecological flow in receiving area



	    W  s p     
	Water supply in resource area



	    W  r p     
	Water supply in receiving area



	    W n    
	Water demand in receiving area



	    W b    
	Replenish water of reservoir



	    W  p _ h j x     
	Water supply of Huangjinxia Reservoir



	    W  a r r     
	Inbound water of reservoir



	    Q  a r r     
	Inbound flow of reservoir



	  V  
	Capacity of reservoir



	    W  s u p     
	Available water of source area



	    Q  s p _ m a x     
	Maximum water supply flow in source area



	    W  s p _ m a x     
	Maximum water supply volume in source area



	    W  b _ m a x     
	Maximum replenish water



	    Q  o u t     
	Outflow of reservoir
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Figure 1. Layout of Hanjiang-to-Weihe River Water Diversion (HWWD) Project. 
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Figure 2. Construction process of simulation system. 
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Figure 3. Topological structure (using topological theory to reduce engineering to a combination of point-line-surface structures) of Hanjiang-to-Weihe River Water Diversion (HWWD) Project. 
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Figure 4. Computational components net of dynamic simulation system. 
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Table 1. Sanhekou Reservoir dispatching interval.
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Scheduling Interval

	
     Q  s p _ m a x      

	
Engineering Application Criteria






	
The preventative-abandonment

water level

	
50

	
Priority use of water from

the Sanhekou Reservoir




	
50

	
Priority use of water from

the Huangjinxia Reservoir




	
Water-supply control

water level




	
21.2

	
Simultaneous application in

the water source and receiving areas




	
Joint-supply assurance

water level




	
12.8

	
Groundwater in the receiving area

is the primary source




	
The dead-water level




	
The dead-water level

in extra-dry year

	
9.8
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Table 2. Huangjinxia Reservoir dispatching interval.
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Scheduling Interval

	
Water Volume Judgment

	
Water Supply Sequence

	
Water Replenishment






	
Higher than

normal water level

	
    W  p _ h j x   >  W  s p     

	
Huangjinxia Reservoir

	
Replenishment




	
    W  p _ h j x   =  W  s p     

	
Huangjinxia Reservoir

	
No replenishment




	
Dead-water line

to normal water level

	
    W  p _ h j x   =  W  s p     

	
Sanhekou and Huangjinxia Reservoir




	
Dead-water line

	
    W  a r r   ≥  W  s p   +  W  s e     

	
Sanhekou Reservoir




	
    W  a r r   <  W  s p   +  W  s e     

	
Huangjinxia Reservoir
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Table 3. Simulation-calculation results of water-supply volume.
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Scheme

	
Typical Year

	
Year

	
Ecological Water

	
Water Supply Volume (104 m3)




	
2020

	
2025

	
2030






	
1

	
Dry year

	
2002

	
10% of the annual average runoff

	
55,175

	
59,602

	
93,910




	
2

	
Normal year

	
1992

	
62,310

	
67,534

	
121,275




	
3

	
Abundant year

	
1990

	
115,453

	
124,996

	
153,504




	
4

	
Dry year

	
2002

	
Q90 method

	
55,025

	
59,452

	
93,816




	
5

	
Normal year

	
1992

	
62,216

	
67,403

	
121,218




	
6

	
Abundant year

	
1990

	
115,396

	
124,921

	
153,410




	
7

	
Dry year

	
2002

	
Monthly average discharge in the last ten years

	
55,242

	
59,669

	
93,952




	
8

	
Normal year

	
1992

	
62,353

	
67,664

	
121,291




	
9

	
Abundant year

	
1990

	
115,478

	
125,029

	
153,546
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