[image: image1]Study on coordinated allocation of conventional and unconventional water resources in typical regions of North China

		ORIGINAL RESEARCH
published: 21 July 2023
doi: 10.3389/feart.2023.1198431


[image: image2]
Study on coordinated allocation of conventional and unconventional water resources in typical regions of North China
Qihui Chai1,2, Wenhao Han1,2*, Fang Wan1,2, Zelin Ding1,2 and Feng Wu1,2
1School of Water Resources, North China University of Water Resources and Electric Power, Zhengzhou, China
2Henan Key Laboratory of Water Resources Conservation and Intensive Utilization in the Yellow River Basin, North China University of Water Resources and Electric Power, Zhengzhou, China
Edited by:
Wei Ge, Zhengzhou University, China
Reviewed by:
Bai Tao, Xi’an University of Technology, China
Yuan Wenlin, Zhengzhou University, China
* Correspondence: Wenhao Han, han0617521@163.com
Received: 01 April 2023
Accepted: 17 April 2023
Published: 21 July 2023
Citation: Chai Q, Han W, Wan F, Ding Z and Wu F (2023) Study on coordinated allocation of conventional and unconventional water resources in typical regions of North China. Front. Earth Sci. 11:1198431. doi: 10.3389/feart.2023.1198431

Introduction: The North China Plain is an important production base of grain, cotton, and fruits in China. However, the climate is dry and rainless, and thus, water resources are scarce. The combination of water resources, population, and cultivated land is extremely unbalanced, making the region a serious water shortage area in China. In addition to long-term groundwater over-exploitation, water shortage has become an important bottleneck, restricting the economic and social development of the North China Plain and national food security. Therefore, making full use of unconventional water resources and reducing the proportion of conventional water resources will alleviate the shortage of water resources and improve the utilization of water resources.
Methods: Taking Hengshui City as an example, this paper establishes an optimal allocation model of water resources with the minimum relative water shortage rate as the objective function, the coordinated allocation of water resources between conventional and unconventional water resources is studied, and various available water sources are effectively allocated between regions and water use departments. The genetic algorithm is used to study the model, by taking 2020 as the starting year, and optimize the allocation of water resources in Hengshui City between 2020 and 2025.
Results and Discussion: The results show that the water demand of each county in Hengshui City will be guaranteed in 2025, and there will be no water shortage. In the 2025 level year, the total amount of unconventional water resources in Hengshui City will increase compared with that in 2020, with an increase of 21.9144 million m3. Among them, there will be an increase in brackish water consumption, 11.3244 million m3, and an increase in sewage reuse water consumption, 10.59 million m3, which will effectively alleviate the contradiction between supply and demand of water resources in Hengshui City.
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1 INTRODUCTION
The North China Plain is an important production base of grain, cotton, and fruits in China. However, the climate in this area is dry and rainy, and water resources are scarce. The per capita water resources are 523 m3, and the average water resources are 309 m3, which are 1/4 and 1/5 of the national average, respectively. The combination of water resources, population, and cultivated land is extremely unbalanced, making the region a serious water shortage area in China. Long-term groundwater over-exploitation has formed a groundwater “funnel group” consisting of a series of funnels with an area of 40, 000 km2 in the Hebei Plain, causing a series of ecological and geological hazards, such as land subsidence and collapse. The shortage of water resources has become an important bottleneck, restricting the economic and social development of the North China Plain and national food security (Li et al., 2021).
The utilization of unconventional water resources in northern China is relatively low, and it is necessary to increase the proportion of unconventional water supply, which is also an important measure to alleviate the current water shortage (Li et al., 2022; Huang et al., 2021; Wu et al., 2020). It is of great significance to develop unconventional water resources according to local conditions to alleviate the shortage of water resources in the North China Plain. In the North China Plain, except for Beijing, underground salt water with salinity greater than 2 g/L is widely distributed, and its distribution area is 7.11×104 km2, accounting for 51.48% of the total area of 13.81×104 km2. The recoverable resources of salt water with TDS<5 g/L in the North China Plain are approximately 30×108 m3, and there are still 13.51×108 m3 of salt water resources that have not been developed and utilized. The shallow salt water has the characteristics of easy exploitation, fast supply, and low energy consumption. The utilization potential of shallow salt water should be fully explored (Zhang D. et al., 2022; Ma et al., 2020). The North China Plain is densely populated. With the acceleration of urbanization, reclaimed water, as a product of daily urban operation, has a low utilization rate and great potential for excavation (Zhang, 2013). In order to solve the increasingly acute contradiction between supply and demand of water resources, it is imperative to increase the development and utilization of unconventional water resources (Zhu, 2020; Wu X. et al., 2021; Wang et al., 2023). With the economic development, population growth, and urban expansion, the demand for water resources in cities is increasing year by year, and the contradiction between supply and demand is prominent. Under the background of global traditional water shortage, making full use of unconventional water resources has become an important means to alleviate urban water pressure (Liu, 2017; Morante-Carballo et al., 2022; Zhang et al., 2023).
This paper chooses Hengshui City to carry out the optimal allocation of unconventional and conventional water resources. Hengshui City belongs to the Heilongjiang area, and the distribution area of salt water is 91.8%, which belongs to the typical salt water distribution area of the North China Plain. At the same time, Hengshui is a large agricultural city, and agricultural irrigation water accounts for approximately 83% of the city’s water supply. Water resources are over-exploited, groundwater over-exploitation is serious, and food production is not effectively guaranteed. It is crucial to incorporate the development and utilization of unconventional water resources into the water resource management system (Liang and Zuo, 2012; Hu and Wu, 2018). Therefore, Hengshui is considered a strong representative of the unconventional water resource in the arid middle and lower reaches of the plains in northern China. This research can provide some experience and reference for the coordinated allocation of water resources in other arid middle and lower reaches of the plains in northern China.
2 PRESENT SITUATION OF WATER RESOURCE DEVELOPMENT AND UTILIZATION IN HENGSHUI CITY
The data on the utilization status of conventional water resources and unconventional water resources in this part are derived from “Hengshui City Water Resources Planning.”
2.1 Conventional water resource utilization status
Hengshui City, in 2015, had a total water supply of 1.539 billion m3. From the perspective of water supply, surface water supply is 265 million m3, groundwater supply is 1.273 billion m3, and sewage treatment and reuse water supply is 590, 000 m3, accounting for 17.2%, 82.7%, and 0.1% of the total water supply, respectively. From the perspective of water consumption, agricultural water consumption is 1.31 billion m3, industrial water consumption is 108 million m3, domestic water consumption is 105 million m3, and ecological environment water consumption is 9 million m3, accounting for 85%, 7%, 7%, and 1% of the total water consumption, respectively. In 2015, Hengshui City’s overdraft deep groundwater was 900 million m3. Conventional water resources still account for the vast majority of water supply, and the main source of water consumption is agricultural water. Therefore, making full use of unconventional water resources and reducing the proportion of conventional water resources will alleviate the shortage of water resources and improve the utilization of water resources (Feng, 2015).
2.2 Status of unconventional water resource utilization
2.2.1 Development and utilization of salt water resources
The natural resources of shallow groundwater in the brackish water area of Hengshui City are 767.0694 million m3/a, of which the natural resources of shallow freshwater are 19.7963 million m3/a, and the natural resources of shallow brackish water are approximately 747.2731 million m3/a (the natural resources of salinity 1∼2 g/L, 2∼3 g/L, 3∼5 g/L, and > 5 g/L are 119.5131 million m3/a, 285.4454 million m3/a, 238.4545 million m3/a, and 123.6564 million m3/a, respectively).
The exploitable resources of shallow groundwater in the saline water area of Hengshui City are 415.9866 million m3/a, of which the exploitable resources of shallow fresh water are 14.8664 million m3/a, and the exploitable resources of shallow saline water are approximately 401.1202 million m3/a (the exploitable resources of salinity 1∼2 g/L, 2∼3 g/L, 3∼5 g/L, and >5 g/L are 59.547 million m3/a, 174.0753 million m3/a, 144.4893 million m3/a, and 23.0086 million m3/a, respectively).
2.2.2 Development and utilization of reclaimed water resources
Since 2014, Hengshui City reclaimed the water treatment capacity will usher in a new peak of growth. However, at present, the utilization of reclaimed water is less and the utilization method is relatively single. Taking the Hengshui sewage treatment plant as an example, the annual main pollutant emission reductions amount to COD 6558 tons, BOD 2218 tons, SS 4417 tons, TN 948 tons, and TP 119 tons, and the effluent is finally discharged into the Fuyang River. The reclaimed water utilization mainly includes more than 20, 000 tons of landscape water.
2.3 Problems in development and utilization of water resources
At present, the main problems of water resource development and utilization in Hengshui City are as follows.
2.3.1 Shortage of water resources
Hengshui City is located in the south of the Haihe River Basin. Since the origin of the People’s Republic of China, after years of construction and development, the average annual water supply in the Haihe River Basin has been increased to 37.2 billion m3, the development and utilization rate has reached 81%, the actual water use has reached 43.2 billion m3, and the total local water resources have reached 37.2 billion m3. Due to the over-exploitation of water resources, upstream reservoir construction, and interception of runoff, it resulted in a sharp reduction in downstream rivers or cut off, which seriously affected the downstream areas of domestic, industrial, and agricultural water usage.
2.3.2 Serious over-exploitation of groundwater
The domestic and agricultural water in Hengshui City is dominated by groundwater. After years of exploitation, the groundwater level continues to decline, the salt–fresh water interface moves down, and the groundwater quality deteriorates.
2.3.3 Low utilization of water resources: an imperfect water-saving mechanism
Hengshui City is a large agricultural city, and agricultural irrigation water accounts for approximately 83% of the city’s water supply. Its traditional agricultural planting structure is mainly wheat, corn, and other crops with high water consumption and low efficiency. Field irrigation is mainly flood irrigation, and the utilization rate of flood irrigation water is only approximately 45%.
2.3.4 Low utilization rate of unconventional water resources
The utilization rate of reclaimed water, such as the water used for farmland irrigation, urban ecology, family life, and urban landscaping, in Hengshui is still very low. It is mainly used in urban landscaping and shows great potential for excavation. The overall utilization of rainwater in Hengshui is in the early stages of development. In addition to the demonstration collection and utilization projects built by individual units in Hengshui City, most of them are still in the blank stage, and the understanding of rainwater as a resource is not enough. With the development of urban construction, the city’s hardening area is increasing and the city’s permeable area is shrinking, so surface water cannot infiltrate into the ground to increase the groundwater composition. Underground pipe network construction is seriously lagging behind. Most of the pipe network construction still follows the traditional direct discharge and dredging mode, resulting in the loss of rainwater resources. The city lacks systematic rainwater utilization planning, and there are no relevant laws and regulations to provide support and guarantee for the systematic utilization of rainwater (Shadeed et al., 2020; Ge et al., 2022; Wang et al., 2022; Wu M et al., 2021). The use of brackish water in Hengshui City is relatively extensive, but it is mainly used for direct irrigation with 2∼3 g/L brackish water, and 3–10 g/L brackish water and salt water still show great development potential.
3 CO-ORDINATED ALLOCATION OF CONVENTIONAL AND UNCONVENTIONAL WATER RESOURCES IN HENGSHUI CITY
In order to make use of the limited unconventional and conventional water resources, both the water resources can be scientifically allocated between different water use sectors of agriculture, industry, construction, tertiary industry, domestic usage, and ecological usage. This chapter uses the basic connotation of the coordinated allocation of unconventional and conventional water resources, comprehensively considering the economic development status and planning of the study area, and focuses on the following principles when incorporating unconventional water resources into the unified allocation of water resources.
3.1 Principles of collaborative optimal allocation of water resources
3.1.1 Principles of water supply by quality
Although it is currently technically feasible to purify unconventional water resources to drinking water, considering other issues, such as production costs, potential risks, and social acceptance, unconventional water resources need to be used for other purposes other than drinking water, such as urban ecology, industry, and agriculture (Jodar-Abellan et al., 2019; Ge et al., 2020a; Zhang Y et al., 2022). Therefore, according to the water demand of different users, it is necessary to carry out targeted quality water supply, high quality and excellent use.
3.1.2 Principles of water safety
The water security principle is mainly reflected in two aspects: one is to give priority to meet the domestic and ecological water demands, on this basis, considering the rational allocation of construction, tertiary industry, and industrial and agricultural water. Second, considering the stability and efficiency of the water supply guarantee rate, surface water is preferentially supplied for domestic, industrial, and agricultural usage, followed by the exploitation of groundwater (Ge et al., 2020b). The treatment cost of unconventional water resources is also much smaller than the corresponding water transfer cost. Therefore, the principle of controlling groundwater exploitation and expanding the scale of unconventional water resource utilization is adhered to, and the water supply order of each water source is defined as follows: reclaimed water, mine drainage water, surface water, and groundwater (Kim et al., 2022; Mu and Wang, 2020).
3.2 Establishment of the collaborative optimal allocation model of water resources
3.2.1 Objective function
For optimal allocation of water resources, the minimum relative water shortage rate is generally selected as the objective function, but the objective is a cumulative value, which cannot reflect the depth of water supply damage and the quality of the water supply process. According to the uniformity of water distribution in time and space, the storage capacity of water conservancy projects can be fully exerted. In the calculation period T, the water supply process with time and space uniformity is selected as the objective function of water supply scheduling, that is, the maximum water shortage rate in a certain period of the water supply process is the minimum. The objective function is
[image: image]
In the formula, Qt is the water demand of the water supply area in the period t; G0, t is the conventional water supply of the water supply area in the period t; Xt is the water supply of unconventional water in the period t; t = 1, 2, [image: image], T, where T is the number of water supply periods.
The model of the minimum–maximum water shortage rate can make the water supply process and water shortage loss in the water supply area uniform so that the water shortage in a certain period is not very serious in order to meet the water demand of the previous period, which can reduce the damage depth of water shortage, improve the uniformity of the water supply process, and effectively reduce the maximum damage depth (Li et al., 2018).
3.2.2 Constraint conditions
3.2.2.1 Water supply condition constraints
The supply of water resources shall not exceed the total supply of water resources; the expressible formula is
[image: image]
In this formula, WS is the total supply of water resources, 10,000 m3; xkij is the water supply of the i water source to j users in k area; k is the water supply area, a total of σ; i is the source of water supply, including surface water, groundwater, reclaimed water, mine drainage water, and brackish water, a total of m; j for different users, including life, tertiary industry, industry, agriculture, construction, and ecology, a total of n. Because the surface water and groundwater in the available water resources are conventional water resources, it is necessary to pay attention to conservation. The total amount of available surface water and groundwater cannot exceed the red line of the total amount control of surface water and groundwater in Hengshui while not exceeding the calculated available water.
3.2.2.2 Unconventional water supply constraints

[image: image]
In this formula, xk3j, xk4j, and xk5j are the water supply of reclaimed water, mine drainage water, and brackish water to j users, respectively. Taking into account the principle of water supply and water supply network constraints, domestic water and tertiary industry water do not consider unconventional water; hk and Hk are the minimum and maximum water supply ratios of unconventional water resources of j users in k area, respectively.
3.2.2.3 Contamination carrying capacity constraints
COD emissions should not be greater than the regional COD capacity; the expressible formula is
[image: image]
In this formula, θkCOD is the maximum COD capacity in k region, t.
3.2.2.4 Effective irrigation area constraint
The water consumption of the irrigation area in the same level year should be higher than the predicted water consumption of the low scheme but lower than the predicted water consumption of high scheme; the expressible formula is
[image: image]
In this formula, Nk1 and Nk2 are the predicted values of the effective irrigation area of low scheme and high scheme in the k region, respectively, km2; Ck is the water requirement per unit effective irrigation area in the k region, 0.01m, referencing to the Gansu Province water quota value; xkg is the irrigation water consumption to k area, 10,000 m3, and xkg is contained in agricultural water.
3.2.2.5 Tertiary industry output value constraint
The output value of the tertiary industry in the planning year should be greater than the planning value target; the expressible formula is
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In this formula, xki3 is the water supply of the tertiary industry in the k region, 10000 m3; αki3 is the economic output value of unit water resources of the tertiary industry in the k region, yuan/m3; Z3 is the tertiary industry output value planning target, 100 million yuan.
3.2.2.6 Non-negative constraint
Water supply is non-negative; the expressible formula is
[image: image]
4 MODEL SOLUTION OF COLLABORATIVE OPTIMAL ALLOCATION OF WATER RESOURCES
The genetic algorithm (GA) was first proposed by Professor Holland of Michigan University in 1975. The basic idea was based on Darwin’s theory of evolution and Mendel’s theory of genetics. The recombination and mutation operators were the two most important components of GA, and they were repeatedly applied to the chromosomes formed by encoding the solution of the problem. This is a new global optimization search algorithm, simple and universal, robust, and suitable for parallel processing; based on the fitness function, the genetic operation is applied to the individuals in the group to realize the reorganization of the individual structure in the group so that the individuals in the group can be optimized and gradually approach the global optimal solution. It can calculate multidimensional problems in optimal allocation of water resources.
In this paper, a set of basic feasible decoding of the problem is expressed as a set of binary strings. Each string contains multiple substrings. The combination of one or more bits of each substring is called a gene, also known as a chromosome. Then, some operations are carried out on these genes (chromosomes) to gradually realize parameter optimization and achieve the purpose of optimal allocation of water resources.
At the beginning of the genetic algorithm, some individuals (initial solutions) are randomly generated; each individual is evaluated according to the predetermined objective function (1), and the fitness value of the individual is given. Based on the fitness value, the individual is selected to copy the next generation. The selection operation embodies the “survival of the fittest” principle, in which “good” individuals are selected for replication and “bad” ones are eliminated. Then, the selected individuals are recombined by exchange and mutation operators to generate a new generation. This new group of individuals inherits some of the good traits of the previous generation and is therefore superior in performance. The genetic algorithm realizes the process of optimal allocation of water resources by simulating the three ways of replication, exchange, and mutation of biological genes. The specific process is shown in Figure 1. The specific steps are as follows:
Step 1: Individual coding: Taking the amount of water distributed to each user as the decision variable Z, the decision variables are coded and a feasible solution set is formed.
Step 2: Initializing the decision population and penalty factor population: The algorithm parameters are assigned, several sets of initial water resources pre-allocation schemes are randomly generated, and some relatively better allocation schemes are selected as the initial scheme set for the next optimization. The population size is L1, and L2 copies are M populations. Taking w1 and w2 as penalty factors, the population Y with L2 penalty factors is randomly generated, where [image: image].
Step 3: Formula (1) is used as the fitness function to evaluate the advantages and disadvantages of each individual in the population.
Step 4: Genetic operations of decision population and penalty factor population: For each sub-population Z in the decision population M, the individuals with the same number in the population Y are used as penalty factors, and the GA algorithm is used to evolve until the number of iterations is set. The GA algorithm is used to evolve the next generation of population Y so as to obtain a new penalty factor population Y.
Step 5: Iterations of the algorithm: After the end of the first generation co-evolution, Step 4 is repeated, until the convergence criterion of the algorithm is reached.
Step 6: Output of the optimal solution. By comparing all the historically best solutions obtained in the population M, the optimal solution is output as the final solution and the optimal individual in the population Y is the optimal penalty factor.
[image: Figure 1]FIGURE 1 | Solution flow chart based on genetic algorithm.
5 CALCULATION RESULTS AND ANALYSIS
Based on the present situation of water resource development and utilization in counties and cities of Hengshui City, the conventional and unconventional water resources between 2020 and 2025 are allocated accordingly. Among them, the water supply situation of counties and districts in Hengshui City in 2020 is as shown in Table 1; the water supply of each county in Hengshui in 2025 is shown in Table 2. Among them, the basic data from 2020 are derived from the “Hengshui City Water Resources Bulletin,” and the basic data for 2025 are predicted based on a large amount of data. Due to the limited space, this paper does not elaborate on the prediction model.
TABLE 1 | Statistics on water supply in counties and districts of the Hengshui City in 2020 unit: 104 m3.
[image: Table 1]TABLE 2 | Statistical table of water supply in counties and districts of Hengshui City in 2022 unit: 104 m3.
[image: Table 2]The growth of unconventional water resources in 2025 is shown in Table 3; the proportion of conventional and unconventional water resources between 2020 and 2025 level years is shown in Figures 2, 3.
TABLE 3 | List of unconventional water resource growth in 2025 unit: 104 m3.
[image: Table 3][image: Figure 2]FIGURE 2 | Proportion of water resources allocation in Hengshui City in 2020.
[image: Figure 3]FIGURE 3 | Proportion of water resources allocation in Hengshui City in 2025 level year.
Analysis of water supply and water use in counties and cities of Hengshui City in the 2025 level year shows that according to the configuration results in Table 2, from the perspective of each user, it can be seen that the water supply and demand in counties and cities of Hengshui City in the 2025 level year is relatively balanced. Compared with other water use sectors, the agricultural sector has the largest water demand. In order to avoid the contradiction between supply and demand of water resources, strengthening agricultural water conservation will be the focus of future work.
From the perspective of water supply sources, the water supply ratio of groundwater, surface water, external water transfer, and unconventional water will be 29%, 51%, 16%, and 4% after the allocation of counties and districts in Hengshui City in 2020 (Figure 2); In 2025, the proportion of groundwater, surface water, external water transfer, and unconventional water supply in each county of Hengshui City is 17%, 51%, 28%, and 4%, respectively (Figure 3). Compared with the 2020 level year, surface water will still remain the largest source of water supply in Hengshui City; by 2025, groundwater consumption will continue to decrease, and the amount of water supply for external water transfer will increase. According to Table 3, compared with the 2020 level year, the total amount of unconventional water resources in Hengshui City will increase by the 2025 level year, with an increase of 21.9144 million m3, of which the increase in brackish water consumption would be 11.3244 million m3, and the increase in sewage reuse water consumption will be 10.59 million m³.
6 CONCLUSION
The North China Plain is an important grain, cotton, fruit, and vegetable production base in China. The grain production accounts for 29.6% of the total grain production in the country, and the vegetable production accounts for 42.7% of the national vegetable production. The area uses less than 1/2 of its total arable land to produce 80% of vegetables, 65% of grain, and 60% of economic crops. However, the climate in this area is dry and rainy, and the water resources are scarce. The per capita water resources are 523 m3, and the average water resources are 309 m3, which are 1/4 and 1/5 of the national average, respectively. The combination of water resources, population, and cultivated land is extremely unbalanced, making this area a serious water shortage area in China. Long-term groundwater over-exploitation has formed a groundwater “funnel group” consisting of a series of funnels with an area of 40, 000 km2 in the Hebei Plain, causing a series of ecological and geological hazards, such as land subsidence and collapse. The shortage of water resources has become an important bottleneck, restricting the economic and social development of the North China Plain and national food security. Therefore, this study takes Hengshui City as an example to study the coordinated allocation of water resources between conventional and unconventional water resources. The results show that from the perspective of each user, the water demand of each county and city in Hengshui City will be guaranteed in 2025, and there will be no water shortage. From the perspective of each user, the water supply and demand of each county and city in Hengshui City will be relatively balanced by 2025. Compared with other water use sectors, the agricultural sector has the largest water demand. In order to avoid the contradiction between supply and demand of water resources, strengthening agricultural water saving and inhibiting water demand will be the focus of future work. The planned use of unconventional water resources, such as reclaimed water and rainwater, is a good way to turn waste water and sewage into resources, which is a feasible way to effectively alleviate the imbalance between supply and demand of water resources; the coordinated allocation of conventional water and unconventional water resources can maximize the comprehensive benefits of society, economy, and ecological environment.
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