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Abstract:



In this paper, a multi-dimensional equilibrium allocation model of water resources was developed based on the groundwater multiple loop iteration technique. The proposed model is an integrated framework of three modules respectively corresponding to the input layer, operation layer, and feedback layer in the allocation process. Firstly, a prediction model integrating the genetic algorithm-back propagation (GA-BP) model, the general regression neural network (GRNN) model, and the support vector machine (SVM) model was built to predict the future reservoir runoff, and the results were entered into the database of an optimal allocation model. Furthermore, taking exploitable groundwater as the feedback factor, the water resource optimal allocation model was continuously optimized. Also, the groundwater multiple loop iteration technique was applied to the feedback process. The proposed model was successfully applied to a typical region in Jinan, Eastern China. The uncertainties of future reservoir runoff and exploitable groundwater were taken into account. The results revealed that groundwater represented 36.6% of water supply in the base year, indicating that it is the main water source in Jinan. However, the amount of groundwater mining was decreased after considering the exploitable groundwater. The developed framework provides a comprehensive approach towards optimal future allocation of water resources, especially for the regions with overexploited groundwater.
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1. Introduction


In the 21th century, due to an explosive growth of population and unreasonable utilization of water resources, as well as serious water pollution and a deteriorating ecological environment, water shortage is increasingly replacing the oil crisis as a severe worldwide problem. Water resource allocation is one of the most effective methods for addressing this issue, and it can provide a relatively harmonious environment with respect to water resource, social and economic, and eco-environmental systems.



Due to computer technology and systematic analysis methods, more in-depth research on water resource allocation is being performed. Most of researchers put focus on the modification of the allocation model and its optimization algorithm [1,2]. Dong et al. [3] developed a two-stage regional multi-water source allocation model to determine the characteristics of water supply sources, which consist of surface water, groundwater, and transit water. Similarly, Zeng et al. [4] introduced scenario-based interval-stochastic fraticle optimization with Laplace criterion method which can tackle the uncertainties presented as interval parameters and probability distributions for sustainable water resources allocation and water quality management under multiple uncertainties. Meanwhile, the coupling of the water resource allocation model with the economic model, the hydrological model, and the water management model, is becoming the new trend of development. Minsker et al. [5] presented a multi-objective analysis model of water resources to simulate the various uncertainties in water resources system under the consideration of hydrological uncertainty and multi-objective characteristics. Similarly, Yang et al. [6] analyzed the coupling technology of the groundwater model and the water resource allocation model, and then built the multi-objective water resource allocation model. Some other researchers, such as Rosegrantm et al. [7], coupled the hydrological model with the economic development model to improve the economic benefits of water resource utilization. Geographic Information System (GIS) technology has been widely utilized in recent years and in 2003, MiKinney and Cai [8] developed the multi-objective water resource optimal allocation model in the Aral Sea Basin based on a coupling between GIS technology and water management technology. In China, many attempts have been made to modify the allocation model. Wei et al. [9,10,11] combined the water quality model and the groundwater model with the water resource optimal allocation model to construct water resource total factor optimal allocation which considered the whole factors in the water resource system. Many researchers have noticed the impacts of the market economic system, water rights trade, and organizational management on water allocation. In 2007, Wang et al. [12] applied the game theory to the areas of water rights trade and the water market, and built the water resource allocation model based on water rights allocation. In 2012, Kucukmehmetoglu [13] introduced the game theory and Pareto optimization theory to the cross-border river basin and proposed a new idea of water resource allocation at the national strategic level. Similarly, in 2013, Jafarzadegan et al. [14] studied water rights allocation and its policy among all water users based on systematic dynamics. For riparian countries of transboundary river, the problem of water sharing is still a great challenge. Avarideh et al. [15] has developed a new conceptual model which was applied to the Sirwan-Diyala transboundary river shared by Iran and Iraq. Some indicators are developed and quantified for the determination of water shares and different scenarios considering extreme and equal weights of the factors are defined.



In summary, a general survey has been carried out on the research results of water resource allocation since the beginning of the 21th century, focusing mainly on modifications of the optimization algorithm and their theoretical basis. For water resource conditions, most studies only considered the impacts from existing conditions. However, the allocation implements of water resources are not only affected by future water resource conditions, but also have some impacts on them. Hence, this study aims to comprehensively consider the changes of future reservoir runoff, as well as the dynamic changes of exploitable groundwater in the process of water resource optimal allocation. Taking the water resource optimal allocation model as the core, the multi-dimensional equilibrium allocation model of water resources based on groundwater multiple loop iteration technique was proposed effectively. This study considers the uncertainties of future reservoir runoff and exploitable groundwater in the process of macroscopically allocating water resources to some extent. An integrated prediction model will be constructed firstly to predict the future reservoir runoff and the results will be considered as part of the input data for the water resource allocation model. Furthermore, a groundwater equilibrium model will be adopted to feedback the allocation results. Through the multiple loop iteration technique, water resource allocation results will be continuously optimized until the exploitable groundwater meets the requirements.



The structure of this paper is organized as follows: the next section describes the methodology, including model generalization and multiple loop iteration technique. Section 3 describes the case study, which consists of study area, data collection and water resource deployment network chart. Section 4 shows the main results and discussion, and this is followed by the conclusions in the final section.




2. Methodology


2.1. Model Generalization


The framework that we propose to allocate water resources effectively and fairly is shown in Figure 1. The proposed multi-dimensional equilibrium allocation model of water resources comprises three modules: (a) an integrated prediction module for reservoir runoff; (b) a water resource optimal allocation module; (c) a groundwater equilibrium module. The three modules correspond to the input layer, operation layer and feedback layer, respectively. Furthermore, the layers responds to one another well. It is worth noting that this study focuses on the internal response relationships of these three modules and the integration technology of the multi-dimensional equilibrium allocation model, rather than the single water resource optimal allocation model. Hence, detailed introduction of this module is omitted.


Figure 1. Study framework for multi-dimensional equilibrium allocation model of water resources. GA-BP: genetic algorithm-back propagation; GRNN: general regression neural network; SVM: support vector machine.
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1. Input Layer: The Integrated Prediction Module for Reservoir Runoff.



Factors such as climate, underlying surface condition, and water project construction may affect future allocation plans of water resources. Therefore, it is necessary to predict the quantities of water which will flow into the reservoirs before the optimal allocation of water resources and set the new series of reservoir runoff as the inputs of allocation model.



Many single models have been adopted to predict the reservoir runoff in recent years. Nevertheless, the disadvantages of single models under their own operational principles are obvious. Taking the genetic algorithm-back propagation (GA-BP) model [16] as an example, the ability of the algorithm to adapt the input samples is higher than some other prediction models in previous research, rather, its accuracy is almost the lowest. Hence, the integrated prediction model was employed from three single models to develop their complementary advantages.



The accuracy of prediction model is the most widely accepted indicator which can reflect the difference level between the model prediction value and the measured value. The generalization of prediction model is the most appropriate indicator, which can represent the ability of the algorithm to adapt the input samples. Hence, these two indicators were selected to qualitatively identify the single model weights, and then the integrated prediction model for reservoir runoff was constructed based on the following integration technology [17,18].


[image: there is no content]



(1)




where [image: there is no content] and [image: there is no content] are the integrated model prediction value and the single model prediction value, respectively (106 m3). [image: there is no content] is the number of single prediction models. In this study, the GA-BP model, general regression neural network (GRNN) model [19] and the support vector machine (SVM) model [20] were separately chosen to predict the future reservoir runoff and then [image: there is no content]. [image: there is no content] is the model weight for each single model and can be calculated based on the following analysis.



The average relative error (ARE) is selected as the specific indicator to represent the model accuracy. The smaller the ARE is, the higher model accuracy there is. Meanwhile, the ratio of root-mean-square error (RMSE) to determination coefficient (R2) is selected as the generalization ([image: there is no content]) of prediction model. The bigger [image: there is no content] is, the greater the model generalization is. The specific calculation can be expressed as:
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where [image: there is no content] and [image: there is no content] are the measured value and model prediction value of reservoir runoff (106 m3), respectively. [image: there is no content] and [image: there is no content] are the average values of measured series and predicted series (106 m3). [image: there is no content] is the length of sample series. The single model weights under each indicator can be calculated by the method of normalization expressed as follows.



Weight calculation of the single models under the indicator of accuracy:


[image: there is no content]



(6)







Weight calculation of the single models under the indicator of generalization:


[image: there is no content]



(7)







Comprehensive weight calculation of the single models:


[image: there is no content]



(8)




where [image: there is no content] is the comprehensive weight of the ith single model. [image: there is no content] and [image: there is no content] are the weights of the ith single model under the indicator of accuracy and generalization. [image: there is no content] and [image: there is no content] are the weights of the indicator of accuracy and generalization.



2. Operation Layer: The Water Resource Optimal Allocation Module.



Taking the water resource optimal allocation model as the core [21], the water resource deployment network chart [22] is drawn firstly and the first water resource optimal allocation plan is developed based on some relative data, such as the observed hydrological data, reservoir characteristics and operation rules, and socio-economic statistical data, as well as the predetermined optimal rules, constraint conditions, objective functions, and typical equilibrium equations. The purpose of the first optimal allocation is to initially determine the model parameters and simulate the groundwater recharge for the feedback layer.



According to the actual situation in Jinan, the water sources in the allocation model should comprise surface water (SW), groundwater (GW), reclaimed water (RW), and transferred water (TW). Three parts form the objective function: (1) the minimum water deficit of society, economy and eco-environment; (2) the maximum water supply benefit; and (3) the minimum reservoir abandonment. The specific computational formulas of the three sub-objective functions, constraint conditions, and typical equilibrium equations can be found in the referenced literature [23,24].


[image: there is no content]



(9)




where [image: there is no content] represents the comprehensive object of the optimal allocation model. [image: there is no content], [image: there is no content] and [image: there is no content] represent the sub-objective functions of abovementioned three parts, respectively. [image: there is no content], [image: there is no content] and [image: there is no content] are the weights of the three sub-objects, respectively.



3. Feedback Layer: The Groundwater Equilibrium Module.



The purpose of feedback layer is to modify the water resource optimal allocation results to meet the requirements of multi-dimensional equilibrium. The groundwater equilibrium model was chosen to feedback the exploitable groundwater. The relative results (seen as the groundwater recharge in Figure 1) from the operation layer should be applied as the input data to the groundwater equilibrium model, such as the recharge amounts of pipe network leakage, riverway and reservoir leakage, and field infiltration and well irrigation regression. The exploitable quantity of groundwater can be calculated according to Formulas (10)–(12), and is then fed back to the operation layer. The groundwater modeling system (GMS) was selected as the groundwater simulation tool and the equilibrium formulas are as follows:



For unconfined groundwater:


[image: there is no content]



(10)







For confined groundwater:


[image: there is no content]



(11)




where [image: there is no content] represents the groundwater recharge which consists of rainfall infiltration, mountain and plain area infiltration, pipe network and riverway leakage, and field infiltration and well irrigation regression (104 m3). [image: there is no content] represents the groundwater discharge, which consists of the lateral outflow, spring water discharge, evaporation discharge of phreatic water, and artificial extraction amounts (104 m3). [image: there is no content] is the groundwater level variation (m). [image: there is no content] and [image: there is no content] are the specific yield for unconfined groundwater and the elastic storativity for confined groundwater, respectively. [image: there is no content] is the intake area (m2). [image: there is no content] is the time length (s).



The mining coefficient method was adopted as follows:


[image: there is no content]



(12)




where [image: there is no content] represents the exploitable quantity of groundwater (104 m3). [image: there is no content] is the coefficient of allowable withdrawal and it is related to the long-term series data of groundwater, the aquifer type, the mining conditions, and the actual mining status. The calculation of [image: there is no content] has been made in our previous research and for Jinan, [image: there is no content] in mountain area, [image: there is no content] in plain area.




2.2. Multiple-Loop Iteration Technique


The multi-dimensional equilibrium allocation model of water resources proposed in this study is actually driven by the input data and modified by the multiple loop iteration technique of groundwater. Through the monthly calculation and analysis, the water resource optimal allocation plans can meet the requirements of society, economy, and eco-environment, as well as the groundwater balance of exploitation and supplement. The specific operating steps for the multiple loop iteration technique of groundwater can be summarized as follows:



Step 1: According to the regional conditions of water resources, present economic and social situations, and future development planning, the water supply and demand scenarios in different planning periods are set, and the initial optimal allocation model is entered along with the other data. Among which, the integrated prediction results for reservoir runoff are chosen as one of the input data. The initial exploitable quantity of groundwater should be set as [image: there is no content], [image: there is no content].



Step 2: Through the monthly calculation from the water resource optimal allocation model, the first allocation results for the base year, the short-term (2020), and long-term (2030) periods are obtained initially.



Step 3: Taking the recharge amounts of pipe network leakage, riverway and reservoir leakage, field infiltration and well irrigation regression into the groundwater equilibrium model, the total amount of groundwater recharge can be obtained. Then, the exploitable quantity of groundwater under the first allocation can be calculated according to Formula (12). If [image: there is no content] ([image: there is no content]), then proceed to Step 4. Otherwise, set [image: there is no content] and repeat the previous calculation until it meets the condition.



Step 4: Stop the loop iterative calculation and export the final water resource allocation results. The final results should consist of the water balance between water supply and demand in the base year, the short-term and long-term periods, and the water usage and consumption in all industries, as well as the water supply from all sources.





3. Case Study


3.1. Study Area


The developed framework is applied to a real case study to demonstrate its feasibility and applicability. Jinan, the capital of Shandong Province, China, is located north of Mount Tai and across the Yellow River (geographical coordinates, 36°40′ N and 117°00′ E, see Figure 2). As the first pilot city of water ecological civilization construction named by the Ministry of Water Resources in 2013, Jinan is dubbed the “Spring City” due to its large number of diversiform springs. There are six districts, one city, and three counties in Jinan, which are called the Lixia District, Shizhong District, Tianqiao District, Huaiyin District, Licheng District, Changqing District, Zhangqiu City, Pingyin County, Shanghe County, and Jiyang County. Also, the first five districts are known in general as the Chengwu District. Three basins flow through Jinan, which are known as the Haihe Basin, the Huaihe Basin and the Yellow River Basin. Jinan covers an area of 8177 km2 and had a total population of 7.07 million, with a gross domestic product of 5770.6 billion yuan in 2014. The annual average precipitation is 648 mm and it is unevenly distributed in space which presents the decline trend from southeast to northwest.


Figure 2. Location of Jinan in Shandong Province, China.
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3.2. Data Collection


The year 2014 was set as the base year, and the years 2020 and 2030 as the two planning periods, i.e., short-term and long-term periods, respectively. The statistical data for social and economic developments came from the Jinan Statistical Yearbook (2014) [25] and National Economic and Social Development Statistical Bulletin (2014) released by the Jinan Statistical Information Network [26]. Historical inflows of reservoirs over 1956–2014 and their characteristics and operation rules, as well as water quality and quantity basic data, were collected from the network of Hydrological Information Port of Jinan [27] and other related data.




3.3. Water Resource Deployment Network Chart


To construct the multi-dimensional equilibrium allocation model of water resources, the deployment network chart is divided into 6 units and 22 basic engineering nodes depicted in Figure 3 according to intersections of both watershed and administrative county regions. There are 12 reservoirs in this network chart, three of which are plain reservoirs.


Figure 3. Water resource deployment network chart of Jinan.
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4. Results Analysis and Discussion


4.1. Integrated Prediction for Reservoir Runoff


In this section, the Wohushan Reservoir, as the representative water conservancy project in Jinan, was selected as an example to analyze the superiority and applicability of the integrated prediction model relative to other single prediction models by the prediction of its runoff.



The Wohushan Reservoir, built in 1960, began to fill in the same year. Taking the long series of reservoir runoff data as the basis as well as the time series prediction mode, 50 groups of sample pairs were assigned out by setting the reservoir runoff data in the first five years as the independent variables (five inputs) and that in the next year as the dependent variable (one output). Among the 50 groups of sample pairs, we set the first forty groups as the training samples and the last 10 groups as the testing samples. Under the runtime environment of MATLAB R2014a, the simulated training results of the Wohushan Reservoir under the three single models are displayed in Figure 4.


Figure 4. Simulated training results for the Wohushan Reservoir.
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The indicator weights of these three single models and the integrated model can be calculated according to Formulas (2)–(8), depicted in Table 1.



Table 1. Weight calculation for three single models and the integrated model. ARE: average relative error.







	
Indicators

	
Indicator Weights

	
Indicator Values of the Single Model

	
Single Model Weights under Each Indicator

	
Single Model Weights under the Integrated Model




	
GA-BP

	
GRNN

	
SVM

	
GA-BP

	
GRNN

	
SVM

	
GA-BP

	
GRNN

	
SVM






	
ARE

	
0.5500

	
0.1181

	
0.0703

	
0.0725

	
0.2321

	
0.3899

	
0.3780

	
0.3284

	
0.3347

	
0.3369




	
ψ

	
0.4500

	
5.8013

	
3.4749

	
3.7274

	
0.4461

	
0.2672

	
0.2866










The prediction results of the Wohushan Reservoir under the integrated model can be calculated according to the prediction results under these three single models and their weights, depicted in Table 2. The comparison results among the measured values as well as the GA-BP, GRNN, SVM, and integrated model values can be found in Figure 4.



Table 2. Calculation results under the integrated model.







	
Year

	
Measured Values (106 m3)

	
Integrated Model Values (106 m3)

	
ARE of the Integrated Model

	
ψ of Integrated Model






	
2005

	
62.1582

	
62.5291

	
0.0666

	
4.5152




	
2006

	
42.4244

	
46.9242




	
2007

	
69.3255

	
62.7387




	
2008

	
36.8369

	
38.4466




	
2009

	
40.3286

	
43.4686




	
2010

	
66.4086

	
61.0486




	
2011

	
39.3810

	
37.2950




	
2012

	
43.4562

	
42.8327




	
2013

	
78.4014

	
75.4545




	
2014

	
10.0256

	
11.5514










It can be concluded from Table 1 and Table 2 that the generalization values of these three single models are 5.8013, 3.4749 and 3.7274, respectively, while that of the integrated model is 4.5152. The generalization values of the GRNN model and SVM model are lower than that of the integrated model. Also, the accuracy of these three single models (GA-BP, GRNN, and SVM) and the integrated model are 0.1181, 0.0703, 0.0725 and 0.0666, respectively. We can conclude that the proposed integrated model is far superior to these single models in accuracy. The internal reason of the results can be summarized as follows: The integrated approach changes the weights of each single model according to its advantages and disadvantages in prediction accuracy and generalization. In other words, for the single model, such as the GA-BP model, the weight of prediction accuracy has been decreased followed by Formula (6) because its accuracy is the lowest among these three single models. In contrast, the weight of its generalization has been increased followed by Formula (7) due to the advantages among three single models.



In summary, the integrated prediction model is superior to these single prediction models for reservoir runoff from the perspective of generalization and accuracy. Hence, the runoff for nine mountain reservoirs in Jinan was predicted by applying the proposed integrated model and results are shown in Table 3.



Table 3. Integrated prediction for reservoir runoff in Jinan (units: million m3).







	
Year

	
Wohushan Reservoir

	
Jinxiuchuan Reservoir

	
Shidian Reservoir

	
Gutou Reservoir

	
Langmaoshan Reservoir

	
Duzhang Reservoir

	
Duozhuang Reservoir

	
Dazhan Reservoir

	
Xinling Reservoir






	
2015

	
37.8271

	
18.9183

	
3.2819

	
5.2819

	
5.1929

	
7.3928

	
5.8172

	
23.2918

	
10.2917




	
2016

	
45.2618

	
22.1813

	
4.5171

	
7.2928

	
7.2918

	
8.8172

	
5.2817

	
22.1819

	
10.1829




	
2017

	
53.1813

	
27.1938

	
5.3928

	
8.2918

	
8.1927

	
9.2918

	
6.8271

	
25.2817

	
12.1971




	
2018

	
37.2814

	
19.3817

	
3.7191

	
6.2928

	
4.1927

	
5.2819

	
3.2917

	
13.2981

	
5.2918




	
2019

	
28.1841

	
14.1822

	
2.7917

	
4.2918

	
4.2917

	
5.6918

	
3.1817

	
12.1981

	
6.2918




	
2020

	
52.2819

	
27.1831

	
5.2918

	
9.2092

	
7.1927

	
7.5198

	
4.2917

	
17.2918

	
7.2918




	
2021

	
67.2718

	
33.1837

	
6.8192

	
10.2928

	
6.1927

	
7.2910

	
4.2817

	
16.2918

	
8.9811




	
2022

	
48.2913

	
24.2841

	
4.7191

	
7.2921

	
10.2816

	
11.2837

	
6.9181

	
25.2918

	
13.2918




	
2023

	
54.2814

	
27.1938

	
5.2819

	
9.0292

	
11.2917

	
13.1837

	
8.3918

	
33.4817

	
17.2918




	
2024

	
38.1937

	
19.2837

	
3.7918

	
6.2987

	
8.2917

	
9.4718

	
6.9282

	
25.2918

	
12.1927




	
2025

	
36.1839

	
18.9819

	
3.7918

	
6.2918

	
7.2038

	
8.2817

	
5.3827

	
22.3918

	
9.1019




	
2026

	
56.2914

	
28.2837

	
5.1948

	
9.2826

	
10.2927

	
12.0291

	
7.3227

	
29.2817

	
13.2918




	
2027

	
65.2814

	
32.1938

	
6.1833

	
10.2927

	
7.2917

	
8.3817

	
5.1920

	
22.2617

	
9.2918




	
2028

	
64.2819

	
31.3911

	
6.1089

	
10.2218

	
8.2917

	
9.2817

	
6.0181

	
25.1971

	
13.1028




	
2029

	
47.1931

	
24.2942

	
4.7191

	
8.2918

	
6.2918

	
7.4817

	
4.3928

	
18.2917

	
8.2918




	
2030

	
41.9831

	
20.1982

	
4.0917

	
6.7181

	
5.2918

	
6.2918

	
4.2918

	
17.2918

	
8.1019











4.2. Iterative Calculation of Exploitable Groundwater


The groundwater equilibrium model was established according to the 3D strata model and parameter partitioning [28]. On this basis, the groundwater recharge from the first optimal allocation was input and then the exploitable quantity of groundwater could be calculated according to the multiple loop iteration technique in Section 2.2. An average annual groundwater recharge from 1956 to 2014 was applied as the initial inputs before the first optimal allocation of water resources. The detailed calculation process can be found in Table 4.



Table 4. Iterative calculation of exploitable groundwater (units for [image: there is no content]: million m3). Admin. Reg.: Administration Region.







	
Admin. Reg.

	
Initial Input

	
Initial Optimal Allocation

	
Multiple Loop Iteration

	
Region Percentage




	
The First Iteration

	
The Second Iteration

	
The Third Iteration

	
The Fourth Iteration

	
Final Result




	
Recharge Amount in Mountain Area

	
[image: there is no content]

	
Recharge Amount in Plain Area

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]






	
Chengwu District

	
163.2

	
0.61

	
155.6

	
0.55

	
185.1

	
184.4

	
0.004

	
184.0

	
0.002

	
183.8

	
0.001

	
182.3

	
0.008

	
183.8

	
26.0%




	
Changqing District

	
113.7

	
0.61

	
35.8

	
0.55

	
89.0

	
83.3

	
0.064

	
79.0

	
0.052

	
76.8

	
0.028

	
76.3

	
0.007

	
76.8

	
10.7%




	
Zhangqiu City

	
173.4

	
0.61

	
214.5

	
0.55

	
223.7

	
207.4

	
0.073

	
198.9

	
0.041

	
194.3

	
0.023

	
193.3

	
0.005

	
194.3

	
27.4%




	
Pingyin County

	
102.4

	
0.61

	
18.9

	
0.55

	
72.9

	
70.3

	
0.035

	
68.6

	
0.024

	
67.9

	
0.011

	
67.4

	
0.007

	
67.9

	
9.6%




	
Jiyang County

	
0.0

	
0.61

	
160.0

	
0.55

	
88.0

	
83.1

	
0.056

	
79.4

	
0.044

	
78.1

	
0.017

	
77.5

	
0.008

	
78.1

	
11.2%




	
Shanghe County

	
0.0

	
0.61

	
214.7

	
0.55

	
118.1

	
113.2

	
0.041

	
109.9

	
0.038

	
107.3

	
0.015

	
106.7

	
0.006

	
107.3

	
15.1%




	
Total

	
552.7

	
0.61

	
799.5

	
0.55

	
776.9

	
741.8

	
0.045

	
718.9

	
0.031

	
708.2

	
0.015

	
703.5

	
0.007

	
708.2

	
100.0%










It is observed from Table 4 that the terminal condition ([image: there is no content], [image: there is no content]) can be met until the fourth iteration. The total exploitable quantities of groundwater in the base year are 708.2 million m3. Of the areas, Zhangqiu City and the Chengwu District have the most exploitable quantities of groundwater, with the amounts of 194.3 million m3 (27.4%) and 183.8 million m3 (26.0%), respectively. Correspondingly, Pingyin County has the lowest amount, at 67.9 million m3 (9.6%). The amounts of groundwater recharge in the future will be changed with the change of regional water allocation pattern, and it reflects that the field infiltration will be decreased along with the improvement of water utilization coefficient of agricultural irrigation. In other words, the iterative calculation of exploitable groundwater in the planning periods can be achieved according to the water utilization coefficient of agricultural irrigation.




4.3. Water Balance Analysis in the Base Year


For the base year, we simulated the annual mean case of rainfall. The off-stream water balance between water supply (WS) and demand (WD) in the base year was firstly analyzed to estimate the deficiencies of water allocation pattern in Jinan and provide the basis for future allocation. For in-stream ecological water demand, the Tennant method [29] is applied to guarantee the healthy in-stream environment for the survival of aquatic wildlife and satisfy other ecological use. A long-time series dataset for the years 1956–2014 has been input to the multi-dimensional equilibrium allocation model.



It is observed from Table 5 that the total water demand for the mean annual case in Jinan is 1796.6 million m3, while the total water supply is 1766.1 million m3. The average water deficit ratio is 1.7% in Jinan. Furthermore, except for Zhangqiu City and Pingyin County, the water deficits of the other regions are not serious under the circumstances of the balance of groundwater between exploitation and supplement. It can also be concluded that the water supply from groundwater occupies 36.6% in the base year, which indicates groundwater is the main water source in Jinan. Hence, it is of great importance to recognize the exploitable groundwater and how to reasonably and effectively exploit the limited groundwater.



Table 5. Off-stream water balance between water supply and demand in the base year (units: million m3).







	
Admin. Reg.

	
WD

	
WS

	
Water Deficit (WD-WS)

	
Water Deficit Ratio [(WD-WS)/WD]




	
SW

	
GW

	
RW

	
TW

	
Total WS






	
Chengwu District

	
692.7

	
132.4

	
182.7

	
76.9

	
297.0

	
689.0

	
3.7

	
0.5%




	
Changqing District

	
133.3

	
58.3

	
70.2

	
1.2

	
3.1

	
132.3

	
0.5

	
0.4%




	
Zhangqiu City

	
343.2

	
83.3

	
176.3

	
1.0

	
69.7

	
330.3

	
12.9

	
3.8%




	
Pingyin County

	
117.3

	
39.2

	
57.4

	
0.3

	
17.2

	
114.1

	
3.2

	
2.8%




	
Jiyang County

	
310.5

	
81.4

	
75.6

	
2.1

	
147.3

	
306.4

	
4.1

	
1.3%




	
Shanghe County

	
199.6

	
28.6

	
94.1

	
1.1

	
71.7

	
195.5

	
4.1

	
2.1%




	
Total

	
1796.6

	
423.2

	
656.3

	
82.6

	
604.0

	
1766.1

	
30.5

	
1.7%








Notes: WD: water demand; WS: water supply; SW: surface water; GW: groundwater; RW: reclaimed water; TW: transferred water. (The same as below.)








Table 6 illustrates the off-stream water usage and consumption in the base year. We can conclude that the agricultural water consumption occupies 71% of the total water consumption in the base year, where the industrial and domestic water consumption account for 13% and 11%, respectively. Furthermore, the total water consumption ratio in Jinan is 0.68, among which the domestic, industrial, agricultural and ecological water consumption ratios are 0.48, 0.42, 0.81, and 0.81, respectively. In summary, the industrial structural layout in Jinan should be adjusted to the water demand of water ecological civilization construction. For example, a crop with high water consumption might be arranged in a water-sufficient area. Also, agricultural irrigation methods should be water-saving and suitable for regional agriculture development.



Table 6. Off-stream water usage (WU) and consumption (WC) in the base year (units: million m3).







	
Admin. Reg.

	
Domestic Water

	
Industrial Water

	
Agricultural Water

	
Ecological Water

	
Total Water




	
WU

	
WC

	
WC Ratio (WC/WU)

	
WU

	
WC

	
WC Ratio (WC/WU)

	
WU

	
WC

	
WC Ratio (WC/WU)

	
WU

	
WC

	
WC Ratio (WC/WU)

	
WU

	
WC

	
WC Ratio (WC/WU)






	
Chengwu District

	
174.7

	
90.2

	
52%

	
265.3

	
106.0

	
40%

	
156.9

	
114.2

	
73%

	
59.0

	
46.4

	
79%

	
655.9

	
356.8

	
54%




	
Changqing District

	
17.9

	
3.7

	
21%

	
8.4

	
2.7

	
32%

	
94.6

	
64.7

	
68%

	
0.7

	
0.5

	
72%

	
121.5

	
71.5

	
59%




	
Zhangqiu City

	
33.0

	
9.3

	
28%

	
48.0

	
28.6

	
59%

	
221.4

	
177.4

	
80%

	
6.5

	
5.2

	
80%

	
308.9

	
220.4

	
71%




	
Pingyin County

	
7.8

	
4.7

	
61%

	
12.4

	
3.1

	
25%

	
74.8

	
67.6

	
90%

	
6.7

	
6.0

	
90%

	
101.7

	
81.4

	
80%




	
Jiyang County

	
17.3

	
11.8

	
68%

	
13.7

	
5.7

	
42%

	
259.9

	
230.6

	
89%

	
3.1

	
2.7

	
89%

	
294.0

	
250.8

	
85%




	
Shanghe County

	
12.4

	
6.7

	
54%

	
5.8

	
1.8

	
32%

	
167.1

	
138.2

	
83%

	
3.45

	
3.1

	
90%

	
188.7

	
149.9

	
79%




	
Total

	
263.1

	
126.4

	
48%

	
353.5

	
147.8

	
42%

	
994.7

	
808.8

	
81%

	
79.3

	
63.9

	
81%

	
1690.6

	
1147.0

	
68%











4.4. Multi-Dimensional Equilibrium Allocation of Water Resources


In this section, the aforementioned multi-dimensional equilibrium allocation model of water resources was applied to allocate the future water resources in Jinan according to the exploitable groundwater multiple loop iteration technique. As the agricultural quota is related to the annual effective precipitation, several typical frequencies defined as P = 50% (the normal year), 75% (the moderate dry year) and 95% (the extreme dry year) were adopted in this study. The higher frequency the annual precipitation has, the drier the year is, and the more supplementary water drawn from rivers or reservoirs is needed. After repeating equilibrium simulations three times, the optimal allocation results of water resources in the short-term and long-term planning period are listed in Table 7.



Table 7. Off-stream water balance between water supply and demand based on the multi-dimensional equilibrium allocation model (units: million m3).







	
Short-Term Planning Period (Year 2020)

	
Long-Term Planning Period (Year 2030)




	
P

	
Admin. Reg.

	
WD

	
WS

	
Water Deficit

	
Water Deficit Ratio

	
P

	
Admin. Reg.

	
WD

	
WS

	
Water Deficit

	
Water Deficit Ratio




	
SW

	
GW

	
RW

	
TW

	
Total WS

	
SW

	
GW

	
RW

	
TW

	
Total WS






	
50%

	
Chengwu District

	
814

	
185

	
166

	
138

	
317

	
806

	
8

	
1.0%

	
50%

	
Chengwu District

	
963

	
195

	
166

	
232

	
364

	
957

	
7

	
0.7%




	
Changqing District

	
154

	
67

	
69

	
13

	
3

	
152

	
2

	
1.5%

	
Changqing District

	
176

	
67

	
68

	
27

	
13

	
176

	
0

	
0.0%




	
Zhangqiu City

	
353

	
79

	
159

	
28

	
82

	
349

	
4

	
1.2%

	
Zhangqiu City

	
378

	
57

	
159

	
49

	
105

	
370

	
7

	
1.9%




	
Pingyin County

	
121

	
37

	
51

	
69

	
25

	
120

	
1

	
1.0%

	
Pingyin County

	
132

	
43

	
51

	
12

	
25

	
131

	
1

	
0.8%




	
Jiyang County

	
316

	
22

	
65

	
10

	
169

	
306

	
10

	
3.0%

	
Jiyang County

	
349

	
33

	
75

	
18

	
189

	
345

	
3

	
0.9%




	
Shanghe County

	
212

	
27

	
92

	
9

	
72

	
206

	
5

	
2.6%

	
Shanghe County

	
241

	
31

	
94

	
17

	
72

	
235

	
6

	
2.5%




	
Total

	
1970

	
418

	
647

	
206

	
668

	
1939

	
31

	
1.6%

	
Total

	
2238

	
427

	
664

	
356

	
768

	
2214

	
24

	
1.1%




	
75%

	
Chengwu District

	
832

	
124

	
166

	
138

	
370

	
798

	
35

	
4.2%

	
75%

	
Chengwu District

	
981

	
168

	
166

	
232

	
384

	
950

	
31

	
3.2%




	
Changqing District

	
163

	
72

	
68

	
13

	
3

	
156

	
8

	
4.6%

	
Changqing District

	
184

	
47

	
68

	
27

	
35

	
177

	
7

	
3.9%




	
Zhangqiu City

	
375

	
76

	
152

	
28

	
62

	
368

	
7

	
1.9%

	
Zhangqiu City

	
400

	
76

	
163

	
49

	
62

	
390

	
10

	
2.4%




	
Pingyin County

	
134

	
33

	
54

	
7

	
30

	
127

	
7

	
4.9%

	
Pingyin County

	
144

	
33

	
57

	
12

	
35

	
138

	
6

	
4.0%




	
Jiyang County

	
346

	
31

	
75

	
10

	
189

	
326

	
20

	
5.7%

	
Jiyang County

	
377

	
30

	
75

	
18

	
220

	
363

	
14

	
3.7%




	
Shanghe County

	
224

	
20

	
93

	
9

	
82

	
214

	
10

	
4.4%

	
Shanghe County

	
253

	
22

	
93

	
17

	
100

	
242

	
11

	
4.3%




	
Total

	
2075

	
356

	
691

	
206

	
736

	
1990

	
85

	
4.1%

	
Total

	
2339

	
376

	
692

	
356

	
836

	
2261

	
79

	
3.4%




	
95%

	
Chengwu District

	
832

	
109

	
150

	
138

	
380

	
777

	
56

	
6.7%

	
95%

	
Chengwu District

	
981

	
109

	
150

	
232

	
449

	
940

	
41

	
4.2%




	
Changqing District

	
163

	
30

	
80

	
13

	
33

	
156

	
8

	
4.6%

	
Changqing District

	
184

	
30

	
71

	
27

	
50

	
178

	
6

	
3.2%




	
Zhangqiu City

	
375

	
28

	
187

	
28

	
109

	
352

	
23

	
6.1%

	
Zhangqiu City

	
400

	
60

	
187

	
49

	
82

	
378

	
22

	
5.4%




	
Pingyin County

	
134

	
20

	
76

	
7

	
30

	
133

	
7

	
5.2%

	
Pingyin County

	
144

	
24

	
64

	
12

	
35

	
135

	
9

	
6.2%




	
Jiyang County

	
346

	
6

	
95

	
10

	
209

	
321

	
25

	
7.1%

	
Jiyang County

	
377

	
23

	
95

	
18

	
220

	
356

	
21

	
5.5%




	
Shanghe County

	
224

	
7

	
107

	
9

	
82

	
206

	
18

	
8.2%

	
Shanghe County

	
253

	
14

	
107

	
17

	
100

	
239

	
15

	
5.7%




	
Total

	
2075

	
201

	
696

	
206

	
843

	
1945

	
144

	
6.9%

	
Total

	
2339

	
260

	
674

	
356

	
936

	
2226

	
113

	
4.8%








Notes: P: the frequency of annual precipitation.








It is observed from Table 7 that the water deficit ratio is increasing following the water demand in the planning period. However, it is within a controllable range. Compared with the base year, the amount of groundwater mining is decreased after considering the exploitable groundwater, as well as the amount of surface water. Conversely, the amounts of transferred water and reclaimed water are increasing to take place of groundwater. Taking the normal year as an example, we can conclude that the occupied ratios of water supply for surface water, groundwater, reclaimed water, and transferred water in the base year are 24.0%, 37.2%, 4.6% and 34.2%, respectively. For the short-term planning period, the total amount of water supply is 1939 million m3. The occupied ratios for these water sources are 21.6%, 33.4%, 10.6% and 34.4%, respectively, and for the long-term planning period, the occupied ratios have been changed to 19.3%, 30.0%, 16.1% and 34.7%, respectively. Under the exploitable groundwater multiple-loop iteration technique, the composition structure of water supply has been optimized and it conforms to the fact of water sources in Jinan.



For the short-term planning period, the total water deficit ratios of Jinan in the normal year, moderately dry year and severely dry years are 1.6%, 4.1% and 6.9%, respectively. The water deficit ratios of Jiyang County and Shanghe County in the normal year exceed the average level of Jinan and reach up to 3.0% and 2.6%, respectively. It is obvious when there is less rainfall, as there are values of 5.7% and 4.4% in the moderately dry year and 7.1% and 8.2%, respectively in the severely dry year with insufficient water supply. Hence, the balance between water supply and demand in the normal year can be achieved under the measures of total water control and multi-water resources. For the moderately dry year and severely dry year, the water deficit ratios are still within 10% and they will not pose a challenge to regional water security.



For the long-term planning period, with the perfection of transferred water and reclaimed water projects, the total water deficit ratios demonstrate a decreasing trend which show 1.1%, 3.4% and 4.8%, respectively. The gaps between water supply and demand under all rainfall conditions of Jinan are narrowed. For Jiyang County and Shanghe County, the water shortage problems are still obvious, yet controlled.





5. Conclusions


In this paper, a multi-dimensional equilibrium allocation model of water resources based on the groundwater multiple-loop iteration technique was developed for short-term and long-term water resource allocation management. The proposed method is developed as an integrated framework based on an integrated prediction model for reservoir runoff, a water resource optimal allocation model, and a groundwater equilibrium model. These three parts are closely connected based on the following approach: Taking the water resource optimal allocation model as the core, the integrated prediction model for reservoir runoff provides the basic data for it. Also, the exploitable quantity of groundwater is calculated by multiplication according to the groundwater equilibrium model, and the allocation results from the optimal allocation model can be modified. Taking the GA-BP model, the GRNN model, and the SVM model as the basis, the integrated prediction model for reservoir runoff was developed and it was proved applicative and superior. Considering the changeable exploitable groundwater in the process of water resource allocation, the multiple loop iteration technique was employed to accurately calculate the exploitable quantities of groundwater.



The proposed method was successfully applied to the regional water resource allocation in Jinan of the Shandong Province, China. By the prediction of nine reservoirs runoff in the future of Jinan, as well as four-time iterations of exploitable groundwater, results of water resource allocation patterns in the base year and two planning periods were generated. Compared with the base year, the amount of groundwater mining is decreased after considering the exploitable groundwater, as well as the amount of surface water. Conversely, the amounts of transferred water and reclaimed water are increasing to take place of groundwater. The results are valuable for water resource managers to formulate desired management targets and effective plans with consideration of various uncertainties in complex water resource systems. The proposed method could be also effective in other water-stressed and especially groundwater-stressed areas to provide efficient decision-making support for water allocation management.



However, some limitations still exist in this developed model. For instance, although the uncertainties of future reservoir runoff and exploitable groundwater have been considered in this model, some other uncertainties, such as climate change have not been covered. This deserves further research in future studies.
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