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Abstract: With the rapid development of society and the economy, the demand for water resources
is increasing. This, combined with the increasing competition for water resources between current
and future generations, hinders the sustainable development of society. To alleviate prominent
water resources problems, achieve sustainable utilization of water resources and the sustainable
development of society and economy, a multi-objective optimal water resources allocation model is
proposed, in which different water sources and different water departments are considered to achieve
the maximum social and economic benefits of the study area on the premise of water resources
sustainability. To meet the needs of future generations, the discount value is introduced to measure
intergenerational equity. A case study from seven cities in the upper and middle reaches of the
Huaihe River Basin is given to verify the practicality and viability of the model. The non-dominated
sorting Genetic Algorithms-2(NSGA-2) was used to find optimal water resources allocation schemes
in 2020 and 2050 under the condition of a hydrological drought year (inflow guarantee rate p = 75%).
Compared with previous models, the intergenerational equity model considers the sustainability of
water resources, has higher social and economic benefits, and ensures the fair distribution of water
resources among generations. According to the results, under balanced weight, the water shortage
ratio of the seven cities will decrease from 5.24% in 2050 to 1.58% in 2020, and the economic benefit
will increase from 79.46(1010CNY) to 168.3(1010CNY), respectively. In addition, the discount value of
economic benefit in 2050 is 80.23(1010CNY), which is still higher than that in 2020. This shows that
the water resource allocation scheme can eliminate the disparity between supply and demand for
water resources and achieve intergenerational equity. Therefore, the intergenerational equity model
can alleviate the contradiction of water resources and realize intergenerational equity.

Keywords: intergenerational equity; sustainable development; discount value; conflict resolution;
multi-objective optimal allocation of water resources; Huaihe River Basin

1. Introduction

Water is necessary for social and economic development. However, with the growth of population
and the rapid development of social economy, the problems of water shortage and water pollution
are becoming increasingly prominent [1]. This has aroused people’s concern about the shortage and
unreasonable distribution of water resources [2]. Therefore, the optimal allocation of water resources,
water resources carrying capacity and river ecological flow have become the hot issues [3,4].
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The study of the optimal allocation of water resources began in the 1950s. In the past few
decades, it has become the focus of more and more scholars, and the allocation of water resources
in trans-boundary basins is also the focus of international attention [5]. Qiu et al. established flood
resource allocation considering ecological benefits to achieve effective utilization of flood resources [6].
Li et al. established the optimal allocation model for water resources in irrigated areas and considered
the uncertainty of water resources to solve the problem of agricultural water shortage [7]. Li et al.
also implemented another water resources allocation model based on Nash negotiation. This model
was applied to the Lancang–Mekong River basin to solve the water resources allocation problems
in China, Thailand and Myanmar in 2020 [8]. Chen et al. study the relationship among the water
resources system, energy and food, and take Ordos as the research area to carry out water resources
allocation, providing suggestions for the sustainable development of the study area [9]. In the allocation
of water resources, efficiency and equity are important factors. The efficiency of water resources
allocation reflects the economic benefits of water resources allocation, whereas the equity of water
resources allocation balances the relationship between supply and demand and reflects the social
benefits brought by water resources [10]. Only scientific and well planned allocation of water resources
to each water sector will produce economic and social benefits [11,12]. In terms of efficiency, Xu et al.
use economic benefits as one of the objective functions to measure the efficiency of water resources
allocation [13]. Jiang et al. constructed a simulation model of pond water allocation in the irrigation
area to maximize the benefit of agricultural water use based on the water resources allocation [14].
In relation of equity, Alberto et al. solve the problem of allocation from the perspective of water rights
trading [15]. Zhang et al. evaluate whether the water supply and demand match in space to judge
whether the allocation is fair [16]. Additionally, Chen et al. introduce the water shortage rate as social
benefits function to measure the fairness of allocation [17]. These ideas of water resources allocation
have been proven to be reasonable and effective. However, these methods do not solve the problem
from the perspective of intergenerational equity. The conflict of water use between contemporary and
future generations is still an obstacle to the improvement of water resources allocation models.

At present, study on water resources allocation methods is becoming more comprehensive,
but research on intergenerational equity is still in the development stage. When thinking of the future,
allocation of water resources needs to include the concept of sustainable development, and sustainable
development needs to consider the needs of current and future generations of water resources [18].
This is the concept of intergenerational equity. Intergenerational equity should be incorporated into
management strategies as an important concept. In this way, people in the present can realize that
unreasonable water resources allocation schemes will bring risks to future generations’ water use.

Some researchers have considered this problem. For example, Gleeson et al. take groundwater
resources as value driven to promote intergenerational equity [19]; Xu et al. introduce the Gini
coefficient to establish a model that considers intergenerational equity, and successfully test the model
with the Minjiang River Basin [13]. Australia’s Murdering Basin has set up a special institution to
carry out water supply resource management, specifically to address the problem of intergenerational
equity [20]. Some scholars want to protect the river channel through engineering measures to achieve
intergenerational equity. Bahrami-Yarahmadi et al. study the scour patterns around different spur
dikes, trying to direct the flow to the middle of the river to reduce the erosion of the river banks,
achieve the balance of ecological habitat protection, protect the river environment and realize sustainable
development [21]. Although intergenerational equity is a key part of the international community’s
commitment to the future, there is no uniform strategy to solve water competition between current
and future generations.

Some indicators are used to characterize sustainability in economics, and discount value is one of
them [22]. The discount value is used to measure intergenerational equity of non-renewable resources
allocation. Discount value not only affects economic growth [23], but is also a common measure used
to measure the value of resources in different periods and demonstrate the quality of nature resources’
intertemporal allocation [24]. Sieveking and Semmler [25] discuss the allocation results of resources
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at large discount rate and small discount rate, respectively. Farzin [26] posits that the discount rate
has a very close relationship with the rate of resource consumption. Rodriguez et al. [27] evaluated
the applicability of the discounted value model as an intertemporal selection process. Therefore,
according to previous research, this paper introduces the discount value to water resources allocation,
combined with water shortage rate and pollutant emissions, to measure the intergenerational equity of
water resources allocation.

With the rapid development of computer technology, a large number of intelligent optimization
algorithms are used to solve multi-objective optimization problems, such as the Particle Swarm
Optimization algorithm (PSO) and the Genetic Algorithms (GA) [17]. In this paper, the non-dominated
sorting Genetic Algorithms-2 (NSGA-2) is used to calculate the multi-objective optimal allocation model
of water resources. The NSGA-2 algorithm originated from the GA algorithm, and was then improved
by Deb to form the NSGA-2 algorithm [28]. The NSGA-2 is a global optimization probability algorithm.
Compared with the traditional single point search algorithm, it can avoid falling into local optimum
and has better global search performance. Moreover, the NSGA-2 algorithm has low requirements in
terms of the form of objective function and constraint conditions [29,30]. Gu et al. use the NSGA-2
algorithm to solve the multi-objective optimization problem [31]. Therefore, this paper introduces the
NSGA-2 algorithm to solve the multi-objective optimal allocation of water resources problem.

To alleviate the competition between water departments and solve the conflicts between
generations, this paper establishes an optimal allocation model of water resources based on
intergenerational equity, which considers efficiency, equity, and sustainable development. In order to
meet the demands of rapid economic development, one of the objectives of the model is to maximize
water use income. To meet the water demand of the water sector as fully as possible, the model
takes the minimizing the water shortage rate (ratio of water shortage to water demand) as one of
its objectives. In addition, this paper introduces the idea of discount value (the present value of the
monetary value of future benefit), and considers the ecological benefits (at present, the quantification
of ecological benefits is still in the development stage, so this paper takes pollutant emissions as the
representative of ecological benefits), so as to ensure water resources regeneration, which will lead to
intergenerational equity.

This paper will make the following contributions to the literature. First of all, this paper interprets
the connotation of intergenerational equity in water resources allocation; this paper believes that
intergenerational equity is not only the fairness of water resources quantity, but also the equity of water
resources quality and efficiency. Secondly, this paper introduces the discount value and pollutant
emissions into the water resources allocation model, which promotes the intergenerational equity
of water resources allocation. Thirdly, this paper constructs an optimal allocation model of water
resources including efficiency, fairness and sustainable development, which provides a reasonable
strategy for basin water resources management. Finally, this paper uses the NSGA-2 algorithm to
solve the multi-objective optimal allocation model of water resources and proposes water resources
allocation schemes for the seven cities of the Huaihe River Basin.

2. Methodology and Materials

2.1. Key Problem Statement

With the continuous growth of population, the environment is rapidly being destroyed, people have
higher demand for water resources, and the international community pays more attention to
intergenerational equity, which poses a new challenge to the existing water resources management
strategy. To achieve sustainable development, protect the rights and interests of future generations of
water resources and realize intergenerational equity, it is necessary to create a new water resources
allocation model. One of the methods to solve the problem of water resource management is
multi-objective optimization [32]. This paper constructs a water resource allocation model that includes
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efficiency, equity, and sustainable development, with a focus on promoting intergenerational equity.
The flow chart of the proposed method is shown in Figure 1.
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2.2. Scenario Setting

The area of study is the 7 cities of the middle and upper areas of the Huaihe River Basin. This paper
uses the intergenerational equity-based water resources collaborative allocation model to study the
allocation of water resources under the inflow guarantee rate of p = 75% in 2020 and 2050. In this
paper, 2020 and 2050 are set as two intergenerational representative years, with different levels of social
development. This paper sets the inflow guarantee rate of p = 75% in 2020 as scenario 1 and p = 75% in
2050 as scenario 2.

2.3. Area of Study

As shown in Figure 2, the Huaihe River Basin is located at 112◦–121◦ E and 31◦–36◦ N. It is located
between the Yellow River Basin and the Yangtze River Basin, with a drainage area of 270,000 km2.
It includes the four provinces of Henan, Anhui, Jiangsu, and Shandong, and is an important food and
manufacturing base in China. However, the middle and upper reaches of the Huaihe River Basin have
a large population and belong to the high population density area. The level of economic development
and urbanization is less advanced in China. According to the water resources bulletin of the Huaihe
River area, the average precipitation in the middle and upper reaches of the Huaihe River Basin is
700 mm. The precipitation time is mainly concentrated in June to September, and the space is mainly
concentrated in the lower reaches of the Huaihe River Basin. The precipitation presents uneven spatial
and temporal distribution. Due to the severe water shortage area, the per capita water resources are
less than 500 m3. In recent years, the water resources in the upper and middle reaches of the Huaihe
River Basin have been supplemented by the Yangtze River Basin [33–35].
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However, with the continuous development of social and economy, the demand for water resources
in the middle and upper reaches of Huaihe River Basin is getting higher and higher. This is intensifying
the competition for water resources between different water use departments. Solving this problem
requires the optimization of the allocation of water resources in the middle and upper reaches of
Huaihe River Basin. This will alleviate the disparity between supply and demand of water resources
and improve the social, economic and environmental benefits generated by water resources. This is of
great practical significance for realizing intergenerational equity of water resources and sustainable
development of the middle and upper reaches of the Huaihe River Basin.

The Huaihe River Basin is an important grain and industrial base in China. Therefore, the main
water consumption departments in the middle and upper reaches of the Huaihe River basin can be
divided into domestic water, agricultural water, production water and ecological water; the production
water includes the water for the secondary industry and the tertiary industry. According to the
planning of Huaihe River Basin Management Committee, in 2020, the benefit coefficient of domestic
water, agricultural water and production water in the middle and upper reaches of Huaihe River
Basin are 40 CNY/m3, 55.6 CNY/m3 and 78.9 CNY/m3, respectively; in 2050, the benefit coefficient
of domestic water, agricultural water and production water will be 60 CNY/m3, 125 CNY/m3 and
153 CNY/m3, respectively. According to the bank’s benchmark interest rate, the discount rate is 2.5%
(source: http://www.hrc.gov.cn/main/szygb/21448.jhtml:).

2.4. Data Source

In this study, water resource data and socio-economic data are sourced from the Huaihe River
Basin Water Resources Bulletin (source: http://www.hrc.gov.cn/main/szygb/21448.jhtml), and the
Statistical Yearbook published by the Anhui provincial government, Henan Provincial Government
and China National Bureau of Statistics (source: http://tjj.ah.gov.cn/ssah/qwfbjd/tjnj/index.html, http:
//www.ha.stats.gov.cn/tjfw/tjcbw/tjnj/, http://www.stats.gov.cn/tjsj/ndsj/).

http://www.hrc.gov.cn/main/szygb/21448.jhtml
http://www.hrc.gov.cn/main/szygb/21448.jhtml
http://tjj.ah.gov.cn/ssah/qwfbjd/tjnj/index.html
http://www.ha.stats.gov.cn/tjfw/tjcbw/tjnj/
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http://www.stats.gov.cn/tjsj/ndsj/
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3. Modeling

In this paper, a multi-objective allocation model of water resources is established. The purpose is
to make a suitable water resources allocation scheme for the middle and upper reaches of Huaihe River
Basin, so as to realize the sustainable utilization of water resources and the sustainable development
of society.

3.1. Model Construction

The model considers four water consumption sectors: domestic water, agricultural water,
production water and ecological water. The water supply sources are summarized as local surface
water, local groundwater, unconventional water, and water distributed from other basins.

3.1.1. Objective Functions

(1) Maximize Social Benefits

Following the principle of equity and efficiency, in order to improve the social benefits of water
distribution, and taking the minimum water shortage of the water supply system in the area of study
as the goal:

min f1(Q) =

J∑
j=1

K∑
k=1


D jk −

T∑
t

I∑
i=1

Qi jkt

D jk


2

(1)

where D jk denotes the water demand of the water consumption department k of the calculation unit
j. Qi jkt is the water supply quantity of water source i to water consumption department k of calculation
unit j in period t.

(2) Maximize Economic Benefits

Many researchers have studied economic benefits, and some have proposed the calculation of
economic benefits from the demand function [10,36]. In this paper, the economic benefit and cost of
per unit water volume are used to calculate economic benefit.

Following the principle of high efficiency, in order to improve the output value of the unit water
supply, and taking the maximum economic benefit of the research area as the goal:

max f2(Q) =
T∑

t=1

I∑
i=1

J∑
j=1

K∑
k=1

(bi jkQi jkt − ci jkQi jkt) (2)

In the formula, bi jk is the water supply benefit (CNY/m3) from the water source i to the water
consumption department of the calculation unit j, and ci jk is the water supply cost (CNY/m3) from the
water source i to the water consumption department of the calculation unit j.

(3) Maximize Environmental Benefits

Following the principle of sustainability, in order to reduce the discharge of waste water into the
river and promote a healthy cycle of development for the environment, and taking the minimum sum
of COD discharge of waste water into the river for each calculation unit as the goal:

min f3(Q) =

J∑
j=1

K∑
k=1

0.1·d jkp jk

I∑
i=1

Qi jk (3)

where d jk denotes the representative pollutant discharge per unit waste water of water department k of
calculation unit j(ton/m3), and p jk represents the sewage discharge coefficient of water consumption
department k of calculation unit j.
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3.1.2. Constraint Setting

(1) Intergenerational equity restriction

The discounted value of economic benefits of water resources allocation in 2050 should not be less
than the economic benefits in 2020.

f1,2050

(1 + q)30 ≥ f1,2020 (4)

where f1,2050 and f1,2020 are the economic benefits in 2050 and 2020, respectively, q is the discount rate.

(2) Water supply restriction

The water supply quantity of each water supply source to each calculation unit shall not exceed
the water supply quantity of each water supply source.

J∑
j=1

K∑
k=1

Qi jk ≤WRi (5)

where WRi is the available water supply of the first water source.

(3) Water demand constraint

In line with the principle of the saving and effective utilization of water resources, the water
supply of each water source to each water department of each calculation unit every month shall not
exceed the water demand of each water department of each calculation unit.

I∑
i=1

Qi jk ≤ D jk (6)

where D jk is the water demand of the water sector k of the calculation unit j.

(4) Water supply capacity constraints

Each calculation unit has its own water supply capacity for each water source allocation project.
The water supply capacity of each water source to each calculation unit’s water consumption department
shall not exceed the maximum capacity of water supply of each water source to each calculation unit.

K∑
k=1

Qi jk ≤ Umaxi j (7)

where Umaxi j is the maximum capacity of water supply from the first source to the calculation unit.

(5) Reservoir cap.acity constraints

The storage capacity of each reservoir at the end of the month shall not exceed the maximum
storage capacity and shall not be lower than the minimum storage.

Vmin ≤ Vt ≤ Vmax (8)

Vt = Vt−1 + Wt−1 −Qt−1 (9)

where Vt is the reservoir capacity at the end of t period; Vmin is the minimum storage capacity of the
reservoir; Vmax is the maximum capacity of the reservoir; Wt−1 is the inflow of reservoir in t− 1 period;
Qt−1 is the outflow of reservoir in t− 1 period.
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3.1.3. Global Model

The multi-objective water resources allocation model accounts for the economic benefits generated
by water resources allocation and the societal degree of satisfaction for water resources, and takes both
as the basis of social sustainability to coordinate social development and the water resources system.
It considers the discount value of pollutant emission, ecological water demand and economic benefits to
describe an inter-temporal water resources allocation pattern. The multi-objective programming model
is obtained by integrating the above objective functions and constraints, as shown in Equation (10).

min f1(Q) =
J∑

j=1

K∑
k=1


D jk−

T∑
t

I∑
i=1

Qi jkt

D jk


2

max f2(Q) =
T∑

t=1

I∑
i=1

J∑
j=1

K∑
k=1

(bi jkQi jkt − ci jkQi jkt)

min f3(Q) =
J∑

j=1

K∑
k=1

0.1·d jkp jk
I∑

i=1
Qi jk

s.t.



f1,2050

(1+q)30 ≥ f1,2020

J∑
j=1

K∑
k=1

Qi jk ≤WRi

I∑
i=1

Qi jk ≤ D jk

Vmin ≤ Vt ≤ Vmax

(10)

3.2. Modern Solution

In this paper, a method based on setting weights is used to integrate a multi-objective function
into a single objective problem [37].

minF(X) = min
(
ω1(

f1− f1w
f1o− f1w

) −ω2(
f2− f2w
f2o− f2w

) +ω3(
f3− f3w
f3o− f3w

)
)

(11)

where F is the equality objective function for basin authority; X is the vector for the decision variables;
ω1, ω2, and ω3 are weight factors to measure the importance of f1, f2 and f3, and ω1 +ω2 +ω3 = 1.
The objective fo represents the optimal value of f and fw represents the worst value of f .

3.3. NSGA-2 Design

The NSGA-2 algorithm for the water resources optimization allocation model has the following
steps and, according to the existing literature, NSGA-2 algorithm has good applicability to solve the
problem of water resources allocation, and the stability of the model will not be affected by the change
of parameters [38,39]:

Step 1: Determine fitness function. Let the negative function of the total objective function be set
as the fitness function, namely.

Fit(X) = −

(
ω1(

f1 − f1w

f1o − f1w
) −ω2(

f2 − f2w

f2o − f2w
) +ω3(

f3 − f3w

f3o − f3w
)

)
(12)

Step 2: Determine the parameter values of NSGA-2. In this paper, the population number is 100,
maximum iteration number is 1000, crossover probability is 0.5 and mutation probability is 0.05.

Step 3: Initialize the population and set the iteration number n = 1.
Step 4: Calculate the value of fitness function.



Int. J. Environ. Res. Public Health 2020, 17, 9289 9 of 18

Step 5: Perform crossover and mutation operation for the first-generation population.
Step 6: Integrate the parent and offspring population.
Step 7: Perform non-dominated sorting for the integrated population.
Step 8: Calculate the crowding distance among solutions.
Step 9: Produce a new population from the integrated parent and offspring population by

crowding distance.
Step 10: Choose new parent populations by using tournament selection.
Step 11: Check whether the number of iterations reaches the maximum iterations number. If the

maximum iterations number is reached, the algorithm is terminated. Otherwise, increase the number
of iterations and continue step 5 to step 11.

In this paper, the population number is 100, maximum iteration number is 1000,
crossover probability is 0.5 and mutation probability is 0.05 [39,40].

The detailed flow chart of the NSGA-2 algorithm to optimize the multi-objective allocation model
of water resources with is shown in Figure 3.
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4. Result and Recommendation

In this section, the NSGA-2 algorithm is used to calculate the optimal allocation results of water
resources in the area of study under different generations and different weights. The practicability of
the water resources optimal allocation model considering intergenerational equity is verified and the
problem of supply and demand of water in the middle and upper reaches of Huaihe River Basin is
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solved. Based on the analysis of the calculation results, corresponding suggestions are put forward for
water resources management strategy in the middle and upper reaches of the Huaihe River Basin.

4.1. Water Demand Forecast of the Middle and Upper Reaches of Huaihe River Basin

According to the actual water use situation of each water department in the Huaihe River Basin,
combined with the relevant planning and the statistical yearbook of the Huaihe River Basin, the water
demand of domestic, agricultural, production and ecological water departments in 2020 and 2050 is
shown in Table 1.

Table 1. Forecast of water demand in 2020 and 2050 (108 m3).

Scenario 1 Domestic
Water Demand

Agricultural
Water Demand

Production
Water Demand

Ecological
Water Demand Total

Xinyang 2.30 31.05 2.69 0.11 36.16
Zhumadian 2.69 8.02 3.31 0.11 14.13

Fuyang 3.67 23.04 5.14 0.24 32.10
Luan 1.99 21.55 4.23 0.14 27.90

Bengbu 1.99 11.34 5.64 0.19 19.15
Chuzhou 0.61 5.73 0.83 0.04 7.21
Huainan 1.08 6.71 1.55 0.10 9.44

Scenario 2 Domestic
Water Demand

Agricultural
Water Demand

Production
Water Demand

Ecological
Water Demand Total

Xinyang 3.28 31.23 4.02 0.24 38.77
Zhumadian 3.15 8.35 3.38 0.16 15.04

Fuyang 3.83 20.72 5.96 0.36 30.88
Luan 2.14 17.87 4.23 0.17 24.40

Bengbu 2.17 8.37 5.79 0.23 16.56
Chuzhou 0.70 5.62 0.90 0.05 7.26
Huainan 1.20 5.03 1.66 0.12 8.01

4.2. Benefit Analysis

The water shortage rate represents the social benefits and fairness of water resources allocation.
As shown in Figure 4, under different weights, compared with 2020, the water shortage rate in 2050
has decreased to a certain extent, which ensures social stability and equity.Int. J. Environ. Res. Public Health 2020, 17, x  11 of 18 

 
(a) 

 
(b) 

  

Figure 4. Water shortage rate of different subareas with different sets of objective weights ((a) 2020, 
(b) 2050, (0.7 0.2 0.1) means 1=0.7ω , 2 =0.2ω , 3 =0.1ω ). 

Economic benefits represent the monetary value of the benefits from allocation and embody the 
efficiency of water resources allocation. Figure 5 shows that although the water resources allocation 
in 2020 has produced good economic benefits, the economic benefits of water resources allocation in 
2050 are far greater than those in 2020. Under various weights, compared with 2020, the economic 
benefits of 2050 will increase by 20% to 30%, which indicates that the efficiency of water resources 
allocation in 2050 has been improved. 

In addition, environmental benefits and ecological water demand represent the renewability of 
water resources. In this paper, the model fully meets the ecological water demand and keeps the 
pollutant emission reasonable, to maintain the renewability of water resources. Meanwhile, the 
discount value of water resources economic benefits in 2050 is higher than that in 2020, thus showing 
intergenerational equity. 

 

Figure 5. Economic benefits with different sets of objective weights ((0.7, 0.2, 0.1) means 1=0.7ω , 

2 =0.2ω , 3 =0.1ω ). 

  

Figure 4. Water shortage rate of different subareas with different sets of objective weights ((a) 2020,
(b) 2050, (0.7 0.2 0.1) means ω1= 0.7, ω2= 0.2, ω3= 0.1).

Economic benefits represent the monetary value of the benefits from allocation and embody the
efficiency of water resources allocation. Figure 5 shows that although the water resources allocation in
2020 has produced good economic benefits, the economic benefits of water resources allocation in 2050
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are far greater than those in 2020. Under various weights, compared with 2020, the economic benefits
of 2050 will increase by 20% to 30%, which indicates that the efficiency of water resources allocation in
2050 has been improved.
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Figure 5. Economic benefits with different sets of objective weights ((0.7, 0.2, 0.1) means ω1= 0.7,
ω2= 0.2, ω3= 0.1).

In addition, environmental benefits and ecological water demand represent the renewability
of water resources. In this paper, the model fully meets the ecological water demand and keeps
the pollutant emission reasonable, to maintain the renewability of water resources. Meanwhile,
the discount value of water resources economic benefits in 2050 is higher than that in 2020, thus showing
intergenerational equity.

4.3. Total Economic Benefits Analysis

Figure 6 shows the economic benefits of each subarea in different situations under different
weights. Overall, the economic benefits of each subarea are increasing. In 2020, Bengbu has received
the maximum economic benefit, followed by Fuyang and Xinyang. In 2050, Fuyang is projected to
receive the maximum economic benefit, followed by Xinyang and Bengbu. In 2020 and 2050, except for
Fuyang, the economic benefits are stable under different weights of the objective function. In Fuyang,
economic benefits will fluctuate under different sets of weights. Fuyang would receive the maximum
economic benefit of 19.23(1010 Yuan) in 2020, and the maximum economic benefit obtained by Fuyang
in 2050 is projected to be 35.98(1010 Yuan).
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4.4. Water Resources Allocation Strategies Analysis of Different Generations

Figure 4 shows the water shortage ratio of the seven cities in the middle and upper reaches of
Huaihe River Basin under different generations and with different weights in the objective function.
This allows the evaluation of the sensitivity of the seven cities in relation to the objective function.
As shown in Figure 4, under the same weight, the water shortage ratio of all the cities of the future
generation has decreased to a certain extent compared with that of the current generation. The water
shortage ratio of Xinyang, Zhumadian and Lu’an changes little with the changing weight of the
objective function, and the water shortage ratio is within 1%. It can be concluded that these three cities
are not short of water, so they are not sensitive to the objective function. However, in the contemporary
generation, the water shortage rate of Fuyang, Bengbu, Chuzhou and Huainan has changed greatly,
as much as 6% in Fuyang. In the future, the water shortage rate of Fuyang, Bengbu and Chuzhou will
still change greatly. These cities are all in the middle reaches of the Huaihe River Basin. This shows
that the water resources conflicts that area are fierce.

This paper focuses on the analysis of Fuyang, the city with the greatest change of water shortage
ratio. In Fuyang, in both the current and future generation, when the weight of economic benefits
increases, the water shortage rate will rise, and the water resources allocated to Fuyang will decrease.
When the weight of social benefits and environmental benefits increase, the water shortage rate will
decrease, and the river basin management department will allocate more water resources to Fuyang.
Therefore, the result of water resources allocation depends on the preference of basin management
departments for economic and social stability and sustainability.

4.5. Results of Considering and Not Considering Intergenerational Equity

Figure 7 shows that considering intergenerational equity, the total economic benefit provided by
water resources allocation is higher than that provided by the traditional model, when intergenerational
equity restrictions are in place. In fact, it is close to the maximum sustainable production, realizing the
sustainable development of the study area. The results show that the model guarantees social and
economic stability with the minimum water shortage ratio. The discount value of water resources
benefits is not lower than that of the previous generation. This means that there will be greater social
benefits, a maximum of economic benefits, and the renewability of water resources will be ensured.
Therefore, the optimal allocation model of water resources that considers intergenerational equity
proposed in this paper is a better solution for river basin management departments, as compared to
previous models.
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4.6. Analysis of Specific Scheme under Balanced Weights (ω1= 1/3,ω2= 1/3,ω3= 1/3)

4.6.1. Specific Water Resources Allocation Scheme under Balanced Weights

The NSGA-2 algorithm is used to obtain the optimal allocation scheme of water resources in the
middle and upper reaches of Huaihe River Basin in 2020 and 2050. The specific water allocation and
proportion of water usage of each department are shown in Table 2 and Figure 8, and the water supply
proportion of each water source is shown in Table 3 and Figure 9.

Table 2. Specific allocation scheme in Huaihe River Basin in 2020 and 2050 (108 m3).

Scenario 1 Domestic
Water

Agricultural
Water

Production
Water

Ecological
Water Total

Xinyang 2.30 30.99 2.69 0.11 36.08
Zhumadian 2.67 7.98 3.29 0.11 14.05

Fuyang 3.18 19.97 4.46 0.24 27.85
Luan 1.96 21.22 4.16 0.14 27.48

Bengbu 1.82 10.37 5.16 0.19 17.53
Chuzhou 0.59 5.54 0.80 0.04 6.97
Huainan 0.97 6.01 1.39 0.10 8.46

Scenario 2 Domestic
Water

Agricultural
Water

Production
Water

Ecological
Water Total

Xinyang 3.28 31.18 4.01 0.24 38.70
Zhumadian 3.15 8.33 3.37 0.16 15.01

Fuyang 3.70 20.02 5.76 0.36 29.84
Luan 2.13 17.84 4.22 0.17 24.36

Bengbu 2.07 7.98 5.52 0.23 15.80
Chuzhou 0.68 5.49 0.88 0.05 7.10
Huainan 1.18 4.95 1.64 0.12 7.89
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Table 3. Water supply of each water source in Huaihe River Basin in 2020 and 2050 (108 m3).

Scenario 1 Surface Water Ground Water Divided Water Unconventional Water Total

Xinyang 34.9 1.18 0 0 36.08
Zhumadian 11.32 2.73 0 0 14.05

Fuyang 16.34 7.69 0 3.83 27.85
Luan 27.18 0.29 0 0 27.48

Bengbu 14.28 3.25 0 0 17.53
Chuzhou 6.62 0.35 0 0 6.97
Huainan 7.21 1.25 0 0 8.46

Scenario 2 Surface Water Ground Water Divided Water Unconventional Water Total

Xinyang 37.45 1.18 0 0 38.7
Zhumadian 12.28 2.73 0 0 15.01

Fuyang 16.66 8.09 0 5.1 29.84
Luan 24.07 0.29 0 0 24.36

Bengbu 12.64 3.15 0 0 15.8
Chuzhou 5.96 0.15 1 0 7.1
Huainan 5.22 1.15 1 0.52 7.89

As shown in Figure 8, agricultural water accounts for a large proportion of water usage,
reaching 70%. In the future, in order to achieve sustainable development, the middle and upper
reaches of the Huaihe River Basin should select better methods of planting, introduce low water
consumption and high yield crops, improve the irrigation mode, introduce international advanced
irrigation methods, and improve the efficiency of use of water resources.

As shown in Figure 9, the local surface water supplies 80% of the water for seven cities in the
middle and upper reaches of the Huaihe River Basin. Compared with 2020, 2050 will reduce the
exploitation of groundwater resources, increase external water diversion and unconventional water,
protect groundwater resources, and improve water resources sustainability and socially sustainable
development capacity.

4.6.2. Social Benefits Analysis

Figure 10 shows the water shortage rate of each subarea under the balanced weight. From 2020 to
2030, the water shortage rate of each subarea is decreasing. The reason for this is that the allocation of
water resources plays a coordinating role in the supply and demand of water resources. There will
be a corresponding adjustment according to the water source and demand of the research area.
In addition, the water transfer scale is expanded due to the Middle Route Project of the South-to-North
Water Transfer in China. Therefore, through the optimal management of water resources and some
engineering measures, the social benefits of the study area have been improved and the water supply
in this area has increased, making the gap between supply and demand smaller.
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4.6.3. Economic Benefits Analysis and Intergeneration Equity Analysis

Table 4 shows that the economic benefits in 2050 are projected to be 168.3 (1010 Yuan), higher than
those in 2020, and the discounted value of economic benefits in 2050 is also projected to be higher
than that in 2020. At the same time, the model considers the pollutant emissions and fully meets
the ecological water demand to ensure the renewable water resources. Based on these conditions,
the model achieves intergenerational equity in the study area.

Table 4. Economic benefit and discount value (1010 CNY).

Economic Benefits Discount Value of Economic Benefits

Scenario 1 79.46 79.46
Scenario 2 168.3 80.23

5. Conclusions

This paper illustrates a water resources management strategy, based on intergenerational equity,
which can improve the social satisfaction with water resources and achieve higher economic benefits.
The proposed water resources allocation model combines temporal and spatial dimensions. It takes the
guarantee of water resources renewability as the premise of allocation and the water shortage ratio as
the index to measure the degree of satisfaction of society in relation to water resources. This model also
uses the discount value of the economic benefits generated by water resources allocation to measure
the inter temporal allocation effect of water resources.

The model was verified using seven cities in the middle and upper reaches of the Huaihe River
Basin that are taken as the study area. The results show that, under the balanced weight, the water
shortage ratio of the study area in 2020 is 5.24%, and 1.58% in 2050, decreasing by 3.66% over time.
The economic benefit of water resource allocation significantly increases from 79.46(1010 CNY) in 2020
to 168.3(1010 CNY) in 2050. In the water use sector, the proportion of agricultural water consumption
decreased from 73.73% in 2020 to 69.09% in 2020. Although the proportion of agricultural water use
decreased in 2050, it still accounted for a large amount of usage. Ecological water use increased from
0.66% to 0.96%, showing that the river basin management department has increased the importance
of water ecology. Regarding water sources, the proportion of surface water supply is 85.14% in 2020,
and 82.43% in 2050, a 2.71% decrease. The proportion of groundwater supply decreases slightly from
12.09% to 12.08%. At the same time, the water sources in the area of study will be more abundant
in 2050, with unconventional water and water diversion from other basins becoming available in
addition to the water sources. This reflects that the river basin management departments will pay more
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attention to the protection of local water resources and the reasonable allocation of water resources
across basins. Analysis of the calculation results show that the model can realize the coordinated,
stable and sustainable development of the social system, economic system and water resources system.
This can protect the water rights and increase the efficiency, equality, and sustainable development of
water resource distribution for future generations.

The optimization allocation model of water resources based on intergenerational equity will
continue to be improved. A long series of time scales should be considered, such as the study of the
distribution of water resources in ten years, rather than only two typical years of the two generations.
Additionally, the current model is mainly aimed at the allocation of water resources quantity. In the
long run, water pollution accumulates. After future research, the model will determine the pollutant
emissions from the pollutant emission rate of unit water consumption and simulate the pollutant
accumulation after creating a series of water environmental protection measures. Therefore, in the
future, an intergenerational equity water resources management method considering uncertainty of
water resources and integrating both water quantity and quality is to be developed.

Author Contributions: J.Z. and Z.D. had the original idea for the study; T.C. collected research data; J.Z. wrote
the calculation program. J.Z. analyzed the data and prepared the original draft; J.Z., Z.D. and T.C. reviewed the
paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Water Resources Department of Jiangsu Province (2016003); the National
key research and development program of China (2016YFC0401306) and the Fundamental Research Funds for the
Central Universities of China (2014B1605318).

Acknowledgments: The authors are grateful to the Huaihe River Basin Management Committee for providing
valuable economic and hydrological data. The authors are also grateful to the insight and views of the reviewers
and editors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eliasson, J. The rising pressure of global water shortages. Nat. Cell Biol. 2014, 517, 6–7. [CrossRef] [PubMed]
2. Gheewala, S.H.; Silalertruksa, T.; Nilsalab, P.; Lecksiwilai, N.; Sawaengsak, W.; Mungkung, R.; Ganasut, J.

Water stress index and its implication for agricultural land-use policy in Thailand. Int. J. Environ. Sci. Technol.
2017, 15, 833–846. [CrossRef]

3. Yang, G.; Dong, Z.; Feng, S.; Li, B.; Sun, Y.; Chen, M. Early warning of water resource carrying status in
Nanjing City based on coordinated development index. J. Clean. Prod. 2020. [CrossRef]

4. Abdi, R.; Yasi, M. Evaluation of environmental flow requirements using eco-hydrologic–hydraulic methods
in perennial rivers. Water Sci. Technol. 2015, 72, 354–363. [CrossRef] [PubMed]

5. Li, X.; Wang, X.; Guo, H.; Ma, W. Multi-Water Resources Optimal Allocation Based on Multi-Objective
Uncertain Chance-Constrained Programming Model. Water Resour. Manag. 2020, 34, 4881–4899. [CrossRef]

6. Qiu, Y.; Liu, Y.; Liu, Y.; Chen, Y.; Li, Y. An Interval Two-Stage Stochastic Programming Model for Flood
Resources Allocation under Ecological Benefits as a Constraint Combined with Ecological Compensation
Concept. Int. J. Environ. Res. Public Health 2019, 16, 1033. [CrossRef]

7. Li, M.; Xu, Y.; Fu, Q.; Singh, V.P.; Liu, D.; Li, T. Efficient irrigation water allocation and its impact on
agricultural sustainability and water scarcity under uncertainty. J. Hydrol. 2020, 586, 124888. [CrossRef]

8. Li, F.; Wu, F.-P.; Chen, L.-X.; Zhao, Y.; Chen, X.-N.; Shao, Z.-Y. Fair and Reasonable Allocation of
Trans-Boundary Water Resources Based on an Asymmetric Nash Negotiation Model from the Satisfaction
Perspective: A Case Study for the Lancang–Mekong River Bain. Int. J. Environ. Res. Public Health 2020, 17,
7638. [CrossRef]

9. Chen, J.; Zhou, Z.; Chen, L.; Ding, T. Optimization of Regional Water-Energy-Food Systems Based on Interval
Number Multi-Objective Programming: A Case Study of Ordos, China. Int. J. Environ. Res. Public Health
2020, 17, 7508. [CrossRef]

10. Divakar, L.; Babel, M.S.; Perret, S.; Das Gupta, A. Optimal allocation of bulk water supplies to competing use
sectors based on economic criterion—An application to the Chao Phraya River Basin, Thailand. J. Hydrol.
2011, 401, 22–35. [CrossRef]

http://dx.doi.org/10.1038/517006a
http://www.ncbi.nlm.nih.gov/pubmed/25557695
http://dx.doi.org/10.1007/s13762-017-1444-6
http://dx.doi.org/10.1016/j.jclepro.2020.124696
http://dx.doi.org/10.2166/wst.2015.200
http://www.ncbi.nlm.nih.gov/pubmed/26204066
http://dx.doi.org/10.1007/s11269-020-02697-z
http://dx.doi.org/10.3390/ijerph16061033
http://dx.doi.org/10.1016/j.jhydrol.2020.124888
http://dx.doi.org/10.3390/ijerph17207638
http://dx.doi.org/10.3390/ijerph17207508
http://dx.doi.org/10.1016/j.jhydrol.2011.02.003


Int. J. Environ. Res. Public Health 2020, 17, 9289 17 of 18

11. Davijani, M.H.; Banihabib, M.E.; Anvar, A.N.; Hashemi, S. Optimization model for the allocation of water
resources based on the maximization of employment in the agriculture and industry sectors. J. Hydrol. 2016,
533, 430–438. [CrossRef]

12. Davijani, M.H.; Banihabib, M.E.; Anvar, A.N.; Hashemi, S. Multi-Objective Optimization Model for the
Allocation of Water Resources in Arid Regions Based on the Maximization of Socioeconomic Efficiency.
Water Resour. Manag. 2016, 30, 927–946. [CrossRef]

13. Xu, J.; Lv, C.; Yao, L.; Hou, S. Intergenerational equity based optimal water allocation for sustainable
development: A case study on the upper reaches of Minjiang River, China. J. Hydrol. 2019, 568, 835–848.
[CrossRef]

14. Jiang, S.; Ning, S.; Cao, X.; Jin, J.; Song, F.; Yuan, X.; Zhang, L.; Xu, X.; Udmale, P. Optimal Water Resources
Regulation for the Pond Irrigation System Based on Simulation—A Case Study in Jiang-Huai Hilly Regions,
China. Int. J. Environ. Res. Public Health 2019, 16, 2717. [CrossRef] [PubMed]

15. Garrido, A. A mathematical programming model applied to the study of water markets within the Spanish
agricultural sector. Ann. Oper. Res. 2000, 94, 105–123. [CrossRef]

16. Zhang, H.; Feng, J.; Zhang, Z.; Liu, K.; Gao, X.; Wang, Z. Regional Spatial Management Based on
Supply–Demand Risk of Ecosystem Services—A Case Study of the Fenghe River Watershed. Int. J. Environ.
Res. Public Health 2020, 17, 4112. [CrossRef]

17. Chen, J.; Yu, C.; Cai, M.; Wang, H.; Zhou, P. Multi-Objective Optimal Allocation of Urban Water Resources
While Considering Conflict Resolution Based on the PSO Algorithm: A Case Study of Kunming, China.
Sustain. 2020, 12, 1337. [CrossRef]

18. Bithas, K. The sustainable residential water use: Sustainability, efficiency and social equity. The European
experience. Ecol. Econ. 2008, 68, 221–229. [CrossRef]

19. Gleeson, T.; Alley, W.M.; Allen, D.M.; Sophocleous, M.A.; Zhou, Y.; Taniguchi, M.; Vandersteen, J.
Towards Sustainable Groundwater Use: Setting Long-Term Goals, Backcasting, and Managing Adaptively.
Ground Water 2011, 50, 19–26. [CrossRef] [PubMed]

20. Syme, G. Acceptable risk and social values: Struggling with uncertainty in Australian water allocation.
Stoch. Environ. Res. Risk Assess. 2013, 28, 113–121. [CrossRef]

21. Bahrami-Yarahmadi, M.; Pagliara, S.; Yabarehpour, E.; Najafi, N. Study of Scour and Flow Patterns around
Triangular-Shaped Spur Dikes. KSCE J. Civ. Eng. 2020, 24, 3279–3288. [CrossRef]

22. Chichilnisky, G. An axiomatic approach to sustainable development. Soc. Choice Welf. 1996, 13, 231–257.
[CrossRef]

23. Winter-Nelson, A. Discount rates, natural resources, and the measurement of aggregate economic growth in
Africa. Ecol. Econ. 1996, 17, 21–32. [CrossRef]

24. Pope, C.; Perry, G. Individual versus social discount rates in allocating depletable natural resources over
time. Econ. Lett. 1989, 29, 257–264. [CrossRef]

25. Sieveking, M.; Semmler, W. The present value of resources with large discount rates. Appl. Math. Optim.
1997, 35, 283–309. [CrossRef]

26. Farzin, Y.H. The Effect of the Discount Rate on Depletion of Exhaustible Resources. J. Political Econ. 1984, 92,
841–851. [CrossRef]

27. Rodriguez, C.A.; Turner, B.M.; McClure, S.M. Intertemporal Choice as Discounted Value Accumulation.
PLoS ONE 2014, 9, e90138. [CrossRef]

28. Deb, K.; Pratap, A.; Agarwal, S.; Meyarivan, T. A fast and elitist multiobjective genetic algorithm: NSGA-II.
IEEE Trans. Evolut. Comput. 2002, 6, 182–197. [CrossRef]

29. Shokri, A.; Bozorg-Haddad, O.; Mariño, M.A. Multi-Objective Quantity–Quality Reservoir Operation in
Sudden Pollution. Water Resour. Manag. 2014, 28, 567–586. [CrossRef]

30. Ahmadi, M.; Bozorg-Haddad, O.; Loáiciga, H.A. Adaptive Reservoir Operation Rules Under Climatic
Change. Water Resour. Manag. 2014, 29, 1247–1266. [CrossRef]

31. Gu, X.; Yu, Y.; Li, J.; Li, Y.; Alamdari, M.M. Semi-active storey isolation system employing MRE isolator with
parameter identification based on NSGA-II with DCD. Earthq. Struct. 2016, 11, 1101–1121. [CrossRef]

32. Cai, Y.; Yue, W.; Xu, L.; Yang, Z.; Rong, Q. Sustainable urban water resources management considering
life-cycle environmental impacts of water utilization under uncertainty. Resour. Conserv. Recycl. 2016, 108,
21–40. [CrossRef]

http://dx.doi.org/10.1016/j.jhydrol.2015.12.025
http://dx.doi.org/10.1007/s11269-015-1200-y
http://dx.doi.org/10.1016/j.jhydrol.2018.11.010
http://dx.doi.org/10.3390/ijerph16152717
http://www.ncbi.nlm.nih.gov/pubmed/31366071
http://dx.doi.org/10.1023/A:1018965016134
http://dx.doi.org/10.3390/ijerph17114112
http://dx.doi.org/10.3390/su12041337
http://dx.doi.org/10.1016/j.ecolecon.2008.02.021
http://dx.doi.org/10.1111/j.1745-6584.2011.00825.x
http://www.ncbi.nlm.nih.gov/pubmed/21599658
http://dx.doi.org/10.1007/s00477-013-0694-1
http://dx.doi.org/10.1007/s12205-020-2261-x
http://dx.doi.org/10.1007/BF00183353
http://dx.doi.org/10.1016/0921-8009(95)00098-4
http://dx.doi.org/10.1016/0165-1765(89)90071-2
http://dx.doi.org/10.1007/s002459900049
http://dx.doi.org/10.1086/261261
http://dx.doi.org/10.1371/journal.pone.0090138
http://dx.doi.org/10.1109/4235.996017
http://dx.doi.org/10.1007/s11269-013-0504-z
http://dx.doi.org/10.1007/s11269-014-0871-0
http://dx.doi.org/10.12989/eas.2016.11.6.1101
http://dx.doi.org/10.1016/j.resconrec.2016.01.008


Int. J. Environ. Res. Public Health 2020, 17, 9289 18 of 18

33. Xu, Z.; Pan, B.; Han, M.; Zhu, J.; Tian, L. Spatial–temporal distribution of rainfall erosivity, erosivity density
and correlation with El Niño–Southern Oscillation in the Huaihe River Basin, China. Ecol. Inform. 2019, 52,
14–25. [CrossRef]

34. The Huaihe River Commission of the Ministry of Water Resources, P.R.C. Water Resources Bulletin of Huaihe
River Basin. Available online: http://www.hrc.gov.cn/main/szygb/158093.jhtml (accessed on 25 May 2020).

35. Cao, Q.; Hao, Z.; Yuan, F.; Berndtsson, R.; Xu, S.; Gao, H.; Hao, J. On the Predictability of Daily Rainfall
during Rainy Season over the Huaihe River Basin. Water 2019, 11, 916. [CrossRef]

36. Collentine, D. Water Resource Economics: The Analysis of Scarcity, Policies and Projects. Eur. Rev. Agric. Econ.
2006, 33, 437–439. [CrossRef]

37. Eum, H.-I.; Simonovic, S.P. Integrated Reservoir Management System for Adaptation to Climate Change:
The Nakdong River Basin in Korea. Water Resour. Manag. 2010, 24, 3397–3417. [CrossRef]

38. Jia, W.; Dong, Z.; Duan, C.; Ni, X.; Zhu, Z. Ecological reservoir operation based on DFM and improved
PA-DDS algorithm: A case study in Jinsha river, China. Hum. Ecol. Risk Assess. Int. J. 2019, 26, 1723–1741.
[CrossRef]

39. Chen, M.; Dong, Z.; Jia, W.; Ni, X.; Yao, H. Multi-Objective Joint Optimal Operation of Reservoir System and
Analysis of Objectives Competition Mechanism: A Case Study in the Upper Reach of the Yangtze River.
Water 2019, 11, 2542. [CrossRef]

40. Dai, C.; Qin, X.; Chen, Y.; Guo, H. Dealing with equality and benefit for water allocation in a lake watershed:
A Gini-coefficient based stochastic optimization approach. J. Hydrol. 2018, 561, 322–334. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ecoinf.2019.04.004
http://www.hrc.gov.cn/main/szygb/158093.jhtml
http://dx.doi.org/10.3390/w11050916
http://dx.doi.org/10.1093/erae/jbl008
http://dx.doi.org/10.1007/s11269-010-9612-1
http://dx.doi.org/10.1080/10807039.2019.1603075
http://dx.doi.org/10.3390/w11122542
http://dx.doi.org/10.1016/j.jhydrol.2018.04.012
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology and Materials 
	Key Problem Statement 
	Scenario Setting 
	Area of Study 
	Data Source 

	Modeling 
	Model Construction 
	Objective Functions 
	Constraint Setting 
	Global Model 

	Modern Solution 
	NSGA-2 Design 

	Result and Recommendation 
	Water Demand Forecast of the Middle and Upper Reaches of Huaihe River Basin 
	Benefit Analysis 
	Total Economic Benefits Analysis 
	Water Resources Allocation Strategies Analysis of Different Generations 
	Results of Considering and Not Considering Intergenerational Equity 
	Analysis of Specific Scheme under Balanced Weights (1= 1/3 ,2= 1/3 ,3= 1/3 ) 
	Specific Water Resources Allocation Scheme under Balanced Weights 
	Social Benefits Analysis 
	Economic Benefits Analysis and Intergeneration Equity Analysis 


	Conclusions 
	References

